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Neste trabalho faz-se a divulgação do potencial de carvões e resíduos orgânicos parcialmente 
carbonizados visando obter materiais que mimetizam a matéria orgânica do solo das Terras Pretas 
de Índio da Amazônia, e que sirvam como condicionadores de solo e seqüestrem carbono de forma 
recalcitrante e reativa. Pesquisas desenvolvidas por grupos brasileiros e estrangeiros têm contribuído 
para o entendimento do surgimento e utilização das Terras Pretas de Índio da Amazônia. Aqui 
são divulgados resultados de estudos químicos no sentido do desenvolvimento do conhecimento 
científico e tecnológico e de inovação no aproveitamento de subprodutos orgânicos, principalmente 
de indústrias de biocombustíveis, carvão vegetal metalúrgico e outros, buscando imitar a excelente 
performance da chamada Terras Pretas de Índio da Amazônia. 

The potential of charcoal and of partially combusted organic waste to mimic the soil organic 
matter of the Terras Pretas de Índios (Amazonian Dark Earths) from the Amazon Region is 
discussed. These materials serve as soil conditioners and as sequesterers of carbon in recalcitrant 
and in reactive forms. Studies carried out by Brazilian and by international groups have contributed 
to the emergence of an awareness of the compositions and of the uses of these materials. In this 
contribution we report on chemical studies that are leading to the development of a scientific and 
technological awareness, and of innovations that will have value in finding novel uses in applications 
to soil of chars from organic wastes such as those from the biofuel industry, and from metallurgical 
and various coal plant residues.
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1. Introduction

1.1 The Indians Black Earths (Terra Preta de Índios)

Many soils of the Amazon Region are highly 
weathered, acidic, with low cation exchange capacity 

(CEC), low fertility and, consequently, low crop 
production potential. Soil fertility is the limiting factor for 
the development of sustainable agriculture in the Region. 
The Terra Preta de Índios (TPI) soils contrast with other 
Amazonian soils, especially in relation to fertility and 
resilience. 
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1.2 Soil organic matter

Environmental organic matter provides a link between 
the biosphere, geosphere, hydrosphere and atmosphere. It 
is, therefore, crucial for the sustainability of the ecosystem. 
Estimates of the total mass of organic carbon in soil vary from 
1.22 ×1018 g to 2.46 ×1018 g,1 and that far exceeds the carbon 
reserves above the surface of the earth.2 The reserves of 
carbon in fossil fuels (natural gas, oil, coal etc.) are estimated 
at 5 ×1018 g of carbon. However, that reservoir of carbon is 
relatively inactive until combusted. In contrast, the reservoir 
of soil organic carbon interacts with the atmosphere and 
therefore affects its content of CO

2
. Because the content of 

carbon stored in soil is 3 to 4 times greater than the amount 
in biomass, actions that increase the stock of carbon in the 
soil can be considered to provide more effective conservation 
of carbon than changes in biomass contents. In addition, 
an increase in soil carbon content enhances soil fertility, 
especially in tropical conditions, and with that the content 
of plant biomass that the soil is able to support. 

The soil carbon stock is in a dynamic equilibrium 
state in which there is a continuous process of deposition 
(5.67 × 1016 g of carbon per year), in the form of plant 
and animal residues, and of natural decomposition of soil 
organic matter (emission of 5.5 × 1016 g of carbon per year). 
The emissions restore part of the atmospheric CO

2
 fixed by 

photosynthesis. The flows are not identical, as would be 
predictable in a system in dynamic equilibrium, due to the 
input of fossil carbon to the cycle, through the burning of 
fossil fuels that emit annually 5 × 1015 g of carbon. These 
emissions are an order of magnitude smaller than those 
resulting from the natural decomposition of soil organic 
matter. 

In view of the difference in magnitude of stocks and 
flows, the importance of soil organic matter in global 
carbon strategies is evident. It is obvious that its impact and 
contributions must be taken into account in the planning of 
strategies aimed at mitigating anthropogenic emissions.3

Organic matter plays a major role in soil quality. This 
arises from the influence that the quantity and quality of 
organic matter has on the physical, chemical and biological 
properties of soil. These properties influence the stabilities 
of soil aggregates, decrease plasticity, increase water-
holding capacity, increase CEC, and govern the microbial 
respiration of certain species.4 Additionally, organic 
matter is usually the main site for the sorption in soil of 
pesticides and of trace metals, whether as micronutrients 
or as toxicants.5 These influences are especially important 
in tropical soils. Highly weathered soils of tropical and 
subtropical regions are naturally acid and with a mineral 
fraction composed mainly of low activity clays.6

1.3. The superiority of the TPI

TPI are soils that have an archeo-anthropogenic horizon. 
This is a surface horizon of variable depth, enriched in 
organic matter and containing pieces of ceramic (Figure 1) 
as well as other evidence of human activity.7

TPI soils occur in small patches, many of which do 
not exceed 2  ha, although areas of up to 350  ha have 
been reported.7 Currently it is accepted that the TPI 
are of pre-Columbian origin, the result of activities of 
indigenous peoples, although it is unclear whether it is a 
result of an intentional process of improving the soil, or 
the consequence of agricultural and domestic activities 
of these peoples. Human activity in the pre-Columbian 
past has resulted in the accumulation of plant and animal 
residues, as well as large quantities of ash, charcoal, and 
various chemical elements, such as P, Mg, Zn, Cu, Ca, Sr 
and Ba, representing the geochemical signature of human 
occupation.8 These accumulations probably contributed 
decisively to the formation of fertile soils, with higher pH, 
Ca and Mg, P, CEC and base saturation, compared with the 
adjacent non anthropogenic soils (Table 1).

The high fertility of the TPI, and in particular its 
resilience (the capacity of these soils to maintain high 

Figure 1. Photographs of TPI profiles and of ceramic artifacts found in 
these soils.

Table 1. Chemical attributes of soils of the Amazon Region

Soils pH Ca + Mga / CEC / Pb / 
(mg kg‑1)

Base 
Saturationc / %(cmol

c
 kg‑1)

Control 4.4 1.3 9.5 5 21

TPI 5.4 6.8 17.3 300 55

aexchangeable; bmehlich; cbase saturation = (Ca + Mg + K) / CEC.
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fertility in spite of its intensive and degradative use), is 
attributed to the high levels of soil organic matter and to 
the physical and chemical properties of this organic matter. 
These soils have a carbon content of up to 150 g kg‑1 of soil, 
compared with 20‑30 g kg‑1 in adjacent soils.1,9 Additionally, 
the enriched layer of carbon can be up to 200 cm deep, with 
an average depth of the order of 40‑50 cm, whereas the 
carbon in the adjacent soils is limited to the top 10‑20 cm. 
Thus, the stock of carbon in the TPI may be an order of 
magnitude higher. This additional carbon is mainly in the 
form of pyrogenic carbon,9 and can be up to six times more 
stable than that in adjacent soil. 

This pyrogenic carbon (black carbon) is derived from the 
partial carbonisation (pyrolysis) mainly of ligno-cellulosic 
materials and is composed of condensed polyaromatic 
units, deficient in hydrogen and with different sizes and 
organisational levels.10 This material is highly resistant to 
thermal-, chemical- and photo-oxidation,11 and due to its 
recalcitrance, its incorporation into the soil is an important 
and efficient mechanism of carbon sequestration.9,12 
However, the partial oxidation of the aromatic peripheral 
units produces carboxylic groups directly linked to the 
recalcitrant aromatic structures.13 The carboxylic groups 
of these materials contribute to the elevated total acidity 
(CEC) and consequently to the high fertility of the soil. 
Additionally, its recalcitrant aromatic structure ensures the 
sustainability and resilience of this fertility.14 

In Brazil, pyrogenic carbon is not restricted to TPI, and 
its occurrence is not always anthropogenic. The occurrence 
of pyrogenic carbon is common in soils where there are 
historical reports of the burning of vegetation, natural or 
anthropic, and it is an important component of the organic 
matter of the Brazilian Savannas (“Cerrado”),15 and in the 
black soils found in high altitude rocky complexes.6 Similar 
to the TPI, the organic matter of these soils presents high 
recalcitrance and CEC values. Due to its high stability 
and reactivity, the weathered pyrogenic carbon is of great 
importance for tropical soils subject to weather conditions 
that favour the mineralisation of organic matter, and where 
the clay fraction has low CEC values (Table 2).

Pyrogenic carbon is not only found in tropical soils. 
It is estimated that pyrogenic carbon represents 1 to 6% 
of the total world soil organic carbon, but can reach 18% 
of the total soil organic carbon in native grasslands in the 
U.S.; 35% in some agricultural soils of that country; up to 
30% in Australian soils; up to 45% in German Chernozems; 
and 65% in Canadian Chernozems.16 Several of these soils 
are very fertile.

2. Structural Characteristics of the TPI Or-
ganic Matter: Model Definition

Currently it is understood that the production systems 
of ancient indigenous populations can provide insights 
that serve as the basis for the development of sustainable 
agricultural management, and the TPI provides an excellent 
model of sustainable agriculture. That model is especially 
useful in tropical ecosystems that sequester carbon.

The contribution of pyrogenic carbon to soil fertility 
and to its sustainability is attributed to its composition 
and chemical structure. In order to check this hypothesis, 
humic acids extracted by conventional methods13 from 22 
Amazonian soils (seven TPI under forest, eleven cultivated 
TPI and four adjacent non-anthropogenic control soils under 
forest) were analysed by 13C Nuclear Magnetic Resonance 
spectroscopy (13C NMR) as described by Novotny et al.17

 

Although humic acids are only a fraction of soil organic 
matter, accounting for 20 to 45% of the total soil organic 
matter in the samples studied,18 their contribution to soil 
chemistry and fertility is well-documented in the literature.4

The results of this analysis showed that the humic 
acids of the TPI are rich in condensed aromatic structures, 
as shown by recoupled dipolar dephasing experiments, 
and functionalised with carboxylic groups linked directly 
to these recalcitrant aromatic structures (Figure 2a), as 
evidenced by the chemical shift decrease from around 
175 ppm to around 168 ppm. In contrast, the humic acids of 
adjacent soils (Figure 2b) have a higher content of partially 
altered labile compounds, such as carbohydrates, amino 
acids and lignins.13,17

It is probable that the extraction procedure resulted in a 
selective extraction of this functionalised charcoal, because 
the unaltered material is essentially hydrophobic, but, as 
it will be shown, these structures also have an important 
contribution to the exceptional fertility of the TPI. Thus 
knowledge of their structures and characteristics is very 
important in order to define a model for soil amendment. 

The contents of these recalcitrant and reactive structures 
correlate with the thermal stability of those humic acids. 
Also, elemental composition data indicate a high degree 
of condensation of aromatic rings (low H/C atomic ratio). 

Table 2. Typical values for the CEC of clay minerals and organic colloids 
found in soils of temperate and tropical climates

Soil Constituent CEC / (cmol
c
 kg-1)

Temperate climate Montmorilonite 80-120

Vermiculite 120-150

Tropical climate Kaolinite 3-15

Sesquioxides 2-4

Organic Fraction Soil organic matter (SOM) 100-300

Humic fraction (2/3 of the 
SOM)

400-800
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The data confirm, by independent methods, that the humic 
acids of TPI are characterised by high thermal and structural 
stability. In addition, the reactive oxygenated groups, 
such as carboxyl and phenolic, are recalcitrant, whereas 
the oxygenated groups in adjacent soils are associated 
mainly with labile or poorly reactive structures, such as 
carbohydrates, peptides and lignin. This hypothesis is 
supported by the relative concentration of carboxylated 
aromatic structures observed when these soils are cultivated 
(see below), because of the selective decomposition of 
the labile structures. The long term persistence of these 
structures in the TPI environment, from 500 to 3,000 years, 
is proven by radiocarbon dating.19 

To aid in the analyses of the results, the multivariate 
curve resolution (MCR) procedure was carried out using 
the software ‘The Unscrambler® v9.7’ (CAMO Software 
AS). The basic goals of MCR are: the determination of 
the number of components co-existing in the chemical 
system; the extraction of the pure spectra of the components 
(qualitative analysis); and the extraction of the concentration 
profiles of the components (quantitative analysis).

This analysis is preceded by principal component 
analysis (PCA) to estimate the number of components in 
the mixture. After this, the rotation of the PC is calculated 
without orthonormality constrains (in this way it will 
have infinite solutions). To solve this, new constrains are 
adopted (e.g. non-negative concentrations and non-negative 
spectra). In this way, when the goals of MCR are achieved, 
it is possible to unravel the “true” underlying sources of 

data variation, and then the results with physical meaning 
are easily interpretable.

The results of this analysis indicate that the humic acids 
of the 22 Amazonian soils can be modelled by means of a 
two component mixture (Figure 3a): one of ordinary tropical 
humic acids with carbohydrates, peptides and lignin debris 
(labile components), and one with a polycondensed and 
carboxylated aromatic structure (oxidised charcoal). The 
carboxylic region in the spectrum of the labile component 
is mainly from aliphatic carboxyl and amide groups 
(173  ppm) whereas, when this group is linked directly 
to the aromatic structures, its signal shits to 168  ppm. 
The contributions of these components vary among the 
soils. The major contribution of the oxidised charcoal was 
seen in the cultivated TPI (Figure 3b). That indicates that 
cultivation promotes the selective degradation of the labile 
components. Based on the well-known resilience of these 
TPI soils, the persistence of oxidised charcoal after several 
centuries, or even millennia, despite recent cultivation, 
supports the conclusion that this component makes an 
important contribution to the fertility and resilience of these 
soils. It also explains the efficient C sequestration by these 
soils. In the cases of the control soils, the humic acids have 
important contributions from normally labile acid groups 
(aliphatic carboxyl and amide), and these compounds 
have an important contribution to the fertility of the soils. 
However, when the soils are deforested and cultivated, the 
organic matter is quickly mineralised and the soil loses 
fertility. This is a well-known phenomenon in tropical 

Figure 2. 13C-NMR spectra of humic acids from Amazon region soils. (a) TPI; (b) Non-anthropogenic soil.13
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soils, and a common example for this is the rapid loss of 
the fertility of soils after slash and burn and cultivation, and 
this results in the necessity of frequent long-fallow periods 
and shifting cultivations.20

In other words, the TPI provide a system that sequesters 
carbon and also improves soil properties, increasing their 
fertility, sustainability, and biomass supporting capacity. 
These characteristics could be explained by the high content 
of oxidised charcoal in these soils.

2.1 Using the organic matter of TPI as a model

Knowledge of the structures and properties of the TPI 
allows considerations of materials and techniques that 
will expeditiously mimic their desirable characteristics. 
Charcoal has the condensed aromatic structures that ensure 
their recalcitrance in the soil, and hence is an efficient 
material for carbon sequestration (half-life ranging from 
decades to millennia),21,22 but it does not provide carboxylic 
groups (Figure 4a) that are important for its reactivity and 
its contribution to soil CEC. After application to the soil, 
chemical and biological alterations will generate these acid 
groups; however, this may take decades. Functionalisation 
of the aryl backbone in typical charcoal structures is 
possible by chemical oxidation (Figure 4b),23 that generates 
recalcitrant and reactive products, similar to the oxidised 
charcoal found in TPI.13,14,17

Additionally, applications of charcoal to the soil 
provides other benefits such as: increases in productivity 
(from 0 to 300%); decreases the methane and nitrous 

Figure 3. Results of multivariate curve resolution (MCR) analysis. (a) 
Estimated spectra; (b) Estimated concentrations. NA: Non-anthropogenic 
control soils under forest; F-TPI: TPI under forest; C-TPI: Cultivated TPI.

Figure 4. 13C-NMR spectra of charcoal (a) and chemical oxidation products of Bamboo charcoal (b).
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oxide emissions (estimated at up to 50%), decreases in 
the need for fertiliser (estimated at 10%); and decreases in 
the leaching of nutrients.24 Besides the economic benefits, 
the environmental benefits should also be taken into 
account,22 especially with regard to global climate change 
(C sequestration) and, in this context, the environmental 
benefits will be enhanced by reducing the emissions of 
other greenhouse effect gases (CH

4
 , N

2
O and NO

x
), and by 

greater energy efficiencies of agriculture due to increased 
productivity, reduced use of fertilisers, and less loss of 
nutrients.
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