


 
 



Propositions 

 

 

1. Black carbon plays a minor role in explaining long-term persistence of soil 

organic matter in Amazonian Dark Earth. (this thesis) 

 

2. Stability of soil organic matter depends on how stabilization is understood 

as a process. (this thesis) 

 

3. Investigation of long-term effects of climate-smart agriculture is hampered 

by short-term scientific grants. 

 

4. Scientists are better at raising new questions than answering old ones.  

 

5. Perfectionism is procrastination in disguise. 

 

6. Skipping breakfast is key for a longer and healthier life.  
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1.1. Societal relevance 
 
Soil organic matter (SOM) is the largest terrestrial carbon (C) pool (Scharlemann et 

al., 2014). Globally, soils contain 755 Pg C in the topsoil (0-30 cm) and up to 2060 

Pg C if the subsoil (0–200 cm) is also considered (Batjes, 2016). SOM plays a major 

role in soil physical, chemical and biological processes. Therefore, SOM is 

considered a key function of soils (Wiesmeier et al., 2019), important for ecosystem 

services and agricultural production. Nonetheless, our limited understanding on the 

factors determining long-term persistence of SOM hampers our ability to better 

understand the role of SOM in the global C cycle (Stockmann et al., 2013). 

 

Scientific consensus states that increased atmospheric concentration of greenhouse 

gases (GHG) such as carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) 

caused by anthropic activities (e.g. burning of fossil fuels and conversion of forested 

areas into agricultural fields) are linked to climate change (Cook et al., 2016). Raftery 

et al. (2017) reported that the global mean temperature is likely to increase more 

than 2°C by the year 2100. Global warming is expected to cause natural areas that 

are currently large C sinks (e.g. boreal forest soils and artic permafrost) into major C 

sources (Crowther et al., 2016). However, the net effects of climate change on SOM 

dynamics – if soils will become C sources or C sinks – is uncertain.  

 

Soils in agricultural areas have lost substantial amounts of C due to land use change 

and poor management practices (Guo and Gifford, 2002). Sanderman et al. (2018) 

estimated that globally, soils have lost 116 Pg C (0–200 cm) due to land use change 

and cultivation. Climate-smart use of soils (Paustian et al., 2016) in agricultural areas 

may provide an opportunity to offset anthropic C emissions (Harden et al., 2018). 

For example, the 4 per 1000 initiative has been recently proposed to promote the 

increase in soil organic carbon (SOC) content in agricultural areas by 0.4% per year 

by means of sustainable management practices (e.g. minimum mechanical soil 

disturbance, permanent organic cover and diversification of crop species in rotations 

or intercropping) (Minasny et al., 2017).  

 

On the one hand, there is an urgent need to increase SOM content to mitigate 

climate change (Chenu et al., 2018). On the other hand, SOM is most useful to soil 

quality when it decomposes (Janzen, 2006). Therefore, there is a societal and a 

scientific demand to better understand potential trade-offs between SOM 

decomposition and stabilization and how to fine-tune strategies based on local 

specificities to achieve the expected environmental and agricultural services 

provided by SOM. Therefore, understanding the mechanisms explaining long-term 

persistence of SOM is crucial to better understand the role of SOM in the global C 

cycle and soil-climate feedbacks (Schmidt et al., 2011). 
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1.2. Soil Organic Matter 
 
SOM is a complex mixture of plant- and microbial-derived organic matter (OM) in 

different stages of biodegradation embedded in the soil mineral matrix. Despite its 

well-known importance to ecosystem functioning and agricultural productivity, views 

on the relative contribution of different mechanisms of SOM stabilization in 

explaining long-term persistence of SOM are controversial (Lehmann and Kleber, 

2015).  

 

Historically, studies have largely focused on SOM intrinsic chemical characteristics 

– often referred to as ‘inherent chemical recalcitrance’ – to explain long-term 

persistence of SOM (Kleber, 2010). This ‘traditional’ view postulates that a so-called 

‘humification’ process generates ‘humic substances’ that persist in the soil due to 

their intrinsic chemical properties (Gerke, 2018). However, recent advances in 

analytical techniques, such as the use of specific molecular markers and compound-

specific isotopic analysis (Amelung et al., 2009) indicate that SOM intrinsic chemical 

characteristics do not fully explain its long-term persistence in soils (Schmidt et al., 

2011). Major organic compounds (e.g. lignin, cellulose, lipids and proteins) can be 

fully decomposed under optimal conditions (e.g. sufficient water, oxygen and in the 

presence of energy-rich OM), even though some may take longer to decompose 

than others (i.e. wood > leaves) (Ekschmitt et al., 2008). Therefore, the relative 

importance of inherent chemical recalcitrance in explaining long-term persistence of 

SOM has been challenged (Marschner et al., 2008). Currently, long-term persistence 

of SOM is interpreted as an ecosystem property (Schmidt et al., 2011). In this ‘new’ 

view, the role of soil minerals in organo-mineral associations that protect SOM from 

being further decomposed by the soil microbial community is highlighted (Baldock 

and Skjemstad, 2000; Torn et al., 1997). More information on the disputed 

‘traditional’ and ‘new’ views on SOM is addressed in the discussion between Kleber 

and Lehmann (2019) and Olk et al. (2019). Moreover, whether this ‘new’ view is 

indeed a novel approach is addressed by Baveye and Wander (2019).  

 

Still, advancements on the conceptual models of SOM stabilization need to be 

operationalized for the quantification of SOM pools that can be used to better 

estimate the relative contribution of different mechanisms in explaining long-term 

persistence of SOM (Harden et al., 2018; Stockmann et al., 2013). SOM complexity 

makes SOM fractionation procedures useful to quantify and characterize SOM pools 

for better estimation of the relative contribution of different mechanisms of SOM 

stabilization (Poeplau et al., 2018; von Lützow et al., 2007). SOM fractionation 

procedures are commonly divided into physical fractionation (i.e. aggregate, particle-

size and density fractions) and chemical fractionation (i.e. solubility, hydrolysability, 

resistance to oxidizing chemicals and demineralization) or a combination of different 
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procedures (Poeplau et al., 2018; von Lützow et al., 2007). However, since several 

mechanisms of SOM stabilization are likely to happen simultaneously, SOM stability 

is still difficult to be assessed operationally. 

 

In general, three main mechanisms of SOM stabilization have been proposed: (i) 

physical protection (inaccessibility of OM compounds to decomposers); (ii) mineral 

association (adsorption of OM on the surface of reactive soil minerals) and (iii) 

inherent chemical recalcitrance (OM intrinsic chemical characteristics) (Sollins et al., 

1996). However, the relative contribution of these mechanisms in explaining long-

term persistence of SOM is poorly understood (Mikutta et al., 2006). 

 

1.3. Amazonian Dark Earth 
 
Amazonian Dark Earths (ADE) – also known as Terras Pretas de Índio in the 

Portuguese language – are anthropic soils (Anthrosols) that have intrigued scientists 

for decades. Despite tropical conditions, ADE are enriched in SOM and nutrients, 

particularly calcium (Ca) and phosphorus (P). For this reason, ADE contrast with the 

adjacent (ADJ) soils from the Amazon (Glaser et al., 2001). ADE also exhibit high 

pH and cation exchange capacity (CEC) and frequently other evidences of human 

activity (e.g. ceramic artefacts and charcoal fragments) (Glaser et al., 2001; Kämpf 

et al., 2003; Kern et al., 2017; Sombroek, 1966). Radiocarbon dating indicates that 

these soils were mostly formed between 2500 and 500 BP and are of pre-Columbian 

origin (Neves, 2008). Possible sources that caused soil enrichment have been linked 

to terrestrial/aquatic plant biomass, human/animal excrements/bones and 

charcoal/ash residues of incomplete combustion (Glaser, 2007). Current research 

indicates that the extent and intensity by which Amerindians occupied and 

transformed the Amazon is far more complex than previously assumed (Kern et al., 

2017), when scientists took it for granted that the cultural and agricultural 

development of the Amerindians was limited by soil fertility. Therefore, studies on 

ADE empower the understanding of complex pre-Columbian cultural development 

in the Amazon and since ADE are man-made soils, understanding the processes 

that led to their formation (or creation) is likely to provide valuable insights for 

sustainable use of soils. 

 

ADE are highly variable in site extension, depth of the anthropic horizon and soil 

physico-chemical characteristics, not only among different sites, but also within a 

single site. This variation is mainly caused by the diversity and complexity of pre-

Columbian settlements (Costa et al., 2013; Costa and Kern, 1999; Kern et al., 2015). 

The persistence of anthropic markers likely depends on site frequency and intensity 

of occupation that may lead to a regime shift which manifests as ADE formation 

(Browne-Ribeiro, 2016). If ADE were formed intentionally (for agricultural purposes) 
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or unintentionally (as the unintended consequence of waste deposition) is an 

ongoing debate. Nonetheless, scientists currently tend to perceive the formation of 

ADE (and other Anthrosols) as the inevitable outcome of daily activities throughout 

years of past human occupation (Fraser et al., 2014). The differentiation between 

ADE and ADJ is commonly done by non-quantitative field observations based on soil 

colour and the presence of archaeological remains (i.e. ceramic and charcoal 

fragments). Costa et al. (2013) reported that ADE characteristics could fit several 

qualifiers for Anthrosols. Recently, the pretic horizon has been proposed in an 

attempt to classify ADE systematically and better accommodate ADE within 

Anthrosols (IUSS Working Group WRB, 2015). This is important because it takes 

into consideration quantitative data rather than vague descriptive data.  

 

Studies have suggested that higher SOM content in ADE compared to the adjacent 

soils is linked with the occurrence of black carbon (BC) in these soils (Glaser et al., 

2001; Glaser, 2007). BC has been claimed to be one of the most stable forms of 

organic carbon (OC), highly resistant to decomposition due to its polycondensed 

aromatic structure caused by thermal alteration (Glaser, 2007; Haumaier and Zech, 

1995; Novotny et al., 2007). Even though studies have shown that BC can be 

decomposed by soil microorganisms (Kuzyakov et al., 2009), BC turnover rate has 

been calculated to be in centennial scale (Singh et al., 2012). Furthermore, several 

studies have pointed to BC surface oxidation as a key property in ADE (Jorio et al., 

2012; Lehmann et al., 2005; Liang et al., 2013; Mao et al., 2012) and BC has been 

claimed to be the main driver of ADE striking characteristics (Glaser, 2007; Novotny 

et al., 2009). 

 

The occurrence of BC in ADE has inspired the biochar technology as an attempt to 
reproduce ADE desirable characteristics (Glaser et al., 2002). Nonetheless, biochar 
and ADE research became disconnected in the literature (Bezerra et al., 2016). 
Biochar is the charcoal-like material produced intentionally to be applied into soils 
(Sohi et al., 2010). Moreover, biochar application is envisioned in a multiple-win 
scenario to mitigate climate change via C sequestration in the soil, while co-
producing bioenergy, reducing GHG emissions and boost plant productivity by 
increasing soil fertility (Lehmann, 2007). However, studies have shown that biochar 
lacked persistence in both tropical (Sagrilo et al., 2015) and temperate environments 
(Lutfalla et al., 2017) and that biochar application may boost crop yields in the tropics, 
but not in temperate regions (Jeffery et al., 2017). These findings indicate that simple 
addition of biochar does not reproduce ADE desirable characteristics. Therefore, 
understanding the role of other mechanisms that lead to ADE formation besides the 
occurrence of BC is crucial to better understand ADE as a model for sustainable use 
of soils. 
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1.4. Black Carbon 
 
BC is a generic term used for a variety of thermally altered organic compounds 

derived from the incomplete combustion of biomass (pyrogenic) and fossil fuels 

(petrogenic), with no clear-cut boundaries (Schmidt and Noack, 2000). Globally, soils 

may contain up to 200 Pg BC in 0–200 cm (Reisser et al., 2016), which corresponds 

to ~10% of the total global C pool in soils (Batjes, 2016). However, BC sources, pools 

and fluxes across biomes and variation within soil profiles are poorly documented 

(Bird et al., 2015; Santín et al., 2016). 

 

BC consists of polycondensed aromatic units, deficient in hydrogen (H) and oxygen 

(O), with different sizes and organizational levels (Kramer et al., 2004). Knicker et al. 

(2008) suggested that a large polycondensed aromatic structure (i.e. graphite-like) 

is unlikely for fire-derived BC. In fact, the size of the aromatic clusters in BC has 

been reported to be 2-8 nm (Jorio et al., 2012), consisting of 5-10 aromatic rings, 

heavily substituted with carboxylic groups due to surface oxidation (Mao et al., 2012). 

Due to its chemical characteristics, BC has been claimed to be one of the most stable 

forms of C and therefore, important for the long-term persistence of C in soils (Glaser 

et al., 2001). In addition, Knicker (2010) reported that thermally altered SOM also 

contains heterocyclic aromatic nitrogen (black N), which may be a source of long-

term persistent N in soils.  

 

BC encompasses a continuum from slightly charred to highly graphitic C-rich 
products with distinct molecular properties depending on the source and conditions 
by which BC was formed, with implications for its reactivity in the soil (Keiluweit et 
al., 2010; Knicker et al., 2008). For instance, BC produced in savannah wildfires (dry 
conditions) is likely to differ from BC produced in smouldering fires in the rainforest 
(humid conditions). This BC continuum imposes methodological difficulties to assess 
BC quantitatively. Due to specific molecular characteristics caused by thermal 
alteration (Keiluweit et al., 2010; Knicker et al., 2008), specific methods are required 
to assess the BC content in soils. Hammes et al. (2007) reviewed several analytical 
procedures that have been proposed to assess the BC content in environmental 
matrices and reported that the different methods provided great differences for the 
same set of samples. The use of benzene polycarboxylic acids (BPCA) as specific 
molecular markers has been proposed to assess the BC content in soils (Glaser et 
al., 1998). Briefly, BC polycondensed aromatic structure is converted into single 
BPCA compounds upon chemical oxidation with nitric acid (HNO3) under high 
temperature and high pressure. Subsequently, single BPCA compounds are further 
separated and can be detected by different analytical techniques (Brodowski et al., 
2005b; Cerqueira et al., 2015; Dittmar, 2008; Glaser et al., 1998; Hindersmann and 
Achten, 2017; Schneider et al., 2011). The BPCA method has been shown to yield 
conservative estimates of the BC content in a variety of environmental matrices and 
to cover a broad range of the BC continuum. One additional advantage of assessing 
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single BPCA compounds is the possibility to investigate the molecular properties of 
BC (i.e. its degree of aromaticity) (Wiedemeier et al., 2015). 
 

1.5. Scope 
 
In the past decades, conceptual models on the mechanisms of SOM stabilization 

shifted from a perspective that focused on SOM chemical characteristics to explain 

its long-term persistence in soils to a perspective where the role of soil minerals in 

stabilizing SOM is highlighted (Baldock and Skjemstad, 2000; Torn et al., 1997). 

Nonetheless, despite the fact that BC can be of particular importance in some soils 

(i.e. ADE; biochar-amended soils and natural areas susceptible to wildfires), BC is 

often neglected in conceptual and mathematical models. Therefore, our 

understanding on the role of BC on the global C cycle is limited.  

 

Studies often suggest that BC intrinsic chemical characteristics is the main 

mechanism explaining its long-term persistence in soils (Glaser et al., 2003; Krull et 

al., 2003). Nonetheless, several studies suggested that particulate BC is fragmented 

into smaller particles over time, resulting in high surface area (Brodowski et al., 

2005a; Skjemstad et al., 1996). Furthermore, biotic and abiotic surface oxidation 

(Cheng et al., 2008a, 2006) enhances BC surface charge (Cheng et al., 2008b; 

Nguyen et al., 2009), which likely promotes the association of BC with soil minerals. 

Indeed, studies have shown BC in microaggregates (Brodowski et al., 2006, 2005a; 

Glaser et al., 2000; Lehmann et al., 2008; Skjemstad et al., 1996) surrounded by soil 

minerals (Archanjo et al., 2015; Chia et al., 2012; Jorio et al., 2012), suggesting 

organo-mineral associations involving BC.  

 

Soil minerals are known to protect SOM against biodegradation via organo-mineral 

associations (Baldock and Skjemstad, 2000; Kleber et al., 2005; Mikutta et al., 

2005a; Torn et al., 1997). Globally, soils may contain up to 600 Gt C of mineral-

associated C in 0–200 cm (Kramer and Chadwick, 2018), which corresponds to 

~30% of the total global C pool in soils (Batjes, 2016). SOM adsorption onto poorly 

crystalline iron (Fe) and aluminium (Al) oxides has been reported as the main 

mechanism of SOM stabilization in acidic to near neutral pH soils (Rumpel and 

Kögel-Knabner, 2011). Carboxylic groups in SOM are reported to play a major role 

in surface adsorption of OM compounds onto soil oxides through inner sphere 

complexation (Murphy et al., 1992). Reisser et al. (2016) reported that soils with clay 

content higher than 50% significantly contained more BC. Therefore, mineral 

association is likely to play an important role in explaining long-term persistence of 

BC in soils (Cusack et al., 2012; Czimczik and Masiello, 2007). However, the relative 

contribution of mineral association versus inherent chemical recalcitrance in 

explaining long-term persistence of BC in soils is poorly understood.  
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Despite the fact that the occurrence of BC in ADE inspired the biochar hype, very 

few studies have specifically assessed BC in ADE. Therefore, the relative 

contribution of BC in ADE is poorly understood. Besides BC, high input of Ca and P 

are important characteristic of ADE (Van Hofwegen et al., 2009). However, next to 

their well-known role in enhancing and sustaining soil fertility, their possible role in 

explaining long-term persistence of SOM in ADE has been largely neglected since 

studies often rely on BC inherent chemical recalcitrance to be responsible for ADE 

striking characteristics. Polyvalent cations (mainly Ca2+) can form bridges between 

negatively charged OM compounds and soil minerals (Baldock and Skjemstad, 

2000; Muneer and Oades, 1989). In this sense, high Ca content in ADE likely plays 

an important role in cation bridging. Furthermore, it has been suggested that 

adsorption of P and SOM onto soil oxides may inhibit their further growth 

(Eusterhues et al., 2008; Fukushi and Sato, 2005) and are likely to be the cause of 

nano-sized particles with high surface area in soils (Hiemstra et al., 2010b). Highly 

weathered soils from the Amazon generally exhibit high Fe and Al oxide content, 

which suggests that mineral association may be of great importance in these soils. 

In this sense, high P content in ADE could have led to high reactive surface area of 

Fe and Al oxides, thus enabling the adsorption of large amount of SOM. In addition, 

presence of Ca has been shown to act synergistically on P adsorption onto Fe and 

Al oxides (Weng et al., 2011). Therefore, besides BC, Ca and P are likely to play 

important roles in explaining long-term persistence of SOM in ADE. 

 

Chemical oxidation procedures have been proposed to isolate a ‘stable’ pool of SOM 

(Eusterhues et al., 2005; Helfrich et al., 2007). The underlying assumption is that 

chemical oxidation mimics biological oxidation (Eusterhues et al., 2005) and that soil 

minerals may protect SOM from chemical oxidants (Mikutta et al., 2005a). Mikutta et 

al. (2006) suggested that chemical oxidation with sodium hypochlorite (NaOCl) 

combined with subsequent soil demineralization with hydrofluoric acid (HF) is a 

useful approach to separate and quantify the relative contribution of different 

mechanisms of SOM stabilization (i.e. mineral association and chemical 

recalcitrance). Other studies suggested that BC resists chemical oxidation with 

NaOCl and accounts for most of the ‘stable’ OC pool (i.e. NaOCl-resistant) (Bruun 

et al., 2008; Eusterhues et al., 2003; Leifeld and Zimmermann, 2006; Mikutta et al., 

2005b; Simpson and Hatcher, 2004). Furthermore, studies that applied chemical 

oxidation with NaOCl and subsequent soil demineralization with HF, often suggest 

that the operationally defined ‘recalcitrant’ OC pool (i.e. HF-resistant) could be 

composed of BC (Bruun et al., 2008; Mikutta et al., 2005b). However, the BC content 

was not specifically assessed in these studies.  
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1.6. Objective 
 
The overall objective of this PhD thesis was to investigate the interactive roles of BC, 

Ca and P in explaining long-term persistence of SOM in ADE. This information will 

shed light on importance of other elements (i.e. Ca and P) rather than BC alone (i.e. 

biochar) for the recreation of ADE desirable characteristics in other soils and on the 

processes underlying SOM stabilization, most importantly in soils where BC is likely 

to be of great importance to SOM (i.e. ADE; biochar-amended soils and natural areas 

susceptible to wildfires). 

 

1.7. Outline 
 
This PhD thesis is part of the Terra Preta Program (TPP), an international and 

interdisciplinary research program composed by European and Latin American 

partners, where social and natural sciences are combined to investigate ADE from 

different perspectives. The overall objective of the TPP is to provide information on 

the sustainable use and conservation of ADE and to provide insights on how to 

recreate ADE desirable characteristics in other soils. 

 

This PhD research was developed in cooperation between Wageningen University 

and the Brazilian Agricultural Research Corporation (Embrapa). The study area 

(Experimental Research Station of Caldeirão) is located at Embrapa Western 

Amazon in Iranduba (Amazonas state) and most of the laboratory analysis were 

carried out at Embrapa Soils, in Rio de Janeiro (Rio de Janeiro state) in Brazil.  

Additional laboratory analyses were conducted at the National Institute of Metrology 

Standardization and Industrial Quality (Inmetro) in Brazil, Wageningen University & 

Research (WUR) in the Netherlands and the Martin-Luther-University Halle-

Wittenberg (MLU) in Germany. 

 

This PhD thesis contains a General Introduction (Chapter 1), 4 experimental 

chapters (Chapters 2 to 5) and a General Discussion (Chapter 6). 

 

In Chapter 2, I combine spatial modelling with the pretic horizon criteria to 

systematically distinguish the pretic area (i.e. proxy for ADE) from the non-pretic area 

(i.e. proxy for ADJ).  

 

In Chapter 3, I determine the number of consecutive treatments required to isolate 

a ‘stable’ pool of SOM upon chemical oxidation with NaOCl in soils with contrasting 

contents of OC, Fe and Al oxides and reactive surface area. 
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In Chapter 4, I evaluate the chemical composition of SOM pools upon chemical 

oxidation with NaOCl and soil demineralization with HF in ADE and ADJ with X-ray 

Photoelectron Spectroscopy (XPS).  

 

In Chapter 5, I use BPCA as molecular markers to estimate the relative contribution 
of BC in SOM pools and infer on the molecular properties of BC in ADE and ADJ. 
Furthermore, I estimate the relative contribution of mineral association versus 
chemical recalcitrance in both areas and investigate the role of Ca and P in 
explaining long-term persistence of SOM in ADE. 
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Abstract 
 
Amazonian Dark Earths (ADE) are anthropic soils that are enriched in carbon (C) 

and several nutrients, particularly calcium (Ca) and phosphorus (P), when compared 

to adjacent soils from the Amazon basin. Studies on ADE empower the 

understanding of complex pre-Columbian cultural development in the Amazon and 

may also provide insights for future sustainable agricultural practices in the tropics. 

ADE are highly variable in size, depth and soil physico-chemical characteristics. 

Nonetheless, the differentiation between ADE and the adjacent soils is not 

standardized and is commonly done based on visual field observations. In this 

regard, the pretic horizon has been recently proposed as an attempt to classify ADE 

systematically. Spatial modelling techniques can be of great use to study the 

structure of the spatial variation of soil properties in highly variable areas. Here, we 

predicted the carbon and nutrients stocks in ADE by applying spatial modelling 

techniques using an environmental covariate (i.e. expected anthropic enrichment 

gradient) in our model. In addition, we used the pretic horizon criteria to classify pretic 

and non-pretic areas and evaluate their relative contribution to the total stocks. In 

this study, we collected soil samples from five 20-cm soil layers at n = 53 

georeferenced points placed in a grid of about 10 to 60 m spacing in a study area 

located in Central Amazon (~9.4 ha). Ceramic fragments were weighed and 

quantified. Samples were analysed for: Total C, Total Ca, Total P, Exchangeable Ca 

+ Mg, Extractable P, soil pH, potential CEC (pH = 7.0) and the clay content. The use 

of the pretic horizon criteria allowed us to clearly distinguish two unambiguous areas 

with a sharp transition, rather than a smooth continuum, in contrast to previous 

studies in ADE. Depth- and profile-wise linear regression model parameters 

indicated a greater importance of the chosen environmental covariate (i.e. expected 

anthropic enrichment gradient) to explain the spatial variation of Total Ca and Total 

P stocks than Total C stocks. The overall Total Ca and Total P stocks were twice as 

large in the pretic area when compared to the non-pretic area.  
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2.1. Introduction 
 
Amazonian Dark Earths (ADE) are anthropic soils (Anthrosols) characterized by 

darker colour and enrichment in carbon (C) and other nutrients, particularly calcium 

(Ca) and phosphorus (P). These soils also exhibit higher pH and cation exchange 

capacity (CEC) and frequently evidences of human activity (e.g. ceramic artefacts 

and charcoal fragments) when compared to the carbon- and nutrient-poor adjacent 

soils from the Amazon basin (Glaser et al., 2001b; Kämpf et al., 2003; Kern et al., 

2017; Sombroek, 1966). Radiocarbon dating indicated that these soils were formed 

between 2500 and 500 before present and are of pre-Columbian origin (Neves et al., 

2003). Possible carbon and nutrients sources are: terrestrial/aquatic plant biomass, 

human/animal excrements/bones and charcoal/ash residues of incomplete 

combustion (Glaser, 2007). 

 

Due to the prevalence of weathered clay minerals (e.g. kaolinite) and iron and 

aluminium oxides in these soils, their ability to retain nutrients depends mainly on 

soil organic matter (SOM). However, high temperature and precipitation in the tropics 

accelerate the decomposition of SOM. Studies have suggested that high carbon 

content in ADE is related to the black carbon (BC) content in these soils (Glaser, 

2007; Glaser et al., 2001b). BC has been claimed to be one of the most stable forms 

of carbon found in soils due to its poly-condensed aromatic structure that makes it 

more difficult to be decomposed by soil microorganisms (Glaser, 2007; Haumaier 

and Zech, 1995; Novotny et al., 2007). In addition, high CEC in ADE is also likely to 

increase primary production due to higher soil fertility. Therefore, SOM input of non-

BC origin is also expected to be increased in ADE. Despite tropical conditions, ADE 

have intriguingly remained highly fertile after abandonment of sites following 

European colonization. Current research indicates that the extent and intensity with 

which Amerindians occupied and transformed the Amazon is far more complex than 

previously assumed due to possible environmental limitations (Kern et al., 2017). 

Studies on ADE empower the understanding of complex pre-Columbian cultural 

development in the Amazon and may also provide insights for future sustainable 

agricultural practices in the tropics. 

 

ADE are highly variable in size, depth and soil physico-chemical characteristics not 

only among different sites, but also within a single site. This variation is mainly 

caused by the diversity and complexity of pre-Columbian settlements (Costa et al., 

2013; Costa and Kern, 1999; Kern et al., 2015). The debate whether ADE were 

formed intentionally (for agricultural purposes) or unintentionally (as the unintended 

consequence of waste deposition), seems to be diminishing in relevance. Currently, 

scientists tend to perceive the formation of ADE (and other Anthrosols) as the 

inevitable outcome of daily activities throughout years of past human occupations 
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(Fraser et al., 2014). The persistence of anthropic markers likely depends on 

frequency and intensity of occupation of the site that may lead to a regime shift which 

manifests as ADE formation (Browne-Ribeiro, 2016). 

 

The differentiation between ADE and the adjacent soil is commonly done by non-

quantitative field observations based on soil colour and the presence of 

archaeological remains (i.e. ceramic and charcoal fragments). Costa et al. (2013) 

reported that ADE characteristics could fit several qualifiers for Anthrosols. Recently, 

the pretic horizon has been proposed as an attempt to classify ADE systematically 

and better accommodate ADE within Anthrosols (IUSS Working Group WRB, 2015). 

This is important because it takes into consideration quantitative data rather than 

vague descriptive data. The pretic horizon is a dark surface horizon that among other 

criteria is characterized by high contents of carbon and nutrients. 

 

Geochemical signatures reflect the variation within and beyond the limits of anthropic 

areas that were previously defined by visual evidence. Schmidt et al. (2014) reported 

a widespread pattern of past human occupation where terraces of domestic areas 

(e.g. houses or yards) are surrounded by waste disposal areas as middens that build 

up into mounds over time. Different geochemical signatures can be linked to past 

land use and occupation (Costa et al., 2013). However, interpretation of these 

patterns may be hindered by site-inherent complexity of past settlements and current 

land use and occupation (Kern et al., 2015). Moreover, anthropic soils likely exhibit 

these complexities both in small- and large-scale analyses. Hence, we still lack a 

solid understanding of the specific mechanisms that led to the formation and diversity 

of ADE (Schmidt et al., 2014). Limited and localized soil sampling is unlikely to 

elucidate those mechanisms in highly variable areas.  

Spatial modelling techniques can be of great use to study the structure of the spatial 

variation of soil properties as it considers the continuity of spatial phenomena and 

the deterministic effect of environmental conditions. For soil scientists, it is a great 

tool to visualize how soil properties can vary greatly both horizontally and vertically. 

For archaeologists, it is a great tool to infer on the location of specific activities in the 

past. Significant progress in spatial modelling techniques was possible due to recent 

advances in data processing. However, several methodological hurdles are still 

evident, especially in large areas with high spatial variation between soil properties 

and environmental covariates (Song et al., 2016). These hurdles can be of great 

importance in anthropic areas where abrupt and gradual transitions can be expected 

horizontally and vertically due to the complexity of settlements. Therefore, it is 

important to include uncertainties of predictions when using these techniques.  

 

Correlation between soil variables is not only dependent on the distance between 

sampling points, but also on their location. Therefore, environmental conditions may 
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show a trend across a study area. Stochastic simulation of spatially distributed soil 

properties can be used for better predictions as it preserves the structure of the 

spatial variation, whereas kriging usually smoothens (Heuvelink and Webster, 2001). 

Predictions may be improved by using exhaustive environmental covariates (Lark 

and Webster, 2006). However, including several covariates is not always related to 

an increase in prediction accuracy (Samuel-Rosa et al., 2015). 

 

Therefore, the aims of this study were to: (i) predict the Total C, Total Ca and Total 

P stocks using an environmental covariate (including the uncertainties of predictions) 

and (ii) use the pretic horizon criteria to classify pretic and non-pretic areas and 

evaluate their relative contribution to the total stocks. 

 

2.2. Material and Methods 
 
Study area 
 
The study area (~9.4 ha) is situated on the north margin of the Solimões river 

(Amazon river), in the municipality of Iranduba, Amazonas state, Brazil (03º14’22’’ - 

03º1547’’ S and 60º13’’02’’- 60º1350’’ W) (Fig. 1). Regional climate is classified as 

Aw according to Köppen classification (tropical rainy). Local annual mean 

temperature is 26.7°C, annual mean rainfall is 2100 mm and relative humidity is 

about 80%. The local slope is flat to undulated and the site is located above existing 

watercourses. The most common soil classes in the region are Xanthic Ferralsols, 

Plinthic Ferralsols, Pisoplinthic Plinthosols and Xanthic Acrisols (Macedo et al., 

2017). The study area is locally known as the Experimental Research Station of 

Caldeirão - Embrapa Western Amazon. Part of the study area (~30%), located in the 

west (W) and southwest (SW) sectors, is composed of a forested area that has not 

been cultivated for over 40 years. The remaining part (~70%), was converted into an 

experimental field where several crops have been cultivated and soil management 

practices have been applied over the past 40 years.  
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Fig. 1. Location of the study area (Experimental Research Station of Caldeirão - 
Embrapa Western Amazon) (Google Earth® images). 
 
Soil sampling and analysis 

 
Soil samples were collected from five 20-cm soil layers (from 0 to 100 cm) with a 

manual post hole digger (sample volume = 0.0063 m3) at n = 53 georeferenced 

points (~5 m horizontal precision) placed in a grid of about 10 to 60 m spacing (265 

soil samples). Ceramic fragments (> 2 mm) were weighed and quantified. Samples 

were air-dried, sieved through 2 mm mesh, homogenized and stored in plastic bags 

at room temperature prior to analyses. Samples were analysed for: Total C, Total 

Ca, Total P, Exchangeable Ca + Mg, Extractable P, soil pH, potential CEC (at pH = 

7.0) and clay content. Total C was determined using an elemental analyser 

(PerkinElmer 2400 Series II) where acetanilide was used as reference material. Total 

Ca and Total P were determined at Geosol laboratories by Inductively Coupled 

Plasma-Optical Emission Spectrometry (ICP-OES), where samples were previously 

digested with a multi-acid solution (HCl, HNO3, HF and HClO4). Extractable P, K, Na 

(Mehlich 1), Exchangeable Ca + Mg (1 M KCl) and H + Al (0.5 M calcium acetate at 

pH 7.0) were also determined. Soil pH was determined in water (soil:water ratio of 

1:2.5), potential CEC (at pH = 7.0) was defined as the sum of exchangeable cations 

(K, Na, Ca + Mg) plus acidity (H + Al) and the clay content was determined by the 

pipet method after organic matter removal with hydrogen peroxide. Detailed 

description on the methods are described in Teixeira et al. (2017) 
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Spatial modelling 

 

The spatial variation of soil properties was modelled as a function of fixed 

(deterministic) and random (stochastic) effects. The fixed effects describe the part of 

the spatial variation of a soil property that can be explained using spatially exhaustive 

covariates (Heuvelink and Webster, 2001). Spatial data covering the entire study 

area that can be related to the environmental conditions that likely influenced the 

observed large-scale patterns of spatial variation (> 50 m in our study area) can be 

used as covariates. Here, we assumed that past anthropic activities that caused 

enrichment of carbon and nutrients likely occurred closer to the river, despite 

specificity among activities. In addition, the current land use in the SW sector 

(forested area) is also expected to have caused some enrichment of organic matter 

due to SOM input, whereas the current land use in the NE (agronomic experimental 

field) is expected to have caused some impoverishment of organic matter due to 

cultivation. Therefore, the largest enrichment of carbon and nutrients likely occurred 

in the SW sector with decreasing enrichment gradient towards the NE sector. 

Because of the spatial association between these conditions, we chose to use one 

covariate to serve as their surrogate, which we defined as the expected anthropic 

enrichment gradient (Fig. 2a).  

The understanding that this covariate could explain the large-scale spatial variation 

of soil properties was formalised by individually calibrating depth-wise linear 

regression models with soil property as dependent variable and the covariate as the 

independent variable. For an arbitrary soil depth (d), such linear regression model 

was defined as: 

 

Y(si, d) = β0d + exp[x(si, d)]Tβ1d + ε(si, d), with i = 1, 2, …, n, (1) 

 

where the β’s are the estimated linear regression model coefficients conditional on 

the soil property (Y) and the covariate data (x) at the observation locations (si, d). 

The covariate is expressed in exponential form to emphasise the combined effect of 

past and current land use and occupation on enrichment of carbon and nutrients 

nearby the margin of the river. 

In Eq. (1), ε(si, d) is the spatially auto-correlated difference between the fitted and 

observed values of the soil property (regression residuals) (Heuvelink and Webster, 

2001). For an arbitrary soil depth (d), the structure of this spatial autocorrelation was 

analysed using the auto-variogram: 

 

γd(h) = 0.5 mean{[ε(si, d) – ε(si + h, d)]2} (2) 

 

where h is a vector of separation distances between two observation locations (si 

and si + h). We used five exponentially spaced distance classes up to a maximum 
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separation distance of about 315 m (half the diagonal of study area). Exponentially 

spaced distance classes were used because they deliver a better picture of the 

small-scale structure of spatial variation (< 50 m in our study area) (Pettitt and 

McBratney, 1993). The size of the two smallest distance classes (~20 m) starting at 

the variogram origin was determined by the sampling grid spacing (~10 to 60 m). 

Regression residuals of a soil property from adjacent soil depths can be expected to 

have the same magnitude and/or sign. Such vertical correlation is characterized by 

the translocation of elements from upper to lower soil depths caused by natural 

and/or anthropic influences. For any two arbitrary soil depths, dj and dk, the structure 

of this spatial cross-correlation was analysed using the cross-variogram (Kyriakidis 

and Journel, 1999). 

 

γjk(h) = 0.5 mean{[ε(si, dj) – ε(si + h, dj)][ε(si, dk) – ε(si + h, dk)]}, with j ≠ k (3) 

 

By using the cross-variogram, we enforced the depth-wise auto-variograms of a soil 

property to be coherent among soil depths. For all soil properties, the shape of the 

variograms was defined using the sum of a nugget variance and the exponential 

covariance function: 

 

γ(h) = c0 + c[1 – exp(-h/0.333a)], (4) 

 

where c0 is the nugget variance, c is the sill variance, and a is the correlation range 

(Supplementary Data).  

Considering the phenomenon under study and the scale of analysis determined by 

the range of distances between nearest neighbouring observations (~10 to 60 m), 

the choice for using the exponential covariance function reflects our expectation that 

the spatial auto- and cross-correlation decrease rapidly with increasing separation 

distances. Generally, the nugget variance arises from measurements errors and very 

small-scale spatial variation. In this study, the latter corresponds to separation 

distances smaller than about 35 m (average distance between nearest-neighbouring 

observations). 

 

The depth-wise empirical distribution of soil properties was transformed to Gaussian 

using the Box-Cox family of power transformations to meet statistical constraints and 

facilitate the estimation of model parameters. Then, the Box-Cox transformed 

variables were standardized to zero mean and unit standard deviation. The 

parameters of the depth-wise linear regression models were estimated using 

ordinary least squares, while the parameters of the auto- and cross-variogram 

models were estimated using iteratively reweighted least squares within the 

framework of the linear model of coregionalization (Pebesma, 2004). 
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For Total C, Total Ca and Total P, universal cokriging was used to make spatial 

predictions of the contents. Predicted values and prediction error variances were 

back-transformed using simulations as described elsewhere (Samuel-Rosa et al., 

2015). For Total C, Exchangeable Ca + Mg and Extractable P data at the first depth 

(0–20 cm) used for the pretic horizon criteria, conditional sequential Gaussian 

simulation was used to produce 1000 equally probable realisations of their 

respective random fields (Pebesma, 2004). Spatial predictions and simulations were 

done in regular grids per soil depth containing 94,462 point-predictions at 1.0 m 

spacing. For further information on the geostatistical methods we used here, we refer 

to Goovaerts (1997) and Webster and Oliver (2007). 

 

Computation of predicted carbon and nutrients stocks 

 

Point-predicted values of Total C, Total Ca and Total P contents were taken to be 

equivalent to the average content of the respective element expected to be found in 

blocks of 0.2 m³. This was possible since point and block universal cokriging should 

yield equivalent predictions given the existing sampling density and the chosen 

prediction grid spacing. Then, the risk of underestimating the true prediction errors 

is minimized since block kriging yields lower estimates of the prediction error 

variance than point kriging (Oliver and Webster, 2014). 

 

Although it is often reported that ADE are rich in ceramic fragments, quantitative data 

is rarely shown. Therefore, the relative contribution of ceramics volume to the total 

soil volume is often unknown. In our study area, the volume of coarse fragments (i.e. 

ceramics fragments) per volume of soil was generally below 1% and never larger 

than 4%. In fact, ceramics were absent in 65% of our soil samples (Fig. 2b). 

Therefore, the volume of coarse fragments was assumed to be negligible and was 

not included to estimate the stocks.  

 

Data on soil bulk density were obtained from three soil profiles located in our study 

area (P1, P2 and P3 in Fig. 2a) and described in previous studies (Macedo, 2012; 

Neves Júnior, 2008). These data could not be readily used as the soil depths 

intervals did not match the 20-cm soil layers of our study. Therefore, we fitted a 

model to the soil bulk density data using the depth at the centre of the sampled soil 

layers as predictor variable. To account for nonlinearities in the relation between soil 

bulk density and soil depth, the latter was transformed into m sets of new variables 

using natural spline basis functions (Hastie et al., 2009). These consisted of m cubic 

polynomial functions fitted to m adjacent subsets of the soil depth data, each subset 

being defined by breakpoints (knots) at the appropriate m-1 percentiles. The 

collection of polynomial functions was constrained to be continuous at the inner 

knots and linear beyond the boundary knots. Based on leave-one-out cross-
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validation results (data not shown), we found the best number of degrees of freedom 

of the natural cubic spline (the number of piecewise polynomials) to be m = 5. The 

fitted model was used to predict soil bulk density at the centre of the five 20-cm soil 

layers (i.e. 10, 30, 50, 70, and 90 cm) (Fig. 2c). Predicted values were then assumed 

to be equivalent to the average soil bulk density of the respective depths throughout 

the entire study area. 

 

 
Fig. 2. (a) Expected anthropic enrichment gradient (covariate). Values range linearly 
from 0 to 1, where 1 means maximum enrichment. The location of the n = 53 
sampling points and the three soil profiles (P1, P2 and P3) used to model soil bulk 
density are indicated as circles and triangles, respectively. (b) Frequency distribution 
of the volume of ceramics to the total volume of soil. (c) Soil bulk density modelled 
as a function of soil depth. The 90% confidence and prediction intervals around the 
fitted natural spline are shown in dark and light grey, respectively. Horizontal dashed 
lines indicate the position of the interior knots of the natural cubic spline. 
 
Depth-wise predictions of Total C, Total Ca and Total P stocks (kg m-2) were done 

by multiplying the predicted contents (g kg-1) to the predicted soil bulk density (BD, 

Mg m-³) and the known thickness of the soil layer (0.2 m). Depth-wise uncertainty of 

predicted stocks was approximated using a straightforward first-order Taylor series 
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expansion (Heuvelink et al., 1989). For instance, the standard deviation (σ) of a total 

stock in an arbitrary block of 0.2 m³ was calculated as: 

 

σstock ≈ 0.2 ∙ (BD2 ∙ σ2
content + content2 ∙ σ2

BD)0.5 (5) 

 

Profile-wise prediction of the stocks (kg m-2) was done by stacking all five depth-wise 

predictions and then computing the combined stocks in blocks of 1.0 m3. Profile-wise 

uncertainty of predicted stocks was approximated by squaring the standard deviation 

(σ) of each of the 0.2 m³ stacked blocks, computing the sum and taking the square 

root of that value.  

 

Classification of pretic and non-pretic areas 

 

The pretic horizon, among other diagnostic criteria, is a dark surface horizon with 

one or more layers with a combined thickness of ≥ 20 cm, that has: (i) ≥ 10 g kg-1 

Organic carbon; (ii) ≥ 2 cmolc kg-1 Exchangeable Ca + Mg and (iii) ≥ 30 mg kg-1 

Extractable P (IUSS Working Group WRB, 2015). Here, we compute the probability 

of these three soil properties at the first soil depth (0–20 cm) to meet the diagnostic 

criteria by accounting the number of times the pretic horizon criteria were met in 

1000 simulations at each of the 94,462 points of the simulation grid. The three 

probabilities were multiplied and the value was taken as the estimated pretic 

probability (ppretic). Finally, a cut-off at ppretic ≥ 0.9 was used to differentiate pretic from 

non-pretic areas. Total C, Total Ca and Total P stocks on each area were then 

computed separately to evaluate the relative contribution of pretic and non-pretic 

areas to the total stocks. 

 

2.3. Results and Discussion 
 
Soil properties 

 

Depth-wise empirical distribution of soil properties is shown in Fig. 3. Total C, Total 

Ca and CEC exhibited a trend to decrease with soil depth, as well as their variation, 

although the distribution remained skewed. Total P and pH remained approximately 

constant with soil depth. However, the variance of Total P increased with soil depth, 

as well as its skewness. The variance of pH exhibited an approximately symmetric 

distribution. The clay content increased with soil depth with approximately constant 

variance and symmetric distribution. 
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Fig. 3. Depth-wise empirical distribution of Total C, Total Ca, Total P, potential CEC 
(at pH = 7.0), pH and clay content (Clay) in n = 53 observation locations at five 20-
cm soil layers (265 soil samples). The filled black dot in each box-and-whisker plot 
represents the median or second quartile (0.5), while the box range indicates the 
first and third quartiles (0.25, 0.75) defining the interquartile interval. The whisker 
length represents data points that are not distant from the box ≥ 1.5 times the box 
length, while the empty circles indicate extreme values. 
 
Linear regression model parameters 

 

Estimated depth-wise linear regression model parameters are shown in Table 1. The 

amount of variance explained given by the coefficients of determination (R2) was 

overall low (0.01 to 0.34). Out of the three elements, Total C had the lowest R2 values 

(0.01 to 0.08) and the data fit to the model was not significant in all soil depths (p > 

0.05). Compared to Total C, Total Ca had slightly higher R2 values (0.07 to 0.24) and 

Total P had the highest R2 values (0.24 to 0.34). Total Ca and P data fit to the model 

was significant in all soil depths (p < 0.05), except for Total Ca at 80–100 cm (p > 

0.05).  
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Table 1. Depth-wise linear regression model coefficients fitted to Total C, Total Ca 
and Total P and the amount of variance explained by the covariate as measured with 
the regression sum of squares and the coefficient of determination (R2).  

Soil depth (cm) Intercept Covariate Sum of Squares R2 p 

Total C      

0–20 -0.99 (0.51) 0.54 (0.26) 3.91 0.08 0.05 

20–40 -0.78 (0.51) 0.42 (0.27) 2.44 0.05 0.12 

40–60 -0.67 (0.52) 0.36 (0.27) 1.79 0.03 0.18 

60–80 -0.40 (0.52) 0.22 (0.27) 0.65 0.01 0.43 

80–100 -0.28 (0.52) 0.15 (0.27) 0.30 0.01 0.59 

Total Ca      

0–20 -1.77 (0.46) 0.96 (0.24) 12.36 0.24 0.00 

20–40 -1.47 (0.48) 0.79 (0.25) 8.52 0.16 0.00 

40–60 -1.62 (0.47) 0.87 (0.25) 10.36 0.20 0.00 

60–80 -1.60 (0.47) 0.86 (0.25) 10.12 0.19 0.00 

80–100 -0.96 (0.51) 0.52 (0.26) 3.64 0.07 0.06 

Total P      

0–20 -1.79 (0.46) 0.97 (0.24) 12.68 0.24 0.00 

20–40 -1.97 (0.44) 1.07 (0.23) 15.43 0.30 0.00 

40–60 -2.11 (0.43) 1.14 (0.22) 17.64 0.34 0.00 

60–80 -2.07 (0.43) 1.12 (0.23) 16.94 0.33 0.00 

80–100 -1.91 (0.45) 1.03 (0.23) 14.45 0.28 0.00 

Data were Box-Cox transformed and standardized to zero mean and unit standard 
deviation prior to analysis. The approximate standard errors of the fitted coefficients 
are shown in brackets. The p values of the F statistics indicate the approximate 
significance of the covariate. 
 
Predicted carbon and nutrients stocks 

 

Depth- and profile-wise maps of predicted Total C, Total Ca and Total P stocks and 

maps of the associated standard deviation of predictions are shown in Fig. 4, Fig. 5 

and Fig. 6, respectively. Stocks are commonly reported in Mg ha-1 for a certain soil 

depth. Here, given the point-prediction spacing (1.0 m), stocks are reported in kg m-

2 in depth- (0.2 m) and profile-wise (1.0 m) maps. 

 

Depth-wise maps of predicted Total C, Total Ca and Total P stocks indicated 
enrichments in the SW sector that decrease gradually with soil depth. One patch in 
the SW sector exhibited the highest Total C stocks (~10.0 kg m-2) in the uppermost 
soil layer (0–20 cm). This evidence fades down to 40–60 cm soil depth (~4.0 kg m-

2) and diffuses linearly in the NE direction. The Total C stocks in the last two soil 
depths (60–80 and 80–100 cm) were rather homogenous (~1.0 to 3.0 kg m-2) for the 
entire study area (Fig. 4a). Large patches enriched in Ca (~0.8 kg m-2) were identified 
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in the uppermost soil layer (0–20 cm). This evidence fades down with soil depth while 
diffusing in the NE direction. The Total Ca stocks were up to ~0.5 kg m-2 even at the 
lowest soil layer (80–100 cm) (Fig. 5a). The patches with the highest Total C and 
Total Ca stocks diffusing from the SW to the NE sector, can also be seen on the 
maps of predicted Total P stocks. The highest Total P stocks (~1.0 kg m-2) were 
found in subsurface layers (20–40 and 40–60 cm). Nonetheless, Total P stocks were 
up to 0.6 kg m-2 even at the lowest soil layer (80–100 cm) (Fig. 6a). Profile-wise maps 
of predicted Total C, Total Ca and Total P stocks emphasized the highest stocks in 
the SW sector as well as the enrichment gradient that diffuses in the NE direction 
(Fig. 4c, Fig. 5c and Fig. 6c). Depth- (Fig. 4b, Fig. 5b and Fig. 6b) and profile-wise 
(Fig. 4d, Fig. 5d and Fig. 6d) maps of associated standard deviation of predictions 
showed that uncertainties were higher in the SW sector given the extreme values 
found in this part of the study area. 
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Fig. 4. Depth- (0.2 m) and profile-wise (1.0 m) maps of predicted Total C stocks (kg 
m-2) (a and c, respectively) including the maps of the associated standard deviation 
(kg m-2) (b and d, respectively). 
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Fig. 5. Depth- (0.2 m) and profile-wise (1.0 m) maps of predicted Total Ca stocks (kg 
m-2) (a and c, respectively) including the maps of the associated standard deviation 
(kg m-2) (b and d, respectively). 
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Fig. 6. Depth- (0.2 m) and profile-wise (1.0 m) maps of predicted Total P stocks (kg 
m-2) (a and c, respectively) including the maps of the associated standard deviation 
(kg m-2) (b and d, respectively). 
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Probability of point-predictions to meet the pretic horizon criteria (ppretic) 

 

The probability map of point-predictions to meet the pretic horizon criteria (ppretic) 

according to Total C, Exchangeable Ca + Mg and Extractable P is shown in Fig. 7. 

The pretic horizon criteria (and a cut-off at ppretic ≥ 0.9) allowed us to clearly 

distinguish two main areas with nearly half of the sampling points located on each 

side. One area was located in the SW sector (~4.2 ha) and exhibited the highest 

probability to find a pretic horizon (ppretic values close to 1), whereas the other area 

was located in the NE sector of the study area (~5.2 ha) with the lowest probability 

to find a pretic horizon (ppretic values close to 0). The transition between these two 

main areas of either very high or very low ppretic was rather sharp.  

 

 
Fig. 7. Probability map of point-predictions to meet the pretic horizon criteria (ppretic) 
according Total C, Exchangeable Ca + Mg and Extractable P. Soil properties were 
simulated separately and the lowest (most restrictive) probability was taken as the 
estimated pretic probability (ppretic). Values vary from 0 to 1 and a cut-off at ppretic ≥ 
0.9 was used to differentiate pretic from non-pretic areas. 
 
Depth- and profile-wise linear regression model parameters did not indicate a great 

importance of the chosen covariate (i.e. expected anthropic enrichment gradient) to 

explain the spatial variation of Total C stocks (Table 1). Low R2 values indicate low 
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accuracy (how close a value is to the true value) and low precision (standard 

deviation to the true value). Nonetheless, the chosen covariate indicated a greater 

importance for Total Ca stocks and most importantly, Total P stocks (Table 1). Costa 

and Kern (1999) pointed out that high carbon turnover rates in the tropics likely 

hinders past interpretations. Therefore, Total Ca and Total P stocks are possibly 

better markers of the anthropic enrichment in ADE in contrast to Total C stocks. 

Costa et al. (2013) suggested that phosphorus can be an important indicator and 

delimiter of anthropic areas due to high affinity to bind to iron and aluminium oxides 

in the soil. 

 

Depth- and profile-wise maps of predicted Total C, Total Ca and Total P stocks 

exhibited high spatial variation in our study area. Therefore, limited amount of soil 

samples selected on highly contrasting areas based on field observations (i.e. dark- 

versus light-coloured soils and presence versus absence of archaeological remains) 

are likely to give an unrealistic estimation of the overall carbon and nutrients stocks 

in ADE. Costa and Kern (1999) reported that only the surface horizon exhibited 

anthropic enrichments. However, here we showed that enrichments can be observed 

even in deep soil layers. One patch in the SW sector exhibited the highest stocks for 

all three elements (Fig. 4 to Fig. 6). Given the sampling density limitation to capture 

the structure of the spatial variation in the short-scale (< 50 m), the uncertainties of 

predictions are higher around this one patch with extreme values. 

 

The probability map of point-predictions to meet the pretic horizon criteria (ppretic) 

indicated that the ppretic was higher in the SW sector (Fig. 7). Nonetheless, depth-

wise maps of predicted total stocks showed that the non-pretic area can also exhibit 

stocks as high as the pretic area (Fig. 4a to Fig. 6a). In this sense, we reinforce that 

limited soil sampling is unlikely to capture the complexity of the spatial variation of 

soil properties in ADE. Studies with extensive soil sampling (Fraser et al., 2011; 

Schmidt et al., 2014), suggested that the transition from ADE to the adjacent soil is 

characterized by a soil fertility continuum. In addition, Fraser et al. (2011) pointed 

out that ADE are sometimes subcategorized into Terra Preta and Terra Mulata. The 

term Terra Preta refers to the typical carbon- and nutrient-enriched soils with 

archaeological remains, whereas Terra Mulata refers to a less enriched soil with few 

or no evidence of archaeological remains. Nonetheless, both soil categories would 

differ from the adjacent soil. Costa et al (2013) reported that it was not possible to 

identify a specific geochemical signature for Terra Mulata. In our study, we did not 

find indications to support a subcategory within ADE (i.e. Terra Mulata) nor did we 

find a smooth transition between ADE and the adjacent soil. Here, we showed that 

the pretic horizon criteria (and a cut-off at ppretic ≥ 0.9) allowed us to clearly 

differentiate two unambiguous areas with a sharp transition, rather than a smooth 

continuum, despite high spatial variation in our study area. 
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Depth-wise Total C, Total Ca and Total P stocks in pretic and non-pretic areas are 

shown in Fig. 8. Overall, the predicted carbon and nutrients stocks were higher in 

the pretic area. However, the additional stocks in the pretic area (enrichment factor) 

varied per element and soil depth (Fig. 8). The overall Total C stock was 162.9 Mg 

ha-1 m-1 in the pretic area and was on average only 14% larger than the non-pretic 

area. We used an average soil bulk density of 1.3 Mg m-3 to estimate the stocks in 

other studies and compare with our results. Overall, the range of carbon stocks 

reported for the soils of the Amazon basin is very broad. Moraes et al. (1995) 

reported an overall mean carbon stock of about 100 Mg ha-1 m-1 for soils in the 

Amazon basin, while Glaser et al. (2002) reported values in ADE as high as 500 Mg 

ha-1 m-1. Lima et al. (2002) investigating A horizons in a toposequence in the 

Amazon, reported carbon stocks from 54.7 to 134.9 Mg ha-1 in ADE and 6.3 to 35.4 

Mg ha-1 in the adjacent soil. In general, nutrient stocks in soils of the Amazon basin 

have been less investigated than carbon stocks. In our study, the overall Total Ca 

and Total P stocks were 14.2 and 19.0 Mg ha-1 m-1 in the pretic area as opposed to 

6.6 and 11.0 Mg ha-1 m-1 in the non-pretic area. These values correspond to 2.1- and 

1.7-fold larger stocks in the pretic area for Total Ca and Total P stocks, respectively. 

Costa et al. (2013) reported values corresponding to 2.8 Mg ha-1 and 2.3 Mg ha-1 for 

Total Ca and Total P stocks at 0–20 cm, respectively. In contrast, the adjacent soil 

exhibited values corresponding to only 0.4 and 0.5 Mg ha-1 for Total Ca and Total P 

stocks at 0–20 cm, respectively.  

 

 
Fig. 8. Depth-wise Total C, Total Ca and Total P stocks in pretic and non-pretic 
areas. The stocks in the pretic area are the sum of the stocks in the non-pretic area 
(empty bars) plus the additional stocks in the pretic area (filled bars). The enrichment 
factors per soil depth are shown on the right side of each bar. 
 
Besides the commonly reported high carbon and nutrients contents in ADE, one of 

the most remarkable characteristics of ADE is the higher CEC when compared to 

the adjacent soils. Liang et al. (2006) reported a high correlation between CEC and 
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the carbon content in ADE. In our study, the correlation between the CEC and the 

Total C content was also higher in the pretic area (R2 = 0.82, p < 0.05, 125 soil 

samples) than the non-pretic area (R2 = 0.57, p < 0.05, 140 soil samples). Even 

though the Total C content decreased with depth, the ratio between CEC and the 

Total C content (CEC:C) increased with soil depth, most importantly in the pretic 

area (Fig. 9a). Data in Glaser et al. (2000) showed higher CEC:C in ADE when 

compared to the adjacent soil at surface horizons (0.33 against 0.08 in ADE and the 

adjacent soil at 0–10 cm, respectively). Here, we showed that the CEC:C is even 

greater in deeper soil layers (Fig. 9a). Data in Oliveira et al. (2014) also showed 

higher CEC:C with increasing soil depth in ADE under different land use (0.44 in 

ADE at 0–10 cm under corn and 2.46 in ADE at 100–130 cm under orchard). Even 

though the clay content increased with soil depth in our study area (Fig. 3), we did 

not observe differences in the soil texture between pretic and non-pretic areas 

(Supplementary Data). Therefore, the differences in CEC:C ratio between these 

areas may be attributed to carbon-related characteristics. Studies have shown that 

oxidation of black carbon (BC) is a key trait explaining high CEC in ADE (Glaser and 

Birk, 2012; Hiemstra et al., 2013; Liang et al., 2013; Novotny et al., 2007). Conceding 

that ADE is a model to sustainable agriculture in the tropics, higher CEC per unit of 

carbon is certainly a desirable characteristic to be reproduced. 

 

There was a high significant correlation between Total Ca and Total P contents in 
the pretic area (R2 = 0.78, p < 0.05, 125 soil samples). Conversely, the correlation 
between Total Ca and Total P contents in the non-pretic area was close to zero and 
not significant (R2 = 0.03, p > 0.05, 140 samples) (Fig. 9b). This clearly indicates 
different sources and reaction pathways for these elements in pretic and non-pretic 
areas. Sato et al. (2009) investigating a chronosequence of ADE sites reported that 
biogenic calcium phosphate (i.e. bone-derived) disappeared after approximately 
2000 years of ADE formation. Biogenic calcium phosphate transformations into more 
soluble fractions coincided with increased phosphorus adsorbed on soil oxides, 
organic phosphorus and occluded phosphorus. In addition, these authors reported 
that degradation of biogenic calcium phosphate occurred ten times faster than that 
of geogenic calcium phosphate (i.e. mineral-derived) under tropical conditions. 
Costa et al. (2013) also reported a high correlation between Ca and P values in ADE 
when compared to adjacent soils. In addition, these authors reported areas enriched 
in P where no ceramic was found, which may indicate the location of disposal areas, 
particularly of animal origin (i.e. bones). For instance, the one patch in our study area 
where the highest stocks were found (Fig. 4 to Fig. 6) could have been a former 
waste disposal area (Costa et al., 2013; Schmidt et al., 2014). Studies commonly 
describe ADE as rich in ceramics and some studies even suggested that ceramics 
may be an important source of nutrients in ADE (Valente and Costa, 2017). However, 
ceramics fragments were totally absent in the majority (> 65%) of the soil samples 
in our study area (Fig. 2b). Therefore, effects of ceramics on enrichment of nutrients 
are likely to be of minor importance and extremely localized. 
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Fig. 9. (a) Depth-wise CEC (cmolc kg-1) per Total C content (g kg-1) (CEC:Total C). 
(b) Relation between Total Ca and Total P contents in pretic (125 samples) and non-
pretic areas (140 soil samples). 
 
Interdisciplinary studies are highly recommended to understand the complexity of 

ADE (Kern et al., 2017). Despite decades of research in ADE, direct comparison of 

data between studies is hindered by different analytical approaches. Soil samples 

can be analysed by different methods to determine either exchangeable or total 

contents. It is important to note that carbon stocks are commonly estimated with 

carbon content determined by the Walkley-Black (WB) method (Walkley and Black, 

1934). However, the reliability of this method to account for BC has been questioned 

(Knicker et al., 2007) since the resistance of BC to sodium dichromate oxidation and 

its recovery is dependent on BC intrinsic level of oxidation and methodological 

reaction conditions (Hardy and Dufey, 2017). Therefore, if BC is of great importance 

in ADE (Glaser, 2007; Glaser et al., 2001b), then the WB method is unlikely to 

provide a realistic estimation of the carbon content in ADE or any other soil expected 

to be enriched in BC. Here, we determined Total C by elemental analysis to avoid 

underestimation of the carbon content. 

 

It is possible that several mechanisms are simultaneously acting to explain the 

striking characteristics of ADE. For carbon, it is worth to note that Total C determined 

by elemental analysis accounts for carbon of different origins and different turnover 

rates. On the one hand, part of the carbon content likely exhibits a high turnover rate 

that hinders past interpretations (Costa and Kern, 1999). On the other hand, BC 

found in ADE is expected to remain in the soil for longer periods due to its inherent 

stability (Glaser, 2007; Haumaier and Zech, 1995; Novotny et al., 2007). In this 

sense, specific assessment of the BC content may contribute to better interpretations 

of the carbon content in ADE. For calcium, higher CEC derived from BC oxidation 
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likely enhances Ca adsorption (Archanjo et al., 2014). For phosphorus, it has been 

suggested that adsorption of phosphate (PO4
-3) and SOM to soil oxides may inhibit 

their further growth and polymerization (Eusterhues et al., 2008; Fukushi and Sato, 

2005) and are likely to be the cause of nano-sized particles with high surface area 

in soils (Hiemstra et al., 2010b). A higher surface area likely increases the amount 

of adsorbed SOM that can be of BC and non-BC origin. However, since PO4
-3 may 

compete with SOM for adsorption sites on the surface of oxides (Antelo et al., 2007; 

Weng et al., 2008), the trade-offs are poorly understood. Therefore, further research 

is still needed to better understand the relative contribution of these different 

mechanisms in order to reproduce ADE remarkable characteristics that are desirable 

for sustainable agriculture. 

 

2.4. Conclusion 
 
The use of the pretic horizon criteria in combination with a cut-off at ppretic ≥ 0.9 

permits an unambiguous identification of distinctive areas in ADE. In contrast to 

previous ADE studies, the presented method generates a sharp transition between 

two areas rather than a smooth continuum. Total Ca stocks and especially Total P 

stocks were better markers of anthropic enrichment in ADE than Total C stocks. 

Depth- and profile-wise linear regression model parameters indicated a greater 

importance of the chosen environmental covariate (i.e. expected anthropic 

enrichment gradient) to explain the spatial variation of Total Ca and Total P stocks 

than Total C stocks. The overall Total Ca and Total P stocks were twice as large in 

the pretic area when compared to the non-pretic area. In addition, there was a high 

significant correlation between Total Ca and Total P contents in the pretic area, 

whereas no correlation was found in the non-pretic area. This clearly indicates 

different sources and reaction pathways for these elements in pretic and non-pretic 

areas.  
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Supplementary Data 
 
Linear models of coregionalization fitted to the auto- and cross-variograms for Total 

C, Total Ca and Total P are shown in Fig. S1, Fig. S2, and Fig. S3, respectively. The 

slope of the exponential covariance functions for Total C, Total Ca and Total P are 

shown subsequently in Table S1, Table S2 and Table S3, respectively. Soil texture 

and the respective average content of sand, silt and clay per soil depth in the pretic 

and non-pretic area are shown in Table S4. 
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Fig. S1. Linear model of coregionalization fitted to auto- and cross-variograms of the 
Box-Cox transformed Total C for the five soil depths (1 = 0–20 cm, 2 = 20-40 cm, 3 
= 40–60 cm, 4 = 60-80 cm, and 5 = 80–100 cm). The range parameter was fixed at 
50 m because it minimized the leave-one-out cross-validation mean error (C.1 = 
0.0051, C.2 = 0.0026, C.3 = -0.0015, C.4 = -0.0035, and C.5 = 0.0066). 
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Fig. S2. Linear model of coregionalization fitted to auto- and cross-variograms of the 
Box-Cox transformed Total Ca for the five soil depths (1 = 0–20 cm, 2 = 20-40 cm, 
3 = 40–60 cm, 4 = 60-80 cm, and 5 = 80–100 cm). The range parameter was fixed 
at 100 m because it minimized the leave-one-out cross-validation mean error (Ca.1 
= 0.0012, Ca.2 = 0.0046, Ca.3 = 0.0034, Ca.4 = 0.0007, and Ca.5 = 0.0032). 
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Fig. S3. Linear model of coregionalization fitted to auto- and cross-variograms of the 
Box-Cox transformed Total P for the five soil depths (1 = 0–20 cm, 2 = 20-40 cm, 3 
= 40–60 cm, 4 = 60-80 cm, and 5 = 80–100 cm). The range parameter was fixed at 
100 m because it minimized the leave-one-out cross-validation mean error (P.1 = 
0.0150, P.2 = 0.0136, P.3 = 0.0119, P.4 = 0.0077, and P.5 = 0.0095). 
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Table S1. Slope of the exponential covariance function at the origin for Total C. 

 
C.1 

(0.0800) 
C.2 

(0.0687) 
C.3 

(0.0652) 
C.4 

(0.1144) 
C.5 

(0.1010) 

C.2 0.0417     
C.3 0.0285 0.0497    
C.4 0.0091 0.0287 0.0373   
C.5 0.0064 0.0339 0.0349 0.0546 0.0601 
NA     0.0601 

The numbers indicate the soil depth (1 = 0–20 cm, 2 = 20-40 cm, 3 = 40–60 cm, 4 = 
60-80 cm, and 5 = 80–100 cm). 
 
Table S2. Slope of the exponential covariance function at the origin for Total Ca. 

 
Ca.1 

(0.0302) 
Ca.2 

(0.0297) 
Ca.3 

(0.0292) 
Ca.4 

(0.0286) 
Ca.5 

(0.0340) 

Ca.2 0.0247     
Ca.3 0.0206 0.0248    
Ca.4 0.0165 0.0210 0.0220   
Ca.5 0.0189 0.0217 0.0227 0.0239 0.0300 
NA     0.0300 

The numbers indicate the soil depth (1 = 0–20 cm, 2 = 20-40 cm, 3 = 40–60 cm, 4 = 
60-80 cm, and 5 = 80–100 cm). 
 
Table S3. Slope of the exponential covariance function at the origin for Total P. 

 
P.1 

(0.0382) 
P.2 

(0.0305) 
P.3 

(0.0293) 
P.4 

(0.0245) 
P.5 

(0.0254) 

P.2 0.0291     
P.3 0.0248 0.0262    
P.4 0.0160 0.0185 0.0200   
P.5 0.0192 0.0185 0.0172 0.0198 0.0300 
NA     0.0300 

The numbers indicate the soil depth (1 = 0–20 cm, 2 = 20-40 cm, 3 = 40–60 cm, 4 = 
60-80 cm, and 5 = 80–100 cm). 
 
Table S4. Soil texture and the respective average content of sand, silt and clay 
contents (in g kg-1) per soil depth in the pretic and non-pretic area.  

Soil depth 
(cm) 

Soil texture 
pretic non-pretic 

  Sand Silt Clay Sand Silt Clay 

0–20 
Sandy clay 
loam 

536.8 147.6 315.7 575.9 136.9 287.2 

20-40 Sandy clay 447.7 128.5 423.8 490.5 113.2 396.3 
40–60 Clay 375.0 111.1 513.9 409.0 108.2 482.7 
60-80 Clay 327.6 95.5 577.0 356.5 102.7 540.7 
80–100 Clay 305.8 91.1 603.1 320.4 97.6 581.9 
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Abstract 
 
Long-term persistence of soil organic matter (SOM) is currently interpreted as an 

ecosystem property, where the role of soil minerals in organo-mineral associations 

that protect SOM from being further decomposed by the soil microbial community is 

highlighted. SOM stability is still difficult to be assessed operationally since several 

mechanisms of SOM stabilization are likely to happen simultaneously. Chemical 

oxidation with sodium hypochlorite (NaOCl) has been suggested as a promising 

method to isolate a ‘stable’ pool of SOM. However, it is not clear how such a method 

can differentiate between a ‘labile’ and a ‘stable’ pool of SOM. In this study, we 

measured the change in organic carbon (OC) content in soils upon consecutive 

treatments with NaOCl. For this, we used a set of soil samples with a wide range in 

pH (4.5–7.2), OC content (20.7–56.4 g kg-1), amounts of crystalline Fe and Al oxides 

(30.7–509.8 and 8.1–12.8 g mmol kg-1, respectively), amounts of poorly-crystalline 

Fe and Al oxides (64.8–342.2 and 18.6–46.2 mmol kg-1, respectively) and reactive 

surface area of soil oxides (4.5–32.7 m2 g-1). Our results showed that we were able 

to clearly distinguish a ‘labile’ OC pool (i.e. NaOCl-oxidizable OC) from a ‘stable’ OC 

pool (i.e. NaOCl-resistant OC) upon chemical oxidation with NaOCl. The ‘labile’ OC 

pool was rapidly oxidized with NaOCl within two consecutive treatments of 2h each 

and the remaining ‘stable’ OC pool resisted further consecutive treatments with 

NaOCl up to 8h. Our procedure is about five times faster than the procedure 

commonly applied in the literature of three repetitive treatments of 6 h each. 

Depending on the soil, the ‘stable’ OC pool varied from ~40–70% of the Total OC 

content. In contrast to the literature, we did not find a good correlation between the 

amount of the ‘stable’ OC pool and mineralogical properties (i.e. Fe and Al phases 

or reactive surface area). In fact, the ‘stable’ OC pool showed a significant positive 

correlation with the Total OC content, which may suggest that the chemical 

composition of SOM may play a significant role in determining the amount of OC left 

after NaOCl oxidation. Therefore, future studies should investigate the chemical 

composition of SOM pools upon chemical oxidation with NaOCl in soil samples with 

contrasting chemical composition of SOM. 
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3.1. Introduction 
 
Soil organic matter (SOM) is the largest terrestrial carbon (C) pool (Scharlemann et 

al., 2014) and elucidating the mechanisms responsible for its the long-term 

persistence in soils is crucial to better understand the role of SOM in the global C 

cycle (Stockmann et al., 2013). Long-term persistence of SOM is currently seen as 

an ecosystem property (Schmidt et al., 2011), where the role of soil minerals and 

their role in organo-mineral associations that protect SOM from being further 

decomposed by the soil microbial community is highlighted (Baldock and Skjemstad, 

2000; Torn et al., 1997). Three main mechanisms of SOM stabilization have been 

proposed, such as (i) occlusion in aggregates, (ii) association with soil minerals and 

(iii) inherent chemical recalcitrance (Sollins et al., 1996). However, the relative 

contribution of these mechanisms to SOM stabilization is poorly understood (Mikutta 

et al., 2006).  

 

SOM stability is difficult to be assessed operationally since several mechanisms of 

SOM stabilization are likely to happen simultaneously. Due to chemical complexity 

of SOM, fractionation procedures can be a useful tool to distinguish SOM pools that 

can be linked to the mechanisms of SOM stabilization (Poeplau et al., 2018; von 

Lützow et al., 2007). Chemical oxidation procedures have been proposed to 

differentiate SOM pools based on the underlying assumption that chemical oxidation 

can reflect biological oxidation (Eusterhues et al., 2005). Commonly, two SOM pools 

are operationally defined (i.e. ‘labile’ and ‘stable’). The ‘labile’ pool refers to the SOM 

pool that can be oxidized to carbon dioxide (CO2) upon chemical oxidation, whereas 

the ‘stable’ pool refers to the SOM pool that resists chemical oxidation due to several 

mechanisms of SOM stabilization, mainly mineral-association rather than chemical 

recalcitrance (Eusterhues et al., 2003; Mikutta et al., 2006). 

 

Several chemical oxidants have been investigated for the purpose of isolating a 

‘stable’ pool of SOM (Helfrich et al., 2007; Mikutta et al., 2005b) Chemical oxidation 

with sodium hypochlorite (NaOCl) has been suggested as a promising method 

among a few others (Poeplau et al., 2018; von Lützow et al., 2007). Anderson (1961) 

has originally proposed the use of 6% NaOCl for the removal of SOM prior to 

mineralogical analysis of clays. However, the procedure used to be performed in 

three short-time cycles (15 min) at high temperature (100 °C) and high pH (9.5), 

which can have detrimental effects on soil minerals (Siregar et al., 2005). In order to 

avoid this problem, more recent studies recommended chemical oxidation with 

NaOCl at room temperature (25 °C) and at a lower pH (8.0), but with extension of 

the reaction time to 6 h for each of the consecutive treatments (Kaiser and 

Guggenberger, 2003). Siregar et al. (2005) reported that chemical oxidation with 

NaOCl indeed removed SOM without affecting soil minerals and this procedure has 
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been recommend to isolate a ‘stable’ pool of SOM (Kleber et al., 2005; Mikutta et al., 

2005a). Mikutta et al. (2005b) reported that organic carbon (OC) removal upon 

chemical oxidation can be little due to strong binding of OC to mineral surfaces, most 

importantly in soils rich in poorly crystalline iron (Fe) and aluminium (Al) oxides due 

to their high reactive surface area for binding of OC (Kleber et al., 2005; Mikutta et 

al., 2005a). However, the number of consecutive treatments and reaction time varies 

among studies (Kaiser and Guggenberger, 2003; Mikutta et al., 2006) and authors 

often do not explain the rationale behind the chosen conditions.  

 

Therefore, the aim of this work was to investigate the kinetics of chemical oxidation 

with NaOCl in order to determine the number of consecutive treatments required to 

differentiate a ‘labile’ OC pool (i.e. NaOCl-oxidizable OC) from a ‘stable’ OC pool 

(NaOCl-resistant OC). For this, we used a set of soil samples covering a wide range 

in soil pH, OC content, amounts of crystalline and poorly-crystalline Fe and Al oxides 

and reactive surface area of soil oxides. We hypothesized that the amount of NaOCl-

resistant OC can be linked to the amount and reactive surface area of Fe and Al 

oxides. 

 

3.2. Material and Methods 
 
Soil samples and analysis 

 

In this study, we used a subset of Dutch agricultural topsoils samples that had been 

previously investigated by Hiemstra et al. (2010). These samples exhibit a wide 

range in pH (4.5–7.2), OC content (20.7–56.4 g kg-1), amounts of crystalline Fe and 

Al oxides (30.7–509.8 and 8.1–12.8 g mmol kg-1, respectively), amounts of poorly-

crystalline Fe and Al oxides (64.8–342.2 and 18.6–46.2 mmol kg-1, respectively) and 

reactive surface area of soil oxides (4.5–32.7 m2 g-1) (Table 1). Samples were air-

dried at room temperature, passed through a 2 mm sieve, visible roots were removed 

manually. For further analysis, a subsample was ground in a ball mill.  

 

For statistical analysis, significant differences between mean values of NaOCl-

resistant fractions were tested with analyses of variance (ANOVA) followed by HSD 

Tukey’s test (p < 0.05). Linear regression models were used to evaluate the 

relationship between selected parameters by interpreting the coefficient of 

determination (R2) and the significance of the models (p).  

 

Soil pH was determined in 0.01 M CaCl2. The OC content was determined by a 

modified Walkley-Black procedure (Walkley and Black, 1934). Briefly, 7.5 mL of 12 

M sulphuric acid (H2SO4) and 5.0 mL of 0.27 M potassium dichromate (K2Cr2O7) 

were pipetted to glass tubes containing 0.3 g of soil. The tubes were homogenized 
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and heated at 135 ˚C for 1h using a heating block. After cooling, the samples were 

transferred to 50 mL plastic tubes and centrifuged (at 3000 g for 10 min). The OC 

content was derived by determining the remaining dichromate content in the 

supernatant by measuring the absorbance at 585 nm using a spectrophotometer.  

 

The amount of Fe and Al oxides and the reactive surface area of soil oxides were 

taken from Hiemstra et al. (2010). The amount of Fe and Al oxides were determined 

by extractions with dithionite-citrate-bicarbonate (DCB) and ammonium oxalate. 

Briefly, for the oxalate extraction, soil samples were reacted with a 0.2 M ammonium 

oxalate (C2H8N2O4) at pH 3.0 in the dark for 2h. For the DCB extraction, soil samples 

were reacted with 30 mL of 0.66 M sodium dithionite (Na2S2O4) and 0.11 M sodium 

bicarbonate (NaHCO3) solutions in polyethylene centrifuge tubes overnight. 

Samples were then centrifuged (at 3000 g for 10 min) and the supernatants analysed 

for Fe and Al by Inductively Coupled Plasma coupled with Atomic Emission 

Spectroscopy (ICP-AES). The amount of oxalate-extractable iron (Feo) and 

aluminium (Alo) oxides is used as proxy for poorly-crystalline Fe and Al oxides with 

high reactive surface area, whereas the difference between the amount of DCB- and 

oxalate-extractable iron (Fed-o) and aluminium (Ald-o) is used as a proxy for crystalline 

Fe and Al oxides with low reactive surface area. 

 

The reactive surface area of soil oxides (A) was determined using phosphate (PO4
3-

) as a natural ion probe. Briefly, a 0.5 M sodium bicarbonate (NaHCO3) solution 

adjusted to pH 8.5 by adding 2 M sodium hydroxide (NaOH) was used to desorb 

PO4
3- at different solid-to-solution ratios. In addition, activated carbon was added to 

remove SOM released during the extraction. The suspensions were gently shaken 

for 10-15 days in a reciprocal shaker. After centrifugation, the supernatant was 

acidified to pH 2.0 by adding 1 M hydrochloric acid (HCl) and analysed for PO4
3- with 

Segmented Flow Analysis (SFA). The PO4
3- desorption isotherm was interpreted 

with the charge distribution model (Hiemstra and van Riemsdijk, 1996) to derive the 

reactive surface area of soil oxides. 
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Table 1. Soil properties  

Sample pH  OC  Fed Ald Feo Alo Fed-o Ald-o A  

  in CaCl2 (g kg-1)  ------------------- (mmol kg-1) -------------------- (m2 g-1) 

1 5.6 46.6 852.0 27.0 342.2 18.6 509.8 8.4 32.7 

2 4.6 39.1 242.0 36.0 211.3 27.5 30.7 8.5 27.3 

3 4.9 56.4 318.0 59.0 252.2 46.2 65.8 12.8 18.9 

4 4.5 42.9 233.0 29.0 114.4 20.9 118.6 8.1 23.3 

5 7.2 20.7 178.0 32.0 64.8 32.2 113.2 n.a. 4.5 

6 6.4 49.2 200.0 30.0 117.1 38.9 82.9  n.a. 9.8 

Soil pH, Organic carbon (OC), Fe and Al oxides phases and reactive surface area of 
soil oxides (A) derived from Hiemstra et al. (2010). The amount of oxalate-
extractable iron (Feo) and aluminium (Alo) oxides is used as proxy for poorly-
crystalline Fe and Al oxides with high reactive surface area, whereas the difference 
between the amount of DCB- and oxalate-extractable iron (Fed-o) and aluminium (Ald-

o) is used as a proxy for crystalline Fe and Al oxides with low reactive surface area. 
For details about the methods, please see text. 
 
Kinetics of chemical oxidation with NaOCl 

 

Briefly, 30 mL of 6% NaOCl solution adjusted to pH 8.0 by adding 32% HCl was 

added to plastic bottles containing 1.5 g of soil. The bottles were shaken in a 

reciprocal shaker during each reaction time (2h) at room temperature. Samples were 

then centrifuged (at 2574 g for 10 min) and the supernatants discarded. Residues 

were thoroughly washed with deionized water until electrical conductivity was < 40 

µs cm-1, oven-dried (at 70° for 24h) and a subsample was taken for the determination 

of the OC content in the residue. The NaOCl solution was renewed and the 

procedure repeated three times with a total of four consecutive treatments. The OC 

content in the residues was determined by a modified Walkley-Black procedure as 

previously described.  

 

3.3. Results and Discussion 
 
The OC content decreased rapidly in the first 2h of oxidation and further oxidation 

was much less pronounced or absent after 4h (Fig. 1). Based on the observed kinetic 

behaviour, a clear differentiation can be made for our samples between a ‘labile’ OC 

pool (i.e. NaOCl-oxidizable OC) and a ‘stable’ OC pool (i.e. NaOCl-resistant OC) 

upon chemical oxidation with NaOCl within 4h. The amount of NaOCl-oxidizable OC 

after 4h varied from 6.3 to 29.0 g kg-1 (Fig.1a). These values correspond to 30.6 to 

59.1% of the Total C content (20.7–56.4 g kg-1) (Fig.1b). The amount of NaOCl-

resistant OC measured after 4h varied from 14.4 to 34.9 g kg-1 (Fig.1a). These values 
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correspond to 40.9 to 69.4% of the Total C content (20.7–56.4 g kg-1) (Fig. 1b). Our 

results are in agreement with other studies that also used chemical oxidation with 

NaOCl to isolate a ‘stable’ pool of SOM, but with three consecutive treatments of 6h 

each (Jagadamma et al., 2010; Mikutta et al., 2006; Thomsen et al., 2009). 

Nonethelsse, direct comparison among studies is not straightforward since soil type, 

soil depth, pre-treatments and reaction conditions vary greatly among studies. For 

further support, we provide an overview of the conditions investigated in some 

studies that used chemical oxidation with NaOCl in Table S1 (Supplementary Data). 

 

 
Fig. 1. (a) Organic carbon (OC) content in relation to the reaction time upon chemical 
oxidation with NaOCl, (b) percentage of NaOCl-resistant OC (i.e. ‘stable’ OC) in 
relation to the Total C content and (c) mean values of NaOCl-resistant OC (%) for 
each reaction time were calculated with n = 6 soil samples. Mean values followed by 
the same capital letter do not differ according to HSD Tukey’s test (p < 0.05). Small 
fluctuations in the OC content measured in the residues can be attributed to small 
analytical random variation in the OC analysis (coefficient of variation < 3%). Sample 
numbering refer to samples in Table 1. 
 
The amount of NaOCl-oxidizable OC (i.e. ‘labile’ OC) and the amount of NaOCl-

resistant OC (i.e. ‘stable’ OC) showed a significant positive correlation with the Total 

C (R2 = 0.69, p = 0.04 and R2 = 0.66, p = 0.05, respectively) in our study (Fig. 2a and 
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2b). However, the amount of NaOCl-resistant OC showed no correlation (R2 = 0.04, 

p = 0.72) with the amount of (Fe + Al)d-o (i.e. proxy for crystalline Fe and Al oxides 

with low reactive surface area) (Fig. 3a). Even though we found a positive correlation 

(R2 = 0.52) between the amount of NaOCl-resistant OC and the amount of (Fe + Al)o 

(i.e. proxy for poorly-crystalline Fe and Al oxides with high reactive surface area), it 

was not significant (p = 0.11). Furthermore, the reactive surface area of soil oxides 

(A) did not help better explaining the amount NaOCl-resistant OC (R2 = 0.10, p = 

0.54) in our study.  

 

 
Fig. 2.  (a) Relation between the Total C content and the NaOCl-resistant OC content 
(i.e. ‘stable’ OC) and (b) Relation between the Total C content and the NaOCl-
oxidizable OC content (i.e. ‘labile’ OC). For details about the operationally defined 
OC pools, please see text. 
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Fig. 3. (a) Relation between Fe and Al oxide phases and the NaOCl-resistant OC 
contents (i.e. ‘stable’ OC) and (b) Correlation between reactive surface area of soil 
oxides (A) and the NaOCl-resistant OC content. The amount of oxalate-extractable 
iron (Feo) and aluminium (Alo) oxides is used as proxy for poorly-crystalline Fe and 
Al oxides with high reactive surface area, whereas the difference between the 
amount of DCB- and oxalate-extractable iron (Fed-o) and aluminium (Ald-o) is used as 
a proxy for crystalline Fe and Al oxides with low reactive surface area. For details 
about the methods, please see text. 
 
Our results contrast with other studies that found a good correlation between the 

‘stable’ OC pool and mineralogical properties (Eusterhues et al., 2005, 2003; Kleber 

et al., 2005; Mikutta et al., 2006, 2005a). One possible explanation is the fact we 

investigated topsoil samples, while previous studies focused on subsoil samples. 

Compared to the subsoil, SOM in the topsoil is likely to be more particulate and less 

mineral-associated (Eusterhues et al., 2003; Kleber et al., 2005). Mikutta et al., 2006 

proposed subsequent demineralization with hydrofluoric acid (HF) in NaOCl-treated 

soil samples to further separate ‘stable’ OC fractions and quantify the relative 

importance of mechanisms of SOM stabilization (i.e. mineral association and 

chemical recalcitrance). These authors reported that ‘mineral-associated’ OC 

accounted for the majority of the ‘stable’ OC pool (73% on average) and Fe and Al 

oxide contents phases explained 86% of the variance in the ‘mineral-associated’ OC 

pool. Hiemstra et al. (2013) estimated the OC loading in ‘mineral-associated’ OC 

pool for the samples in Mikutta et al. (2006) and reported that the OC loading 

corresponded to just ~0.3 mg C m-2 on average, contrasting with the much higher 

OC loading of ~1.4 mg C m-2 reported by Hiemstra et al. (2010) for sandy soils. 

Therefore, Hiemstra et al. (2013) suggested that chemical oxidation with NaOCl may 

underestimate the amount of OC that is associated with minerals in soils. 
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Furthermore, Mikutta and Kaiser (2011) reported that the amount of NaOCl-

oxidizable OC (i.e. ‘labile’ OC) did not correlate with short-term (90 days) biological 

oxidation in an incubation experiment. For this reason, these authors pointed out that 

estimation of the ‘labile’ OC pool upon chemical oxidation with NaOCl is arguable. In 

addition, Lutfalla et al. (2014) reported that the amount of NaOCl-resistant OC (i.e. 

‘stable’ OC) did not correlate with long-term (79 years) of biological oxidation in a 

long-term bare fallow (LTBF) experiment. For this reason, these authors pointed that 

estimation of the ‘stable’ OC pool upon chemical oxidation with NaOCl is also 

arguable. Nonetheless, whether the experimental design used by Mikutta and Kaiser 

(2011) and Lutfalla et al. (2014) provided a final answer to the suitability of chemical 

oxidation with NaOCl is still debatable since incubation and LTBF experiments have 

their own limitations. For example, the estimation of the ‘labile’ and ‘stable’ pool of 

SOM upon incubation and LTBF experiments likely depends on the duration of these 

experiments. Moreover, studies have shown that the NaOCl-resistant OC is less 

enriched in radiocarbon (14C) than bulk soil samples prior to chemical oxidation 

(Helfrich et al., 2007; Jagadamma et al., 2010; Kleber et al., 2005; Zimmermann et 

al., 2007), which suggests that chemical oxidation with NaOCl preferentially removes 

‘younger’ SOM and leaves behind ‘older’ SOM. However, Bruun et al. (2008) 

reported that chemical oxidation with NaOCl preferentially removed 40-year-old OC 

than 40-day-old OC. Nonetheless, Kleber et al. (2011) pointed out that ‘old’ and 

‘stable’ SOM is not necessarily ‘recalcitrant’. Furthermore, von Lützow et al. (2007) 

pointed out that whether the isolated ‘stable’ pool can be considered stable due to a 

selective removal of more ‘labile’ compounds (Chefetz et al., 2002; Simpson and 

Hatcher, 2004) or due to interaction with the soil mineral matrix (Kleber et al., 2005; 

Mikutta et al., 2005a) is unclear and subjected to further investigations.  

 

In our study, the amount and reactive surface area of Fe and Al oxides did not help 

explaining the amount of NaOCl-resistant OC (i.e. ‘stable’ OC). Therefore, we reject 

our initial hypothesis. Since we found a good correlation between the OC pools with 

the Total C content, our findings suggest that the chemical composition of SOM may 

also play a role in determining the amount of ‘stable’ OC that can be isolated via 

chemical oxidation with NaOCl. Other studies suggested that the ‘stable’ OC pool 

isolated upon chemical oxidation with NaOCl could be composed of black carbon 

(BC) that would resist chemical oxidation with NaOCl due to its poly-condensed 

aromatic structure (Bruun et al., 2008; Eusterhues et al., 2003; Leifeld and 

Zimmermann, 2006; Mikutta et al., 2005b; Simpson and Hatcher, 2004). Therefore, 

future studies should investigate the changes in chemical composition of SOM pools 

isolated upon chemical oxidation with NaOCl in samples with contrasting chemical 

composition of SOM (e.g. samples enriched in BC versus samples not enriched in 

BC). 
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3.4. Conclusion 
 
Studies commonly apply three consecutive treatments of 6h each to isolate a ‘stable’ 

pool of SOM upon chemical oxidation with NaOCl. Here, we showed that for our soil 

samples with a wide range of soil properties (i.e. pH, OC content, amount of 

crystalline and poorly-crystalline Fe and Al oxides and reactive surface area of soil 

oxides), we were able to isolate a ‘stable’ pool of SOM with just two repetitive 

treatments of 2h each, which is about 5 times faster than the procedure commonly 

applied in the literature. Studies often suggest that soil minerals protect SOM against 

chemical oxidation. However, we did not find a good correlation between the ‘stable’ 

pool of SOM and mineralogical properties (i.e. amount and reactive surface area of 

Fe and Al oxides) in our study.  
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Abstract 
 
It has been suggested that the larger amount of soil organic matter (SOM) in 
Amazonian Dark Earths (ADE) compared to the adjacent (ADJ) Ferralsols is due to 
the occurrence of black carbon (BC) in ADE. BC has been claimed to be one of the 
most stable forms of organic carbon (OC) due to its chemical recalcitrance given its 
poly-condensed aromatic structure. However, the relative importance of chemical 
recalcitrance in explaining long-term persistence of SOM has been challenged and 
the importance of mineral associations highlighted. Chemical oxidation with sodium 
hypochlorite (NaOCl) has been used for isolating a ‘stable’ pool of SOM and 
subsequent demineralization with hydrofluoric acid (HF) has been proposed to 
further separate ‘stable’ OC fractions and quantify the relative importance of 
mechanisms of SOM stabilization (i.e. mineral association and chemical 
recalcitrance). Other studies suggested that BC could resist chemical oxidation with 
NaOCl and account for most of the ‘stable’ OC pool (i.e. NaOCl-resistant OC). 
Therefore, the aim of this study was to evaluate the chemical composition of SOM 
pools upon chemical oxidation with NaOCl and soil demineralization with HF in ADE 
(i.e. soils expected to be enriched in BC) in contrast with ADJ (i.e. soils not expected 
to be enriched in BC) by X-ray Photoelectron Spectroscopy (XPS). Despite larger 
SOM content in ADE compared to ADJ, our findings indicate that the vast majority 
(> 80%) of the Total C content has to be considered ‘labile’, while the vast majority 
(> 90%) of the ‘stable’ pool has to be considered ‘mineral-associated’, with minimal 
contribution of ‘recalcitrant’ OC in in both soils. High-resolution C 1s XPS spectra 
showed that chemical oxidation with NaOCl decreased the relative contribution of 
‘labile’ components and increased the relative contribution of aromatic OC in the 
‘stable’ OC pool (i.e. NaOCl-resistant OC). However, this relative increase in 
aromatic OC (from 0.9 to 5.6% in ADE and from 0.8 to 4.1% in ADJ) was not 
observed in the remaining ‘recalcitrant’ OC pool (i.e. HF-resistant OC), which 
contained very little (non-aromatic) OC. Therefore, our results suggest that the 
‘stable’ aromatic OC (e.g. BC) is ‘mineral-associated’ and not ‘chemically-
recalcitrant’. Future studies should assess the BC content in SOM pools to infer on 
the relative contribution of BC in explaining the long-term persistence of SOM in ADE 
quantitatively. Furthermore, besides BC, studies should also investigate the role of 
other important inputs in ADE (i.e. Ca and P) in further explaining the long-term 
persistence of SOM in ADE. 
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4.1. Introduction 
 
Amazonian Dark Earths (ADE) are pre-Columbian anthropic soils that have intrigued 

scientists for decades. Despite tropical conditions, ADE are enriched in soil organic 

matter (SOM) and nutrients, particularly calcium (Ca) and phosphorus (P). In both 

respects, ADE contrast to the adjacent (ADJ) soils in the Amazon (Glaser et al., 

2001b). Previous studies have suggested that the large amount of SOM in ADE is 

due to the occurrence of black carbon (BC) in these soils (Glaser, 2007; Glaser et 

al., 2001b). BC has been claimed to be one of the most stable forms of organic 

carbon (OC) due to its poly-condensed aromatic structure (Glaser, 2007; Krull et al., 

2003; Novotny et al., 2007). However, recent advancements in analytical techniques 

– such as the use of specific molecular markers and compound-specific isotopic 

analysis (Amelung et al., 2009) – indicate that the intrinsic chemical characteristics 

of organic matter (OM) do not fully explain its long-term persistence in soils (Schmidt 

et al., 2011). Therefore, the relative importance of inherent chemical recalcitrance in 

explaining long-term persistence of SOM has been challenged (Marschner et al., 

2008), while the role of soil minerals in organo-mineral associations has been 

highlighted (Baldock and Skjemstad, 2000; Torn et al., 1997). 

 

Despite recent advancement in conceptual models for SOM stabilization, SOM 

stability is still difficult to be assessed operationally since several mechanisms of 

SOM stabilization are likely to happen simultaneously to explain long-term 

persistence of SOM. Three main mechanisms of SOM stabilization have been 

proposed (occlusion in aggregates, association with soil minerals and chemical 

recalcitrance) (Sollins et al., 1996), but their relative contribution is still poorly 

understood (Mikutta et al., 2006). Chemical oxidation with NaOCl has been proposed 

to isolate a ‘stable’ pool of SOM leaving soil minerals largely unaffected (Siregar et 

al., 2005) and subsequent demineralization with hydrofluoric acid (HF) has been 

proposed to further separate ‘stable’ OC fractions and quantify the relative 

importance of mechanisms of SOM stabilization (i.e. mineral association and 

chemical recalcitrance) (Mikutta et al., 2006) leaving non-bound SOM largely 

unaffected (Eusterhues et al., 2003). Furthermore, studies suggested that BC could 

resist chemical oxidation with NaOCl and account for most of the ‘stable’ OC pool 

(Bruun et al., 2008; Eusterhues et al., 2003; Leifeld and Zimmermann, 2006; Mikutta 

et al., 2005b; Simpson and Hatcher, 2004). 

 

Therefore, the aim of this study was to evaluate the chemical composition of SOM 

pools upon chemical oxidation with NaOCl and demineralization with HF in ADE (i.e. 

soils expected to be enriched in BC) in contrast with the adjacent (ADJ) Ferralsol 

(i.e. soils not expected to be enriched in BC) by X-ray Photoelectron Spectroscopy 

(XPS). In line with previous studies, we hypothesized that chemical oxidation with 
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NaOCl and subsequent soil demineralization with HF removes OC of non-BC origin 

and enables the investigation of the relative contribution of different mechanisms of 

SOM stabilization (i.e. mineral protection and chemical recalcitrance) in explaining 

the long-term persistence of BC in ADE. 

 

4.2. Material and Methods 
 
Soil samples and analysis 

 

In this study, we compared topsoil samples (0–20 cm) collected in a pretic area (i.e. 

proxy for ADE) and non-pretic area (i.e. proxy for ADJ) (Fig. 1) as described in 

Chapter 2 (Alho et al., 2019). These samples exhibit the typical contrast in soil 

properties between ADE and ADJ (e.g. pH, CEC and Total C, Ca and P) (Table 1). 

These samples correspond to ADE 1 and ADJ 1 in Chapter 5. The rationale to focus 

on these two samples was to evaluate the changes in chemical composition upon 

chemical oxidation with NaOCl between the samples where the largest difference 

between ADE and ADJ was expected. This is because ADE 1 is located where the 

largest enrichments in C, Ca and P were identified, whereas ADJ 1 is the sample 

furthest from ADE 1 within the same diagonal transect, where the ppretic is zero 

(Chapter 2). Soil samples were air-dried at room temperature, passed through a 

2mm sieve and visible roots were removed manually. For further analysis, a 

subsample was ground in a ball mill.  

 

Soil pH was determined in water (soil:water ratio of 1:2.5) and potential CEC (at pH 

= 7.0) was defined as the sum of exchangeable cations (K, Na, Ca + Mg) plus acidity 

(H + Al). Total C was determined using an elemental analyser (PerkinElmer 2400 

Series II), where acetanilide was used as reference material. Total Ca and Total P 

were determined by Inductively Coupled Plasma-Optical Emission Spectrometry 

(ICP-OES) after digestion with a multi-acid solution (HCl, HNO3, HF and HClO4). 

 
Table 1. Soil properties in Amazonian Dark Earth (ADE) and adjacent (ADJ) 
Ferralsol. 

Sample pH  CEC Total C Total Ca Total P 

  in H2O (cmolc kg-1) ----------------- (g kg-1) ----------------- 

ADE 5.3 15.1 44.5 4.3 2.8 

ADJ 4.5 2.2 25.7 0.2 0.9 

For details about the methods to determine soil pH, cation exchange capacity (CEC), 
total carbon (Total C), total calcium (Total Ca) and total phosphorus (Total P), please 
see text. Samples correspond to ADE 1 and ADJ 1 in Chapter 5.  
 
 
 



Chemical composition of SOM pools in ADE and ADJ 

61 
 

Chemical oxidation with NaOCl 

 

Chemical oxidation with NaOCl was done in three experimental replicates according 

to a modified version of the method proposed by Mikutta et al. (2006) (Chapter 3). 

Briefly, 30 mL of 6% NaOCl solution adjusted to pH 8.0 by adding 32% hydrochloric 

acid (HCl) was added to plastic bottles containing 3.0 g of soil. The bottles were 

shaken in a reciprocal shaker for 2h at room temperature. Samples were then 

centrifuged (at 2574 g for 10 min) and the supernatants discarded. Residues were 

thoroughly washed with deionized water until electrical conductivity was < 40 µs cm-

1, oven-dried (at 70° for 24h) and a subsample was taken for the determination of 

the OC content. The NaOCl solution was renewed and the procedure repeated one 

more time. 

 

Subsequent demineralization with HF 

 

Subsequently, 20 mL of 10% HF solution was pipetted into plastic bottles containing 

1.0 g of oven-dried NaOCl-treated soil. Samples were shaken for 2h at room 

temperature, centrifuged (at 2574 g for 10 min) and the supernatant discarded. The 

HF solution was renewed and the procedure repeated three times with a total of four 

repetitive treatments. Next, the residues were washed five times with 20 mL 

deionized water, oven-dried (at 70°C for 24h) and a subsample was taken for the 

determination of OC content.  

 

The OC content was determined using an elemental analyser as previously 

described. OC pools were defined operationally as: ‘labile’ (i.e. NaOCl-oxidizable 

OC) and ‘stable’ (i.e. NaOCl-resistant OC). The ‘stable’ OC pool was further 

subdivided into ‘mineral-associated’ OC (i.e. HF-soluble OC) and ‘recalcitrant’ OC 

(i.e. HF-resistant OC) fractions. The ‘labile’ OC and ‘mineral-associated’ OC were 

obtained by difference (‘labile’ OC = initial OC - ‘stable’ OC and ‘mineral-associated’ 

OC = ‘stable’ OC - ‘recalcitrant’ OC). 

 

X-Ray Photoelectron Spectroscopy (XPS) 

 

X-ray Photoelectron Spectroscopy (XPS) was used to investigate the chemical 

composition of SOM pools upon chemical oxidation with NaOCl and subsequent soil 

demineralization with HF. XPS was performed under ultra-high vacuum (10−10 mbar) 

using a magnesium (Mg) X-ray source (Kα = 1,253.6 Ev) powered by an emission 

current of 16 mA and a voltage of 12.5 kV. High-resolution spectra were obtained for 

C (C 1s) using an analyser pass energy of 30 eV and 0.05 eV step. The binding 

energies were referenced to the C 1s level at 284.6 eV. Gaussian/Lorentzian (70/30) 
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line shapes were used to fit C 1s peak components after Shirley background 

subtraction (Araujo et al., 2014). 

 

4.3. Results and Discussion 
 
OC pools 

 

The amount of NaOCl-oxidizable OC (i.e. ‘labile’ OC) was 38.9 and 21.5 g kg-1 in 

ADE and ADJ, respectively (Fig. 1a). These values correspond to 87.4 and 83.5% 

of the Total C content for ADE and ADJ, respectively (Fig.1b). The amount of NaOCl-

resistant OC (i.e. ‘stable’ OC) was 5.6 and 4.2 g kg-1 in ADE and ADJ, respectively 

(Fig.1a). These values correspond to 12.6 and 16.5% of the Total C content for ADE 

and ADJ, respectively (Fig.1b).  

 

 
Fig. 1. (a) Organic carbon (OC) content and (b) Percentage of OC pools (i.e. ‘labile’ 
and ‘stable’) in relation to the Total C content in Amazonian Dark Earth (ADE) and 
the adjacent (ADJ) Ferralsol upon chemical oxidation with NaOCl. Standard errors 
derived from three experimental replicates were < 0.4 g kg-1 and therefore are not 
easily observed in the graph. 
 
Our results are in agreement with to other studies that looked at the removal of SOM 

prior to surface area analysis (Kaiser et al., 2002; Kaiser and Guggenberger, 2003), 

where the authors applied five consecutive treatments with NaOCl. However, the 

amount of NaOCl-resistant OC in our samples was smaller than other studies that 

also used chemical oxidation with NaOCl to isolate a ‘stable’ pool of SOM, but where 

the authors used three consecutive treatments with NaOCl (Jagadamma et al., 2010; 

Mikutta et al., 2006; Thomsen et al., 2009). For further support, we provided an 

overview of the conditions investigated in some studies that used chemical oxidation 
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with NaOCl in Table S1 (Supplementary Data) in Chapter 3. One plausible 

explanation for the larger amount of NaOCl-oxidizable OC in our samples compared 

to other studies is the fact we investigated topsoil samples. Compared to the SOM 

in subsoils, SOM in the topsoil is likely more particulate and less mineral-associated 

and therefore more easily oxidized (Eusterhues et al., 2003; Kleber et al., 2005). 

 

However, some studies suggested that the amount of NaOCl-resistant OC in the 

topsoil can be large not because of mineral protection but due to OC chemical 

composition (i.e. inherent chemical recalcitrance). For example, aliphatic 

compounds (e.g. suberin- and cutin-derived OC) could resist chemical oxidation due 

to their hydrophobic properties (Eusterhues et al., 2005, 2003) and poly-aromatic 

compounds (e.g. BC) could resist chemical oxidation due to their poly-condensed 

aromatic structure (Simpson and Hatcher, 2004). Here, we showed that even though 

the Total C content in ADE (44.5 g kg-1) was larger than ADJ (25.7 g kg-1) (Table 1), 

the NaOCl-resistant OC content was very similar in both sample (5.6 and 4.2 for 

ADE and ADJ, respectively) (Fig. 1a), which shows that larger OC content in ADE 

compared to ADJ was composed of easily oxidizable OC rather than chemically-

resistant OC (e.g. BC).  

 

Subsequent soil demineralization with HF revealed that the amount of HF-soluble 

OC (i.e. ‘mineral-associated’ OC) was 5.2 and 3.9 g kg-1 in ADE and ADJ, 

respectively (Fig. 2a). These values correspond to 93.0 and 92.9% of the ‘stable’ OC 

content for ADE and ADJ, respectively (Fig. 2b). The amount of HF-resistant OC (i.e. 

‘recalcitrant’ OC) was 0.4 and 0.3 g kg-1 in ADE and ADJ, respectively (Fig. 2a). 

These values correspond to 7.0 and 7.1% of the ‘stable’ OC content for ADE and 

ADJ, respectively (Fig. 2b).  

 

 



Chapter 4 

64 
 

 
Fig. 2. (a) ‘Stable’ organic carbon (OC) fractions and (b) Percentage of ‘stable’ OC 
fractions (i.e. ‘mineral-associated’ and ‘recalcitrant’ OC) in relation to the ‘stable’ OC 
content in Amazonian Dark Earth (ADE) and the adjacent (ADJ) Ferralsol upon 
subsequent soil demineralization with HF. Standard errors derived from three 
experimental replicates were < 0.1 g kg-1 and therefore are not easily observed in 
the graph. 
 
Our results are comparable to other studies that looked at the amount of HF-soluble 

OC (Mikutta et al., 2006; Yeasmin et al., 2017). Furthermore, our findings indicate 

that despite small amount of NaOCl-resistant OC in our samples, this ‘stable’ OC 

pool was mostly ‘mineral-associated’ and not chemically-recalcitrant. In the next 

section, we further discuss our results by evaluating the chemical composition of OC 

pools. 

 

Chemical composition of OC pools 

 

Soil samples contain a variety of elements, which can be observed in the XPS survey 
spectra (Fig. 3). Sodium (Na) peak in the NaOCl-treated samples can be attributed 
to use NaOCl as the chemical oxidant (Fig. 3c and 3d). Iron (Fe) and aluminium (Al) 
peaks were no longer detectable after soil demineralization with HF, confirming the 
efficacy of HF to solubilize soil minerals such as clays and Fe and Al oxides. 
However, quartz particles (SiO2) and titanium oxides (TiO2) resisted the HF 
treatment (Fig. S1 in Supplementary Data). Therefore, the silicon (Si) peak is 
relatively increased in NaOCl- and HF-treated samples (Fig. 3e and 3f) as well as  
the titanium (Ti) peak in the HF-treated samples (Fig. 3e and 3f). 
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Fig. 3. X-ray Photoelectron Spectroscopy (XPS) survey spectra for untreated 
Amazonian Dark Earth (ADE) (a) and the adjacent (ADJ) Ferralsol (b), NaOCl-
treated ADE (c) and ADJ (d) and NaOCl- and HF-treated ADE (e) and ADJ (f). 
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Based on the C 1s spectra (Fig. 4), the following functional groups can be 

distinguished: sp2-hybridized C (C=C, 284.6 eV), sp3-hybridized C (C–C/C–H, 285.5 

eV), hydroxyl bound C (C–OH, 285.8-286.0 eV), epoxy/ether (C–O–C, 286.4 eV), 

carbonyl (C=O, 287.0-288.0 eV), carboxyl (HO-C=O, 288.5-289.5 eV), and a shake-

up satellite peak (π→π*, 291.4 eV) characteristic for delocalized electrons of 

aromatic OC (Araujo et al., 2014). 

 

Upon chemical oxidation with NaOCl, the C 1s spectra exhibited a relative decrease 

of oxidized C of C-OH, C-O-C and C=O (from 18.4 to 17.9% in ADE and from 26.8% 

to 16.5% in ADJ) and a relative increase in the shake-up peak (from 0.9 to 5.6% in 

ADE and from 0.8 to 4.1% in ADJ) (Fig. 4a to 4d). The decrease in the relative 

contribution of oxidized groups can be attributed to the degradation of ‘labile’ 

components (e.g. cellulose), whereas the increase in the shake-up peak can be 

attributed to aromatic components (e.g. BC). Therefore, our findings indicate that the 

‘stable’ OC fraction was relatively enriched in aromatic OC.  
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Fig. 4. X-ray Photoelectron Spectroscopy (XPS) C 1s spectra for untreated 
Amazonian Dark Earth (ADE) (a) and the adjacent (ADJ) Ferralsol (b), NaOCl-
treated ADE (c) and ADJ (d) and NaOCl- and HF-treated ADE (e) and ADJ (f). C 1s 
functional groups: sp2-hybridized C (C=C), sp3-hybridized C (C–C/C–H), hydroxyl 
(C–OH), epoxy/ether (C–O–C), carbonyl (C=O), carboxyl (HO-C=O) and a shake-up 
satellite peak (π→π*) characteristic of electrons delocalized over aromatic OC. 
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Mikutta et al. (2005) suggested that specific OC compounds, e.g. aromatic OC, may 

be removed upon chemical oxidation with NaOCl. Indeed, Jagadamma et al. (2010) 

reported that NaOCl preferentially removed mono-aromatic C (e.g. lignin-derived 

OC) based on 13C Nuclear Magnetic Resonance (NMR) spectroscopy. Therefore, 

the relative enrichment in aromatic OC that we found in the ‘stable’ OC fraction of 

our samples could be attributed to the presence of polyaromatic BC, in line with 

suggestions from other studies (Bruun et al., 2008; Eusterhues et al., 2003; Leifeld 

and Zimmermann, 2006; Mikutta et al., 2005b; Simpson and Hatcher, 2004). 

 

However, the relative increase of aromatic OC in the ‘stable’ OC pool was not 

observed in the ‘recalcitrant’ OC pool (i.e. HF-resistant OC). The fraction remaining 

after removal of the soil minerals contained very little OC, which was non-aromatic. 

This observation has also been reported by Yeasmin et al. (2017) using XPS to study 

the SOM factions of Ferralsols upon chemical oxidation NaOCl and soil 

demineralization with HF. Since we only observed a relative increase in aromatic OC 

in the ‘stable’ OC pool, but not in the ‘recalcitrant’ OC pool, we conclude that the 

NaOCl-resistant aromatic OC is ‘mineral-associated’ and not ‘chemically-

recalcitrant’. Our observed association of aromatic OC with soil minerals may be an 

important mechanism for long-term persistence of OC in soils as suggested by 

Kramer et al. (2012), which may be an important mechanism in ADE. However, 

caution should be taken while interpreting results after treatment with HF since 

‘unprotected’ OC (i.e. not ‘mineral-protected’) can be lost, while ‘mineral-protected’ 

OC can persist in the solution and be accounted as ‘recalcitrant’ OC (Sanderman et 

al., 2017). Therefore, attributing the chemical composition of HF-resistant OC to 

inherent chemical recalcitrance is challenging.  

 

Overall, our findings indicate that the vast majority (> 80%) of the Total C content 

has to be considered ‘labile’, while the vast majority (> 90%) of the ‘stable’ pool has 

to be considered ‘mineral-protected’, with minimal contribution of ‘recalcitrant’ OC in 

both soils. This conclusion also pertains for ADE, even though we expected it to be 

enriched in ‘recalcitrant’ OC (i.e. BC). These findings suggest that the relative 

contribution of different mechanisms of SOM stabilization (i.e. mineral protection 

versus chemical recalcitrance) did not differ between both soils despite differences 

in OC content and assumed differences in OC chemical composition in ADE and 

ADJ. In order to check the assumption that the ‘recalcitrant’ OC pool is enriched in 

BC, future studies should determine the BC content in SOM pools in ADE compared 

to ADJ. In this way, the relative contribution of BC in SOM pools may provide better 

insights on the overall relative contribution of different mechanisms of SOM 

stabilization in explaining long-term persistence of BC in ADE in a quantitative 

approach. Furthermore, besides BC, studies should also investigate the role of other 



Chemical composition of SOM pools in ADE and ADJ 

69 
 

important inputs in ADE (i.e. Ca and P) in further explaining the long-term 

persistence of SOM in ADE. 

 

4.4. Conclusions 
 
Evaluation of the chemical composition of SOM pools upon chemical oxidation with 

NaOCl in ADE and ADJ via XPS showed that chemical oxidation with NaOCl 

decreased the relative contribution of ‘labile’ components and increased the relative 

contribution of aromatic OC in the ‘stable’ OC pool (i.e. NaOCl-resistant OC). As 

argued, this aromatic OC is likely related to the presence of BC. However, this 

relative increase in aromatic OC was not observed in the ‘recalcitrant’ OC pool (i.e. 

HF-resistant OC), which contained very little (non-aromatic) OC. Therefore, NaOCl-

resistant aromatic OC in these soils is ‘mineral-associated’ and not ‘chemically-

recalcitrant’.  
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Supplementary Data 
 

 
Fig. S1. (a) Scanning transmission electron microscopy (STEM) of the ‘recalcitrant’ 
organic carbon pool in Amazonian Dark Earth and (b) Energy dispersive X-ray 
spectroscopy (EDX) spectra and accompanied mapping for Carbon (c), Silicon (d), 
Titanium (e) and Oxygen (f). (EDX) microscopy were performed on a Cs-corrected 
FEI Titan 80/300 transmission electron microscope, equipped with a Gatan imaging 
filter Tridiem and an EDX analyser. The elemental mappings were obtained by 
integrating characteristic X-ray signals during a drift-corrected STEM spectrum 
imaging experiment. STEM images were acquired using a high-angle annular dark-
field detector.  
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Abstract 
 
Pre-Columbian anthropic soils found in the Amazon – known as Amazonian Dark 

Earths (ADE) – have intrigued scientists for decades. Despite tropical conditions, 

these soils exhibit a large amount of soil organic matter (SOM). The occurrence of 

black carbon (BC) in ADE has been suggested as the main driver of larger amount 

of SOM in ADE. Besides the occurrence of BC in ADE, large amounts of Ca and P 

are other important characteristics of ADE. However, their role in further explaining 

long-term persistence of large SOM content in ADE has been largely overlooked in 

previous studies. The aim of this study was to (i) determine the BC content in SOM 

pools in ADE and the adjacent (ADJ) Ferralsol upon chemical oxidation with NaOCl 

and subsequent demineralization with HF in combination with the BPCA method and 

(ii) investigate the role of Ca and P in further explaining long-term persistence of 

SOM in ADE. Contrary to previous studies, our results showed that the relative 

contribution of BC in ADE did not differ from the ADJ soil. Moreover, our results 

raised questions for the isolation of a so-called ‘stable’ OC pool upon chemical 

oxidation procedures. Contrary to previous assumptions, BC did not resist to 

chemical oxidation with NaOCl, which also raises questions on the ‘inherent 

chemical recalcitrance’ of BC. Furthermore, our results indicated that besides BC, 

Ca, and P are important in explaining high SOM contents in ADE. Here, we showed 

that the high P content in ADE led to a larger amount of poorly crystalline iron (Fe) 

and aluminium (Al) oxides, known for their importance on the stabilization of SOM 

via organo-mineral associations. Moreover, our results indicated that high Ca in ADE 

likely played an important role for the stabilization of SOM, most likely via cation 

bridging. In this study, we suggested possible mechanisms by which Ca and P may 

contribute to the long-term persistence of SOM in ADE, which brings implications for 

the sole use of biochar as a strategy to reproduce ADE desirable characteristics. 
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5.1. Introduction 
 
Soil organic matter (SOM) is a complex mixture of plant- and microbial-derived 

organic matter (OM) in different stages of biodegradation embedded in the soil 

mineral matrix. Despite its well-known importance to ecosystem functioning and 

agricultural productivity, views on the relative contribution of different mechanisms 

of SOM stabilization in explaining its long-term persistence in soils are controversial 

(Kleber and Lehmann, 2019; Olk et al., 2019). Historically, studies have largely 

focused on the intrinsic chemical characteristics of SOM – often referred to ‘inherent 

chemical recalcitrance’ – to explain long-term persistence of SOM (Kleber, 2010). 

However, the relative importance of chemical recalcitrance has been recently 

challenged (Marschner et al., 2008) and currently, long-term persistence of SOM is 

seen as an ecosystem property (Schmidt et al., 2011), where the role of soil minerals 

in protecting SOM from biodegradation is highlighted (Baldock and Skjemstad, 2000; 

Kleber et al., 2005; Mikutta et al., 2005a; Torn et al., 1997). Rumpel and Kögel-

Knabner (2011) pointed out that association of organic matter with soil minerals, 

most importantly poorly crystalline Fe and Al oxides, is likely to be the dominant 

mechanism of SOM stabilization. These authors also reported that the carbon (C) to 

nitrogen (N) ratio generally decreases with soil depth, indicating a larger contribution 

of microbial-derived OM. However, sources, chemical composition, as well as 

mechanisms of SOM stabilization are still poorly understood. 

 

Pre-Columbian anthropic soils found in the Amazon – known as Amazonian Dark 

Earths (ADE) – have intrigued scientists for decades. This is because ADE exhibit 

large amounts of SOM despite tropical conditions that favour fast biodegradation of 

SOM. In addition, ADE are also enriched in nutrients, particularly calcium (Ca) and 

phosphorus (P). Therefore, ADE contrast with the carbon- and nutrient-poor adjacent 

soils (ADJ) from the Amazon (Glaser et al., 2001b). The occurrence of black carbon 

(BC) in ADE has been suggested as the main driver of larger amount of SOM in ADE 

compared to ADJ (Glaser, 2007; Glaser et al., 2001b). Studies often suggest that 

the intrinsic chemical characteristic of BC – given its poly-condensed aromatic 

structure – is the main mechanism explaining the long-term persistence of BC in 

soils (Glaser et al., 2003; Krull et al., 2003). Several studies indicated that particulate 

BC is fragmented over time, increasing its surface area (Brodowski et al., 2005a; 

Skjemstad et al., 1996). Furthermore, biotic and abiotic surface oxidation (Cheng et 

al., 2008a, 2006) create and enhance the surface charge of BC (Cheng et al., 2008b; 

Nguyen et al., 2009), which likely promotes the association of BC with soil minerals. 

Indeed, studies have shown that BC in microaggregates (Brodowski et al., 2006, 

2005a; Glaser et al., 2000; Lehmann et al., 2008; Skjemstad et al., 1996) is 

surrounded by mineral particles (Archanjo et al., 2015; Chia et al., 2012; Jorio et al., 

2012), indicating that BC is involved in organo-mineral associations (Cusack et al., 
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2012; Czimczik and Masiello, 2007). Therefore, besides the inherent chemical 

recalcitrance of BC, mineral association is likely to play an important role in its 

persistence in soils as well. However, the relative contribution of mineral association 

versus chemical recalcitrance in explaining long-term persistence of BC in soils is 

unknown.  

 

Mikutta et al. (2006) suggested that chemical oxidation with sodium hypochlorite 

(NaOCl) combined with subsequent demineralization with hydrofluoric acid (HF) 

could be a useful approach to separate SOM pools and quantify the relative 

importance of mechanisms of SOM stabilization (i.e. mineral association and 

chemical recalcitrance). Other studies suggested that BC resists chemical oxidation 

with NaOCl and accounts for most of the ‘stable’ OC pool (i.e. NaOCl-resistant pool) 

(Bruun et al., 2008; Eusterhues et al., 2003; Leifeld and Zimmermann, 2006; Mikutta 

et al., 2005b; Simpson and Hatcher, 2004). Indeed, Simpson and Hatcher (2004) 

reported that mono-aromatic OC (i.e. lignin-derived) was successfully removed with 

NaOCl but poly-aromatic (i.e. BC) remained in the residue. Furthermore, studies that 

applied chemical oxidation with NaOCl and subsequent demineralization with HF 

mentioned that the operationally defined pool of ‘recalcitrant’ OC (i.e. HF-resistant) 

could be composed of BC (Bruun et al., 2008; Mikutta et al., 2005b), even though 

the BC content was not explicitly assessed in these studies.  

 

Benzene polycarboxylic acids (BPCA) as specific molecular markers have been 

proposed to assess the BC content in soils (Brodowski et al., 2005b; Glaser et al., 

1998). The BPCA method yields conservative estimates of the BC content in a 

variety of environmental matrixes and cover a broad range of the BC continuum 

(Dittmar, 2008; Glaser et al., 1998; Schneider et al., 2011). One additional advantage 

of assessing single BPCA compounds is the possibility to investigate the specific 

molecular properties of BC. For example, the ratio between B6CA (i.e. mellitic acid) 

to the sum of BPCA has been proposed to indicate the degree of aromaticity in BC 

samples (Wiedemeier et al., 2015). 

 

Besides the occurrence of BC in ADE, large amounts of Ca and P are other important 

characteristics of ADE (Van Hofwegen et al., 2009). However, their role in further 

explaining long-term persistence of SOM in ADE has been largely neglected since 

studies often consider BC as the main driver of the striking properties of ADE. 

Polyvalent cations (mainly Ca2+) form bridges between negatively charged OM 

compounds and soil minerals (Baldock and Skjemstad, 2000; Muneer and Oades, 

1989). Therefore, a high Ca content in ADE likely plays an important role in cation 

bridging. Furthermore, it has been suggested that adsorption of P and SOM to iron 

Fe and Al oxides may inhibit crystal growth (Eusterhues et al., 2008; Fukushi and 

Sato, 2005) and are likely the cause of the presence of nano-sized oxide particles 
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with high surface area in soils (Hiemstra et al., 2010b). Highly weathered soils from 

the Amazon generally exhibit high contents of Fe and Al oxides, being a prerequisite 

for mineral association in these soils. In combination with a high P content in ADE, 

it may have led to a high reactive surface area, thus enabling the adsorption of a 

large amount of SOM. The presence of Ca may further promote the binding of P and 

SOM onto these mineral surfaces (Weng et al., 2011). Therefore, besides BC, Ca 

and P are likely to play important roles in explaining long-term persistence of SOM 

in ADE. 

 
The aim of this study was to (i) determine the BC content in SOM pools in ADE and 

ADJ upon chemical oxidation with NaOCl and subsequent demineralization with HF 

in combination with the BPCA method and to (ii) investigate the role of Ca and P in 

further explaining long-term persistence of SOM in ADE. In line with other studies, 

we hypothesized that BC resists chemical oxidation with NaOCl and subsequent 

demineralization with HF. In this approach, we attempt to estimate the relative 

contribution of BC in SOM pools and to derive the relative contribution of different 

mechanisms of SOM stabilization (i.e. mineral association and chemical 

recalcitrance) in explaining long-term persistence of BC in ADE. Furthermore, we 

hypothesized that high Ca and P contents in ADE may further explain larger SOM 

contents in ADE due to the role of Ca in cation bridging and P in creating a higher 

reactive surface area of soil minerals. 

 

5.2. Material and Methods 
 
Soil samples and analysis 

 
In this study, we compared topsoil (0–20 cm), subsoil (40–60 cm) and deep subsoil 

(80–100) samples collected in three field replicates in the pretic area (i.e. proxy for 

ADE) and non-pretic area (i.e. proxy for ADJ (Fig. 1) as described in Chapter 2 (Alho 

et al., 2019). Soil samples were air-dried at room temperature, passed through a 

2mm sieve and visible roots were removed manually. For further analysis, a 

subsample was ground in a ball mill.  
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Fig. 1. Location of the study area (Experimental Research Station of Caldeirão - 
Embrapa Western Amazon) (Google Earth® images) and location of the three field 
replicates collected in the pretic (i.e. proxy for ADE) and non-pretic area (i.e. proxy 
for ADJ) according to Chapter 2 (Alho et al., 2019). 
 
For statistical analyses, significant differences between mean values in ADE versus 

ADJ per each soil depth were tested with analysis of variance (ANOVA) performed 

with three predefined orthogonal contrasts (C1–C3, Table 1). Data were tested and 

transformed to Gaussian using the Box-Cox family of power transformations to meet 

statistical assumptions (normality and homoscedasticity of residues). Matrices of 

correlation coefficients for selected parameters are shown in the Supplementary 

Data (Table S1 and S2) to support exploratory data analysis. Linear regression 

models were used to evaluate the relationship between selected parameters by 

interpreting the coefficient of determination (R2) and the significance of the models 

(p). 

 
Table 1. Orthogonal contrasts (C1-C3) used for the statistical analysis. 

  1 2 3 4 5 6 Orthogonal comparison 

C1 1 -1 0 0 0 0 ADE 0-20 vs ADJ 0-20 

C2 0 0 1 -1 0 0 ADE 40-60 vs ADJ 40-60 

C3 0 0 0 0 1 -1 ADE 80-100 vs ADJ 80-100 
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Samples were analysed for soil pH, cation exchange capacity (CEC), clay content, 

Total C, Ca, P, Fe, Al and the amounts of iron (Fe) and aluminium (Al) oxides. Soil 

pH was determined in water (soil:water ratio of 1:2.5), potential CEC (at pH = 7.0) 

was defined as the sum of exchangeable cations (K, Na, Ca + Mg) plus acidity (H + 

Al) and the clay content was determined by the pipette method after organic matter 

removal with hydrogen peroxide. The amount of Fe and Al oxides was determined 

by extractions with dithionite-citrate-bicarbonate (DCB) and ammonium oxalate. The 

amount of oxalate–extractable Fe (Feo) and Al (Alo) is used as proxy for poorly 

crystalline Fe and Al oxides, whereas the difference between the amount of DCB- 

and oxalate-extractable Fe (Fed-o) and Al (Ald-o) is used as a proxy for crystalline Fe 

and Al oxides. In addition, we determined the amount oxalate-extractable P (Po), 

which is used as a proxy for P bound to the Fe and Al oxides. Detailed description 

of the methods are described in Teixeira et al. (2017). Total C was determined using 

an elemental analyser (PerkinElmer 2400 Series II) using acetanilide as reference 

material. Total Ca, P, Fe, and Al were determined by Inductively Coupled Plasma-

Optical Emission Spectrometry (ICP-OES) after digestion with a multi-acid solution 

(HCl, HNO3, HF, and HClO4). 

 
Chemical oxidation with NaOCl 
 

Chemical oxidation with NaOCl was performed according to a modified version of 

the method described in Mikutta et al. (2006) (Chapter 3). Briefly, 30 mL of 6% 

NaOCl solution adjusted to pH 8.0 by adding 32% hydrochloric acid (HCl) was added 

to plastic bottles containing 3.0 g of soil. The bottles were shaken in a reciprocal 

shaker for 2 h at room temperature. Samples were then centrifuged (at 2574 g for 

10 min) and the supernatants discarded. The residues were thoroughly washed with 

deionized water until electrical conductivity was < 40 µs cm-1 and oven-dried (at 70 

°C for 24 h). Subsamples were taken for the determination of the OC and N content 

in the residues. The NaOCl solution was renewed and the procedure repeated one 

more time. 

 

In Chapter 4, we showed that the vast majority (> 80%) of the Total C content had 

to be considered ‘labile’ (i.e. NaOCl-oxidizable) in both soils. Here, we hypothesized 

that some OC compounds could become more soluble upon chemical oxidation with 

NaOCl due to partial oxidation rather than complete oxidation to carbon dioxide 

(CO2) and subsequent solubilisation in the washing procedure. Therefore, we 

determined the amount of dissolved organic carbon (DOC) in the supernatants after 

each treatment with NaOCl and after washing of the samples with deionized water. 

The rationale behind this procedure is to account for OC compounds that could have 

been discarded with the supernatants due to partial oxidation, increased pH, and 

addition of Na ions that may increase the solubility of OC compounds. 
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Subsequent demineralization with HF 

 

Subsequently, 20 mL of 10% HF solution was pipetted into plastic bottles containing 

1.0 g of oven-dried NaOCl-treated soil. Samples were shaken for 2h at room 

temperature, centrifuged (at 2574 g for 10 min), and the supernatants were 

discarded. The HF solution was renewed and the procedure was repeated three 

times with a total of four consecutive treatments. Next, the samples were centrifuged 

(at 2574 g for 10 min) and the supernatants discarded. The residues were washed 

five times with 20 mL deionized water, oven-dried (at 70 °C for 24 h), and a 

subsample was taken for the determination of the OC and N contents in the residues. 

 

The OC and N contents were determined using an elemental analyser as previously 

described. OC pools were operationally defined as: ‘labile’ (i.e. NaOCl-oxidizable 

OC) and ‘stable’ (i.e. NaOCl-resistant OC). The sum of OC lost in the supernatants 

as DOC (C-DOC) was subtracted from the amount of ‘labile’ OC in order to estimate 

the amount of OC that was indeed fully oxidized to CO2 (C-CO2). The ‘stable’ OC 

pool was further subdivided into ‘mineral-associated’ OC (i.e. HF-soluble OC) and 

‘recalcitrant’ OC (i.e. HF-resistant OC). The ‘labile’ OC and ‘mineral-associated’ OC 

were obtained by difference (‘labile’ OC = initial OC - ‘stable’ OC and ‘mineral-

associated’ OC = ‘stable’ OC - ‘recalcitrant’ OC).  

 
BPCA analysis 
 
The BC content was determined according to the BPCA method (Brodowski et al., 

2005b; Glaser et al., 1998). Briefly, 10 mL of 4 M trifluoroacetic acid (TFA) was 

pipetted into glass flasks containing 0.5 g of soil and reacted at 105 °C for 4h to 

remove polyvalent cations. Next, the samples were reacted with 2 mL 65% HNO3 for 

8h at 170 °C in a high-pressure apparatus and then purified with a cation exchange 

resin prior to trimethylsilyl derivatisation for the separation and detection of BPCA 

compounds by Gas-Chromatography (GC) coupled with Flame Ionization Detector 

(FID). BPCA standard solutions were used in combination with internal (2,2’-

biphenyldicarboxylic acid) and recovery standards (phthalic acid) for the 

quantification of the BPCA compounds (i.e. B3-, B4-, B5- and B6CA represent BPCA 

with three, four, five and six carboxylic groups, respectively). The sum of B3-, B4-, 

B5- and B6CA is multiplied by the conversion factor of 2.27 as suggested by Glaser 

et al. (1998).  
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5.3. Results and Discussion 
 
Soil properties 

 

Depth-wise distribution of soil pH, CEC, clay content, Total C, Total Ca and Total P 

in ADE and ADJ are shown in Fig. 2. Selected samples exhibited the overall pattern 

in our study area discussed in Chapter 2 (Alho et al., 2019). However, the ADE 

samples have a more pronounced enrichment of particularly Total Ca and Total P. 

The corresponding enrichment factors are given with numbers in Fig. 2e and 2f. The 

higher values than average underline the high spatial variation and illustrate the 

localized soil enrichment at the site studied (Alho et al., 2019). It implies that the 

comparison of highly contrasting samples is likely to overemphasize the general 

differences between ADE and ADJ, most importantly the enrichment in Ca and P. 

 
Fig. 2. Depth-wise distribution of soil pH (a), CEC (b), clay content (c), Total C (d), 
Total Ca (e) and Total P (f) in Amazonian Dark Earth (ADE) and the adjacent (ADJ) 
Ferralsol. Mean values and standard deviations were calculated from three field 
replicates in ADE (filled bars) and ADJ (empty bars). The enrichment factors for Total 
C, Total Ca and Total P in ADE are shown on the right side of the bars. Significant 
differences between mean values in ADE versus ADJ per soil depth were tested with 
orthogonal contrast and are indicated with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) 
or n.s. (not significant). 
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OC pools 

 

The distribution of ‘labile’ (i.e. NaOCl-oxidizable OC) and ‘stable’ (i.e. NaOCl-

resistant OC) OC pools decreases with soil depth in both ADE (Fig. 3a) and ADJ 

(Fig. 3c). The amount of ‘labile’ OC was larger in ADE compared to ADJ, whereas 

the amount of ‘stable’ OC did not differ between ADE (Fig. 3a) and ADJ (Fig. 3c) as 

already pointed out in Chapter 4 for topsoil samples. It implies that the relative 

contribution of the ‘stable’ OC pool is larger in ADJ (Fig. 3d) compared to ADE (Fig. 

3b) and increases with soil depth in ADJ (Fig. 3d), whereas in ADE (Fig. 3b) it 

remains fairly constant with soil depth.  

 

 
Fig. 3. Depth-wise distribution of organic carbon (OC) pools (i.e. ‘ labile’ OC and ‘ 
stable’ OC) in Amazonian Dark Earth (ADE) (a) and the adjacent (ADJ) Ferralsol (c) 
and their relative contribution to the Total C content in ADE (b) and ADJ (d). Mean 
values and standard deviations were calculated from three field replicates in ADE 
(filled bars) and ADJ (empty bars). Significant differences between mean values in 
ADE versus ADJ per soil depth were tested with orthogonal contrast and are 
indicated with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) or n.s. (not significant). 
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In this study, we further differentiated the ‘labile’ OC pool into two fractions (i.e. C-

DOC and C-CO2) (Fig. 4). Compared to the amount of C-CO2, the amount of C-DOC 

was very small in both ADE (Fig. 4a) and ADJ (Fig. 4c). The amount of C-DOC was 

on average 0.7 and 0.2 g kg-1 in ADE and ADJ, respectively. These values 

correspond to 4.2 and 6.2% of the ‘labile’ OC pool in ADE and ADJ, respectively. 

Other studies did not account for C-DOC upon chemical oxidation with NaOCl. 

However, our results indicate that operationally some of the ‘labile’ OC pool 

comprises OC that is soluble in the chemical oxidation procedure with NaOCl rather 

than being oxidized to CO2. Fortunately, its contribution is little and the vast majority 

(> 90 %) of the ‘labile’ OC pool is indeed oxidizable C (C-CO2).  

 

 
Fig. 4. Depth-wise distribution of ‘labile’ OC fractions (i.e. C-CO2 and C-DOC) in 
Amazonian Dark Earth (ADE) (a) and the adjacent (ADJ) Ferralsol (c) and their 
relative contribution to the ‘labile’ OC pool in ADE (b) and ADJ (d). Mean values and 
standard deviations were calculated from three field replicates in ADE (filled bars) 
and ADJ (empty bars). Significant differences between mean values in ADE versus 
ADJ per soil depth were tested with orthogonal contrast and are indicated with * (p 
< 0.05), ** (p < 0.01), *** (p < 0.001) or n.s. (not significant). 
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Depth-wise distribution of ‘stable’ OC fractions (i.e. ‘mineral-associated’ OC and 

‘recalcitrant’ OC) showed a decrease from the topsoil (0–20 cm) to the subsoil (40–

60 cm), but did not differ from the subsoil to the deep subsoil (80–100 cm) in both 

ADE (Fig. 5a) and ADJ (Fig. 5c). Moreover, the absolute amounts of ‘stable’ OC did 

not differ between ADE (Fig. 5a) and ADJ (Fig. 5c), nor did the relative contribution 

of ‘mineral-associated’ and ‘recalcitrant’ OC pools (Fig. 5b and 5d for ADE and ADJ, 

respectively). However, the absolute amounts of ‘mineral- associated’ OC was 

slightly larger in ADJ compared to ADE. This suggests more binding of OC to the 

mineral surfaces which may be due to the presence of less P in ADJ than in ADE 

(Fig.1e) causing less competition of OC for binding to the oxide surfaces.  

 

The amount of ‘recalcitrant’ OC was on average 0.20 and 0.24 g kg-1 in ADE and 

ADJ, respectively. These values correspond to as little as 6.6 and 8.0% of the ‘stable’ 

OC pool in ADE and ADJ, respectively. Our results indicate that the amount of 

‘recalcitrant’ OC are essentially the same in both soils, contrary to other studies that 

suggested that the ‘recalcitrant’ OC pool is larger in ADE due to the occurrence of 

BC (Glaser, 2007; Glaser et al., 2003). Even though BC has been claimed to 

contribute to the ‘recalcitrant’ OC pool in ADE, the present results are in agreement 

with the claim that ‘mineral-association’ is more important for the long-term 

stabilization of SOM than ‘chemical recalcitrance’ (Marschner et al., 2008; Mikutta et 

al., 2006). 
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Fig. 5. Depth-wise distribution of ‘stable’ organic carbon (OC) fractions (i.e. ‘mineral-
associated’ OC and ‘recalcitrant’ OC) in Amazonian Dark Earth (ADE) (a) and the 
adjacent (ADJ) Ferralsol (c) and their relative contribution to the ‘stable’ OC pool in 
ADE (b) and ADJ (d). Mean values and standard deviations were calculated from 
three field replicates in ADE (filled bars) and ADJ (empty bars). Significant 
differences between mean values in ADE versus ADJ per soil depth were tested with 
orthogonal contrast and are indicated with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) 
or n.s. (not significant). 
 
Changes in the C:N ratio upon chemical oxidation with NaOCl are shown in Fig. 6. 

The C:N ratio before (Fig. 6a) and after NaOCl (Fig. 6b) showed that the C:N ratio is 

higher after NaOCl in both soils. This indicates that N-rich compounds were 

preferentially removed upon chemical oxidation with NaOCl. This pattern has also 

been reported in other studies (Jagadamma et al., 2010; Kleber et al., 2005; Mikutta 

et al., 2006; Sleutel et al., 2009). However, it is not clear whether this is due to a 

preferential oxidation of N-rich compounds or less mineral-association of N-rich 

compounds (Kleber et al., 2005). The distribution of the C:N ratio of OM before 

NaOCl oxidation increases with soil depth in ADE, whereas it decreases in ADJ. 
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Both results are in agreement with literature. Rumpel and Kögel-Knabner (2011) 

reported that in general, the C:N ratio decreases with soil depth, indicating a larger 

contribution of microbial-derived OC in the subsoils. However, these authors also 

reported that in some cases, the C:N ratio can also increase with soil depth due to 

the occurrence of BC, which is expected for our ADE soil samples.  

 

The C:N ratio after NaOCl remained fairly constant with soil depth in ADE, whereas 
in ADJ, it decreased with soil depth (Fig. 6d). The ‘stable’ OC pool in the deeper 
layers of ADJ is richer in N than in ADE, which could indicate a different origin of this 
OM. The ‘stable’ pool in ADJ – mostly ‘mineral-associated’ OC – may have a larger 
contribution of microbial-derived OC compared to ADE (Rumpel and Kögel-Knabner, 
2011). 
 

 
Fig. 6. Depth-wise pattern of carbon to nitrogen (C:N) ratio before (a) and after (b) 
chemical oxidation with NaOCl in Amazonian Dark Earth (ADE) and the adjacent 
(ADJ) Ferralsol. Mean values and standard deviations were calculated from three 
field replicates in ADE (filled bars) and ADJ (empty bars). Significant differences 
between mean values in ADE versus ADJ per soil depth were tested with orthogonal 
contrast and are indicated with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) or n.s. (not 
significant). 
 
For the ‘recalcitrant’ OC pool (i.e. HF-resistant OC), it was not possible to calculate 

the C:N ratio because the amount of N was below the detection limit in both soils. 

Nonetheless, one may conclude that the ‘recalcitrant’ OC pool is largely N-poor. 

Studies often suggest that the ‘recalcitrant’ OC pool upon chemical oxidation with 

NaOCl and demineralization with HF is mainly composed of aliphatic OC, most likely 

hydrophobic compounds (Eusterhues et al., 2005, 2003). However, chemical 

composition in relation to the stabilization of these hydrophobic compounds against 
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microbial decomposition is not well known, which certainly deserves more attention 

in future studies. Some other studies suggested that the ‘recalcitrant’ OC pool could 

also be composed of poly-condensed aromatic compounds (e.g. BC) (Bruun et al., 

2008; Mikutta et al., 2005b).  

 

BC in OC pools 

 

The absolute amounts of BC and non-BC and their relative contribution to the Total 
C content in the original ADE and ADJ soils without NaOCl treatment are shown in 
Fig. 6. The fractions of BC and non-BC decreased with soil depth in both soils. In 
ADE, the relative contribution of BC did not differ with soil depth and was on average 
18.9%, whereas in ADJ, it increased with soil depth, reaching 22.9% in the deep 
subsoil (80–100 cm). Our results indicate that despite the fact that ADE showed 
larger absolute amounts of BC, their relative contribution to the Total C content did 
not differ greatly between ADE and ADJ. This is rather unexpected as ADE have 
been considered as highly enriched in BC. Our results contrast with previous studies 
on ADE where authors reported impressive BC contents in ADE (up to 70 times 
larger than ADJ) (Glaser, 2007; Glaser et al., 2000). However, it is important to note 
that these BC contents were determined according to the first version of the BPCA 
methodology (Glaser et al., 1998), in which hydrochloric acid (HCl) was used for the 
removal of polyvalent cations. Brodowski et al. (2005) showed that the use of HCl 
can generate BC-like compounds and overestimate the BC content up to 90%. 
Therefore, the impressive BC contents in ADE that has been previously reported in 
other studies (Glaser, 2007; Glaser et al., 2000) can be highly questioned. 
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Fig. 7. Depth-wise distribution of black carbon (BC) and non-black carbon (non-BC) 
in untreated samples of Amazonian Dark Earth (ADE) (a) and the adjacent (ADJ) 
Ferralsol (b) and their relative contribution to the Total C content in ADE (c) and ADJ 
(d). Non-black carbon contents were estimated by the difference between the Total 
C and BC contents. Mean values and standard deviations were calculated from three 
field replicates in ADE (filled bars) and ADJ (empty bars). The enrichment factors for 
BC in ADE are shown on the right side of the bars. Significant differences between 
mean values in ADE versus ADJ per soil depth were tested with orthogonal contrast 
and are indicated with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) or n.s. (not significant). 
 
Depth-wise distribution of the various individual BPCA in ADE and ADJ are shown 

in Fig. 7. According to our measurements, BC is more polycondensed in ADE than 

in ADJ as the relative contribution of B6 in ADE is larger (Fig. 7b). Moreover, our 

results indicate that BC is more polycondensed in both topsoils (Fig. 7b). In the 

subsoils, the contribution of B3-B5 is higher which indicates that deeper in the soil 

profiles, the BC fraction is more oxidized which may be due to a smaller size of the 

initial polyaromatic molecules. The distribution as well as the absolute levels can be 

discussed in terms of the origin of BPCA in these soils.  
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Fig. 8. Depth-wise distribution pattern of benzene polycarboxylic acids (BPCA) in 
untreated samples of Amazonian Dark Earth (ADE) (a) and the adjacent (ADJ) 
Ferralsol (b) and the relative contribution of individual BPCA in ADE (c) and ADJ (d). 
Mean values and standard deviations were calculated from three field replicates in 
ADE (filled bars) and ADJ (empty bars).  
 
It is important to note that the origin of BC cannot be attributed exclusively to the 

remains of charred OM since studies have shown that BC is not necessarily only 

pyrogenic (Di Rauso Simeone et al., 2018; Glaser and Knorr, 2008). Di Rauso 

Simeone et al. (2018) reported that BPCA can naturally occur in soils as the microbial 

by-product of OC degradation. According to these authors, BPCA in Ferralsol may 

result from a biogenic source. Polyaromatic carbon is for instance found in the black 

pigment of the fungus Aspergillus niger. Biogenic BC has been considered either 

negligible (Brodowski et al., 2005b) or significant (Glaser and Knorr, 2008),  but the 

possibility of biogenic sources of polyaromatic carbon has been largely overlooked 

in the literature. Therefore, more studies are certainly needed in order to better 

estimate the relative contribution of different sources of BC to the total BC content in 

soils. Combining isotopic labelling with BPCA analysis is likely to provide a better 
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understanding of different sources of BC in environmental matrices (Di Rauso 

Simeone et al., 2018; Glaser and Knorr, 2008).  

 

In line with suggestions from previous studies (Bruun et al., 2008; Eusterhues et al., 

2003; Leifeld and Zimmermann, 2006; Mikutta et al., 2005b; Simpson and Hatcher, 

2004), we had previously hypothesized that BC resists chemical oxidation with 

NaOCl and accounts for most of the ‘stable’ OC pool (i.e. NaOCl-resistant pool). 

However, BC was not detected in the NaOCl-resistant OC fraction via the BPCA 

analysis in both soils. Our data suggest that BC is part of the ‘labile’ OC pool rather 

than the ‘stable’ or ‘recalcitrant’ OC pools as suggested in other studies (Bruun et 

al., 2008; Mikutta et al., 2005b). It would imply that the removal of aromatic OC upon 

chemical oxidation with NaOCl is not limited to mono-aromatic OC (i.e. lignin) 

(Simpson and Hatcher, 2004) and that polycondensed aromatic OC (i.e. BC) can be 

oxidized too. However, the degree of aromatic polymerisation of BC may also play a 

role. Studies have shown that chemical oxidation of charcoal with NaOCl can 

enhance surface charge (Araujo et al., 2014; Linhares et al., 2012). In that process, 

carboxylic functional groups are created by oxidation. Our results bring implications 

for the isolation of a so-called ‘stable’ OC pool upon chemical oxidation with NaOCl 

and challenges the claims on the ‘inherent chemical recalcitrance’ of BC. Studies 

have shown that the resistance of BC to chemical oxidation decreases with time (i.e. 

BC ‘ageing’) (Hardy and Dufey, 2017), which imposes challenges to the usefulness 

of strong chemical oxidation procedures (Naisse et al., 2013), most importantly in 

soils where BC is expected to be ‘aged’, like in ADE. 

 

Organo-mineral associations 

 

Depth-wise distribution of Total Fe and Total Al as well as crystalline and poorly 

crystalline Fe and Al oxides are shown in Fig. 9. Total Fe and Total Al as well as the 

amount of crystalline Fe and Al oxides did not differ between ADE and ADJ (Fig. 9a 

to 9e). This is expected since ADE and ADJ share the same parent material. 

However, the amount of poorly-crystalline Fe and Al oxides was larger in ADE 

compared to ADJ (Fig. 9c and 9f). 



Interactive roles of BC, Ca and P in ADE 

91 
 

 
Fig. 9. Depth-wise distribution of Total Fe (a), Total Al (d), crystalline Fe (Fed-o) (d) 
and Al (Ald-o) (e) and poorly-crystalline Fe (Feo) (c) and Al (Alo) (f) oxides in 
Amazonian Dark Earth (ADE) and adjacent (ADJ) Ferralsol. Mean values and 
standard deviations were calculated from three field replicates in ADE (filled bars) 
and ADJ (empty bars). The enrichment factors for Feo and Alo per soil depth are 
shown on the right side of each bar. Significant differences between mean values in 
ADE versus ADJ per soil depth were tested with orthogonal contrast and are 
indicated with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) or n.s. (not significant). 
 
Poorly-crystalline Fe and Al oxides have been suggested as important for the 

stabilization of SOM via ligand exchange between hydroxyl groups on the surface of 

soil minerals and negatively charged functional groups of OM compounds (Kleber et 

al., 2005; Mikutta et al., 2005a). Furthermore, it has been suggested that adsorption 

of P and SOM to Fe and Al oxides may inhibit their further growth (Eusterhues et al., 

2008; Fukushi and Sato, 2005) and are likely to be the cause of nano-sized particles 

with high surface area in soils (Hiemstra et al., 2010b). In P-rich soils such as ADE, 

this may lead to a large fraction of nanoparticles with high surface similarly to 

agricultural top soils as reported by Hiemstra et al. (2010).  

 

The amount of oxalate-extractable P (Po) (i.e. a proxy for P bound to nano-sized Fe 

and Al oxides) exhibited a significant (p = 0.00) high positive correlation (R2 = 0.72) 
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with the amount of (Fe + Al)o in ADE, whereas in ADJ, we did not find a correlation 

(R2 = 0.17, p = 0.27) between these parameters (Fig. 10b). We did not find a 

correlation (R2 = 0.00, p = 0.89) between Total C and the amount of (Fe and Al)o in 

ADE, whereas in ADJ, these parameters are correlated (R2 = 0.62, p = 0.01) (Fig. 

10a). Lima et al. (2002) reported a larger content of (Feo) in the topsoil in ADE 

compared to ADJ, which the authors attributed to an effect of higher SOM content in 

ADE. However, our results indicate that larger (Fe + Al)o in ADE follows the depth-

distribution of P (Fig. 2f). In case of ADE, more (Fe + Al)o is present at the same C 

content (Fig.10a), particularly at low levels of OC. It suggests that part of the oxide 

fraction is not contributing to this association, resulting in the absence of a correlation 

(R2 = 0.00, p = 0.89). It may be due to the competition between P and OC for binding 

to the oxides. The presence of more adsorbed P (Fig.10b) prevents binding of more 

OM (Fig.10a). 

 

 
Fig. 10. Relation between Total C (a) and oxalate-extractable P (Po) (b) and the 
amount of oxalate-extractable iron and aluminium oxides (Fe + Al)o in Amazonian 
Dark Earth (ADE) and the adjacent (ADJ) Ferralsol. For details about the methods, 
please see text. 
 
These findings are in agreement with our hypothesis that high P input enhances the 

reactive surface area in ADE, which likely contributed to the overall larger SOM 

content in these soils by promoting stabilization of SOM. It is surprising that even 

though studies have highlighted the importance of (Fe + Al)o in explaining long-term 

persistence of SOM via organo-mineral associations (Kleber et al., 2005; Mikutta et 

al., 2005a), this parameter has been largely overlooked in previous studies on ADE, 

probably because authors relied on the fact that ADE and ADJ share the same 

parent material.  
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Moreover, polyvalent cations (mainly Ca2+) are known to form bridges between 

negatively charged OM compounds and soil minerals (Baldock and Skjemstad, 

2000; Muneer and Oades, 1989), further contributing for the stabilization of SOM. 

The amount of Ca2+ showed a trend to be positively correlated with the Total C 

content in both soil types, but not significantly (p > 0.05) (Fig. 11a). However, the 

amount of Ca2+ exhibited a significant (p = 0.00) very high positive correlation (R2 = 

0.92) with the BC content in ADE, whereas in ADJ, we did not find a correlation (R2 

= 0.05, p = 0.57) between these parameters (Fig. 11b). Several studies have shown 

that BC surface oxidation is a key property in ADE (Jorio et al., 2012; Lehmann et 

al., 2005; Liang et al., 2013; Mao et al., 2012). BC surface charge can be 

compensated by the adsorption of Ca2+. Moreover, cation bridging with surrounding 

organic molecules may promote the stabilization of substantial amount of OC (of 

non-BC origin) that is associated with highly charged BC in ADE, which likely 

explains the overall larger non-BC contents in ADE compared to ADJ (Fig. 7). 

 

 
Fig. 11. (a) Relation between exchangeable Ca (Ca2+) and Total C (a) and black 
carbon (BC) (b) in Amazonian Dark Earth (ADE) and the adjacent (ADJ) Ferralsols. 
For details about the methods, please see text. 
 
These findings are in agreement with our hypothesis that a high Ca input in ADE 

likely contributed to the overall larger SOM content in these soils, most likely via Ca 

bridging (Baldock and Skjemstad, 2000; Muneer and Oades, 1989). Recent studies 

also suggested that incorporation of Ca into BC structures may occur (Archanjo et 

al., 2014; Castro et al., 2016). Combined, these findings point to a synergistic effect 

between Ca and BC in ADE.  

 

Overall, our results suggest that high input of Ca and P in ADE may have played 

important roles in the long-term persistence of SOM in these soils, rather than BC 
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alone. Our proposal that the interactive effects of BC, Ca and P are crucial for the 

development of ADE has implications for practices that try to recreate such soils by 

simply adding BC (e.g. biochar). Future studies could investigate the interactive roles 

of BC, Ca and P in controlled experiments, where the presence or absence of these 

elements are manipulated in order to evaluate the added effect of their interactive 

roles in SOM stabilization.  

 

5.4. Conclusion 
 
Our results showed that the relative contribution of BC in ADE did not differ from the 

ADJ soil, which contrasts with previous studies on ADE. Moreover, our results raised 

questions for the isolation of a so-called ‘stable’ OC pool upon chemical oxidation 

procedures. Our results indicated that besides BC, the nutrients Ca and P are 

important in further explaining high SOM contents in ADE compared to ADJ. In this 

study, we suggested possible mechanisms by which Ca and P may contribute to the 

long-term persistence of SOM in ADE, which brings implications for the sole use of 

biochar as a strategy to reproduce ADE desirable characteristics in other soils.  
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Supplementary Data 
 
Table S1. Matrices of correlation coefficients between pairs of selected soil 
parameters in Amazonian Dark Earth (ADE). 

ADE 
Total 
OC 

NaOCl-
resistant 

OC 

HF-
soluble 

OC 
BC Ca2+ Po (Fe + Al)o 

Total OC 1.00       

NaOCl-resistant OC 0.91 1.00      

HF-soluble OC 0.89 1.00 1.00     

BC 0.75 0.68 0.65 1.00    

Ca2+ 0.63 0.54 0.51 0.96 1.00   

Po -0.17 -0.27 -0.28 0.31 0.45 1.00  

(Fe + Al)o -0.05 -0.12 -0.14 0.52 0.65 0.85 1.00 

Total organic carbon (Total OC), NaOCl-resistant OC (i.e. ‘stable’ OC), HF-soluble 
OC (i.e. ‘mineral-associated’ OC), black carbon (BC), exchangeable calcium (Ca2+), 
oxalate-extractable phosphorus (Po) (i.e. proxy for P bound to soil poorly crystalline 
oxides) and sum of oxalate-extractable iron (Feo) and aluminium (Alo). 
 
Table S2. Matrices of correlation coefficients between pairs of selected soil 
parameters in the adjacent (ADJ) Ferralsol. 

ADJ 
Total  
OC 

NaOCl- 
resistant  

OC 

HF- 
soluble  

OC 
BC Ca2+ Po (Fe + Al)o 

Total OC 1.00       

NaOCl-resistant OC 0.60 1.00      

HF-soluble OC 0.57 1.00 1.00     

BC 0.97 0.73 0.71 1.00    

Ca2+ 0.33 0.18 0.16 0.22 1.00   

Po 0.31 0.29 0.30 0.25 0.52 1.00  

(Fe + Al)o 0.79 0.57 0.56 0.78 0.17 0.41 1.00 

Total organic carbon (Total OC), NaOCl-resistant OC (i.e. ‘stable’ OC), HF-soluble 
OC (i.e. ‘mineral-associated’ OC), black carbon (BC), exchangeable calcium (Ca2+), 
oxalate-extractable phosphorus (Po) (i.e. proxy for P bound to soil poorly crystalline 
oxides) and sum of oxalate-extractable iron (Feo) and aluminium (Alo). 
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6.1. Prologue 
 
Since first migrants crossed the Bering Strait at the end of the last Ice Age and 

reached the Amazon (Reich et al., 2012), people have been living and transforming 

Amazonian forests and soils for more than ten thousand years (Roosevelt, 2013). 

Current theories suggest that these transformations generally improved the living 

conditions for these Amerindian people and can therefore be considered as a case 

of human niche construction (Clement et al., 2015), which contrasts with a previous 

theory that postulated that adverse conditions would impose limitations for the 

cultural development in the Amazon (Meggers, 1954). Due to the European 

conquest in the sixteenth century, the Amerindian population collapsed (Llamas et 

al., 2016), but their legacy is imprinted in the domesticated landscape nearby ADE 

sites (Levis et al., 2017) and in the Amazonian Dark Earths (ADE) (Glaser et al., 

2001a).  

 

6.2. Main Findings and Conclusions 
 
In my thesis, I used geostatistics (Chapter 2), selective chemical extractions 

(Chapters 2–5), soil organic matter (SOM) fractionation (Chapter 3–5), 

spectroscopic techniques (Chapter 4) and molecular markers (Chapter 5) to 

investigate the interactive roles of BC, Ca and P on the long-term persistence of 

SOM in ADE.  

 

In Chapter 2, I showed that a combination of spatial modelling techniques with the 

criteria for a pretic horizon (IUSS Working Group WRB, 2015) was useful to 

systematically distinguish the pretic area (i.e. proxy for ADE) from the non-pretic area 

(i.e. proxy for the adjacent (ADJ) Ferralsol) in our study area (Alho et al., 2019). This 

is important because it takes into consideration quantitative data rather than vague 

descriptive observations, such as soil colour and the presence of archaeological 

remains (i.e. ceramic and charcoal fragments). Most importantly, this approach is 

important to take into account the overall effects of anthropic enrichments in ADE. 

Since ADE sites are expected to exhibit a high spatial variation (Costa et al., 2013; 

Costa and Kern, 1999; Kern et al., 2015), comparison of highly contrasting samples 

(for example, samples selected based on visual inference as aforementioned) likely 

overemphasize the differences in ADE compared to ADJ. In contrast to previous 

ADE studies (Fraser et al., 2011; Schmidt et al., 2014), the presented method 

generates a sharp transition between two areas rather than a smooth continuum. 

Therefore, I did not find evidences for a subcategory of ADE known as Terra Mulata. 

Furthermore, I showed that the overall Total C stock was 162.9 Mg ha-1 m-1 in ADE 

and was on average only 14% larger than ADJ, contrasting with previous studies 

where Total C stocks of up to 500 Mg ha-1 m-1 were reported in ADE (Glaser et al., 
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2002). The Total Ca and Total P stocks were twice as large in ADE and there was a 

high significant correlation between Total Ca and Total P in ADE, whereas no 

correlation was found in ADJ, which clearly indicates different sources and reaction 

pathways for these elements in ADE compared to ADJ.  

 

In Chapter 3, I evaluated the use of chemical oxidation with sodium hypochlorite 

(NaOCl) to isolate a ‘stable’ pool of SOM, which has been suggested as a promising 

method for this purpose (Poeplau et al., 2018; von Lützow et al., 2007). Commonly, 

this procedure is done in three consecutive treatments of 6h each (Bruun et al., 2008; 

Jagadamma et al., 2010; Mikutta et al., 2006; Spohn and Giani, 2011; Thomsen et 

al., 2009). However, I showed that chemical oxidation with NaOCl can sharply 

distinguish a ‘labile’ (i.e. NaOCl-oxidizable) from a ‘stable’ (i.e. NaOCl-resistant) pool 

of organic carbon (OC) in just two consecutive treatments of 2h each, which is about 

5 times faster than the procedure commonly applied in the literature. If I interpret 

results published from long-term bare fallow (LTBF) experiments with a two-pool 

model in which a ‘stable’ pool does not contribute to the overall decomposition on 

the time scale studied, and a ‘labile’ pool is represented by a first order rate of 

decomposition (k = 0.03% y-1), the ‘stable’ OC pool left after ~100 years of biological 

oxidation in LTBF is similar to the ‘stable’ OC pool of about ~40–70% of the initial 

OC content I obtained after 4h of chemical oxidation with NaOCl for soils used in 

Chapter 3 (Fig. 1). 

 

 
Fig. 1. (a) Organic carbon (OC) content (%) as a function of the reaction time (h) 
upon chemical oxidation with sodium hypochlorite (NaOCl) and (b) as a function of 
the reaction time (years) upon biological oxidation in long-term bare fallow (LTBF) 
experiments. Sample numbering in (a) refer to samples in Table 1 of Chapter 3. 
Sample labelling in (b) refer to data published elsewhere (Barré et al., 2010).  
 
However, the mechanisms by which a certain portion of OC is left after biological 

oxidation in LTBF experiments or chemical oxidation with NaOCl are still unclear. In 
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other words, it is not clear if mineral association or chemical recalcitrance determines 

resistance of a certain portion of OC towards biological and chemical oxidation. 

Contrary to other studies (Kleber et al., 2005; Mikutta et al., 2005a), I did not find a 

good correlation between mineralogical properties – such as iron (Fe) and (Al) oxides 

or reactive surface area of soil oxides – and the amount of OC that resists chemical 

oxidation with NaOCl, which indicates that mineral association is not always a good 

predictor of ‘stable’ SOM. In fact, I showed that this NaOCl-resistant OC is closely 

related with the initial OC (R2 = 0.66, p = 0.05), which indicates that besides mineral 

association, chemical composition of SOM contributes to the amount of ‘stable’ SOM 

upon chemical oxidation with NaOCl. Subsequent demineralization with hydrofluoric 

acid (HF) in NaOCl-treated soil samples has been proposed to further separate 

‘stable’ OC fractions and quantify the relative importance of mechanisms of SOM 

stabilization (i.e. mineral association and chemical recalcitrance) (Mikutta et al., 

2006), which I investigated in Chapter 4 in ADE and ADJ in combination with 

spectroscopic techniques to evaluate the chemical composition of SOM pools 

obtained in the aforementioned procedure.  

 
In Chapter 4, I showed that the vast majority (> 80%) of the OC content had to be 

considered as ‘labile’, while the vast majority (> 90%) of the ‘stable’ OC pool had to 

be considered as ‘mineral-associated’, with a minimal contribution of ‘recalcitrant’ 

OC in both ADE and ADJ. In line with previous studies (Glaser, 2007; Glaser et al., 

2001b), I expected ADE to be enriched in ‘recalcitrant’ OC due to the occurrence of 

black carbon (BC). High-resolution C 1s X-ray photoelectron spectroscopy (XPS) 

showed that chemical oxidation with NaOCl increased the relative contribution of 

aromatic OC (e.g. BC) in the ‘stable’ OC pool (i.e. NaOCl-resistant OC) in both ADE 

and ADJ, typically from ~1 to ~5%. However, I did not find this relative increase in 

aromatic OC in the ‘recalcitrant’ OC pool (i.e. HF-resistant OC), which contained very 

little (non-aromatic) OC. For this reason, I concluded that any ‘stable’ aromatic OC 

in the NaOCl stable pool of both soils is ‘mineral-associated’ and not ‘chemically-

recalcitrant’. It challenges suggestions from previous studies that the chemical 

recalcitrance of BC determines its persistence in soils (Glaser et al., 2003; Krull et 

al., 2003) neglecting the role of the mineral matrix on the stabilization of BC in soils 

(Cusack et al., 2012; Czimczik and Masiello, 2007). Nonetheless, the analysis with 

XPS it was not possible to determine precisely the relative contribution of aromatic 

OC (i.e. BC) of SOM pools in a quantitative manner. That, I investigated in Chapter 

5 using molecular markers. Since I found no evidence for a larger contribution of 

‘recalcitrant’ or ‘mineral-associated’ OC in ADE compared to ADJ – which suggests 

similar mechanisms of SOM stabilization in both soils despite overall larger OC 

content in ADE – I concluded that other mechanisms, rather than the occurrence of 

‘recalcitrant’ OC (i.e. BC) likely explain the overall larger OC content in ADE. The 

results in Chapter 2 indicated that alongside C, high Ca and P inputs are important 
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characteristics of ADE. Therefore, in Chapter 5, I attempted to investigate the 

possible interactive roles of these other important inputs in ADE (i.e. Ca and P) in 

further explaining the larger SOM contents in ADE compared to ADJ. 

 

In Chapter 5, I showed that the relative contribution of BC to the Total C content did 

not differ between ADE and ADJ. Moreover, my results show that BC – or biochar 

as an equivalent term frequently used in the literature – is not a major component of 

SOM in ADE, which contrast to the conclusions of previous studies on ADE (Glaser, 

2007; Glaser et al., 2001a) and brings implications for the sole use of biochar as 

mean to reproduce the desirable characteristics of ADE in other soils. Previous 

studies on ADE sites reported impressive BC contents in ADE up to 70 times larger 

than ADJ (Glaser, 2007; Glaser et al., 2001b). However, it is important to note that 

the BC content in these studies was determined according to the first version of the 

BPCA method (Glaser et al., 1998), which used hydrochloric acid (HCl) for the 

removal of polyvalent cations. Brodowski et al. (2005) reported that the use of HCl 

can generate BC-like compounds and overestimate the BC content up to 90%. For 

this reason, Brodowski et al. (2005) recommended the use of trifluoroacetic acid 

(TFA) for the removal of polyvalent cations in the revised version of the BPCA 

method, which I applied in my thesis. Despite the fact that earlier estimations on the 

BC content in ADE proved to be unreliable, the assumption that BC is a major 

contributor of SOM in ADE persisted in the literature and enabled the development 

of a biochar hype.  

 

Furthermore, in Chapter 5, I showed that chemical oxidation with NaOCl removed 

BC, since I found no BC via the BPCA method in the ‘stable’ OC pool (i.e. NaOCl-

resistant OC). However, it is important to note that in Chapter 4, I showed that the 

NaOCl-resistant OC pool was relatively enriched in aromatic OC (compared to 

untreated samples) in both ADE and ADJ. Since I did not find aromatic OC in the 

‘recalcitrant’ OC pool (HF-resistant), I concluded that this aromatic OC in the ‘stable’ 

OC pool was ‘mineral-associated’. It could be argued that the BPCA method was 

unable to detect this ‘mineral-associated’ aromatic OC. One plausible explanation is 

the occurrence of natural BPCA in soils as the product of BC degradation (Di Rauso 

Simeone et al., 2018). For instance, assessment of the BC content via the BPCA 

method involves several wet chemical steps, where natural BPCA are not accounted 

for. Di Rauso Simeone et al. (2018) reported that naturally occurring BPCA 

accounted for 3.3% of the BC in ADE and up to 37.8% of the BC in ADJ. Despite the 

fact that I did not find an impressive contribution of BC to the Total C in ADE 

compared to ADJ (Chapter 5), studies have shown that BC source cannot be 

exclusively attributed to charred OM (i.e. pyrogenic BC) (Di Rauso Simeone et al., 

2018; Glaser and Knorr, 2008). Di Rauso Simeone et al. (2018) reported that 

naturally occurring BPCA in Ferralsol indicated a biogenic source (e.g. black pigment 
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of the fungus Aspergillus niger), whereas in ADE, it was not possible to assign a 

pyrogenic or a biogenic source of BC based on the distribution pattern of BPCA. In 

fact, Lucheta et al. (2016) reported that Aspergillus niger was more abundant in ADJ 

than ADE. Biogenic sources of BC have been considered significant (Glaser and 

Knorr, 2008) or negligible (Brodowski et al., 2005b). Nonetheless, biogenic sources 

of BC have been largely neglected in the literature. Therefore, more studies are 

certainly needed in order to better estimate the relative contribution of different 

sources of BC in soils, including the assessment of naturally occurring BPCA. 

Combining isotopic analysis with the BPCA method may offer an opportunity to 

investigate different sources of BC in environmental matrices (Di Rauso Simeone et 

al., 2018; Glaser and Knorr, 2008).  

 

Moreover, in Chapter 5, I showed that exchangeable Ca (Ca2+) was significantly (p 

= 0.00) positively (R2 = 0.92) correlated with the amount of BC in ADE. Several 

studies have shown that BC surface oxidation is a key property in ADE (Jorio et al., 

2012; Lehmann et al., 2005; Liang et al., 2013; Mao et al., 2012). BC surface charge 

can be compensated by the adsorption of Ca2+. Moreover, cation bridging with 

surrounding organic molecules may promote the stabilization of substantial amount 

of OC (of non-BC origin) that is associated with highly charged BC in ADE, which 

may explain the overall larger non-BC contents in ADE compared to ADJ. 

 

Furthermore, in Chapter 5, I also showed that the absolute amounts of oxalate-

extractable Fe (Feo) and Al (Alo) oxides (i.e. proxy for poorly crystalline Fe and Al 

oxides) was larger in ADE compared to ADJ. In addition, I showed that oxalate-

extractable P (Po) (i.e proxy for P bound to Fe and Al oxides) had a significant (p = 

0.01) positive correlation (R2 = 0.66) with the amount of (Fe + Al)o in ADE, whereas 

in ADJ, I did not find a correlation (R2 = 0.18, p = 0.25) between these parameters. 

Therefore, I concluded that high P input in ADE enhanced and maintained a higher 

reactive surface area of soil oxides in ADE. I propose a hypothetical model that 

exemplify how high inputs of P in ADE may promote and maintain a large fraction of 

poorly-crystalline Fe and Al oxides by preventing their growth (Fig. 2). 
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Fig. 2. Schematic representation of the proposed mechanisms by which high input 
of phosphorus (P) may have led to larger amounts of poorly crystalline iron (Feo) and 
aluminium (Alo) oxides in Amazonian Dark Earth (ADE) compared to the adjacent 
(ADJ) Ferralsol (a). Note that the amount of crystalline iron (Fed-o) and aluminium 
(Ald-o) did not differ greatly between ADE and ADJ (b). Significant differences 
between mean values in ADE versus ADJ per soil depth were tested with orthogonal 
contrast and are indicated with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) or n.s. (not 
significant). For details about the methods and further explanations, please see text 
in Chapter 5.  
 
It is surprising that even though studies have highlighted the importance of (Fe + Al)o 

in the stabilization of SOM via organo-mineral associations (Kleber et al., 2005; 

Mikutta et al., 2005a), this parameter has been largely neglected in studies on ADE 

in the past. This is because the focus was almost exclusively on BC as a source of 

‘recalcitrant’ SOM in ADE, while relying on the fact that ADE and ADJ share the 

same parent material. Therefore, I encourage future studies on ADE to investigate 

the proposed role of P on larger amount of (Fe + Al)o that I suggested in Chapter 5. 

Future studies could also investigate the long-term effect of high P input on the 

amount of (Fe + Al)o in other anthropic soils, such as the Plaggen soils of northwest 

Europe by comparison to the adjacent soils in these areas. The suggested 

mechanisms involving BC, Ca and P in the build-up and maintenance of higher SOM 

amounts in ADE compared to ADJ are likely to vary spatially given the high spatial 

variation of these inputs in ADE as shown in (Chapter 2). Therefore, future studies 

could focus on patches with differential enrichment of BC, Ca and P to serve as the 

basis for future investigations on the interactive roles of BC, Ca an P in ADE. Future 

experiments under controlled conditions are encouraged to investigate the 

interactive roles of BC, Ca and P where the presence or absence of these elements 

are manipulated in order to evaluate the added effect of their interactive roles in SOM 

stabilization. Studies could also investigate the interactive effects of Ca and P inputs 

alongside biochar in order to better reproduce ADE desirable characteristics in other 

soils. For example, future studies could investigate the effects of biochar produced 

from nutrient-rich sources like animal bones (Zwetsloot et al., 2015), which may also 
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offer an opportunity to fill nutrient gaps in developing countries (Simons et al., 2014) 

and to increase circularity between production systems (i.e. livestock and 

agriculture). 

 

6.3. Reflections on the limitations of this work 
 
In this PhD thesis, I focused on one ADE site – the Experimental Research Station 

of Caldeirão –  which is situated in a larger spatial context in Central Amazon, where 

ADE sites are mostly found (Fig. 3). Several studies have been conducted in 

Caldeirão to investigate ADE characteristics (Barbosa Lima et al., 2015; Germano 

et al., 2012; Kern et al., 2019; Nakamura et al., 2014; Schellekens et al., 2017; 

Schmidt, 2006; Schmidt et al., 2014; Taube et al., 2013), which makes it one of the 

most extensively studied and represented ADE site. Nonetheless, future studies at 

other ADE sites are encouraged to use the geostatistical method I propose in 

Chapter 2 (Alho et al., 2019) for a better comprehension of the high spatial variation 

in other ADE sites and to systematically distinguish ADE from ADJ and therefore 

account for the overall differences between these areas. In fact, future studies at 

other sites expected to share similarities with ADE, such as the ‘African Dark Earths’ 

(Frausin et al., 2014), the ‘Nordic Dark Earths’ (Wiedner et al., 2014) and the 

‘Australian Dark Earths’ (Downie et al., 2011) are also encouraged to use 

geostatistical approaches for a better comprehension of the spatial variation in 

anthropic areas due to the complexity of human settlements in the past. 
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Fig. 3. Location of the Experimental Research Station of Caldeirão (red box) within 
the spatial context of sites with ADE (filled dots) and without ADE (open dots). Figure 
adapted from McMichael et al. (2014). 
 
In this PhD thesis, I focused on the SOM fractionation procedure proposed by 
Mikutta et al. (2006).This method has been chosen among other SOM fractionation 
procedures because it has been designed to estimate the relative contribution of 
different mechanisms of SOM stabilization (i.e. mineral association versus inherent 
chemical recalcitrance), which are at the core of the paradigm shift in theories that 
attempt to explain the long-term persistence of SOM (Schmidt et al., 2011). The 
novelty in my study is the combination of the method proposed by Mikutta et al. 
(2006) with the revised BPCA method as molecular markers for BC (Brodowski et 
al., 2005b) in an attempt to investigate the relative contribution of mineral association 
versus inherent chemical recalcitrance in explaining long-term persistence of BC in 
ADE.  
 
Previous studies assumed that BC could resist chemical oxidation with NaOCl 
(Bruun et al., 2008; Eusterhues et al., 2003; Leifeld and Zimmermann, 2006; Mikutta 
et al., 2005b; Simpson and Hatcher, 2004) without specific assessment of the BC 
content. In Chapter 5, I showed that BC did not resist chemical oxidation with NaOCl. 
For this reason, BC had to be considered part of the ‘labile’ OC pool within the 
framework of the method proposed by Mikutta et al. (2006). On one hand, studies 
have shown that charred SOM (i.e. BC-rich) is more resistant (i.e. is more ‘stable’) 
to biological oxidation than uncharred SOM (i.e. BC-poor) (Woo et al., 2016). On the 
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other hand, old and functionalized BC as found in ADE is not more resistant to 
chemical oxidation (with NaOCl) than other C forms (Chapter 5). Therefore, there 
seems to be a mismatch between BC ‘stability’ assessed by biological and chemical 
oxidation procedures. For this reason, my results bring implications for the isolation 
of a so-called ‘stable’ OC pool upon chemical oxidation (with NaOCl) and challenges 
the claims on the ‘inherent chemical recalcitrance’ of BC as assessed by chemical 
oxidation procedures, such as the method proposed by Mikutta et al. (2006). 
 
The occurrence of BC in ADE in the context of C sequestration for climate change 
mitigation has been the flagship of ADE research, which enabled the biochar hype. 
However, contrary to previous studies (Glaser, 2007; Glaser et al., 2001b), I showed 
that BC was not a major component of SOM in ADE since the relative contribution 
of BC to the Total C content did not differ greatly between ADE and ADJ (Chapter 
5). Nonetheless, future studies at other ADE sites are encouraged to determine the 
BC content with the revised BPCA method for a more reliable overall picture of the 
relative contribution of BC to SOM in other ADE sites. 
 

6.4. Reflections on the mechanisms of SOM 
stabilization 
 
From a hoarding perspective, oxidation of OM compounds (SOM decomposition) is 

seen as negative because it leads to C loss as CO2, which makes soils a C source 

rather than the desired C sink for climate change mitigation. However, in an useful 

perspective, as SOM decomposes, nutrients are released to the soil, which is 

certainly desirable for both ecosystem services and agricultural production. This C 

dilemma regarding SOM decomposition has been already nicely described by 

Janzen (2006). In the same line of thinking, I propose that there is a similar C 

dilemma regarding SOM stabilization. For instance, depolymerisation and oxidation 

of OM compounds through microbial metabolism is likely to (i) decrease their 

likelihood to undergo further biodegradation since a higher oxidation state yields less 

energy for microbes (i.e. enhanced chemical recalcitrance) (Kleber, 2010) and to (ii) 

increase their chemical reactivity through formation of functional groups, thus 

increasing their likelihood to interact with the soil mineral matrix via organo-mineral 

associations (i.e. enhanced mineral protection). Therefore, chemical recalcitrance 

(or lack of biological reactivity) and mineral-protection (as a consequence of 

chemical reactivity) are not necessarily mutually exclusive mechanisms responsible 

for SOM stabilization. In many cases (lack) of biological and chemical reactivity are 

likely to co-occur. This co-occurrence imposes obstacles to operational procedures 

that aim at separating these mechanisms by assigning them to different SOM pools, 

such as the method proposed by Mikutta et al. (2006). Therefore, future studies are 

encouraged to investigate the interactions between chemical and biological reactivity 
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to allow a more explicit focus on changes in the nature and properties of the mineral-

associated OC over the soil profile (Kaiser and Kalbitz, 2012). 

 

SOM fractionation procedures combined with spectroscopic techniques can be 

useful tools to study SOM pools quantitatively and qualitatively. However, the holy 

grail of proposed methods to mimic the processes by which microbes differentially 

transform various OM fractions that constitute operationally defined SOM pools, has 

not been found. Ideally, one should be able to estimate the relative contribution of 

different mechanisms of SOM stabilization by measuring SOM pools that are linked 

to the current views on these mechanisms. In order to elucidate the processes 

controlling SOM decomposition and stabilization in a mechanistic approach, it is 

fundamental to integrate information on the adaptations of the soil microbial 

community to decompose OM compounds (Georgiou et al., 2017; Mooshammer et 

al., 2014; Wieder et al., 2013) with information on the ability of reactive soil minerals 

in protecting SOM against further biodegradation (Doetterl et al., 2015; Kramer and 

Chadwick, 2018; Torn et al., 1997). Unravelling the processes controlling SOM 

decomposition stabilization is crucial for us to develop strategies and technologies 

to mitigate and adapt to the effects of climate change via soil C sequestration while 

improving soil fertility to boost plant productivity.  

 

The future of SOM research will most likely rely on advances in non-destructive 

image-based analytical techniques at the interface of organo-mineral interactions in 

intact micro-aggregates (Hernandez-Soriano et al., 2018) and undisturbed soil cores 

(Hobley et al., 2018). These techniques provide information on the elemental 

composition and speciation of soil constituents, while preserving their natural 

arrangement. Steffens et al. (2017) combining nanoscale secondary ion mass 

spectroscopy (nanoSIMS) with digital imaging processing, identified recurring 

microdomains that the authors propose to be the threshold level for generalization 

in soil modelling. Studies on artificial soils (Vogel et al., 2014) or in early soil 

formation after glacial retreat (Schweizer et al., 2018) indicate that OM coverage on 

mineral surfaces is spatially heterogeneous. This is because organo-mineral 

associations are more likely to take place in hotspots of favourable conditions for 

connectivity (e.g. pre-existing OM, water and oxygen availability).  

 

Formation of organo-mineral associations has been suggested to be the main 

mechanism that explains long-term persistence of SOM (Mikutta et al., 2006; Torn 

et al., 1997). However, mineral-associated OM is still subject to microbial 

transformations that change the molecular properties and charge of OM compounds, 

resulting in competitive interactions between recently added OM and more 

processed OM and the downward movement of N-enriched but somewhat less 

charged OM compounds (Kaiser and Kalbitz, 2012). Furthermore, Keiluweit et al. 
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(2015) reported that mineral-associated SOM can be destabilised by root exudation, 

counteracting mineral-protection of SOM. Therefore, future studies should certainly 

include the assessment of these biologically-driven processes that may weaken 

organo-mineral associations. 

 

Data derived from image-based techniques can also be combined with spatial 

modelling techniques to build three-dimensional maps of soil properties (Hapca et 

al., 2015). However, high spatial heterogeneity in soils (Falconer et al., 2015) still 

impose an obstacle to scale up the processes at the nanoscale into measurable 

parameters that can be used in new generation of models to investigate SOM 

dynamics at the global scale (Abramoff et al., 2018; Robertson et al., 2019). 

Quantification of soil heterogeneity (Wanzek et al., 2018) and the organo-mineral 

binding (Newcomb et al., 2017) are likely to improve our understanding on the role 

of mineral protection on the long-term persistence of SOM. Furthermore, Keiluweit 

et al. (2016) suggested several parameters related to the role of oxygen limitations 

on SOM (de)stabilization that can be used to improve conceptual and mathematical 

models of SOM dynamics. Besides consideration on the role of mineral protection 

and microbial processes in new generation of mathematical models, it is crucial to 

address processes in plant-microbe-soil systems (Vidal et al., 2018) and 

atmosphere-soil as a function of depth (Balesdent et al., 2018). In order words, it is 

important to investigate soils through an integrative biogeochemical perspective in 

order to better understand soil processes and soil-climate feedbacks.  

 

6.5. Reflections on soil-climate feedbacks 
 
Urgent action is needed to mitigate and adapt to ongoing climate change (Rogelj et 

al., 2016). Persisting with the burning of fossil fuels will certainly hamper international 

efforts – such as the Paris Agreement – that aims at limiting the increase in global 

mean temperature to 1.5 °C. (Tong et al., 2019). Therefore, phasing-out the burning 

of fossil fuels while transitioning to climate-smart energy sources should be the 

primary goal. In addition, other human activities (e.g. deforestation and poor soil 

management) play a major role in GHG emissions (Erb et al., 2018). Therefore, 

decreasing deforestation rates – most importantly in tropical regions – and improving 

sustainable use of agricultural soils with climate-smart management practices should 

be prioritized. In addition, restoration of natural areas is also crucial for better overall 

ecosystem functioning. Furthermore, global efforts to restore degraded areas 

through tree restoration (i.e. afforestation) has been suggested as one of the most 

effective strategies to mitigate climate change (Bastin et al., 2019). In addition to 

increased aboveground C stocks, afforestation may also offer an opportunity to 

increase belowground C stocks (Laganière et al., 2010).  
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Due to climate change, the challenge in agricultural areas will be the need to boost 

crop yields to feed a growing population in a climate-smart fashion. The 4 per 1000 

initiative has been proposed as an inspiring approach to face this challenge by 

increasing global C stocks in agricultural soils (Minasny et al., 2017). The 

implementation of this initiative requires aligning agriculture and climate policy 

(Chabbi et al., 2017). However, the feasibility of this initiative on a global scale is 

debatable. For example, van Groenigen et al. (2017) pointed out that limitations in N 

and P availability may hamper increasing C stocks. Furthermore, Baveye et al. 

(2018) pointed out that soils are not only C sink, but also C source. Therefore, the 

long-term net effects of climate-smart management practices on C stocks need to 

be monitored, most importantly because the soil-climate feedbacks are poorly 

understood.  

 

Crowther et al. (2016) reported that soils in high latitude, which are currently large C 
sinks, are likely to become large C sources due to global warming, further 
contributing to climate change. Besides the effects of climate change in high-latitude 
soils, current climate models also project increase in temperature variability in the 
tropics, with the Amazon basin being a hotspot of concern (Bathiany et al., 2018). 
However, data from the tropical region are still scarce compared to the temperate 
region (van Gestel et al., 2018). Therefore, more studies are certainly needed in 
order to predict the global effects of climate change more accurately. Furthermore, 
Walker et al. (2018) suggested that even though decomposition rates are likely to 
increase due to global warming, substrate depletion could constrain further C loss 
from the soil. In addition, van Gestel et al. (2018) pointed out that net primary 
productivity (NPP) is also likely to increase due to global warming, which may offer 
a possibility to offset C losses from the soil. However, climate change is also likely 
to increase the occurrence of wildfires (Flannigan et al., 2013), releasing CO2 back 
to the atmosphere, which can possibly counteract increased NPP and further 
contribute to climate change. But at the same time, wildfires are also likely to 
increase the BC content in soils due to the incomplete combustion of SOM (Santín 
et al., 2015). Increased BC content in soils may offer a possibility to offset part of the 
C losses from wildfires (Santín et al., 2017), if BC is to act as a long-term C sink. 
However, the factors controlling BC production, transformation and residence time 
on global scale is still poorly understood (Bird et al., 2015) and more research is 
certainly needed in order to understand the nature of BC and its role to the global C 
cycle. 
 

6.6. Closing Remarks 
 
The beneficial transformations in Amazonian forests and soils handled by 

Amerindians has been a source of inspiration for attempts to recreate these soils 

and landscape to allow sustainable agriculture rather than rampant deforestation to 

allow unsustainable agricultural practices. Therefore, studies on ADE sites provide 
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fruitful knowledge about the complexity of pre-Columbian indigenous populations in 

the Amazon (Kern et al., 2017) and may provide insights for future sustainable use 

of soils (Kern et al., 2019).  

 

Overall, my results (Chapter 3–5) have implications for a common SOM 

methodology proposed to isolate a ‘stable’ pool of SOM upon chemical oxidation with 

NaOCl and to subsequently differentiate and quantify the relative contribution of two 

mechanisms of SOM stabilization (i.e. mineral association and chemical 

recalcitrance) upon soil demineralization with HF. Combining data from Chapters 4 

and 5, it seems like BC is removed upon chemical oxidation with NaOCl and 

therefore is part of the operationally defined ‘labile’ rather than the ‘stable’ SOM pool. 

Removal of BC with NaOCl raises questions about the contrast between low 

resistance of BC towards chemical oxidation and apparent high resistance of BC 

against biological oxidation, which certainly deserves more attention in future 

studies.  

 

Moreover, my results shed light on the importance of high Ca and P inputs (Chapter 

2 and 5) besides the occurrence of BC in ADE (Chapter 5) in explaining long-term 

persistence of SOM in ADE. Earlier studies have mentioned the large enrichment in 

Ca and P in ADE (Costa et al., 2013; Glaser, 2007; Glaser et al., 2001b; Kern et al., 

2015). However, the causal roles of Ca and P on the stabilization of SOM has been 

underdeveloped.  

 

In fact, in my thesis, I propose that it is the interaction between OM inputs (including 

BC inputs), Ca and P that are responsible for the long-term persistence of large SOM 

contents in ADE, which brings implications for the sole use of charred OM (i.e. 

biochar) as a strategy to reproduce ADE desirable characteristics in other soils.  

 
 



Chapter 6 

112 
 

 
 



 

113 
 

References 
 
Abramoff, R., Xu, X., Hartman, M., O’Brien, S., Feng, W., Davidson, E., Finzi, A., 

Moorhead, D., Schimel, J., Torn, M., Mayes, M.A., 2018. The Millennial model: 

in search of measurable pools and transformations for modeling soil carbon in 

the new century. Biogeochemistry 137, 51–71. https://doi.org/10.1007/s10533-

017-0409-7 

Alho, C.F.B.V., Samuel-Rosa, A., Martins, G.C., Hiemstra, T., Kuyper, T.W., 

Teixeira, W.G., 2019. Spatial variation of carbon and nutrients stocks in 

Amazonian Dark Earth. Geoderma 337, 322–332. 

https://doi.org/10.1016/j.geoderma.2018.09.040 

Amelung, W., Brodowski, S., Sandhage-Hofmann, A., Bol, R., 2009. Chapter 6 

Combining Biomarker with Stable Isotope Analyses for Assessing the 

Transformation and Turnover of Soil Organic Matter, 1st ed, Advances in 

Agronomy. Elsevier Inc. https://doi.org/10.1016/S0065-2113(08)00606-8 

Anderson, J., 1961. An improved pretreatmetn for mineralogical analysis of samples. 

Tenth Natl. Conf. Clays Clay Miner. 380–388. 

Antelo, J., Arce, F., Avena, M., Fiol, S., López, R., Macías, F., 2007. Adsorption of a 

soil humic acid at the surface of goethite and its competitive interaction with 

phosphate. Geoderma 138, 12–19. 

https://doi.org/10.1016/j.geoderma.2006.10.011 

Araujo, J.R., Archanjo, B.S., de Souza, K.R., Kwapinski, W., Falcão, N.P.S., 

Novotny, E.H., Achete, C.A., 2014. Selective extraction of humic acids from an 

anthropogenic Amazonian dark earth and from a chemically oxidized charcoal. 

Biol. Fertil. Soils 1223–1232. https://doi.org/10.1007/s00374-014-0940-9 

Archanjo, B.S., Araujo, J.R., Silva, A.M., Capaz, R.B., Falcão, N.P.S., Jorio, A., 

Achete, C.A., 2014. Chemical analysis and molecular models for calcium-

oxygen-carbon interactions in black carbon found in fertile amazonian 

anthrosoils. Environ. Sci. Technol. 48, 7445–7452. 

https://doi.org/10.1021/es501046b 

Archanjo, B.S., Baptista, D.L., Sena, L. a., Cançado, L.G., Falcão, N.P.S., Jorio, A., 

Achete, C.A., 2015. Nanoscale mapping of carbon oxidation in pyrogenic black 

carbon from ancient Amazonian anthrosols. Environ. Sci. Process. Impacts 17, 

775–779. https://doi.org/10.1039/C4EM00590B 

Baldock, J.A., Skjemstad, J.O., 2000. Role of the soil matrix and minerals in 

protecting natural organic materials against biological attack. Org. Geochem. 

31, 697–710. https://doi.org/10.1016/S0146-6380(00)00049-8 



 

114 
 

Balesdent, J., Basile-Doelsch, I., Chadoeuf, J., Cornu, S., Derrien, D., Fekiacova, Z., 

Hatté, C., 2018. Atmosphere–soil carbon transfer as a function of soil depth. 

Nature 559, 599–602. https://doi.org/10.1038/s41586-018-0328-3 

Barbosa Lima, A., Cannavan, F.S., Navarrete, A.A., Teixeira, W.G., Kuramae, E.E., 

Tsai, S.M., 2015. Amazonian Dark Earth and Plant Species from the Amazon 

Region Contribute to Shape Rhizosphere Bacterial Communities. Microb. Ecol. 

69, 855–866. https://doi.org/10.1007/s00248-014-0472-8 

Barré, P., Eglin, T., Christensen, B.T., Ciais, P., Houot, S., Kätterer, T., Van Oort, F., 

Peylin, P., Poulton, P.R., Romanenkov, V., Chenu, C., 2010. Quantifying and 

isolating stable soil organic carbon using long-term bare fallow experiments. 

Biogeosciences 7, 3839–3850. https://doi.org/10.5194/bg-7-3839-2010 

Bastin, J.-F., Finegold, Y., Garcia, C., Mollicone, D., Rezende, M., Routh, D., Zohner, 

C.M., Crowther, T.W., 2019. The global tree restoration potential. Science (80-

. ). 365, 76–79. https://doi.org/10.1126/science.aax0848 

Bathiany, S., Dakos, V., Scheffer, M., Lenton, T.M., 2018. Climate models predict 

increasing temperature variability in poor countries. Sci. Adv. 4, eaar5809. 

https://doi.org/10.1126/sciadv.aar5809 

Batjes, N.H., 2016. Harmonized soil property values for broad-scale modelling 

(WISE30sec) with estimates of global soil carbon stocks. Geoderma 269, 61–

68. https://doi.org/10.1016/j.geoderma.2016.01.034 

Baveye, P.C., Berthelin, J., Tessier, D., Lemaire, G., 2018. The “4 per 1000” 

initiative: A credibility issue for the soil science community? Geoderma 309, 

118–123. https://doi.org/10.1016/j.geoderma.2017.05.005 

Baveye, P.C., Wander, M., 2019. The (Bio)Chemistry of Soil Humus and Humic 

Substances: Why Is the “New View” Still Considered Novel After More Than 80 

Years? Front. Environ. Sci. 7, 1–6. https://doi.org/10.3389/fenvs.2019.00027 

Bezerra, J., Turnhout, E., Vasquez, I.M., Rittl, T.F., Arts, B., Kuyper, T.W., 2016. The 

promises of the Amazonian soil: shifts in discourses of Terra Preta and biochar. 

J. Environ. Policy Plan. 0, 1–13. 

https://doi.org/10.1080/1523908X.2016.1269644 

Bird, M.I., Wynn, J.G., Saiz, G., Wurster, C.M., Mcbeath, A., 2015. The Pyrogenic 

Carbon Cycle. Annu. Rev. Earth Planet. Sci. 273–300. 

https://doi.org/10.1146/annurev-earth-060614-105038 

Brodowski, S., Amelung, W., Haumaier, L., Abetz, C., Zech, W., 2005a. 

Morphological and chemical properties of black carbon in physical soil fractions 

as revealed by scanning electron microscopy and energy-dispersive X-ray 

spectroscopy. Geoderma 128, 116–129. 

https://doi.org/10.1016/j.geoderma.2004.12.019 



 

115 
 

Brodowski, S., John, B., Flessa, H., Amelung, W., 2006. Aggregate-occluded black 

carbon in soil. Eur. J. Soil Sci. 57, 539–546. https://doi.org/10.1111/j.1365-

2389.2006.00807.x 

Brodowski, S., Rodionov, A., Haumaier, L., Glaser, B., Amelung, W., 2005b. Revised 

black carbon assessment using benzene polycarboxylic acids. Org. Geochem. 

36, 1299–1310. https://doi.org/10.1016/j.orggeochem.2005.03.011 

Browne-Ribeiro, A.T., 2016. A Fine-Grained Analysis of Terra Preta Formation, in: 

Contreas, D.A. (Ed.), The Archaeology of Human-Environment Interactions. 

Routledge, New York, pp. 165–194. 

Bruun, S., Thomsen, I.K., Christensen, B.T., Jensen, L.S., 2008. In search of stable 

soil organic carbon fractions: A comparison of methods applied to soils labelled 

with 14C for 40 days or 40 years. Eur. J. Soil Sci. 59, 247–256. 

https://doi.org/10.1111/j.1365-2389.2007.00985.x 

Castro, K.L.S., Curti, R. V., Araujo, J.R., Landi, S.M., Ferreira, E.H.M., Neves, R.S., 

Kuznetsov, A., Sena, L.A., Archanjo, B.S., Achete, C.A., 2016. Calcium 

incorporation in graphene oxide particles: A morphological, chemical, 

electrical, and thermal study. Thin Solid Films 610, 10–18. 

https://doi.org/10.1016/j.tsf.2016.04.042 

Cerqueira, W. V., Rittl, T.F., Novotny, E.H., Pereira Netto, A.D., 2015. High 

throughput pyrogenic carbon (biochar) characterisation and quantification by 

liquid chromatography. Anal. Methods 7, 8190–8196. 

https://doi.org/10.1039/C5AY01242B 

Chabbi, A., Lehmann, J., Ciais, P., Loescher, H.W., Cotrufo, M.F., Don, A., 

Sanclements, M., Schipper, L., Six, J., Smith, P., Rumpel, C., 2017. Aligning 

agriculture and climate policy. Nat. Clim. Chang. 7, 307–309. 

https://doi.org/10.1038/nclimate3286 

Chefetz, B., J, S.M., Deshmukh, A.P., Hatcher, P.G., Nmr, C.-, Chefetz, B., J, S.M., 

Deshmukh, A.P., Hatcher, P.G., 2002. Structural Components of Humic Acids 

as Determined by Chemical Modifications Chromatography / Mass 

Spectrometry. Soil Sci. Soc. Am. J. 66, 1159–1171. 

https://doi.org/10.2136/sssaj2002.1159 

Cheng, C.H., Lehmann, J., Engelhard, M.H., 2008a. Natural oxidation of black 

carbon in soils: Changes in molecular form and surface charge along a 

climosequence. Geochim. Cosmochim. Acta 72, 1598–1610. 

https://doi.org/10.1016/j.gca.2008.01.010 

Cheng, C.H., Lehmann, J., Thies, J.E., Burton, S.D., 2008b. Stability of black carbon 

in soils across a climatic gradient. J. Geophys. Res. Biogeosciences 113, 1–

10. https://doi.org/10.1029/2007JG000642 



 

116 
 

Cheng, C.H., Lehmann, J., Thies, J.E., Burton, S.D., Engelhard, M.H., 2006. 

Oxidation of black carbon by biotic and abiotic processes. Org. Geochem. 37, 

1477–1488. https://doi.org/10.1016/j.orggeochem.2006.06.022 

Chenu, C., Angers, D.A., Barré, P., Derrien, D., Arrouays, D., 2018. Soil & Tillage 

Research Increasing organic stocks in agricultural soils : Knowledge gaps and 

potential innovations. Soil Tillage Res. 0–1. 

https://doi.org/10.1016/j.still.2018.04.011 

Chia, C.H., Munroe, P., Joseph, S., Lin, Y., Lehmann, J., Muller, D. a., Xin, H.L., 

Neves, E.G., 2012. Analytical electron microscopy of black carbon and 

microaggregated mineral matter in Amazonian dark Earth. J. Microsc. 245, 

129–139. https://doi.org/10.1111/j.1365-2818.2011.03553.x 

Clement, C.R., Denevan, W.M., Heckenberger, M.J., Junqueira, A.B., Neves, E.G., 

Teixeira, W.G., Woods, W.I., 2015. The domestication of amazonia before 

european conquest. Proc. R. Soc. B Biol. Sci. 282. 

https://doi.org/10.1098/rspb.2015.0813 

Cook, J., Oreskes, N., Doran, P.T., Anderegg, W.R.L., Verheggen, B., Maibach, 

E.W., Carlton, J.S., Lewandowsky, S., Skuce, A.G., Green, S.A., Nuccitelli, D., 

Jacobs, P., Richardson, M., Winkler, B., Painting, R., Rice, K., 2016. 

Consensus on consensus: A synthesis of consensus estimates on human-

caused global warming. Environ. Res. Lett. 11. https://doi.org/10.1088/1748-

9326/11/4/048002 

Costa, J.A., Costa, M.L. da, Kern, D.C., 2013. Analysis of the spatial distribution of 

geochemical signatures for the identification of prehistoric settlement patterns 

in ADE and TMA sites in the lower Amazon Basin. J. Archaeol. Sci. 40, 2771–

2782. https://doi.org/10.1016/j.jas.2012.12.027 

Costa, M.L. da;, Kern, D.C., 1999. Geochemical signatures of tropical soils with 

archaeological black earth in the Amazon, Brazil. J. Geochemical Explor. 66, 

369–385. https://doi.org/10.1016/S0375-6742(99)00038-2 

Crowther, T.W., Todd-Brown, K.E.O., Rowe, C.W., Wieder, W.R., Carey, J.C., 

MacHmuller, M.B., Snoek, B.L., Fang, S., Zhou, G., Allison, S.D., Blair, J.M., 

Bridgham, S.D., Burton, A.J., Carrillo, Y., Reich, P.B., Clark, J.S., Classen, 

A.T., Dijkstra, F.A., Elberling, B., Emmett, B.A., Estiarte, M., Frey, S.D., Guo, 

J., Harte, J., Jiang, L., Johnson, B.R., Kroël-Dulay, G., Larsen, K.S., Laudon, 

H., Lavallee, J.M., Luo, Y., Lupascu, M., Ma, L.N., Marhan, S., Michelsen, A., 

Mohan, J., Niu, S., Pendall, E., Peñuelas, J., Pfeifer-Meister, L., Poll, C., 

Reinsch, S., Reynolds, L.L., Schmidt, I.K., Sistla, S., Sokol, N.W., Templer, 

P.H., Treseder, K.K., Welker, J.M., Bradford, M.A., 2016. Quantifying global 

soil carbon losses in response to warming. Nature 540, 104–108. 

https://doi.org/10.1038/nature20150 



 

117 
 

Cusack, D.F., Chadwick, O.A., Hockaday, W.C., Vitousek, P.M., 2012. Mineralogical 

controls on soil black carbon preservation. Global Biogeochem. Cycles 26, 1–

10. https://doi.org/10.1029/2011GB004109 

Czimczik, C.I., Masiello, C. a., 2007. Controls on black carbon storage in soils. 

Global Biogeochem. Cycles 21, 1–8. https://doi.org/10.1029/2006GB002798 

Di Rauso Simeone, G., Benesch, M., Glaser, B., 2018. Degradation products of 

polycondensed aromatic moieties (black carbon or pyrogenic carbon) in soil: 

Methodological improvements and comparison to contemporary black carbon 

concentrations. J. Plant Nutr. Soil Sci. 181, 714–720. 

https://doi.org/10.1002/jpln.201800079 

Dittmar, T., 2008. The molecular level determination of black carbon in marine 

dissolved organic matter. Org. Geochem. 39, 396–407. 

https://doi.org/10.1016/j.orggeochem.2008.01.015 

Doetterl, S., Stevens, A., Six, J., Merckx, R., Van Oost, K., Casanova Pinto, M., 

Casanova-Katny, A., Muñoz, C., Boudin, M., Zagal Venegas, E., Boeckx, P., 

2015. Soil carbon storage controlled by interactions between geochemistry and 

climate. Nat. Geosci. 8, 780–783. https://doi.org/10.1038/ngeo2516 

Downie, A.E., Van Zwieten, L., Smernik, R.J., Morris, S., Munroe, P.R., 2011. Terra 

Preta Australis: Reassessing the carbon storage capacity of temperate soils. 

Agric. Ecosyst. Environ. 140, 137–147. 

https://doi.org/10.1016/j.agee.2010.11.020 

Ekschmitt, K., Kandeler, E., Poll, C., Brune, A., Buscot, F., Friedrich, M., Gleixner, 

G., Hartmann, A., Kästner, M., Marhan, S., Miltner, A., Scheu, S., Wolters, V., 

2008. Soil-carbon preservation through habitat constraints and biological 

limitations on decomposer activity. J. Plant Nutr. Soil Sci. 171, 27–35. 

https://doi.org/10.1002/jpln.200700051 

Erb, K.H., Kastner, T., Plutzar, C., Bais, A.L.S., Carvalhais, N., Fetzel, T., Gingrich, 

S., Haberl, H., Lauk, C., Niedertscheider, M., Pongratz, J., Thurner, M., 

Luyssaert, S., 2018. Unexpectedly large impact of forest management and 

grazing on global vegetation biomass. Nature 553, 73–76. 

https://doi.org/10.1038/nature25138 

Eusterhues, K., Rumpel, C., Kleber, M., Kögel-Knabner, I., 2003. Stabilisation of soil 

organic matter by interactions with minerals as revealed by mineral dissolution 

and oxidative degradation. Org. Geochem. 34, 1591–1600. 

https://doi.org/10.1016/j.orggeochem.2003.08.007 

Eusterhues, K., Rumpel, C., Kögel-Knabner, I., 2005. Stabilization of soil organic 

matter isolated via oxidative degradation. Org. Geochem. 36, 1567–1575. 

https://doi.org/10.1016/j.orggeochem.2005.06.010 



 

118 
 

Eusterhues, K., Wagner, F.E., Ha, W., Hanzlik, M., Knicker, H., Totsche, K.U., Ko, 

I., Schwertmann, U., 2008. Characterization of Ferrihydrite-Soil Organic Matter 

Coprecipitates by X-ray Diffraction and Mössbauer Spectroscopy 

Characterization of Ferrihydrite-Soil Organic Matter Coprecipitates by X-ray 

Diffraction and Mo Spectroscopy. Environ. Sci. Technol. 42, 7891–7897. 

https://doi.org/10.1021/es800881w 

Falconer, R.E., Battaia, G., Schmidt, S., Baveye, P., Chenu, C., Otten, W., 2015. 

Microscale heterogeneity explains experimental variability and non-linearity in 

soil organic matter mineralisation. PLoS One 10, 1–12. 

https://doi.org/10.1371/journal.pone.0123774 

Flannigan, M., Cantin, A.S., De Groot, W.J., Wotton, M., Newbery, A., Gowman, 

L.M., 2013. Global wildland fire season severity in the 21st century. For. Ecol. 

Manage. 294, 54–61. https://doi.org/10.1016/j.foreco.2012.10.022 

Fraser, J.A., Leach, M., Fairhead, J., 2014. Anthropogenic Dark Earths in the 

Landscapes of Upper Guinea, West Africa: Intentional or Inevitable? Ann. 

Assoc. Am. Geogr. 104, 1222–1238. 

https://doi.org/10.1080/00045608.2014.941735 

Fraser, J.A., Teixeira, W.G., Falcão, N.P.S., Woods, W., Lehmann, J., Junqueira, 

A.B., 2011. Anthropogenic soils in the Central Amazon: from categories to a 

continuum. Area 43, 264–273. https://doi.org/10.1111/j.1475-

4762.2011.00999.x 

Frausin, V., Fraser, J.A., Narmah, W., Lahai, M.K., Winnebah, T.R. a, Fairhead, J., 

Leach, M., 2014. “God Made the Soil, but We Made It Fertile”: Gender, 

Knowledge, and Practice in the Formation and Use of African Dark Earths in 

Liberia and Sierra Leone. Hum. Ecol. 695–710. 

https://doi.org/10.1007/s10745-014-9686-0 

Fukushi, K., Sato, T., 2005. Using a surface complexation model to predict the 

mature and stability of nanoparticles. Environ. Sci. Technol. 39, 1250–1256. 

https://doi.org/10.1021/es0491984 

Georgiou, K., Abramoff, R.Z., Harte, J., Riley, W.J., Torn, M.S., 2017. Microbial 

community-level regulation explains soil carbon responses to long-term litter 

manipulations. Nat. Commun. 8, 1–10. https://doi.org/10.1038/s41467-017-

01116-z 

Gerke, J., 2018. Concepts and Misconceptions of Humic Substances as the Stable 

Part of Soil Organic Matter: A Review. Agronomy 8, 76. 

https://doi.org/10.3390/agronomy8050076 

Germano, M.G., Cannavan, F.S., Mendes, L.W., Lima, A.B., Teixeira, W.G., 

Pellizari, V.H., Tsai, S.M., 2012. Functional diversity of bacterial genes 

associated with aromatic hydrocarbon degradation in anthropogenic dark earth 



 

119 
 

of Amazonia. Pesqui. Agropecu. Bras. 47, 654–664. 

https://doi.org/10.1590/S0100-204X2012000500004 

Glaser, B., 2007. Prehistorically modified soils of central Amazonia: a model for 

sustainable agriculture in the twenty-first century. Philos. Trans. R. Soc. Lond. 

B. Biol. Sci. 362, 187–196. https://doi.org/10.1098/rstb.2006.1978 

Glaser, B., Balashov, E., Haumaier, L., Guggenberger, G., Zech, W., 2000. Black 

carbon in density fractions of anthropogenic soils of the Brazilian Amazon 

region. Org. Geochem. 31, 669–678. https://doi.org/10.1016/S0146-

6380(00)00044-9 

Glaser, B., Birk, J.J., 2012. State of the scientific knowledge on properties and 

genesis of Anthropogenic Dark Earths in Central Amazonia (terra preta de 

Índio). Geochim. Cosmochim. Acta 82, 39–51. 

https://doi.org/10.1016/j.gca.2010.11.029 

Glaser, B., Guggenberger, G., Haumaier, L., Zech, W., 2001a. Persistence of Soil 

Organic Matter in Archaeological Soils (Terra Preta) of the Brazilian Amazon 

Region. Sustain. Manag. soil Org. matter 190–194. 

https://doi.org/10.1079/9780851994659.0000 

Glaser, B., Guggenberger, G., Zech, W., Ruivo, M.D.L., 2003. Soil Organic Matter 

Stability in Amazonian Dark Earths. Amaz. Dark Earths 141–158. 

https://doi.org/10.1007/1-4020-2597-1_8 

Glaser, B., Haumaier, L., Guggenberger, G., Zech, W., 2001b. The “Terra Preta” 

phenomenon: a model for sustainable agriculture in the humid tropics. 

Naturwissenschaften 88, 37–41. https://doi.org/10.1007/s001140000193 

Glaser, B., Haumaier, L., Guggenberger, G., Zech, W., 1998. Black carbon in soils: 

The use of benzenecarboxylic acids as specific markers. Org. Geochem. 29, 

811–819. https://doi.org/10.1016/S0146-6380(98)00194-6 

Glaser, B., Knorr, K.-H., 2008. Isotopic evidence for condensed aromatics from non-

pyrogenic sources in soils – implications for current methods for quantifying soil 

black carbon. Rapid Commun. Mass Spectrom. 22, 935–942. 

https://doi.org/10.1002/rcm 

Glaser, B., Lehmann, J., Zech, W., 2002. Ameliorating physical and chemical 

properties of highly weathered soils in the tropics with charcoal - a review. Biol. 

Fertil. Soils 35, 219–230. https://doi.org/10.1007/s00374-002-0466-4 

Goovaerts, P., 1997. Geostatistics for Natural Resources Evaluation, Oxford 

University Press. New York. 

Guo, L.B., Gifford, R.M., 2002. Soil carbon stocks and land use change: A meta 

analysis. Glob. Chang. Biol. 8, 345–360. https://doi.org/10.1046/j.1354-

1013.2002.00486.x 



 

120 
 

Hammes, K., Schmidt, M.W.I., Smernik, R.J., Currie, L.A., Ball, W.P., Nguyen, B.T., 

Louchouarn, P., Houel, S., Gustafsson, Ö., Elmquist, M., Cornelissen, G., 

Skjemstad, J.O., Masiello, C.A., Song, J., Peng, P., Mitra, S., Dunn, J.C., 

Hatcher, P.G., Hockaday, W.C., Smith, D.M., Hartkopf-Fröder, C., Böhmer, A., 

Lüer, B., Huebert, B.J., Amelung, W., Brodowski, S., Huang, L., Zhang, W., 

Gschwend, P.M., Flores-Cervantes, D.X., Largeau, C., Rouzaud, J.-N., 

Rumpel, C., Guggenberger, G., Kaiser, K., Rodionov, A., Gonzalez-Vila, F.J., 

Gonzalez-Perez, J.A., de la Rosa, J.M., Manning, D.A.C., López-Capél, E., 

Ding, L., 2007. Comparison of quantification methods to measure fire-derived 

(black/elemental) carbon in soils and sediments using reference materials from 

soil, water, sediment and the atmosphere. Global Biogeochem. Cycles 21, n/a-

n/a. https://doi.org/10.1029/2006GB002914 

Hapca, S., Baveye, P.C., Wilson, C., Lark, R.M., Otten, W., 2015. Three-dimensional 

mapping of soil chemical characteristics at micrometric scale by combining 2D 

SEM-EDX data and 3D X-Ray CT images. PLoS One 10, 1–17. 

https://doi.org/10.1371/journal.pone.0137205 

Harden, J.W., Hugelius, G., Ahlström, A., Blankinship, J.C., Bond-Lamberty, B., 

Lawrence, C.R., Loisel, J., Malhotra, A., Jackson, R.B., Ogle, S., Phillips, C., 

Ryals, R., Todd-Brown, K., Vargas, R., Vergara, S.E., Cotrufo, M.F., Keiluweit, 

M., Heckman, K.A., Crow, S.E., Silver, W.L., DeLonge, M., Nave, L.E., 2018. 

Networking our science to characterize the state, vulnerabilities, and 

management opportunities of soil organic matter. Glob. Chang. Biol. 24, e705–

e718. https://doi.org/10.1111/gcb.13896 

Hardy, B., Dufey, J.E., 2017. The resistance of centennial soil charcoal to the 

“Walkley-Black” oxidation. Geoderma 303, 37–43. 

https://doi.org/10.1016/j.geoderma.2017.05.001 

Hastie, T., Tibshirani, R., Friedman, J., 2009. The Elements of Statistical Learning, 

second. ed. Springer, New York. https://doi.org/10.1007/b94608 

Haumaier, L., Zech, W., 1995. Black carbon-possible source of highly aromatic 

components of soil humic acids. Org. Geochem. 23, 191–196. 

https://doi.org/10.1016/0146-6380(95)00003-W 

Helfrich, M., Flessa, H., Mikutta, R., Dreves,  a., Ludwig, B., 2007. Comparison of 

chemical fractionation methods for isolating stable soil organic carbon pools. 

Eur. J. Soil Sci. 58, 1316–1329. https://doi.org/10.1111/j.1365-

2389.2007.00926.x 

Hernandez-Soriano, M.C., Dalal, R.C., Warren, F.J., Wang, P., Green, K., Tobin, 

M.J., Menzies, N.W., Kopittke, P.M., 2018. Soil Organic Carbon Stabilization: 

Mapping Carbon Speciation from Intact Microaggregates. Environ. Sci. 

Technol. 52, 12275–12284. https://doi.org/10.1021/acs.est.8b03095 



 

121 
 

Heuvelink, G.B.M., Burrough, P.A., Stein, A., 1989. Propagation of errors in spatial 

modelling with GIS. Int. J. Geogr. Inf. Syst. 3, 303–322. 

https://doi.org/10.1080/02693798908941518 

Heuvelink, G.B.M., Webster, R., 2001. Modelling soil variation: past, present, and 

future. Geoderma 100, 269–301. https://doi.org/10.1016/S0016-

7061(01)00025-8 

Hiemstra, T., Antelo, J., Rahnemaie, R., van Riemsdijk, W.H., 2010a. Nanoparticles 

in natural systems I: The effective reactive surface area of the natural oxide 

fraction in field samples. Geochim. Cosmochim. Acta 74, 41–58. 

https://doi.org/10.1016/j.gca.2009.10.018 

Hiemstra, T., Antelo, J., van Rotterdam,  a. M.D. (Debby), van Riemsdijk, W.H., 

2010b. Nanoparticles in natural systems II: The natural oxide fraction at 

interaction with natural organic matter and phosphate. Geochim. Cosmochim. 

Acta 74, 59–69. https://doi.org/10.1016/j.gca.2009.10.019 

Hiemstra, T., Mia, S., Duhaut, P.B., Molleman, B., 2013. Natural and pyrogenic 

humic acids at goethite and natural oxide surfaces interacting with phosphate. 

Environ. Sci. Technol. 47, 9182–9189. https://doi.org/10.1021/es400997n 

Hindersmann, B., Achten, C., 2017. Accelerated benzene polycarboxylic acid 

analysis by liquid chromatography–time-of-flight–mass spectrometry for the 

determination of petrogenic and pyrogenic carbon. J. Chromatogr. A 1510, 57–

65. https://doi.org/10.1016/j.chroma.2017.06.058 

Hobley, E., Steffens, M., Bauke, S.L., Kögel-Knabner, I., 2018. Hotspots of soil 

organic carbon storage revealed by laboratory hyperspectral imaging. Sci. Rep. 

8, 1–13. https://doi.org/10.1038/s41598-018-31776-w 

IUSS Working Group WRB, 2015. World reference base for soil resources 2014, 

update 2015. International soil classification system for naming soils and 

creating legends for soil maps, World Soil Resources Reports No. 106. FAO, 

Rome. https://doi.org/10.1017/S0014479706394902 

Jagadamma, S., Lal, R., Ussiri, D.A.N., Trumbore, S.E., Mestelan, S., 2010. 

Evaluation of structural chemistry and isotopic signatures of refractory soil 

organic carbon fraction isolated by wet oxidation methods. Biogeochemistry 

98, 29–44. https://doi.org/10.1007/s10533-009-9374-0 

Janzen, H.H., 2006. The soil carbon dilemma: Shall we hoard it or use it? Soil Biol. 

Biochem. 38, 419–424. https://doi.org/10.1016/j.soilbio.2005.10.008 

Jeffery, S., Abalos, D., Prodana, M., Bastos, A.C., Van Groenigen, J.W., Hungate, 

B.A., Verheijen, F., 2017. Biochar boosts tropical but not temperate crop yields. 

Environ. Res. Lett. 12. https://doi.org/10.1088/1748-9326/aa67bd 

Jorio, A., Ribeiro-Soares, J., Cançado, L.G., Falcão, N.P.S., Dos Santos, H.F., 



 

122 
 

Baptista, D.L., Martins Ferreira, E.H., Archanjo, B.S., Achete, C.A., 2012. 

Microscopy and spectroscopy analysis of carbon nanostructures in highly fertile 

Amazonian anthrosoils. Soil Tillage Res. 122, 61–66. 

https://doi.org/10.1016/j.still.2012.02.009 

Kaiser, K., Eusterhues, K., Rumpel, C., Guggenberger, G., Kögel-Knabner, I., 2002. 

Stabilization of organic matter by soil minerals - Investigations of density and 

particle-size fractions from two acid forest soils. J. Plant Nutr. Soil Sci. 165, 

451–459. https://doi.org/10.1002/1522-2624(200208)165:4<451::AID-

JPLN451>3.0.CO;2-B 

Kaiser, K., Guggenberger, G., 2003. Mineral surfaces and soil organic matter. Eur. 

J. Soil Sci. 54, 219–236. https://doi.org/10.1046/j.1365-2389.2003.00544.x 

Kaiser, K., Kalbitz, K., 2012. Cycling downwards - dissolved organic matter in soils. 

Soil Biol. Biochem. 52, 29–32. https://doi.org/10.1016/j.soilbio.2012.04.002 

Kämpf, N., Woods, W., Sombroek, W., Kern, D.C., Cunha, T.J.F., 2003. 

Classification of Amazonian Dark Earths and other ancient anthropic soils, in: 

Lehmann, J., Kern, D.C., Glaser, B., Woods, W. (Eds.), Amazonian Dark 

Earths: Origin, Properties, Management. Springer, Dordrecht, pp. 77–102. 

Keiluweit, M., Bougoure, J.J., Nico, P.S., Pett-Ridge, J., Weber, P.K., Kleber, M., 

2015. Mineral protection of soil carbon counteracted by root exudates. Nat. 

Clim. Chang. 5, 588–595. https://doi.org/10.1038/nclimate2580 

Keiluweit, M., Nico, P., Johnson, M., Kleber, M., 2010. Dynamic Molecular Structure 

of Plant Biomass-derived Black Carbon (Biochar). Environ. Sci. Technol 44, 

1247–1253. 

Keiluweit, M., Nico, P.S., Kleber, M., Fendorf, S., 2016. Are oxygen limitations under 

recognized regulators of organic carbon turnover in upland soils? 

Biogeochemistry 127, 157–171. https://doi.org/10.1007/s10533-015-0180-6 

Kern, D.C., Costa, J.A., Silveira, M.I. da, Oliveira, E.R. de, Frazão, F.J.L., Berredo, 

J.F., Costa, M.L. da, Kämpf, N., 2015. Pedo-Geochemical Signatures of 

Archeological Sites in the Tapirapé-Aquiri National Forest in Marabá, 

Amazonia, Brazil. Geoarchaeology 30, 430–451. 

https://doi.org/10.1002/gea.21528 

Kern, D.C., Lima, H.P., Costa, J.A. da, Lima, H.V. de, Browne-Ribeiro, A.T., Moraes, 

B.M., Kämpf, N., 2017. Terras pretas : Approaches to formation processes in a 

new paradigm. Geoarchaeology 32, 694–706. 

https://doi.org/10.1002/gea.21647 

Kern, J., Giani, L., Teixeira, W., Lanza, G., Glaser, B., 2019. What can we learn from 

ancient fertile anthropic soil (Amazonian Dark Earths, shell mounds, Plaggen 

soil) for soil carbon sequestration? Catena 172, 104–112. 



 

123 
 

https://doi.org/10.1016/j.catena.2018.08.008 

Kleber, M., 2010. What is recalcitrant soil organic matter? Environ. Chem. 7, 320–

332. https://doi.org/10.1071/EN10006 

Kleber, M., Lehmann, J., 2019. Humic Substances Extracted by Alkali Are Invalid 

Proxies for the Dynamics and Functions of Organic Matter in Terrestrial and 

Aquatic Ecosystems. J. Environ. Qual. 48, 207. 

https://doi.org/10.2134/jeq2019.01.0036 

Kleber, M., Mikutta, R., Torn, M.S., Jahn, R., 2005. Poorly crystalline mineral phases 

protect organic matter in acid subsoil horizons. Eur. J. Soil Sci. 0, 

050912034650054. https://doi.org/10.1111/j.1365-2389.2005.00706.x 

Kleber, M., Nico, P.S., Plante, A.F., Filley, T.R., Kramer, M.G., Swanston, C.W., 

Sollins, P., 2011. Old and stable soil organic matter is not necessarily 

chemically recalcitrant: implications for modeling concepts and temperature 

sensitivity. Glob. Chang. Biol. 17, 1097–1107. https://doi.org/10.1111/j.1365-

2486.2010.02278.x 

Knicker, H., 2010. “Black nitrogen” - an important fraction in determining the 

recalcitrance of charcoal. Org. Geochem. 41, 947–950. 

https://doi.org/10.1016/j.orggeochem.2010.04.007 

Knicker, H., Hilscher, A., González-Vila, F.J., Almendros, G., 2008. A new 

conceptual model for the structural properties of char produced during 

vegetation fires. Org. Geochem. 39, 935–939. 

https://doi.org/10.1016/j.orggeochem.2008.03.021 

Knicker, H., Müller, P., Hilscher, A., 2007. How useful is chemical oxidation with 

dichromate for the determination of “Black Carbon” in fire-affected soils? 

Geoderma 142, 178–196. https://doi.org/10.1016/j.geoderma.2007.08.010 

Kramer, M.G., Chadwick, O.A., 2018. Climate-driven thresholds in reactive mineral 

retention of soil carbon at the global scale. Nat. Clim. Chang. 8, 1104–1108. 

https://doi.org/10.1038/s41558-018-0341-4 

Kramer, M.G., Sanderman, J., Chadwick, O.A., Chorover, J., Vitousek, P.M., 2012. 

Long-term carbon storage through retention of dissolved aromatic acids by 

reactive particles in soil. Glob. Chang. Biol. 18, 2594–2605. 

https://doi.org/10.1111/j.1365-2486.2012.02681.x 

Kramer, R.W., Kujawinski, E.B., Hatcher, P.G., 2004. Identification of black carbon 

derived structures in a volcanic ash soil humic acid by Fourier transform ion 

cyclotron resonance mass spectrometry. Environ. Sci. Technol. 38, 3387–

3395. https://doi.org/10.1021/es030124m 

Krull, E.S., Baldock, J.A., Skjemstad, J.O., 2003. Importance of mechanisms and 

processes of the stabilisation of soil organic matter for modelling carbon 



 

124 
 

turnover. Funct. Plant Biol. 30, 207–222. https://doi.org/10.1071/FP02085 

Kuzyakov, Y., Subbotina, I., Chen, H., Bogomolova, I., Xu, X., 2009. Black carbon 

decomposition and incorporation into soil microbial biomass estimated by14C 

labeling. Soil Biol. Biochem. 41, 210–219. 

https://doi.org/10.1016/j.soilbio.2008.10.016 

Kyriakidis, P.C., Journel, A.G., 1999. Geostatistical space-time models: A review. 

Math. Geol. 31, 651–684. https://doi.org/10.1023/A:1007528426688 

Laganière, J., Angers, D.A., Paré, D., 2010. Carbon accumulation in agricultural soils 

after afforestation: A meta-analysis. Glob. Chang. Biol. 16, 439–453. 

https://doi.org/10.1111/j.1365-2486.2009.01930.x 

Lark, R.M., Webster, R., 2006. Geostatistical mapping of geomorphic variables in 

the presence of trend. Earth Surf. Process. Landforms 31, 862–874. 

https://doi.org/10.1002/esp.1296 

Lehmann, J., 2007. Bio-energy in the black. Front. Ecol. Environ. 5, 381–387. 

https://doi.org/10.1890/1540-9295(2007)5[381:BITB]2.0.CO;2 

Lehmann, J., Kleber, M., 2015. The contentious nature of soil organic matter. Nature 

528, 60–8. https://doi.org/10.1038/nature16069 

Lehmann, J., Liang, B., Solomon, D., Lerotic, M., Luizão, F.J., Kinyangi, J., Schäfer, 

T., Wirick, S., Jacobsen, C., 2005. Near-edge X-ray absorption fine structure 

(NEXAFS) spectroscopy for mapping nano-scale distribution of organic carbon 

forms in soil: Application to black carbon particles. Global Biogeochem. Cycles 

19, 1–12. https://doi.org/10.1029/2004GB002435 

Lehmann, J., Solomon, D., Kinyangi, J., Dathe, L., Wirick, S., Jacobsen, C., 2008. 

Spatial complexity of soil organic matter forms at nanometre scales. Nat. 

Geosci. 1, 238–242. https://doi.org/10.1038/ngeo155 

Leifeld, J., Zimmermann, M., 2006. Thermal analysis of mineral soils before and after 

oxidationwith sodium hypochlorite. J. Therm. Anal. Calorim. 86, 845–848. 

https://doi.org/10.1007/s10973-006-7695-y 

Levis, C., Clement, C.R., Junqueira, A.B., ter Steege, H., Peña-Claros, M., Costa, 

F., Bongers, F., 2017. Persistent effects of pre-Columbian plant domestication 

on Amazonian forest composition. Science (80-. ). 358, 925–931. 

https://doi.org/10.1126/science.aan8837 

Liang, B., Lehmann, J., Solomon, D., Kinyangi, J., Grossman, J.M., O’Neill, B., 

Skjemstad, J.O., Thies, J.E., Luizão, F.J., Petersen, J., Neves, E.G., 2006. 

Black Carbon Increases Cation Exchange Capacity in Soils. Soil Sci. Soc. Am. 

J. 70, 1719. https://doi.org/10.2136/sssaj2005.0383 

Liang, B., Wang, C., Solomon, D., Kinyangi, J., Luizão, F.J., Wirick, S., Skjemstad, 



 

125 
 

J.O., Lehmann, J., 2013. Oxidation is Key for Black Carbon Surface 

Functionality and Nutrient Retention in Amazon Anthrosols. Br. J. Environ. 

Clim. Chang. 3, 9–23. https://doi.org/10.9734/BJECC/2013/2267 

Lima, H.N., Schaefer, C.E.R., Mello, J.W. V., Gilkes, R.J., Ker, J.C., 2002. 

Pedogenesis and pre-Colombian land use of “Terra Preta Anthrosols” (“Indian 

black earth”) of Western Amazonia. Geoderma 110, 1–17. 

https://doi.org/10.1016/S0016-7061(02)00141-6 

Linhares, C.R., Lemke, J., Auccaise, R., Duó, D.A., Ziolli, R.L., Kwapinski, W., 

Novotny, E.H., 2012. Reproducing the organic matter model of anthropogenic 

dark earth of Amazonia and testing the ecotoxicity of functionalized charcoal 

compounds. Pesqui. Agropecu. Bras. 47, 693–698. 

https://doi.org/10.1590/S0100-204X2012000500009 

Llamas, B., Fehren-Schmitz, L., Valverde, G., Soubrier, J., Mallick, S., Rohland, N., 

Nordenfelt, S., Valdiosera, C., Richards, S.M., Rohrlach, A., Romero, M.I.B., 

Espinoza, I.F., Cagigao, E.T., Jiménez, L.W., Makowski, K., Reyna, I.S.L., 

Lory, J.M., Torrez, J.A.B., Rivera, M.A., Burger, R.L., Ceruti, M.C., Reinhard, 

J., Wells, R.S., Politis, G., Santoro, C.M., Standen, V.G., Smith, C., Reich, D., 

Ho, S.Y.W., Cooper, A., Haak, W., 2016. Ancient mitochondrial DNA provides 

high-resolution time scale of the peopling of the Americas. Sci. Adv. 2, 

e1501385. https://doi.org/10.1126/sciadv.1501385 

Lucheta, A.R., de Souza Cannavan, F., Roesch, L.F.W., Tsai, S.M., Kuramae, E.E., 

2016. Fungal Community Assembly in the Amazonian Dark Earth. Microb. 

Ecol. 71, 962–973. https://doi.org/10.1007/s00248-015-0703-7 

Lutfalla, S., Abiven, S., Barré, P., Wiedemeier, D.B., Christensen, B.T., Houot, S., 

Kätterer, T., Macdonald, A.J., van Oort, F., Chenu, C., 2017. Pyrogenic Carbon 

Lacks Long-Term Persistence in Temperate Arable Soils. Front. Earth Sci. 5, 

1–10. https://doi.org/10.3389/feart.2017.00096 

Lutfalla, S., Chenu, C., Barré, P., 2014. Are chemical oxidation methods relevant to 

isolate a soil pool of centennial carbon? Biogeochemistry 118, 135–139. 

https://doi.org/10.1007/s10533-013-9910-9 

Macedo, A.G.S., 2012. Caracterização e variação temporal da solução do solo em 

argissolo amarelo com horizonte A moderado e A antrópico (Terra Preta de 

Índio) no município de Iranduba - AM (MSc Thesis). Federal University of 

Amazonas. 

Macedo, R.S., Teixeira, W.G., Corrêa, M.M., Martins, G.C., Vidal-Torrado, P., 2017. 

Pedogenetic processes in anthrosols with pretic horizon (Amazonian Dark 

Earth) in Central Amazon, Brazil. PLoS One 12, 1–19. 

https://doi.org/10.1371/journal.pone.0178038 

Mao, J.D., Johnson, R.L., Lehmann, J., Olk, D.C., Neves, E.G., Thompson, M.L., 



 

126 
 

Schmidt-Rohr, K., 2012. Abundant and stable char residues in soils: 

Implications for soil fertility and carbon sequestration. Environ. Sci. Technol. 

46, 9571–9576. https://doi.org/10.1021/es301107c 

Marschner, B., Brodowski, S., Dreves, A., Gleixner, G., Gude, A., Grootes, P.M., 

Hamer, U., Heim, A., Jandl, G., Ji, R., Kaiser, K., Kalbitz, K., Kramer, C., 

Leinweber, P., Rethemeyer, J., Schäffer, A., Schmidt, M.W.I., Schwark, L., 

Wiesenberg, G.L.B., 2008. How relevant is recalcitrance for the stabilization of 

organic matter in soils? J. Plant Nutr. Soil Sci. 171, 91–110. 

https://doi.org/10.1002/jpln.200700049 

McMichael, C.H., Palace, M.W., Bush, M.B., Braswell, B., Hagen, S., Neves, E.G., 

Silman, M.R., Tamanaha, E.K., Czarnecki, C., 2014. Predicting pre-Columbian 

anthropogenic soils in Amazonia. Proc. R. Soc. 2–9. 

https://doi.org/10.1098/rspb.2013.2475 

Meggers, B.J., 1954. Environmental limitation on the development of culture. Am. 

Anthr. 56, 801–824. 

Mikutta, R., Kaiser, K., 2011. Organic matter bound to mineral surfaces: Resistance 

to chemical and biological oxidation. Soil Biol. Biochem. 43, 1738–1741. 

https://doi.org/10.1016/j.soilbio.2011.04.012 

Mikutta, R., Kleber, M., Jahn, R., 2005a. Poorly crystalline minerals protect organic 

carbon in clay subfractions from acid subsoil horizons. Geoderma 128, 106–

115. https://doi.org/10.1016/j.geoderma.2004.12.018 

Mikutta, R., Kleber, M., Kaiser, K., Jahn, R., 2005b. Review : Organic Matter 

Removal from Soils using Hydrogen Peroxide ,. Soil Sci. Soc. Am. J. 69, 120–

135. 

Mikutta, R., Kleber, M., Torn, M.S., Jahn, R., 2006. Stabilization of soil organic 

matter: Association with minerals or chemical recalcitrance? Biogeochemistry 

77, 25–56. https://doi.org/10.1007/s10533-005-0712-6 

Minasny, B., Malone, B.P., McBratney, A.B., Angers, D.A., Arrouays, D., Chambers, 

A., Chaplot, V., Chen, Z.S., Cheng, K., Das, B.S., Field, D.J., Gimona, A., 

Hedley, C.B., Hong, S.Y., Mandal, B., Marchant, B.P., Martin, M., McConkey, 

B.G., Mulder, V.L., O’Rourke, S., Richer-de-Forges, A.C., Odeh, I., Padarian, 

J., Paustian, K., Pan, G., Poggio, L., Savin, I., Stolbovoy, V., Stockmann, U., 

Sulaeman, Y., Tsui, C.C., Vågen, T.G., van Wesemael, B., Winowiecki, L., 

2017. Soil carbon 4 per mille. Geoderma 292, 59–86. 

https://doi.org/10.1016/j.geoderma.2017.01.002 

Mooshammer, M., Wanek, W., Zechmeister-Boltenstern, S., Richter, A., 2014. 

Stoichiometric imbalances between terrestrial decomposer communities and 

their resources: Mechanisms and implications of microbial adaptations to their 

resources. Front. Microbiol. 5, 1–10. https://doi.org/10.3389/fmicb.2014.00022 



 

127 
 

Moraes, J.L., Cerri, C.C., Melillo, J.M., Kicklighter, D., Neill, C., Skole, D.L., Steudler, 

P.A., 1995. Soil carbon stocks of the Brazilian Amazon basin. Soil Sci. Soc. 

Am. J. 59, 244–247. 

https://doi.org/10.2136/sssaj1995.03615995005900010038x 

Muneer, M., Oades, J.M., 1989. The Role of Ca-Organic Interactions in Soil 

Aggregate Stability. 11. Field Studies with 14C-labelled Straw, CaC03 and 

CaS04.2H20. Aust. J. Soil Res. 

Murphy, E.M., Zachara, J.M., Smith, S.C., Phillips, J.L., 1992. The sorption of humic 

acids to mineral surfaces and their role in contaminant binding. Sci. Total 

Environ. 117–118, 413–423. https://doi.org/10.1016/0048-9697(92)90107-4 

Naisse, C., Alexis, M., Plante, A.F., Wiedner, K., Glaser, B., Pozzi, A., Carcaillet, C., 

Criscuoli, I., Rumpel, C., 2013. Can biochar and hydrochar stability be 

assessed with chemical methods? Org. Geochem. 60, 40–44. 

https://doi.org/10.1016/j.orggeochem.2013.04.011 

Nakamura, F., Germano, M.G., Tsai, S.M., 2014. Capacity of Aromatic Compound 

Degradation by Bacteria from Amazon Dark Earth. Diversity 6, 339–353. 

https://doi.org/10.3390/d6020339 

Neves, E.G., 2008. Ecology, Ceramic Chronology and Distribution, Long-term 

History, and Political Change in the Amazonian Floodplain, in: Silverman, H., 

Isabell, W.H. (Eds.), Handbook of South American Archaeology. Springer, New 

York, pp. 359–379. https://doi.org/10.1017/CBO9781107415324.004 

Neves, E.G., Petersen, J.B., Bartone, R.N., Silva, C.A. da, 2003. Historical and 

Socio-cultural Origins of Amazonian Dark Earth, in: Lehmann, J., Kern, D.C., 

Glaser, B., Woods, W. (Eds.), Amazonian Dark Earths: Origin, Properties, 

Management. Springer, Dordrecht, pp. 29–50. 

https://doi.org/10.1097/00010694-200503000-00009 

Neves Júnior, A.F., 2008. Qualidade física de solos com horizonte antrópico (Terra 

Preta de Índio) na Amazônia Central (PhD thesis). University of São Paulo. 

Newcomb, C.J., Qafoku, N.P., Grate, J.W., Bailey, V.L., De Yoreo, J.J., 2017. 

Developing a molecular picture of soil organic matter-mineral interactions by 

quantifying organo-mineral binding. Nat. Commun. 8. 

https://doi.org/10.1038/s41467-017-00407-9 

Nguyen, B.T., Lehmann, J., Kinyangi, J., Smernik, R.J., Riha, S.J., Engelhard, M.H., 

2009. Long-term black carbon dynamics in cultivated soil. Biogeochemistry 92, 

163–176. https://doi.org/10.1007/s10533-008-9248-x 

Novotny, E.H., Deazevedo, E.R., Bonagamba, T.J., Cunha, T.J.F., Madari, B.E., 

Benites, V.D.M., Hayes, M.H.B., 2007. Studies of the compositions of humic 

acids from Amazonian Dark Earth soils. Environ. Sci. Technol. 41, 400–405. 



 

128 
 

https://doi.org/10.1021/es060941x 

Novotny, E.H., Hayes, M.H.B., Bonagamba, T.J., Eduardo, R., Song, G., Nogueira, 

C.M., Mangrich, A.S., 2009. Lessons from the Terra Preta de Índios of the 

Amazon Region for the Utilisation of Charcoal for Soil Amendment. J. Braz. 

Chem. Soc 20, 1003–1010. 

Oliveira, I.A. de, Marques Júnior, J., Campos, M.C.C., Aquino, R.E. de, Siqueira, 

D.S., Freitas, L. De, 2014. Spacial Variability and Sampling Density of 

Chemical Attributes in Archaeological Black Earth and Native Forest Soil in 

Manicoré, AM. Floresta 44, 735–746. https://doi.org/10.5380/rf.v44i4.29988 

Oliver, M.A., Webster, R., 2014. A tutorial guide to geostatistics: Computing and 

modelling variograms and kriging. Catena 113, 56–69. 

https://doi.org/10.1016/j.catena.2013.09.006 

Olk, D.C., Bloom, P.R., Perdue, E.M., McKnight, D.M., Chen, Y., Farenhorst, A., 

Senesi, N., Chin, Y.-P., Schmitt-Kopplin, P., Hertkorn, N., Harir, M., 2019. 

Environmental and Agricultural Relevance of Humic Fractions Extracted by 

Alkali from Soils and Natural Waters. J. Environ. Qual. 48, 217. 

https://doi.org/10.2134/jeq2019.02.0041 

Paustian, K., Lehmann, J., Ogle, S., Reay, D., Robertson, G.P., Smith, P., 2016. 

Climate-smart soils. Nature 532, 49–57. https://doi.org/10.1038/nature17174 

Pebesma, E.J., 2004. Multivariable geostatistics in S: The gstat package. Comput. 

Geosci. 30, 683–691. https://doi.org/10.1016/j.cageo.2004.03.012 

Pettitt, A.N., McBratney, A.B., 1993. Sampling Designs for Estimating Spatial 

Variance. J. R. Stat. Soc. 42, 185–209. https://doi.org/10.2307/2347420 

Poeplau, C., Don, A., Six, J., Kaiser, M., Benbi, D., Chenu, C., Cotrufo, M.F., Derrien, 

D., Gioacchini, P., Grand, S., Gregorich, E., Griepentrog, M., Gunina, A., 

Haddix, M., Kuzyakov, Y., Kühnel, A., Macdonald, L.M., Soong, J., Trigalet, S., 

Vermeire, M.L., Rovira, P., van Wesemael, B., Wiesmeier, M., Yeasmin, S., 

Yevdokimov, I., Nieder, R., 2018. Isolating organic carbon fractions with 

varying turnover rates in temperate agricultural soils – A comprehensive 

method comparison. Soil Biol. Biochem. 125, 10–26. 

https://doi.org/10.1016/j.soilbio.2018.06.025 

Raftery, A.E., Zimmer, A., Frierson, D.M.W., Startz, R., Liu, P., 2017. Less than 2 °c 

warming by 2100 unlikely. Nat. Clim. Chang. 7, 637–641. 

https://doi.org/10.1038/nclimate3352 

Reich, D., Patterson, N., Campbell, D., Tandon, A., Mazieres, S., Ray, N., Parra, M. 

V, Rojas, W., Duque, C., Mesa, N., García, L.F., Triana, O., Blair, S., Maestre, 

A., Dib, J.C., Bravi, C.M., Bailliet, G., Corach, D., Hünemeier, T., Bortolini, M.C., 

Salzano, F.M., Petzl-Erler, M.L., Acuña-Alonzo, V., Aguilar-Salinas, C., 



 

129 
 

Canizales-Quinteros, S., Tusié-Luna, T., Riba, L., Rodríguez-Cruz, M., Lopez-

Alarcón, M., Coral-Vazquez, R., Canto-Cetina, T., Silva-Zolezzi, I., Fernandez-

Lopez, J.C., Contreras, A. V, Jimenez-Sanchez, G., Gómez-Vázquez, M.J., 

Molina, J., Carracedo, A., Salas, A., Gallo, C., Poletti, G., Witonsky, D.B., 

Alkorta-Aranburu, G., Sukernik, R.I., Osipova, L., Fedorova, S.A., Vasquez, R., 

Villena, M., Moreau, C., Barrantes, R., Pauls, D., Excoffier, L., Bedoya, G., 

Rothhammer, F., Dugoujon, J.-M., Larrouy, G., Klitz, W., Labuda, D., Kidd, J., 

Kidd, K., Di Rienzo, A., Freimer, N.B., Price, A.L., Ruiz-Linares, A., 2012. 

Reconstructing Native American population history. Nature 488, 370–4. 

https://doi.org/10.1038/nature11258 

Reisser, M., Purves, R.S., Schmidt, M.W.I., Abiven, S., 2016. Pyrogenic Carbon in 

Soils : A Literature-Based Inventory and a Global Estimation of Its Content in 

Soil Organic Carbon and Stocks. Front. Earth Sci. 4, 1–14. 

https://doi.org/10.3389/feart.2016.00080 

Robertson, A.D., Paustian, K., Ogle, S., Wallenstein, M.D., Lugato, E., Francesca 

Cotrufo, M., 2019. Unifying soil organic matter formation and persistence 

frameworks: The MEMS model. Biogeosciences 16, 1225–1248. 

https://doi.org/10.5194/bg-16-1225-2019 

Rogelj, J., Den Elzen, M., Höhne, N., Fransen, T., Fekete, H., Winkler, H., Schaeffer, 

R., Sha, F., Riahi, K., Meinshausen, M., 2016. Paris Agreement climate 

proposals need a boost to keep warming well below 2 °c. Nature 534, 631–

639. https://doi.org/10.1038/nature18307 

Roosevelt, A.C., 2013. The Amazon and the Anthropocene: 13,000 years of human 

influence in a tropical rainforest. Anthropocene 4, 69–87. 

https://doi.org/10.1016/j.ancene.2014.05.001 

Rumpel, C., Kögel-Knabner, I., 2011. Deep soil organic matter-a key but poorly 

understood component of terrestrial C cycle. Plant Soil 338, 143–158. 

https://doi.org/10.1007/s11104-010-0391-5 

Sagrilo, E., Rittl, T.F., Hof, E., Alves, B.J.R., Mehl, H.U., Kuyper, T.W., 2015. Rapid 

decomposition of traditionally produced biochar in an Oxisol under savannah 

in Northeastern Brazil. Geoderma Reg. 6, 1–6. 

https://doi.org/10.1016/j.geodrs.2015.08.006 

Samuel-Rosa, A., Heuvelink, G.B.M., Vasques, G.M., Anjos, L.H.C., 2015. Do more 

detailed environmental covariates deliver more accurate soil maps? Geoderma 

243–244, 214–227. https://doi.org/10.1016/j.geoderma.2014.12.017 

Sanderman, J., Farrell, M., Macreadie, P.I., Hayes, M., McGowan, J., Baldock, J., 

2017. Is demineralization with dilute hydrofluoric acid a viable method for 

isolating mineral stabilized soil organic matter? Geoderma 304, 4–11. 

https://doi.org/10.1016/j.geoderma.2017.03.002 



 

130 
 

Sanderman, J., Hengl, T., Fiske, G.J., 2018. Correction for Sanderman et al., Soil 

carbon debt of 12,000 years of human land use. Proc. Natl. Acad. Sci. 115, 

E1700–E1700. https://doi.org/10.1073/pnas.1800925115 

Santín, C., Doerr, S.H., Kane, E.S., Masiello, C.A., Ohlson, M., de La Rosa, J.M., 

Preston, C., Dittmar, T., 2016. Towards a global assessment of pyrogenic 

carbon from vegetation fires. Glob. Chang. Biol. 76–91. 

https://doi.org/10.1111/gcb.12985 

Santín, C., Doerr, S.H., Merino, A., Bucheli, T.D., Bryant, R., Ascough, P., Gao, X., 

Masiello, C.A., 2017. Carbon sequestration potential and physicochemical 

properties differ between wildfire charcoals and slow-pyrolysis biochars. Sci. 

Rep. 7, 1–11. https://doi.org/10.1038/s41598-017-10455-2 

Santín, C., Doerr, S.H., Preston, C.M., González-Rodríguez, G., 2015. Pyrogenic 

organic matter production from wildfires: a missing sink in the global carbon 

cycle. Glob. Chang. Biol. 21, 1621–1633. https://doi.org/10.1111/gcb.12800 

Sato, S., Neves, E.G., Solomon, D., Liang, B., Lehmann, J., 2009. Biogenic calcium 

phosphate transformation in soils over millennial time scales. J. Soils 

Sediments 9, 194–205. https://doi.org/10.1007/s11368-009-0082-0 

Scharlemann, J.P.W., Tanner, E.V.J., Hiederer, R., Kapos, V., 2014. Global soil 

carbon: Understanding and managing the largest terrestrial carbon pool. 

Carbon Manag. 5, 81–91. https://doi.org/10.4155/cmt.13.77 

Schellekens, J., Almeida-Santos, T., Macedo, R.S., Buurman, P., Kuyper, T.W., 

Vidal-Torrado, P., 2017. Molecular composition of several soil organic matter 

fractions from anthropogenic black soils (Terra Preta de Índio) in Amazonia — 

A pyrolysis-GC/MS study. Geoderma 288, 154–165. 

https://doi.org/10.1016/j.geoderma.2016.11.001 

Schmidt, M.J., 2006. Landscapes of movement in Amazonia: New data from ancient 

settlements in the Middle and Lower Amazon. Appl. Geogr. Conf. 35, 355–364. 

Schmidt, M.J., Py-Daniel, A.R., Moraes, C. de P., Valle, R.B.M., Caromano, C.F., 

Teixeira, W.G., Barbosa, C.A., Fonseca, J.A., Magalhães, M.P., Santos, D.S. 

do C., Silva, R. da S. e, Guapindaia, V.L., Moraes, B., Lima, H.P., Neves, E.G., 

Heckenberger, M.J., 2014. Dark earths and the human built landscape in 

Amazonia: a widespread pattern of anthrosol formation. J. Archaeol. Sci. 42, 

152–165. https://doi.org/10.1016/j.jas.2013.11.002 

Schmidt, M.W.I., Noack, A.G., 2000. Black carbon in soils and sediments: Analysis, 

distribution, implications, and current challenges. Global Biogeochem. Cycles. 

https://doi.org/10.1029/1999GB001208 

Schmidt, M.W.I., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, 

I.A., Kleber, M., Kögel-Knabner, I., Lehmann, J., Manning, D.A.C., Nannipieri, 



 

131 
 

P., Rasse, D.P., Weiner, S., Trumbore, S.E., 2011. Persistence of soil organic 

matter as an ecosystem property. Nature 478, 49–56. 

https://doi.org/10.1038/nature10386 

Schneider, M.P.W., Smittenberg, R.H., Dittmar, T., Schmidt, M.W.I., 2011. 

Comparison of gas with liquid chromatography for the determination of 

benzenepolycarboxylic acids as molecular tracers of black carbon. Org. 

Geochem. 42, 275–282. https://doi.org/10.1016/j.orggeochem.2011.01.003 

Schweizer, S.A., Hoeschen, C., Schlüter, S., Kögel-Knabner, I., Mueller, C.W., 2018. 

Rapid soil formation after glacial retreat shaped by spatial patterns of organic 

matter accrual in microaggregates. Glob. Chang. Biol. 1–14. 

https://doi.org/10.1111/gcb.14014 

Simons, A., Solomon, D., Chibssa, W., Blalock, G., Lehmann, J., 2014. Filling the 

phosphorus fertilizer gap in developing countries. Nat. Geosci. 7, 3. 

https://doi.org/10.1038/ngeo2049 

Simpson, M.J., Hatcher, P.G., 2004. Determination of black carbon in natural organic 

matter by chemical oxidation and solid-state 13 C nuclear magnetic resonance 

spectroscopy. Environ. Sci. Technol 35, 923–935. 

https://doi.org/10.1016/j.orggeochem.2004.04.004 

Singh, N., Abiven, S., Torn, M.S., Schmidt, M.W.I., 2012. Fire-derived organic 

carbon in soil turns over on a centennial scale. Biogeosciences 9, 2847–2857. 

https://doi.org/10.5194/bg-9-2847-2012 

Siregar,  a., Kleber, M., Mikutta, R., Jahn, R., 2005. Sodium hypochlorite oxidation 

reduces soil organic matter concentrations without affecting inorganic soil 

constituents. Eur. J. Soil Sci. 56, 481–490. https://doi.org/10.1111/j.1365-

2389.2004.00680.x 

Skjemstad, J.O., Clarke, P., Taylor, J.A., Oades, J.M., Mcclure, S., 1996. The 

chemistry and nature of protected carbon in soil. Aust. J. Soil Res. 34, 251. 

https://doi.org/10.1071/SR9960251 

Sleutel, S., Leinweber, P., Ara Begum, S., Kader, M.A., De Neve, S., 2009. Shifts in 

soil organic matter composition following treatment with sodium hypochlorite 

and hydrofluoric acid. Geoderma 149, 257–266. 

https://doi.org/10.1016/j.geoderma.2008.12.004 

Sohi, S.P., Krull, E., Lopez-Capel, E., Bol, R., 2010. A review of biochar and its use 

and function in soil. Adv. Agron. 105, 47–82. https://doi.org/10.1016/S0065-

2113(10)05002-9 

Sollins, P., Homann, P., Caldwell, B. a., 1996. Stabilization and destabilization of soil 

organic matter: Mechanisms and controls. Geoderma 74, 65–105. 

https://doi.org/10.1016/S0016-7061(96)00036-5 



 

132 
 

Sombroek, W.G., 1966. Amazon Soils (PhD thesis). Wageningen University. 

Song, X.-D., Brus, D.J., Liu, F., Li, D.-C., Zhao, Y.-G., Yang, J.-L., Zhang, G.-L., 

2016. Mapping soil organic carbon content by geographically weighted 

regression: A case study in the Heihe River Basin, China. Geoderma 261, 11–

22. https://doi.org/10.1016/j.geoderma.2015.06.024 

Spohn, M., Giani, L., 2011. Total, hot water extractable, and oxidation-resistant 

carbon in sandy hydromorphic soils-analysis of a 220-year chronosequence. 

Plant Soil 338, 183–192. https://doi.org/10.1007/s11104-010-0322-5 

Steffens, M., Rogge, D.M., Mueller, C.W., Höschen, C., Lugmeier, J., Kölbl, A., 

Kögel-Knabner, I., 2017. Identification of distinct functional microstructural 

domains controlling C storage in soil. Environ. Sci. Technol. acs.est.7b03715. 

https://doi.org/10.1021/acs.est.7b03715 

Stockmann, U., Adams, M.A., Crawford, J.W., Field, D.J., Henakaarchchi, N., 

Jenkins, M., Minasny, B., McBratney, A.B., Courcelles, V. de R. de, Singh, K., 

Wheeler, I., Abbott, L., Angers, D.A., Baldock, J.A., Bird, M., Brookes, P.C., 

Chenu, C., Jastrow, J.D., Lal, R., Lehmann, J., O’Donnell, A.G., Parton, W.J., 

Whitehead, D., Zimmermann, M., 2013. The knowns, known unknowns and 

unknowns of sequestration of soil organic carbon. Agric. Ecosyst. Environ. 164, 

80–99. https://doi.org/10.1016/j.agee.2012.10.001 

Taube, P.S., Hansel, F.A., Madureira, L.A. do. S., Teixeira, W.G., 2013. Organic 

geochemical evaluation of organic acids to assess anthropogenic soil deposits 

of Central Amazon, Brazil. Org. Geochem. 58, 96–106. 

https://doi.org/10.1016/j.orggeochem.2013.02.004 

Teixeira, P.C., Donagemma, G.K., Fontana, A., Teixeira, W.G., 2017. Manual de 

métodos de análise de solo., Manual de métodos de análise de solo. Embrapa 

Solos, Brasília. 

Thomsen, I.K., Bruun, S., Jensen, L.S., Christensen, B.T., 2009. Assessing soil 

carbon lability by near infrared spectroscopy and NaOCl oxidation. Soil Biol. 

Biochem. 41, 2170–2177. https://doi.org/10.1016/j.soilbio.2009.08.002 

Tong, D., Zhang, Q., Zheng, Y., Caldeira, K., Shearer, C., Hong, C., Qin, Y., Davis, 

S.J., 2019. Committed emissions from existing energy infrastructure jeopardize 

1.5 °C climate target. Nature 3. https://doi.org/10.1038/s41586-019-1364-3 

Torn, M.S., Trumbore, S.E., Chadwick, O.A., Vitousek, P.M., Hendricks, D.M., 1997. 

Mineral control of soil organic carbon storage and turnover content were 

measured by horizon down to the depth at which. Nature 389, 3601–3603. 

https://doi.org/10.1038/38260 

Valente, G.J.S.S., Costa, M.L., 2017. Fertility and desorption capacity of Anthrosols 

(Archaeological Dark Earth - ADE) in the Amazon: The role of the ceramic 



 

133 
 

fragments (sherds). Appl. Clay Sci. 138, 131–138. 

https://doi.org/10.1016/j.clay.2017.01.007 

van Gestel, N., Shi, Z., van Groenigen, K.J., Osenberg, C.W., Andresen, L.C., 

Dukes, J.S., Hovenden, M.J., Luo, Y., Michelsen, A., Pendall, E., Reich, P.B., 

Schuur, E.A.G., Hungate, B.A., 2018. Predicting soil carbon loss with warming. 

Nature 554, E4–E5. https://doi.org/10.1038/nature25745 

Van Groenigen, J.W., Van Kessel, C., Hungate, B.A., Oenema, O., Powlson, D.S., 

Van Groenigen, K.J., 2017. Sequestering Soil Organic Carbon: A Nitrogen 

Dilemma. Environ. Sci. Technol. 51, 4738–4739. 

https://doi.org/10.1021/acs.est.7b01427 

Van Hofwegen, G., Kuyper, T.W., Hoffland, E., Van Den Broek, J.A., Becx, G.A., 

2009. Opening the Black Box: Deciphering Carbon and Nutrients Flows in 

Terra Preta, Amazonian Dark Earths: Wim Sombroek’s Vision. 

https://doi.org/10.1007/978-1-4020-9031-8 

Vidal, A., Hirte, J., Bender, S.F., Mayer, J., Gattinger, A., Höschen, C., Schädler, S., 

Iqbal, T.M., Mueller, C.W., 2018. Linking 3D Soil Structure and Plant-Microbe-

Soil Carbon Transfer in the Rhizosphere. Front. Environ. Sci. 6, 1–14. 

https://doi.org/10.3389/fenvs.2018.00009 

Vogel, C., Mueller, C.W., Höschen, C., Buegger, F., Heister, K., Schulz, S., Schloter, 

M., Kögel-Knabner, I., 2014. Submicron structures provide preferential spots 

for carbon and nitrogen sequestration in soils. Nat. Commun. 5, 1–7. 

https://doi.org/10.1038/ncomms3947 

von Lützow, M., Kögel-Knabner, I., Ekschmitt, K., Flessa, H., Guggenberger, G., 

Matzner, E., Marschner, B., 2007. SOM fractionation methods: Relevance to 

functional pools and to stabilization mechanisms. Soil Biol. Biochem. 39, 2183–

2207. https://doi.org/10.1016/j.soilbio.2007.03.007 

Walker, T.W.N., Kaiser, C., Strasser, F., Herbold, C.W., Leblans, N.I.W., Woebken, 

D., Janssens, I.A., Sigurdsson, B.D., Richter, A., 2018. Microbial temperature 

sensitivity and biomass change explain soil carbon loss with warming. Nat. 

Clim. Chang. 8. https://doi.org/10.1038/s41558-018-0259-x 

Walkley, A., Black, I.A., 1934. An examination of the degtjareff method for 

determining soil organic matter, and a proposed modification of the chromic 

acid titration method. Soil Sci. https://doi.org/10.1097/00010694-193401000-

00003 

Wanzek, T., Keiluweit, M., Baham, J., Dragila, M.I., Fendorf, S., Fiedler, S., Nico, 

P.S., Kleber, M., 2018. Quantifying biogeochemical heterogeneity in soil 

systems. Geoderma 324, 89–97. 

https://doi.org/10.1016/j.geoderma.2018.03.003 



 

134 
 

Webster, R., Oliver, M.A., 2007. Geostatistics for Environmental Scientists, second. 

ed. John Wiley & Sons. https://doi.org/10.2136/vzj2002.0321 

Weng, L., Riemsdijk, W.H. Van, Hiemstra, T., 2008. Humic Nanoparticles at the 

Oxide - Water Interface : Interactions with Phosphate Ion Adsorption. Environ. 

Sci. Technol 42, 8747–8752. 

Weng, L., Vega, F.A., Van Riemsdijk, W.H., 2011. Competitive and synergistic 

effects in pH dependent phosphate adsorption in soils: LCD modeling. Environ. 

Sci. Technol. 45, 8420–8428. https://doi.org/10.1021/es201844d 

Wiedemeier, D.B., Abiven, S., Hockaday, W.C., Keiluweit, M., Kleber, M., Masiello, 

C.A., McBeath, A. V., Nico, P.S., Pyle, L.A., Schneider, M.P.W., Smernik, R.J., 

Wiesenberg, G.L.B., Schmidt, M.W.I., 2015. Aromaticity and degree of 

aromatic condensation of char. Org. Geochem. 78, 135–143. 

https://doi.org/10.1016/j.orggeochem.2014.10.002 

Wieder, W.R., Bonan, G.B., Allison, S.D., 2013. Global soil carbon projections are 

improved by modelling microbial processes. Nat. Clim. Chang. 3, 909–912. 

https://doi.org/10.1038/nclimate1951 

Wiedner, K., Schneeweiß, J., Dippold, M.A., Glaser, B., 2014. Anthropogenic Dark 

Earth in Northern Germany - The Nordic Analogue to terra preta de Índio in 

Amazonia. Catena 132, 114–125. 

https://doi.org/10.1016/j.catena.2014.10.024 

Wiesmeier, M., Urbanski, L., Hobley, E., Lang, B., von Lützow, M., Marin-Spiotta, E., 

van Wesemael, B., Rabot, E., Ließ, M., Garcia-Franco, N., Wollschläger, U., 

Vogel, H.J., Kögel-Knabner, I., 2019. Soil organic carbon storage as a key 

function of soils - A review of drivers and indicators at various scales. 

Geoderma 333, 149–162. https://doi.org/10.1016/j.geoderma.2018.07.026 

Woo, S.H., Enders, A., Lehmann, J., 2016. Microbial mineralization of pyrogenic 

organic matter in different mineral systems. Org. Geochem. 98, 18–26. 

https://doi.org/10.1016/j.orggeochem.2016.05.006 

Yeasmin, S., Singh, B., Johnston, C.T., Sparks, D.L., 2017. Organic carbon 

characteristics in density fractions of soils with contrasting mineralogies. 

Geochim. Cosmochim. Acta 218, 215–236. 

https://doi.org/10.1016/j.gca.2017.09.007 

Zimmermann, M., Leifeld, J., Fuhrer, J., 2007. Quantifying soil organic carbon 

fractions by infrared-spectroscopy. Soil Biol. Biochem. 39, 224–231. 

https://doi.org/10.1016/j.soilbio.2006.07.010 

Zwetsloot, M.J., Lehmann, J., Solomon, D., 2015. Recycling slaughterhouse waste 

into fertilizer: How do pyrolysis temperature and biomass additions affect 

phosphorus availability and chemistry? J. Sci. Food Agric. 95, 281–288. 



 

135 
 

https://doi.org/10.1002/jsfa.6716 

 

 



 

136 
 

Summary 
 
Amazonian Dark Earths (ADE), highly fertile pre-Columbian anthropic soils found in 

the Amazon, have intrigued scientists for decades. Despite tropical conditions, these 

soils exhibit large contents of carbon (C) and nutrients (particularly Ca and P), 

contrasting with the poor adjacent soils (ADJ) from the Amazon. High carbon (C) 

content in ADE has been linked with the occurrence of black carbon (BC) in these 

soils. BC has been claimed to be highly resistant to decomposition due to its 

polycondensed aromatic structure. However, recent advancements indicate that 

intrinsic chemical characteristics do not fully explain long-term persistence of soil 

organic matter (SOM). Soil minerals are known to play an important role on the 

mechanisms of SOM stabilization mainly through adsorption of SOM onto the 

surface of reactive soil minerals (i.e. Fe and Al oxides). However, the relative 

contribution of mineral protection versus chemical recalcitrance in explaining long-

term persistence of SOM in ADE is poorly understood. The overall objective of this 

PhD thesis was to investigate the interactive roles of BC, Ca and P in explaining 

long-term persistence of SOM in ADE. Overall, my results (Chapter 3–5) have major 

implications for a common SOM methodology proposed to isolate a ‘stable’ pool of 

SOM upon chemical oxidation with NaOCl and to subsequently differentiate and 

quantify the relative contribution of two mechanisms of SOM stabilization (i.e. 

mineral association and chemical recalcitrance) upon soil demineralization with HF. 

Combining data from Chapters 4 and 5, it seems like BC is removed upon chemical 

oxidation with NaOCl and therefore is part of the operationally defined ‘labile’ rather 

than the ‘stable’ SOM pool. Removal of BC with NaOCl raises questions about the 

contrast between low resistance of BC towards chemical oxidation and apparent 

high resistance of BC against biological oxidation, which certainly deserves more 

attention in future studies. Furthermore, my results shed light on the importance of 

high Ca and P inputs (Chapter 2 and 5) besides the occurrence of BC in ADE 

(Chapter 5) in explaining long-term persistence of SOM in ADE. In my thesis, I 

propose that it is the interaction between OM inputs (including BC inputs), Ca and P 

that are responsible for the long-term persistence of large SOM contents in ADE, 

which brings major implications for the sole use of charred OM (i.e. biochar) as a 

strategy to reproduce ADE desirable characteristics in other soils. 
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