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Abstract
The aim of this study was to evaluate the distribution of chemical and physical fractions of soil organic matter (SOM) 
in anthropic horizons of soil profiles in the west of Pará. The highest total organic carbon values were observed in the 
superficial horizons, especially in the antrópico LAd and antrópico CHd (45.0g kg-1). Were observed predominance of 
recalcitrant organic material. It appears that most of the C found in the SOM fractions is associated with C stabilization 
mechanisms such as the recalcitrance provided by the presence of pyrogenic coal, in addition to its ability to present 
carboxylic groups that increase its interaction with the mineral fraction of the soil, characterizing the mechanism 
of chemical protection. It is observed that the SOM fractions can function as indicators that contribute to better 
understanding of the soil carbon dynamics in soils with antrópico horizons.

Keywords: total organic carbon, physical fractionation of SOM, chemical fractionation of SOM, anthropic horizons.

1. INTRODUCTION AND OBJECTIVES

Around 2000 years ago, indigenous civilizations turned 
soils with low storage capacity for C and low fertility into 
large and extremely fertile reservoirs of this element (Neves 
et al., 2004). According to Fraser et al. (2011) these types of 
soils can cover from 1% to 3% of different Brazilian biomes, 
occurring on a larger scale in the Amazon region. 

In general, the soils found naturally in the Amazon have 
high acidity, high aluminum saturation, low cation exchange 
capacity (CEC), few nutrients, and a factor that limits the 
storage of C, with emphasis on the rapid decomposition of the 
deposited organic matter. Ancestral indigenous civilizations 
were able to transform these soils, through the addition of 
organic material in different forms, into extremely fertile soil 

patches called Archaeological Black Earth (ABE) or Indian 
Black Earth (IBE) (Schellekens et al., 2017). There is great 
variability of attributes within these spots due to the uneven 
deposition of organic residues by the indigenous peoples 
(Lehmann et al., 2003; Barros et al., 2012). 

In places where anthropic horizons are identified today, 
micro-ecosystems resilient to environmental conditions 
over time and to agricultural use were formed (Teixeira et 
al., 2009). The practices adopted by indigenous civilizations 
on these soils were able to positively modify their properties, 
even though it was not intentional, and the result provided 
excellent soil quality (Glazer et al., 2001). 

In Brazil, IBE is characterized by having surface diagnostic 
horizons denominated anthropic A (Santos et al., 2018), 
identified by having a minimum thickness of 20 cm and 
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extractable P content with Melich-1 solution with values 
greater than or equal to 30 mg kg-1 (Santos et al., 2018). 
Additionally, variable levels of total organic carbon (TOC) 
and calcium can be observed (Ca2+) (Bernardes et al., 2017). 

In these soils, the participation of organic matter is 
fundamental in the expression of the intrinsic characteristics 
attributed to ABEs. The permanence of this organic matter in 
these soils may be related to the presence of compounds with 
high recalcitrance, especially pyrogenic carbon (Liang et al., 
2006; Novotny et al., 2009; Mao et al., 2012). Carbon in the form 
of pyrogenic charcoal can reach 35% of the soil TOC (Glaser 
et al., 2000), playing an important role in the biogeochemical 
cycle of C and its storage in the soil. The origin of this charcoal 
in these soils is attributed to the residues of charcoal from the 
fires frequently used by the indigenous people. 

Furthermore, the permanence of carbon in these soils 
may also be related to the interaction of the mineral matrix 
of the soil with organic components. This interaction can 
favor or reduce the access of microorganisms to organic 
material, and this material is extremely important as an 
energy source for these microorganisms. When using organic 
materials, microorganisms transform them, making them 
more recalcitrant (Sollins et al., 1996). Despite this finding, 
there are few studies evaluating the different fractions of 
organic matter in these soils. The aim of the current study 
was to evaluate the distribution of chemical and physical 
fractions of organic matter in anthropic horizons of soil 
profiles described in Western Pará.

2. MATERIALS AND METHODS

The studied area is located in the municipality of Santarém, 
in the west of the State of Pará, with a predominance of primary 
vegetation characterized as Subevergreen Tropical Forest 
and a humid tropical climate (Am according to Köppen) 
(Figure 1). Precipitation and mean annual temperature are 
around 2150 mm and 25.9 ºC, respectively. For the study, 
six trenches were opened at selected points on which there 
was information on the occurrence of ABEs, located in the 
Experimental Unit of the Campus of the Federal University 
of Oeste do Pará and in the Tapajós National Forest (Flona). 
Five profiles were defined in upland areas and one in a lowland 
area. The soils were classified according to the Brazilian Soil 
Classification System (SiBCS) up to the fourth level (Santos 
et al., 2018) and according to the World Reference Base for 
Soil Resources (WRB) (IUSS Working Group, 2015).

With respect to the classification of the profiles, they were 
identified as follows: three profiles belonging to the Latossolo 
Amarelo Distrófico (Ferralsol) (LAd). These profiles differ 
in their fourth categorical level, namely: argissólico LAd, 
antrópico LAd, and típico LAd. Two Cambissolos (Cambisol) 
that differed from the second categorical level (suborder), 
being Cambissolos Húmicos Distróficos Antrópicos (antrópico 
CHd) and Cambissolo Háplico tb Distrófico latossólico 
Antrópico (antrópico latóssolico CXbd). A profile was classified 
as Gleissolo Melânico Tb Distrófico cambissólico (Entisol) 
(cambisólico GMbd) (Almada et al., 2021).

Figure 1. Localization of study area, Santarém, Pará.
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Samples were collected from each horizon, air-dried, and 
then crushed and passed through sieves with an opening 
mesh of 2.0 mm, thus obtaining the air-dried fine earth 
(ADFE), from which the quantification was performed. of 
the total organic carbon (TOC) (TEIXEIRA et al., 2017) 
and the permanganate oxidizable carbon (POXC) which 
represents the most labile portion of the SOM (Culman et 
al., 2012). Nitrogen (N) and phosphorus (P) contents were 
also quantified according to Tedesco et al. (1995). 

Through physical fractionation (Cambardella & Elliott, 
1992) the particulate organic carbon fractions were obtained 
(POC) and mineral-associated organic carbon (MOC). 
Chemical fractionation was also performed, established by 
the International Society of Humic Substances - IHSS - and 
adapted by Benites et al. (2003), obtaining the humic fractions 
of SOM, fulvic acid fraction (FAF), humic acid fraction (HAF), 
and humin fraction (HUMF) in addition to the alkaline extract 
(AE) which is composed of HA and FA. Subsequently, the 
HA/FA and AE/HUM ratios were calculated. 

The statistical procedures for data analysis were performed 
using the free access program R (The R Foundation, 2013) 
through the Algorithm for Quantitative Pedology (AQP) 
package, developed by Beaudette et al. (2013).

3. RESULTS 

3.1. Total organic carbon and labile carbon

The TOC contents in each horizon are shown in Figure 
1. In the profiles classified as LAd, there are decreases in 
the TOC contents with depth. The quantities found in 
the LAd horizons were higher in the anthropic horizons 

Au1, Au2, and Au3 of the antrópico LAd profile, reaching 
45.0 g kg-1 in the Au1 horizon, in which the highest TOC 
content was quantified. 

In antrópico CHd, higher TOC contents were found when 
compared to antrópico latossólico CXTbd. The highest TOC 
values found in the horizons of the antrópico CHd profile 
were approximately 25 g kg-1 in the Au1 horizon, 15.0 g 
kg-1 in the Au2 horizon, and AB, and 35.0 g kg-1 in horizon 
Au3. In this profile, there is an increase in the contents of 
the TOC with depth. Differing from the pattern observed 
in antrópico CHd, in the latossólico CXbd profile the TOC 
contents decreased with depth. In this profile, anthropic 
horizons (Au1, Au2, and Au3) are also observed, with the 
highest content of TOC (15.0 g kg-1) being quantified in the 
Au1 horizon. In the cambissólico GMbd profile, composed 
of only two horizons, A and Bg, the TOC values were 25.0 
g kg-1 and 5.0 g kg-1, respectively.

The POXC contents, in all horizons, ranged from 0.10 g kg-1 
to 1.0 g kg soil-1, approximately. As with the TOC, the highest 
POXC values were quantified in the surface horizons, with 
emphasis on the anthropic horizons. Among the LAd, in the 
antrópico LAd there was a more effective contribution of labile 
carbon both in depth and quantity. The horizons Au1 (1.0 g kg-1) 
and Au2 (0.8 g kg-1) had the largest contents found in this profile. 

The contribution of POXC in the surface horizons of 
the profiles classified as Cambisols varied between 0.8 g 
kg-1 of soil (Au2) and 0.4 g kg-1 of soil (AB) in the antrópico 
CHd. In the anthropic latossólico CXbd profile, there was a 
variation of POXC from 0.2 g kg-1 to 0.5 g kg-1 of soil between 
the surface horizons (Figure 2). In the cambissólico GMbd, 
POXC contents of approximately 0.7 g kg-1 in the A horizon 
and 0.3 g kg-1 in the Bg horizon were found. 

Figure 2. Total organic carbon (TOC) contents and labile carbon (POXC) in g kg-1 in the horizons of the profiles described in the Eastern Amazon.
argissólico LAd: Latossolo Amarelo Distrófico argissólico; antrópico LAd: Latossolo Amarelo Distrófico antrópico; típico LAd: Latossolo Amarelo Distrófico típico; 
antrópico CHd: Cambissolo Húmico Distrófico antrópico; antrópico latossólico CXbd: Cambissolo Háplico Tb Distrófico latossólico antrópico; cambissólico GMbd: 
Gleissolo Melânico Tb Distrófico cambissólico.
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3.2. Phosphorus and nitrogen

The P contents are shown in Figure 3. In general, it can be 
verified that the profiles with anthropic horizons (antrópico 
LAd, antrópico CHd, and antrópico latossólico CXbd) have 
the highest P contents available, while in cambissolo GMbd, 
argissólico Lad, and típico LAd profiles, values above 2 mg 
kg-1 of soil were not observed in any horizon. 

The available P values in soils with anthropic horizons were 
greater than 2 mg kg-1 in all horizons, with the highest contents 

among all anthropic horizons being verified in the antrópico 
LAd, with values of up to 11 mg kg-1 in the Au2 horizon.

In smaller quantities, for the total N contents, patterns 
similar to those verified for the TOC contents were observed, 
with higher values in the surface horizons. Among all the 
horizon profiles, the quantities ranged from 0.5 g kg-1 in the 
Bw4 horizon of the argissólico LAd profile to 5.5 g kg-1 in 
the Au1 horizon of the antrópico LAd profile. 

3.3. SOM fractionation

The values of POC and MOC determined through particle 
size fractionation are shown in Figure 4. Analyzing these 
two compartments, the values of MOC are higher than 
those of POC in all profiles, indicating that the organic 
material is more recalcitrant. In LAd the highest POC values 
(5.0 g kg-1) were found in the two surface horizons Au1 
and A of the antrópico LAd and argissólico LAd profiles. 
In the anthropic horizons of the antrópico LAd profile, 
high values of MOC were quantified, reaching 40 g kg-1 in 
the Au1 horizon.

Analyzing POC and MOC values in Cambisols, the 
antrópico CHd profile shows the highest POC value 
(approximately 9.0 g kg-1 in the Au1 horizon). In this same 

Figure 3. Values of P available (mg kg-1) and N contents (g kg-1) in the horizons of the profiles described in the Eastern Amazon.
argissólico LAd: Latossolo Amarelo Distrófico argissólico; antrópico LAd: Latossolo Amarelo Distrófico antrópico; típico LAd: Latossolo Amarelo Distrófico típico; 
antrópico CHd: Cambissolo Húmico Distrófico antrópico; antrópico latossólico CXbd: Cambissolo Háplico Tb Distrófico latossólico antrópico; cambissólico GMbd: 
Gleissolo Melânico Tb Distrófico cambissólico.

profile, the highest MOC value is also observed in the Au3 
horizon (approximately 30 g kg-1 soil). 

In the cambissólico GMbd profile, POC values of 6.0 g 
kg-1 in the A horizon and 2.0 g kg-1 in the Bg horizon were 
verified. Similar to what was observed in the other profiles, 
most of the C stored in the physical fractions is associated 
with minerals, with values close to 20.0 g kg-1 in the A 
horizon and 5.0 g kg-1 in the Bg horizon. 

The chemical fractions of SOM are shown in Figure 5. 
In general, the C contents of HUMF were higher than those 
of the other chemical fractions (C-FAF and C-HAF) in all 
horizons of the profiles evaluated. The C contents of HUMF 
reached approximately 13.0 g kg-1, mainly in the anthropic 
horizons of the antrópico LAd, antrópico CHd, and antrópico 
latossólico CXbd profiles.
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Figure 4. Physical particle size fractionation of soil organic matter in the horizons found in soil profiles described in the Eastern Amazon.
POC – particulate organic carbon; MOC – mineral-associated organic carbon; argissólico LAd: Latossolo Amarelo Distrófico argissólico antrópico; LAd: Latossolo 
Amarelo Distrófico antrópico; típico LAd: Latossolo Amarelo Distrófico típico; antrópico CHd: Cambissolo Húmico Distrófico antrópico; antrópico latossólico CXbd: 
Cambissolo Háplico Tb Distrófico latossólico antrópico; cambissólico GMbd: Gleissolo Melânico Tb Distrófico cambissólico.

 
Figure 5. Chemical fractions of soil organic matter in the horizons of soil profiles described in the Eastern Amazon.
argissólico LAd: Latossolo Amarelo Distrófico argissólico antrópico LAd: Latossolo Amarelo Distrófico antrópico; típico LAd: Latossolo Amarelo Distrófico típico; 
antrópico CHd: Cambissolo Húmico Distrófico antrópico; antrópico latossólico CXbd: Cambissolo Háplico Tb Distrófico latossólico antrópico; cambissólico GMbd: 
Gleissolo Melânico Tb Distrófico cambissólico.

In the anthropic LAd profile, it is observed in the first 
three horizons, Au1, Au2 and Au3, amounts of C-FAF close 
to 4.0 g kg-1 while in the other LAd profiles these values did 
not exceed 2.0 g kg-1 in all horizons. Among the profiles, the 
values of C-FAF were higher than those found in C-HAF only 
in the típico LAd (Figure 5) with values close to 4.5 g kg-1 soil.

The relations between the humic fractions of the SOM are 
shown in Figure 6. The relation between HUM and the sum 

of the FA and HA ranged from 0 to 16, approximately, with 
an increase in this relation with increasing depth. This pattern 
is opposite to that observed for the AE/HUM ratio of soil 
profiles. The típico LAd profile was the only profile in which 
the AE/HUM ratio decreased in depth, ranging from 0.5 in 
the A horizon to values close to 0.0 in the Bwg horizon in a 
uniform and decreasing manner. In the antrópico latossólico 
GMbd profile, an increase in the AE/HUM ratio was observed 
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in depth, with approximate values of 0.7 in the A horizon and 
0.9 in the Bg horizon. For the other profiles, antrópico CHd, 
latossólico CXbd, antrópico LAd, and argissólico LAd, decreases 
in the AE/HUM ratio in depth were also observed, however, 
this decrease was not uniform as observed in the típico LAd 
profile. In these profiles, with depth, irregular variation (increase 
or decrease) in the AE/HUM ratio was verified.

To facilitate the synthesis of all results obtained, through 
the mean and median, the percentage values of all studied 

variables were calculated (HUM, FA, HA, HA/FA, AE/
HUM, HUM(HA+FA), POC, MOC, POXC, TOC, N, and 
P) (Figure 7). The profiles were grouped and presented in 
graphs with median values of 50 cm deep slices delimited 
on both sides by the 25th and 75th percentiles. Values along 
the y-axis (right side of Figure 7) describe the proportion 
of data that contributes to aggregate values at this depth. In 
general, the evaluation of the variables was carried out up 
to a depth of 100 cm.

Figure 6. Relations between humic fractions, AE/HUM and HUM/(HAF+FAF) of the SOM of the horizons of soil profiles in the Eastern Amazon.
argissólico LAd: Latossolo Amarelo Distrófico argissólico antrópico LAd: Latossolo Amarelo Distrófico antrópico; típico LAd: Latossolo Amarelo Distrófico típico; 
antrópico CHd: Cambissolo Húmico Distrófico antrópico; antrópico latossólico CXbd: Cambissolo Háplico Tb Distrófico latossólico antrópico; cambissólico GMbd: 
Gleissolo Melânico Tb Distrófico cambissólico.

Figure 7. Depth distribution of the variables HUM, FA, HA, HA/FA, AE/HUM, HUM(HA+FA), POC, MOC, POXC, TOC, N, and P as 
a function of the 25th and 75th percentiles of the series of six profiles with anthropic horizons found in the Eastern Amazon.
HUM: humin fraction; FA: fulvic acid fraction; HA: humic acid fraction; POC: particulate organic carbon; MOC: organic carbon associated with minerals; POXC: 
labile carbon; TOC: total organic carbon; N: total nitrogen; P: phosphorus. argissólico LAd: Latossolo Amarelo Distrófico argissólico; antrópico LAd: Latossolo 
Amarelo Distrófico antrópico; típico LAd: Latossolo Amarelo Distrófico típico; antrópico CHd: Cambissolo Húmico Distrófico antrópico; antrópico latossólico CXbd: 
Cambissolo Háplico Tb Distrófico latossólico antrópico; cambissólico GMbd: Gleissolo Melânico Tb Distrófico cambissólico.
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The soil profiles were grouped in a dendrogram where 
the x axis represents the similarity between the variables 
HUM, FA, HA, HA/FA, AE/HUM, HUM(HA+FA), POC, 
MOC, POXC, TOC, N, and P (Figure 8). The y-axis 
represents the depths at which these profiles were collected. 
The dendrogram, which has the function of describing 
the dissimilarity between pairs (Beaudette et al., 2013), 
allowed the separation of the profiles that were most similar 
according to the variables described. The profiles that were 
most similar were antrópico CHd and cambissólico GMbd, 
due to the smaller dissimilarity distance that differentiated 

them. These two profiles represented a distinct group from 
the other profiles studied (antrópico latossólico CXbd, 
typical LAd, argissólico LAd and antrópico LAd).

In the second group of soils, the latossólico CXbd profile 
and típico LAd represented the profiles that were most similar 
according to the studied variables. The similarity of these 
two profiles and the other two profiles belonging to this 
same group (argissólico LAd and antrópico LAd) occurred 
in a hierarchical way, where the antrópico LAd represented 
the most different profile within the group with a greater 
dissimilarity distance of its separation. 

Figure 8. Representation of soil profiles through colors according to Munsell and dissimilarity between soil profiles with anthropic 
horizons found in the Eastern Amazon.
argissólico LAd: Latossolo Amarelo Distrófico argissólico; antrópico LAd: Latossolo Amarelo Distrófico antrópico; típico LAd: Latossolo Amarelo Distrófico típico; 
antrópico CHd: Cambissolo Húmico Distrófico antrópico; antrópico latossólico CXbd: Cambissolo Háplico Tb Distrófico latossólico antrópico; cambissólico GMbd: 
Gleissolo Melânico Tb Distrófico cambissólico.

4. DISCUSSION

Soil carbon dynamics are controlled by factors that can 
contribute to the increase or decrease of its content. C stabilization 
or destabilization factors are similar to soil formation factors 
(Jenny, 1941), namely: organisms, climate, relief, source 
material, and time. Additionally, there are also C stabilization 
mechanisms in the soil that include i) recalcitrance of organic 
material; ii) physical protection of organic material inside soil 

aggregates; and iii) chemical protection through the formation 
of organo-mineral complexes (Sollins et al., 1996). 

It is important to highlight the influence of humans on the 
carbon stabilization process in soils with anthropic horizons. 
The presence of ancestral indigenous populations in areas close 
to the rivers resulted in soils with rich and resilient organic 
material composition (Teixeira et al., 2009). Therefore, soil 
C accumulation factors directly affect the SOM stabilization 
mechanisms and the dynamics of other soil nutrients. 
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For soils with anthropic horizons, Lehmann et al. (2003), 
in general, observed that N concentrations were higher 
when compared to soils without the occurrence of anthropic 
horizons. The N contents in all soil profiles studied were higher 
in the anthropic horizons of the LAd. Lehmann et al. (2003) 
found that there is a low concentration of N-NO3 in soils 
with anthropic horizons when compared to non-anthropic 
horizons in adjacent soils. That is, even with satisfactory 
amounts of total N, it may not be in a readily available form 
for assimilation by plants, resulting in deficiency. 

The highest values of total P were determined in the 
anthropic horizons of the antrópico LAd, antrópico latossólico 
CXbd, and antrópico CHd profiles when compared to the 
other horizons of the profiles in which this type of horizon 
was not observed. The deposition of bones from fish and other 
animals (Fraser & Clement, 2008) may be the explanation for 
the considerable levels of P observed in works on anthropic 
horizons (Lima et al., 2002; Campos et al., 2011) and in the 
current study. 

The presence of anthropic horizons in the antrópico LAd, 
antrópico CHd, and antrópico latossólico CXbd profiles 
indicates the human action in the formation of the soils 
with anthropic horizons studied. However, these anthropic 
horizons can occur in other classes besides those presented.

In all three profiles that have anthropic horizons (antrópico 
LAd, antrópico CHd, and antrópico latossólico CXbd) three 
of these horizons (Au1, Au2, and Au3) were observed, at 
practically the same depths, with considerable amounts 
of TOC when compared to other surface horizons of the 
other profiles. The thickness of anthropic horizons may be 
related to the time of occupation of these soils by indigenous 
populations. In their study of Indian Black Earth in the Médio 
Madeira region of Amazonas, Campos et al. (2011) found 
carbon contents between 43.70 g kg-1 and 80.30 g kg-1 of soil, 
values higher than those verified in the current study. This 
diversified pattern of large TOC contents can be explained 
by the great variability of attributes within the anthropic 
soil patches, in addition to the possible uneven deposition 
of residues by the indigenous people (Lehmann et al., 2003; 
Barros et al., 2012). In places where anthropic horizons are 
identified today, according to Teixeira et al. (2009), micro-
ecosystems resilient to environmental conditions over time 
and agricultural use were formed. 

It is noticed that the effect of deposition of various 
residues on the soil carried out by indigenous communities 
over a long period can considerably increase the contents of 
TOC, this pattern being observed with greater expression 
in the antrópico LAd compared to the other two profiles 
classified as LAd. Similar to what was seen in the current 
study, Chagas et al. (2017) found that the deposition of these 

residues also contributed to the increase in TOC content 
in anthropic horizons of LA. 

The cambissólico GMbd profile is located in an environment 
of poor drainage in an area of vegetation composed of grasses, 
which distinguishes it from the other profiles. The TOC 
content found in the A horizon of this profile is related to the 
differentiated dynamics that the SOM is subjected to in this 
environment. The anaerobic environment reduces the activity 
of aerobic microorganisms in the process of transforming 
organic material in the soil (Sousa et al., 2019), and thus 
decomposition occurs more slowly.

The practices adopted by indigenous civilizations on 
these soils were able to positively modify their properties, 
even if this practice was not intentional, the result provided 
excellent soil quality (Glazer at al., 2001). It is believed that 
all residues produced by ancient populations were deposited 
on the soil, including plant and animal residues and also ash 
from their fires, resulting in an increase in organic matter in 
the soil. These carbonized residues are considered the great 
differential of anthropogenic soils found in the Amazon region.

Labile C (POXC) represents organic material that is easily 
oxidized and consumed by microorganisms and consequently 
lost more quickly. When considering it as part of the TOC, it 
turns out that the amounts of labile C are small. Most of the 
TOC is composed of more humified organic material, which 
is proven by the physical and chemical fractionation of SOM.

In soils with anthropic horizons, the different fractions 
of SOM show some differences when compared to soils with 
non-anthropic horizons. It is verified through the physical 
fractionation of SOM that most of the C is found associated 
with minerals (MOC), which is the most recalcitrant fraction 
of SOM. The participation of the POC is small and this 
fraction corresponds to labile C, corroborating the data 
mentioned above. 

Through the quantification of the C contents of the humic 
fractions, it is possible to evaluate the most recalcitrant and 
persistent fractions of the SOM, that is, those that have already 
undergone transformations in the soil, the humic fractions. 
Among the humic fractions, for C-HUMF the highest C 
contents were observed, especially in soils with anthropic 
horizons. There was also considerable C-HAF participation 
in these solos. These data are similar to those reported in 
other studies Cunha et al. (2009); Cunha et al. (2007); Lima 
et al. (2002); Barros et al. (2012), since in soils with anthropic 
horizons, there is a tendency for the predominance of humic 
fractions, humic acid, and humin, considered more stable.

As already mentioned, in the three profiles, antrópico LAd, 
antrópico CHd, and antrópico latossólico CXbd, horizons 
constituted of a more recalcitrant organic matter were verified. 
This recalcitrance is a result of the presence of pyrogenic 
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C left from the bonfires of past indigenous populations. 
(Teixeira et al., 2009). Soils that have this type of carbon are 
able to contribute to better natural fertility, favoring increased 
agricultural production or even lush vegetation. 

In pyrogenic charcoal, the presence of aromatic groups with 
a higher degree of polymerization and greater recalcitrance is 
observed, represented by the increase in the HUM fraction. In 
general, this fraction is not used by microorganisms (Teixeira 
et al., 2009), due to its great stability. Pyrogenic carbon, in 
addition to presenting condensed aromatic structures (aromatic 
rings) such as aryl carbon, also has oxidized carboxylic groups 
attached to these structures, allowing stability of this C and 
increasing the CEC of the soil and its fertility (Liang et al., 
2006; Novotny et al., 2009; Madari et al., 2009). 

Additionally, the stability of C found in soils with anthropic 
horizons in the Amazon region can also be correlated 
with calcium content, which, as a flocculant ion, can form 
fulvates and humates that make the C more stable (Cunha 
et al., 2009). In soils that do not have anthropic horizons, 
in places with high SOM transformation rates such as the 
Amazon, there is a trend towards higher values of C-FAF 
since they are influenced by the entry of new C into the 
soil and, consequently, more labile. The relation between 
pyrogenic C and the environment involves mechanisms 
that are not yet well established by the scientific community. 
In addition to all the effects on the chemical, physical, and 
biological properties of the soil, pyrogenic C can favor the 
accumulation and synthesis of other highly stable organic 
compounds, further contributing to the increase in soil C 
contents (Liang et al., 2010). 

The known C stabilization mechanisms that act on SOM 
fractions in soils with anthropic horizons in Amazonia are 
associated with SOM recalcitrance provided by the presence of 
pyrogenic coal, in addition to its tendency to present carboxylic 
groups that increase its ability to interact with the fraction 
mineral, characterizing the mechanism of chemical protection. 
This results in better soil aggregation, allowing some SOM 
fractions to be stored and protected from microorganisms 
inside the aggregates, favoring the physical protection of 
these fractions. Therefore, the mineralogical composition 
of soils is considered a limiting attribute in the capacity of 
a soil to store C in the form of SOM fractions (Sollins et al., 
1996). However, in soils with anthropic horizons, this capacity 
is increased due to the structural chemical composition 
of pyrogenic coal (Mao et al., 2012) which makes it more 
recalcitrant and more able to remain in the soil for longer.  

5. CONCLUSIONS

The highest C contents were observed in the MOC and 
C-HUMF fractions, indicating that the main form of carbon 
stabilization is associated with chemical protection from SOM and 
the recalcitrance of organic material provided by pyrogenic coal. 

ACKNOWLEDGEMENTS
We thank the research funding agencies FAPERJ, CAPES 
and CNPq. 

SUBMISSION STATUS
Received: 14 Nov. 2021
Accepted: 01 Feb. 2022
Associate editor: Eduardo Vinicius da Silva 

CORRESPONDENCE TO
Marcos Gervasio Pereira
BR-465, Km 7, CEP 23890-000, Seropédica, RJ, Brasil
e-mail: mgervasiopereira01@gmail.com

REFERENCES
Almada AP, Pinheiro Junior CR, Pereira MG, Reis IMS, Sousa MA, 
Pinto LASR, Santos OAQ. Caracterização e classificação de solos no 
Bioma amazônico no oeste do estado do Pará 2021, 16(1): e8458.

Barros KRM, Lima HV, Canellas LP, Kern DC. Fracionamento 
químico da matéria orgânica e caracterização física de Terra Preta 
de Índio. Revista Ciência Agrária 2012; 55(1): 44-51. 

Beaudette DE, Roudier P, O’geen AT. Algorithms for quantitative 
pedology: a toolkit for soil scientists. Computers and Geosciences 
2013; 2:258-268. 

Benites VM, Madari B, Machado PLOA. Extração e fracionamento 
quantitativo de substâncias húmicas do solo: um procedimento 
simplificado de baixo custo. Rio de Janeiro: Embrapa Solos, 2003.

Bernades KC, Ruivo MLP, Pedroso AJS, Rodrigues PG, Okumura RS. 
Chemical attributes of archaeological black earth soils in Brazilian 
Amazon. Australian Journal of Crop Science 2017;11(10): 1334-1338.

Cambardella CA, Elliott ET. Methods for physical separation 
and characterization of soil organic matter fractions. Geoderma 
1992;56:449-457.

Campos MCC, Ribeiro MR, Souza Junior VS, Ribeiro Filho MR, 
Souza RVCC, Almeida MC. Caracterização e classificação de terras 
pretas arqueológicas na região do Médio Rio Madeira. Bragantia 
2011; 70(3):598-609.

Chagas LFB, Falcão NPS, Padilha FJ, Oliveira DM, Guimarães RS, 
Campos DVB et al. Avaliação do Impacto do Cultivo de Citros 
sobre os Estoques de Carbono e Nitrogênio das Frações Leves da 

https://orcid.org/0000-0002-1115-0624


Floresta e Ambiente 2022; 29(1): e20210091

10 - 10 Ziviani MM, Reis IMS, Tavares OCH, Silva ERO, Santos OAQ, Pinto LASR, Pereira MG

10

Matéria Orgânica de Solos Antrópicos (Terras Pretas de Índio) e 
Solos Adjacentes (Latossolos) da Amazônia Central. Revista Virtual 
de Química 2017; 5(1):2067-2081.

Culman SW, Freeman M, Snapp SS. Procedure for the determination 
of permanganate oxidizable carbon. Hickory Corners MI: Kellogg 
Biological Station. MI 2012.. filter. kbs. msu. edu/protocols/133.

Cunha TJF, Madari BE, Benites VM, Canellas LP, Novotny EH, 
Moutta RO et al. Fracionamento químico da matéria orgânica e 
características de ácidos húmicos de solos com horizonte a antrópico 
da Amazônia (Terra Preta). Acta Amazonica 2007; 37:91-98.

Cunha TJF, Madari BE, Canelas LP, Ribeiro LP, Benites VM, Santos 
GA. Soil organic matter and fertility of anthropogenic dark earths 
(Terra Preta de Índio) in the Brazilian Amazon basin. Revista 
Brasileira de Ciência do Solo 2009; 33:85-93. 

Fraser JA, Clement CR. Dark Earths and manioc cultivation in 
Central Amazonia: a window on pre-Columbian agricultural 
systems. Boletim do Museu Paraense Emílio Goeldi. Ciências 
Humanas 2008, 3(2):175-194. 

Fraser J, Teixeira W, Falcão N, Woods W, Lehmann J, Junqueira 
AB. Anthropogenic soils in the Central Amazon: From categories 
to a continuum. Area 2011; 43(3):264–273.

Glaser B, Balashov E, Haumaier L, Guggenberger G, Zech W. Black 
carbon in density fractions of anthropogenic soils of the Brazilian 
Amazon region. Organic Geochemistry 2000;31(7-8): 669-678. 

Glaser B, Haumaier L, Guggenberger G, Zech W. The ‘Terra Preta’ 
phenomenon: a model for sustainable agriculture in the humid 
tropics. Naturwissenschaften 2001,88(1): 37-41.

IUSS Working Group WRB. 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; 2015, Rome.

Jenny H. Factors of soil formation: a system of quantitative pedology. 
New York: McGraw-Hill. 1941.

Lehmann J, Silva Junior JP, Steiner C, Nehls T, Zech W, Glaser B. 
Nutrient availability and leaching in an archaeological Anthrosol 
and a Ferralsol of the Central Amazon basin: fertilizer, manure and 
charcoal amendments. Plant and Soil 2003; 249:343-357.

Liang B, Lehmann J, Sohi SP, Thies JE, O’neill B, Trujillo L et al.. 
Black carbon affects the cycling of non-black carbon in soil. Organic 
Geochemistry 2010; 41(2):206– 213.

Liang B, Lehmann J, Solomon D, Kinyangi J, Grossman J. O’neill 
B. et al. 2006. Black Carbon Increases Cation Exchange Capacity 
in Soils. Soil Science Society of America 2006;70 (5):1719-1730.

Lima HN, Schaefer CER, Mello JWV, Gilkes RJ, Ker JC. 2002. Pedogenesis 
and pre-Colombian land use of “Terra Preta Anthrosols” (“Indian black 
earth”) of Western Amazonia. Geoderma 2002; 110(1–2):1–17.

Madari BE, Cunha TJF, Novotny EH, Milori DMBP, Martin Neto 
L, Benites Vme et al. Matéria Orgânica dos Solos Antrópicos da 
Amazônia (Terra Preta de Índio): suas características e papel na 
sustentabilidade da fertilidade do solo. In: Teixeira WG, Kern DC, 
Madari BE, Lima HN, Woods W, editors. As terras pretas de índio 
da Amazônia: sua caracterização e uso deste conhecimento na 
criação de novas áreas. Manaus: 2009. 

Mao JD, Johnson RL, Lehmann J, Olk DC, Neves EG.; Thompson 
ML et al. Abundant and stable char residues in soils: Implications 
for soil fertility and carbon sequestration. Environmental Science 
and Technology 2012; 46(17):9571–9576.

Neves EG, Petersen JB, Bartone RN, Heckenberger MJ. The Timing of 
Terra Preta Formation in the Central Amazon: Archaeological Data 
from Three Sites. In: Glaser B, Woods WI, editors. Amazonian Dark 
Earths: Explorations in space and time. Berlin, Heidelberg: Springer, 2004.

Novotny EH, Hayes MHB, Madari BE, Bonagamba TJ, Azevedo 
ER, Souza AA. et al. Lessons from the Terra Preta de Índios of the 
Amazon Region for the utilization of charcoal for soil amendment. 
Journal of the Brazilian Chemical Society 2009; 20 (6): 1003-1010.

Santos HG, Jacomine PKT, Anjos LHC, Oliveira VA, Lumbreras 
JF, Coelho MR. et al. Sistema Brasileiro de Classificação de Solos. 
5 ed. Embrapa: Brasília; 2018. 

Schellekens J, Almeida-Santos T, Macedo RS, Buurman P, Kuyper 
TW, Vidal-Torrado P. Molecular composition of several soil organic 
matter fractions from anthropogenic black soils (Terra Preta de 
Índio) in Amazonia — A pyrolysis-GC/MS study. Geoderma 2017; 
288:154–165. 

Sollins P, Homann P, Caldwell BA. Stabilization and destabilization 
of soil organic matter: Mechanisms and controls. Geoderma 1996, 
74:65-105.

Sousa MA, Reis IMS, Almada AP, Rossi CQ, Pereira MG, Pinto LASR 
et al. Atributos químicos e frações da matéria orgânica em solos 
antrópicos na Amazônia Oriental. Brazilian Journal of Development, 
2020; 6(5): 29623-29643.

Sousa RO, Vah LC, Otero XL. Química dos solos alagados. In: Melo, 
FM, Alleoni LRF. Química e Mineralogia do Solo: Conceitos básicos 
e aplicações. Viçosa, MG. 2019.

Tedesco MJ, Gianello C, Bissan CA, Bohnen H, Volkweiss SJ. Análises 
de solo, plantas e outros materiais. Porto Alegre: Universidade 
Federal do Rio Grande do Sul, 2 ed. 1995.

Teixeira PC, Donagema GK, Fontana A, Teixeira WG. (Org.). Manual 
de métodos de análise de solos. 3.ed. Brasília: Embrapa. 2017 

Teixeira WG, Kern DC, Madari BE, Lima HN, Woods W. As 
terras pretas de índio da Amazônia: sua caracterização e uso 
deste conhecimento na criação de novas áreas. Manaus: Embrapa 
Amazônia Ocidental. 2009.


	_Hlk75472630
	_Hlk75471364
	_Hlk92111732
	_Hlk92111107

