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ABSTRACT: Archaeological Dark Earth (ADE) pedogenesis and pre-Columbian history
are fundamental for understanding the biodiversity and pedodiversity of the Neotropical
rainforest in the Amazon region. This study aimed to evaluate the morphological, physical,
chemical, and mineralogical properties as well as NaOH-extractable organic matter
[OM(NaOH)] in ADE and Mulatto Earth (ME) overlying volcanic rocks along a toposequence
(four soil profiles) in western Amazonia, Brazil. The soil profiles show anthropic A horizons
over an argic horizon (Bt) in the ADE (Humic, Pretic Luvisols) and Bi in the ME (Clayic,
Dystric Cambisols). The soil-forming processes in all of the profiles are associated with
organic matter accumulation, such as humification and melanization, besides the formation
of organometallic complexes. Calcium, Mg, P, and organic carbon contents were higher
in ADE compared to ME. High-activity clays are derived from parent volcanic material,
distinguishing the soils studied from Amazonian soils (Tertiary Plateau, Terra Firme) and
most Amazonian anthropic soils. The anthropic horizons generally have a large contribution
from OM(NaOH), predominantly humin and humic acids associated with Ca, Mg, and poorly
crystalline Al hydroxides. The results suggest that the anthropic driving-forces caused
greater differences in pedogenesis than the soil location in the landscape.
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INTRODUCTION

Archaeological Dark Earth (ADE), also known as Terra Preta de indio, contrasts with
non-anthropogenic soils of the Amazonas region due to the high content of organic
matter and carbon in the highly stable form of biochar (pyrogenic carbon), and usually
these soils are rich in P and Ca. Pedogenesis of ADE and the role of pre-Columbian
nations form one of the most important and complex archaeological data sources for
understanding the pedodiversity, Amazonian prehistory, and the anthropic driving forces
in the soil environment. The anthropogenesis is complex and wide ranging on the spatio-
temporal scale, encompassing many processes and outcomes (Sandor et al., 2005). Such
anthropogenic processes are important to support the pedology (Bryant and Galbraith,
2003) and the sustainability of agricultural areas of the anthropic soils, which range from
black and brownish (Terra Mulata or Mulatto Earth - ME) coloration.

The ME is another soil type in the Amazon whose formation is related to long-term indigenous
crops (Sombroek, 1966; Arroyo-Kalin, 2012; Costa et al., 2013; Roberts et al., 2017). The
MEs are pre-Colombian farming areas near the ADEs, stemming from improved soil fertility
due to agriculture, likely using practices similar to composting (Sombroek et al., 2009).
The ME areas are distinguished from the ADE by their lighter-colored surface layer and
the absence or small number of ceramic artifacts, which are frequently near the different
ADE sites (Sombroek et al., 2009). This soil type is controverted and is rarely reported in
the literature, in addition to having poor nutrient content compared to ADE. However, ME
has higher levels of exchangeable bases compared to the adjacent Ferralsols and Ultisols,
with slight increases in pH and P, Ca, Mg, Mn, and Zn contents (Fraser et al., 2011).

Archaeological Dark Earth has anthropogenic A horizons and is classified as Pretic Anthrosol
by the IUSS Working Group WRB (2015). The pretic horizon is defined as a dark mineral
surface horizon with a Munsell color value =4 and a chroma =3, both moist, a soil organic
carbon content of =10 g kg™, an exchangeable Ca plus Mg content =2 cmol. kg™, and
Mehlich-1 extractable P =30 mg kg™. In addition, it contains =1 % artifacts (by volume),
or charcoal content =1 % (by volume), or evidences of past human occupation in the
surrounding landscape, e.g., constructions, gardens, shell mounds, or earthworks; and
<25 % (by volume, by weighted average) of animal pores, coprolites, or other traces of
soil animal activity; and one or more layers with a combined thickness of =0.20 m. The
pretic horizons are the result of pre-Columbian activities and have persisted over many
centuries despite humid tropical conditions (IUSS Working Group WRB, 2015).

These soils occur in patches throughout the Amazon, particularly in Brazil, Colombia,
Guyana, Ecuador, Peru, and Venezuela (Kern et al., 2003). These areas are located over
ancient settlements where several cultural artifacts are found. Their dark color is due
to organic matter decomposition in the form of pyrogenic carbon (biochar, charcoal),
such as domestic fire and agricultural burning remnants (Lima et al., 2002). The NaOH-
extractable organic matter [OM(NaOH)] has a high amount of inorganic impurities (Ca,
Fe, Al, and Si) (Swift, 1996). The humin fraction may be composed of organic matter that
is strongly bound to the mineral phase (Sollins et al., 1996), which may include charcoal
and condensed polyaromatic structures (Knicker et al., 2005; Schellekens et al., 2017),
with a relatively low degree of degradation of organic matter in anthropogenic horizons
(Glaser et al., 2003; Schellekens et al., 2017).

The ADEs are recurring over various soil classes, especially Ferralsols, Acrisols, and
Cambisols (Lima et al., 2002), as well as Leptosols/Regosols (Santos et al., 2013a) and
Podzols (Smith, 1980). However, the occurrence of ADE on Luvisols had not yet been
reported for the Amazon region.

It is believed that humans and many other organisms, which are active agents of soil
formation, have interacted with the Earth’s surface and changed the soil composition
during its genesis (Sandor et al., 2005). Anthropogenic soils are the result of different
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uses and durations of indigenous settlements in distinct patterns of soil modification,
which indicate the location of functional areas of villages, due to the distinct properties
of their occupation (Lima et al., 2002; Lehmann et al., 2003; Arroyo-Kalin et al., 2009;
Arroyo-Kalin, 2012). While soils are subjected to major changes over geological time,
changes due to anthropogenic activity commonly occur over a much shorter time
scale (Sandor et al., 2005). Anthropogenic activity can promote argilluviation and the
development of clay coating (Macedo et al., 2017).

Furthermore, other studies have investigated relationships between soil properties
and landscape at different locations. Anthropogenic A horizons with similar chemical
properties and depths in different relief positions were observed by Campos et al.
(2011), suggesting that similar anthropogenic conditions have influenced their formation.
Although substantial information is available on ADEs (Kern and Kampf, 1989; Costa and
Kern, 1999; Lima et al., 2002; Campos et al., 2012; Santos et al., 2013a; Macedo et al.,
2017), the origin of such soils remains a challenge, as well as optimization of their use
and management. There is thus a large knowledge gap in relative to the anthropic
driving-forces expressed in the ADE and ME, especially related to landscape locations
and derivation from intermediate volcanic rocks. The common parent material of Terras
Firmes are granites and tertiary sediments (Brasil, 1978), which are reflected, to a certain
extent, in the mineralogical composition of the soils (low activity clay) and the poverty
of mafic minerals of the parent material, associated with intense chemical weathering,
typical of the Amazon region.

We hypothesize that the anthropic soils of Apui, Amazonas state, have different properties
than other soils of the Amazon region because they are developed on volcanic rocks.
Furthermore, differences in the composition of soil organic matter between ADE and ME
affect the accumulation of carbon in these soils. Consequently, we aimed to evaluate
soil pedogenesis along a toposequence from Archaeological Dark Earth to Mulatto Earth,
overlying volcanic rocks in the western Amazon, Brazil.

MATERIALS AND METHODS

The soil toposequence studied is in the western Amazon, in the south-central part of the
state of Amazonas (Brazil), municipality of Apui (Figure 1). The location of the soil profiles and
current use of the soil are as follows: P1 (summit, 7° 12" 00” S, 59° 39" 35" W, old forest);
P2 (shoulder, 7° 12" 3" S, 59° 39’ 35” W, cacao plantation); P3 (backslope, 7° 12’ 8" S,
59° 39’ 35" W, brachiaria/kudzu); and P4 (footslope, 7° 12’ 9" S, 59° 39’ 36” W, brachiaria/
kudzu). The climate is hot and humid with a brief dry season and “Am” type (monsoon-type
rain) by the Képpen classification system. Average annual temperature ranges from 25 to
26 °C, with annual rainfall ranging from 1,750 to 2,750 mm, a short dry period with less than
60 mm of rainfall in the dry months, and relative humidity of 85 % (Brasil, 1975).

The area has no major elevation and is composed of lowlands and hilly areas, as well as
regular and highland plateaus, which can reach 400 m altitude. The toposequence was
identified from the summit to the footslope, with alluvial sediments from the Douradao
River. The toposequence was subdivided into four segments based on the model of
Dalrymple et al. (1968). The profiles P1, P2, P3, and P4 are at 117, 113, 96, and 93 ma.s.l.,
respectively (Figure 2). Vegetation in the area is primarily dense forests (Brasil, 1975).

Local geology is defined by the Colider Group, which is composed of rhyolites, rhyodacites,
basalts, andesites, tuffs, volcanic breccias, and interspersed epiclastic beds (CPRM, 2005).

A pit was dug in each slope segment for further soil morphological characterization and
sampling. The soil samples were used for physical and chemical analyses. Soil horizons
were identified and the morphology was described according to Santos et al. (2015).
Ceramic fragments in the soil samples were quantified by weighing, establishing the
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ratio [mass of ceramic fragments/mass of the air-dried fine earth (ADFE)]. The soils were
classified according to the Brazilian System of Soil Classification (SiBCS) (Santos et al.,
2013b) and the World Reference Base of Soils (IUSS Working Group WRB, 2015). Rock
samples with signs of alteration were also collected from the base of the P1 and P3 profiles.
The rock samples were fragmented and reduced for mineralogical analyses.

Particle size distribution analysis was performed after removal of organic matter
with hydrogen peroxide (H,0,). The clay fraction was measured with a hydrometer
after dispersion with an NaOH solution at 0.01 mol L™. The coarse and fine sand
fractions were separated through sieving, and then dried and weighed. The silt
fraction was calculated based on the difference between the total sand weight and
the clay weight, according to Gee and Or (2002). Water dispersed clay (WDC) was
determined by the densimeter method, and the degree of flocculation (DF) was
calculated (Donagema et al., 2011).

Soil bulk density (Bd) was determined using the volumetric ring method as proposed by
Grossman and Reinsch (2002). The soil solid particle density (ps) was determined using
the volumetric flask method as proposed by Flint and Flint (2002). Total soil porosity
(Pt) was estimated from the particle and soil densities using the following expression:
Pt = 100 x (1- Bd/ps) (Donagema et al., 2011).
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Figure 1. Location of the studied area in western Amazonia, Brazil.
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Figure 2. Location of the four profiles of the volcanic toposequence studied in Apui (Brazil).

Soil pH was measured in water and in a KCI 1 mol L™ solution using a potentiometer
and a ratio of 1:2.5 v/v of soil:liquid. Exchangeable Ca, Mg, and Al were extracted
with KCl 1 mol L and determined using atomic absorption spectrophotometry.
Exchangeable K, Na, and available P were extracted with Mehlich-1. Concentrations of
K* and Na* were determined through flame spectrophotometry, and available P through
colorimetry. Potential acidity (H+Al) was extracted using 0.5 mol L™ calcium acetate
solution buffered at pH 7.0, which was determined by titration with 0.025 mol L™ NaOH.
Based on chemical analyses, we calculated the sum of bases (SB), cation exchange
capacity (CEC), base saturation (V), and aluminum saturation (m). All the chemical
analyses mentioned above were determined according to Donagema et al. (2011).

Clay fraction mineralogy was studied using X-ray diffraction (XRD), after a pretreatment
to remove organic matter using 3 % H,0, (v/v) (Jackson, 1975). Chemical dispersion of
the particle size fractions was performed with NaOH and plus mechanical agitation with
a “Wagner” for 16 h. The clay fraction was separated by siphoning after decantation
of the silt fraction. Diffractograms were produced from samples in the form of natural
oriented clay. The criterion used to interpret the diffractograms and identify the
minerals was based on interplanar spacing (d), according to Jackson (1975) and
Brown and Brindley (1980).

Silicon, Fe, and Al were extracted by sulfuric acid digestion, followed by alkaline digestion.
These elements were determined in the upper, middle, and lower horizons of each soil
profile using the fine earth fraction, based on the methodology proposed by Vettori (1969).
Measurements were recorded using atomic absorption spectrophotometry.
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Free Fe (Fed) was extracted using dithionite-citrate-bicarbonate (DCB) with three
successive extractions for 15 min at 80 °C, as described by Mehra and Jackson (1960)
with modifications of Inda Junior and Kampf (2003). The low-crystallinity Fe (Feo) and
Al (Alo) forms were extracted using a 0.2 mol L ammonium oxalate solution at a pH of
3.0in the dark for a single extraction (Schwertmann, 1964). The amounts were measured
through atomic absorption spectrophotometry. The Fed and Feo were expressed in g kg™,
and the following ratios were determined: Feo/Fed and Feo/(Fed-Feo). Moreover, Fe
contents were converted to the oxide form (Fe,0;) to determine the ratio between the
DCB extracted Fe contents and those extracted via sulfuric acid attack, Fed/Fes.

Total organic carbon (TOC) was determined via wet oxidation with external heating using
a0.167 mol L™ potassium dichromate solution and concentrated sulfuric acid (Yeomans
and Bremner, 1988). The separation of OM(NaOH) was performed according to Mendonca
and Matos (2005) using 0.5 g of soil in 10 mL of 0.1 mol L™ NaOH for 16 h in an automatic
shaker at a soil:extractant ratio of 1:20. The extractable material and the final residue are
similar to the operationally defined humic acid (HA), fulvic acid (FA), and humin (HUM)
fractions (Lichtfouse et al., 1998). The TOC contents in each fraction (HA, FA, and HUM)
were analyzed according to Yeomans and Bremner (1988).

The relationship between carbon content in the form of humic acids (C-HA) and fulvic
acids (C-FA) were used to indicate carbon mobility (Benites et al., 2003) or the potential
of soil carbon loss (Anjos et al., 2008). The ratio of the alkaline extract carbon content
(sum of C-FA and C-HA) and the humin fraction carbon content (C-HUM) was used to
indicate the structural stability of organic matter.

The soil variables and soil organic matter (SOM) fractions of all the horizons were analyzed
through Pearson correlations. Analyses were performed using the statistical program
Statistica 12.0 (Statsoft Inc., 2013).

RESULTS
Morphological and physical properties

Diagnostic horizons in each pedon include anthropic A horizons (Au) overlying a diagnostic
argic subsurface horizon (Bt horizons) in the ADE (P1 and P2) and Bi in the ME (P3 and P4).
The pedons exhibit Aul-Au2-Bt1-Bt2-BC-R (P1), Aup-Au-BA-Bt-BC-Cc (P2), Aup-Au-BA-Bi-BCr
(P3), and Aup-AB-BA-Bi-BCr (P4) pedogenic horizon sequences (Table 1). Darker colors
in the surface horizons of the P1 and P2 profiles range from black to very dark brown
(moist color) (0.00-0.33 m in P1 and 0.00-0.45 m in P2), associated with the greater
occurrence of ceramic fragments incorporated in these horizons (Tables 1). For the P3 and
P4 profiles, the surface horizons (depth <0.24 m in P3 and depth <0.49 m in P4) range
from very dark brown to very dark grayish brown.

The subsurface horizons of the ADE have moderate to abundant occurrences of clay
coatings in the soil aggregates, inter- and intra-aggregates, defined as the Bt horizon,
although the clay content is insufficient to characterize the textural gradient. The silt and
clay fractions are predominant, and the clay fraction tends to increase with depth from
the anthropic horizon to the subsurface horizon in the ADE. The silt fraction, however,
behaves differently. The horizons of the ADE range from silty clay loam to silty clay, while
the ME texture is clayey in all horizons (Table 2). The silt/clay ratio in the profiles studied
has higher values in the anthropic horizon than in the subsurface horizon, primarily
for the P1 and P2 profiles. The anthropic horizons of all the soils have a strong and/or
moderate structure in granular and/or block forms (Table 1).

The degree of flocculation of clay increases at the surface (Table 2). Bulk densities are
lowest in the upper horizons (Table 2). The mean ps has approximately the same values
(2.6 Mg m?) throughout the entire toposequence.
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Table 1. Morphological properties of Archaeological Dark Earth and Mulatto Earth in western Amazonia, Brazil

Horizon Layer Ceramic fragments Color (wet) Clay coating Structure
m

P1 - Summit - Humic, Pretic Luvisol/Luvissolo Crémico (Archaeological Dark Earth)

Aul 0.00-0.20 67 10YR 2/1 nc str. sma. to med. gra.
Au2 0.20-0.33 31 10YR 2/2 nc mod. sma. to med. gra. and sub
Btl 0.33-0.50 8 10YR 4/3 nc mod. vsma. med. and sub
Bt2 0.50-0.68 0 10YR 4/4 mod. and com. wea. and mod. med. angb
BC 0.68-0.83 0 10YR 4/6 wea. and com. wea. med. angb
R 0.83-1.37* 0 nd nd nd
P2 - Shoulder - Humic, Pretic Luvisol/Luvissolo Crémico (Archaeological Dark Earth)

Aup 0.00-0.16 54 10YR 2/1 nc mod. and str. vsma. and sma. gra. and sub
Au 0.16-0.45 33 10YR 2/2 nc mod. and str. vsma. sma. gra.
BA 0.45-0.62 0 10YR 3/3 nc mod. vsma. and sma. sub
Bt 0.62-1.05 0 10YR 4/3 mod. and abu. wea. med. angb
BC 1.05-1.35 0 10YR 5/6 nc ma.
Cc 1.35-1.80" 0 10YR 5/6 nc nd

P3 - Backslope - Clayic, Dystric Cambisol/Cambissolo Haplico (Mulatto Earth)
Aup 0.00-0.11 0 10YR 2/2 nc str. vsma. sma. gra.
Au 0.11-0.24 12 10YR 3/1 nc mod. med. to lar. angb subb and gra.
BA 0.24-0.50 0 10YR 3/2 nc str. sma. and med. angb subb and gra.
Bi 0.50-0.85 0 10YR 3/3 nc str. lar. to vlg. angb and sub
BCr 0.85-1.10° 0 10YR 6/6 nc ma.

P4 - Footslope - Clayic, Dystric Cambisol/Cambissolo Haplico (Mulatto Earth)
Aup 0.00-0.23 3 10YR 3/2 nc str. sma. gra.
AB 0.23-0.49 0 10YR 4/3 nc mod. med. angb
BA 0.49-0.92 0 10YR 4/4 nc str. med. to lar. angb
Bi 0.92-1.27 0 10YR 4/6 nc str. med. to lar. gra.
BCr 1.27-1.40° 0 10YR 5/6 nc ma.

abu = abundant; angb = angular blocks; com = common; gra = granular; lar = large; med = medium; mod = moderate; ma = massive; nc =
unchecked; nd = non-determined; sma = small; str = strong; sub = subangular blocks; vig = very large; vsma = very small; wea = weak.

Chemical properties and extractions of Si, Fe, and Al

The total organic carbon (TOC) content of the bulk samples decreases throughout the
toposequence (Table 3). In the uppermost horizon, TOC ranges from 56.3 to 68.8 g kg™
in the ADE and from 37.6 to 49.5 g kg™ in the ME.

The Ca** contents range from 2.39 to 23.85 cmol. kg™, and the Mg** from 0.13 to
4.14 cmol. kg™, in the anthropic horizons, while P4 has the lowest values in this horizon
(from 1.84 to 10.59 cmol, kg™ for Ca** and from 0.05 to 0.43 cmol. kg™ for Mg**) (Table 3).
These results are similar to those determined by Silva et al. (2011), who reported Ca**
contents from 3.20 to 25.0 cmol, kg™. The K* contents are low, ranging from 1.44 to
0.02 cmol. kg™ in all horizons (Table 3). The P3 profile has the highest K* content.

The pH(KCI) is lower than the pH(H,0), establishing a negative ApH (Table 3), with values
higher than 5.5 in the ADE, and from 4.4 to 6.0 in the ME. The CEC values are high in all the
profiles, primarily in the Au and Aup horizons. The highest V percentages are observed in the
ADE, including the subsurface horizons, classified as eutrophic, whereas the ME are dystrophic,
with the exception of the Aup horizon of the P3 profile. The available P contents are high, at an
average of 290 mg kg™ in the surface horizons. The P2 Au horizon stands out with 662 mg kg™,
whereas the P4 profile has the lowest values (162 mg kg™ in the anthropic horizon).
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Sulfuric acid digestion results in the highest contents of Si, Fe, and Al oxides in the ADE
profiles, except for the Aup of P4, which shows higher value of SiO, (Table 4). The values
of total Fe,0; and Fed are higher in the ADE profiles than in the ME profiles. The total
Fe,0, contents range from 32.3 to 98.8 g kg™ (Table 4), within the typical range of values
observed in Amazonian soils (Silva et al., 2011). The Fed contents range from 32.2t061.9g
kg™ (ADE) and from 8.7 to 27.2 g kg™ (ME), which predominates over the forms of Feo.

The Fed/Fes ratio has been used as an indicator of the degree of soil development, with
higher values in weathered soils (Cunha et al., 2005). The highest values of the ratio
are observed in the ADE profiles, confirming the more advanced evolution of these soils
compared to the rest of the toposequence. The Feo/Fed ratio is low for all soils studied
throughout the toposequence. Additionally, the Feo/(Fed-Feo) ratio, in which the Feo
contents are subtracted from Fed, is low in the ADEs and high in the MEs. The higher
Feo/(Fed-Feo) ratios presented for MEs indicate a dominance of low-crystallinity Fe-forms
and confirm the incipient nature of these soils (Lima et al., 2002), classified as Cambissolo.

The Ald contents has the highest values for P1 (ranging from 27.59 to 30.03 g kg™) and
these contents decrease along the toposequence. The lowest values are observed for
P3 and P4 (7.42 to 11.53 g kg™). No significant variation of these values is observed

Table 2. Physical properties of Archaeological Dark Earth and Mulatto Earth in western Amazonia, Brazil

Particle size distribution”

Horizon FS/CS - - WDC DF Silt/Clay Bd Ps Pt
Coarse sand Fine sand Silt Clay
g kg™ % Mg m? m’m?
P1 - Summit - Humic, Pretic Luvisol/Luvissolo Crémico (Archaeological Dark Earth)
Aul 1.4 65 93 451 391 43 89 1.2 0.7 2.5 72
Au2 1.4 63 88 443 406 180 56 1.1 0.9 2.6 65
Btl 15 43 67 336 554 277 50 0.6 nd 2.7 nd
Bt2 1.4 27 38 332 603 348 42 0.6 nd 2.7 nd
BC 1.4 23 32 217 728 455 38 0.3 nd 2.7 nd
P2 - Shoulder - Humic, Pretic Luvisol/Luvissolo Crémico (Archaeological Dark Earth)
Aup 1.5 62 91 454 393 109 72 1.2 0.9 2.6 65
Au 1.6 58 92 446 404 269 33 1.1 0.9 2.6 65
BA 1.9 35 65 334 566 362 36 0.6 1.2 2.7 56
Bt 1.5 23 34 330 613 454 26 0.5 nd 2.7 nd
BC 2.1 16 33 250 701 467 33 0.4 nd 2.7 nd
Cc 0.9 35 33 213 719 479 33 0.3 nd nd nd
P3 - Backslope - Clayic, Dystric Cambisol/Cambissolo Haplico (Mulatto Earth)
Aup 1.1 84 100 380 436 138 68 0.9 0.8 2.5 69
Au 1.3 85 112 289 514 187 64 0.6 0.9 2.6 65
BA 1.6 68 107 265 560 234 58 0.5 1.0 2.7 63
Bi 2.0 56 110 263 571 286 50 0.5 1.1 2.7 61
BCr 2.2 36 81 312 571 119 79 0.5 nd 2.7 nd
P4 - Footslope - Clayic, Dystric Cambisol/Cambissolo Haplico (Mulatto Earth)
Aup 1.8 51 92 352 505 229 55 0.7 0.8 2.5 69
AB 2.5 40 99 352 509 255 50 0.7 0.8 2.6 69
BA 2.4 41 100 353 506 184 64 0.7 1.0 2.7 64
Bi 2.2 46 103 331 520 331 36 0.6 1.2 2.7 55
BCr 2.3 46 104 328 522 285 45 0.6 nd 2.7 nd

™ Sand, silt, clay: method described in Gee and Or (2002); WDC: water-dispersed clay (Donagema et al., 2011); DF: degree of flocculation (Donagema et al.,
2011); FS/CS = fine sand/coarse sand ratio; Bd = soil bulk density (Grossman and Reinsch (2002); Ps = particle density (Flint and Flint, 2002); Pt =
total porosity, calculated according to Donagema et al. (2011); nd = not determined.
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Table 3. Chemical properties of Archaeological Dark Earth and Mulatto Earth in western Amazonia, Brazil

H
Profile Hz ﬁ ApH Ca** Mg* K Na* SB AP* H+Al CEC ' m P TOC CECa
2

cmol. kg™ % mgkg?  gkg

P1 - Summit - Humic, Pretic Luvisol/Luvissolo Crémico (Archaeological Dark Earth)

Aul  5.50 500 -0.5 2385 4.14 0.19 0.08 28.26 0.58 15.49 43.75 65 2 206 68.85 111.89

Au2  5.70 470 -1.0 1464 227 0.09 0.05 17.05 0.43 14.27 31.32 54 2 455 37.23 77.14

P1 Btl 5.90 470 -12 12.07 2.07 0.09 0.06 1429 0.42 8.84 23.13 62 3 268 20.87 41.75
Bt2 5.80 450 -13 890 1.20 0.09 0.05 1024 0.38 6.76 17.00 60 4 128 10.61 28.19

BC 5.70 450 -12 7.42  0.69 0.14 0.05 830 0.40 6.26 14.56 57 5 146 7.29 20.00

P2 - Shoulder - Humic, Pretic Luvisol/Luvissolo Crémico (Archaeological Dark Earth)

Aup  6.30 570 -0.6 21.60 1.87 0.52 0.10 24.09 0.78 8.50 32.59 74 3 227 56.31 82.93

Au  5.80 460 -12 1389 222 0.43 0.11 16.65 0.38 16.81 33.46 50 2 668 32.75 82.82

BA  5.80 450 -1.3 10.82 1.99 0.21 0.07 13.09 0.42 12.48 25.57 51 3 354 16.60 45.18

P2 Bt 5.60 440 -12 829 133 0.17 0.07 9.86 0.49 7.72 17.58 56 5 203 9.55 28.68
BC 5.40 430 -11 6.58 1.33 0.16 0.06 8.13  0.55 6.62 14.75 55 6 199 5.62 21.04

Cc 5.20 420 -1.0 5.00 1.30 0.14 0.06 6.50 0.52 6.20 12.70 51 7 226 4.89 17.66

P3 - Backslope - Clayic, Dystric Cambisol/Cambissolo Haplico (Mulatto Earth)

Aup  6.00 540 -0.6 1852 2.88 0.50 0.15 22.04 0.03 11.60 33.64 66 0 236 49.50 77.16

Au  5.60 410 -15 239 013 1.44 0.29 425 155 20.39 24.65 17 27 323 26.33 47.96

P3 BA 550 400 -15 1.52 0.02 1.42 0.15 311  1.79 15.98 19.09 16 37 284 13.72 34.09
Bi 4.80 390 -1.0 149 0.01 0.53 0.08 211 217 13.69 15.80 13 51 258 9.95 27.67

BCr  4.60 3.60 -1.0 1.53 0.01 0.22 0.03 1.79 2.84 10.31 12.10 15 61 140 4.61 21.19

P4 - Footslope - Clayic, Dystric Cambisol/Cambissolo Héplico (Mulatto Earth)

Aup  5.00 420 -0.8 10.59 043 0.27 0.17 11.47 057 19.87 31.34 37 5 162 37.60 62.06

AB  4.40 400 -05 1.84 0.05 0.09 0.13 211 245 17.20 19.31 11 54 119 22.70 37.94

P4 BA 470 400 -0.7 1.74 0.01 0.04 0.00 1.80 2.20 13.62 15.41 12 55 107 9.70 30.45
Bi 4.50 390 -0.6 1.70  0.00 0.02 0.00 173 2.62 9.87 11.59 15 60 73 3.99 22.29

BCr  4.50 400 -05 1.57 0.01 0.02 0.00 1.59 251 10.52 12.11 13 61 95 6.02 23.20

Hz = horizon; SB = sum of bases; CEC = cation exchange capacity; V = base saturation; m = aluminum saturation, all calculate according to
Donagema et al. (2011); TOC = total organic carbon (Yeomans and Bremner, 1988); CECa = clay fraction activity (Donagema et al., 2011).

throughout each profile. The Alo values are lower than the Ald values and have a similar
variation with higher values for P1 (mean of 11.8 g kg™) (Table 4). The TiO, contents
show small variation with depth and between anthropogenic soils.

Mineralogical properties

Kaolinite is the predominant mineral in the clay fraction for all the anthropogenic soils
evaluated, which is identified by the presence of diffraction peaks relative to the basal
spacing at 0.357 and 0.716 nm. In general, gibbsite, goethite, mica, and feldspars are
also found in the clay fraction of all the profiles studied (Figure 3). Gibbsite is identified
by diffraction peaks at 0.484 nm, goethite by peaks at 0.415 nm, mica by peaks at
1.00 nm, and feldspars by peaks at 0.335 nm. Traces of expansive minerals (diffraction
peaks from 1.23-1.36 nm) are observed in most profiles, with higher values in P4 and
absence in P2 (Figure 3). The P1 and P3 profile rocks have mineralogical compositions
similar to the soil clay fraction, such as kaolinite, feldspar, quartz, gibbsite, and biotite
(Figure 3). The presence of kaolinite and gibbsite is indicative of alteration.

Contribution of OM(NaOH) to the formation of the anthropic A horizon

The anthropic horizons contain a large contribution of extractable OM(NaOH), primarily HUM
and HA (Table 4). The C-HUM ranges from 12.49 to 37.30 g kg™ in the anthropic horizons,
with a decreasing humin fraction with depth in all the profiles studied, corresponding,
on average, to 55 % of TOC in all the profiles. In P2, this proportion tends to be slightly
higher, reaching up to 71 % of TOC in Aup. The C contents in the humic acid (C-HA)
extracts decrease with depth, ranging from 10.5 to 14.5 g kg™ in the anthropic horizons.
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Table 4. Extractions of silicon, iron, aluminum, titanium, and fractions of the NaOH-extractable organic matter of Archaeological
Dark Earth and Mulatto Earth in western Amazonia, Brazil

Horizon Si0;  ALO, Fe:0; TiO; Ki  Fed Feo Al  Alo Feofed '*0' ' FedFes CFA CHA c-Hum TV O
gkg’ gkg' gkg’
P1 - Summit - Humic, Pretic Luvisol/Luvissolo Crémico (Archaeological Dark Earth)
Aul 166.0 161.8 76.9 8.60 1.74  47.57 5.41 29.95 13.98 0.11 0.13 0.62 4.17 17.48  35.67 4.20 0.61
Au2 nd nd nd nd nd 41.38 537 30.03 9.94 0.13 0.15 nd 226 1277 17.05 5.64 0.88
Btl nd nd nd nd nd 45.75 6.46 27.59 3.89 0.14 0.16 nd 0.91 4.89 10.99 5.40 0.53
Bt2 239.0 225.6 90.9 7.90 1.80 54.26 401 2859 2.27 0.07 0.08 0.60 0.81 0.45 8.94 0.56 0.14
BC 244.0 239.7 98.4 6.90 1.73 53.74 3.80 29.27 2.47 0.07 0.08 0.55 0.81 0.18 6.73 0.22 0.15
P2 - Shoulder - Humic, Pretic Luvisol/Luvissolo Crémico (Archaeological Dark Earth)
Aup 155.5 152.0 62.7 8.10 1.74 32.18 4.55 23.27 8.50 0.14 0.16 0.51 2.99 11.95 37.30 4.00 0.40
Au nd nd nd nd nd 36.96 480 24.85 8.14 0.13 0.15 nd 217 1449 1513 6.67 1.10
BA nd nd nd nd nd 37.21 3.44 25.77 2.54 0.09 0.10 nd 1.81 4.35 10.78 2.40 0.57
Bt 266.0 237.8 86.5 7.70 1.90 4585 412 23.99 2.22 0.09 0.10 0.53 0.36 1.09 7.68 3.00 0.19
BC nd nd nd nd nd 46.02 3.16 22.80 2.12 0.07 0.07 nd 0.18 0.45 6.50 2.50 0.10
Cc 285.0 262.3 98.8 7.30 1.85 61.92 239 2467 2.09 0.04 0.04 0.63 0.81 0.54 5.51 0.67 0.25
P3 - Backslope - Clayic, Dystric Cambisol/Cambissolo Haplico (Mulatto Earth)
Aup 1335 122.4 57.5 7.30 1.85 9.39 4.02 9.23 7.54 0.43 0.75 0.16 6.88 13.40 34.88 1.95 0.58
Au nd nd nd nd nd 11.21 429 10.30 7.96 0.38 0.62 nd 426 1340 12.49 3.15 1.41
BA nd nd nd nd nd 14.28 4.25 9.58 6.06 0.30 0.42 nd 2.26 5.43 6.13 2.40 1.26
Bi 150.5 161.9 59.5 8.40 158 11.18 3.56 8.69 4.81 0.32 0.47 0.19 2.72 3.71 4.88 137 1.32
BCr 231.0 201.9 67.7 9.30 1.94 8.73 1.51 7.42 2.35 0.17 0.21 0.13 2.17 0.18 6.08 0.08 0.39
P4 - Footslope - Clayic, Dystric Cambisol/Cambissolo Haplico (Mulatto Earth)
Aup 187.5 132.5 32.3 9.40 241 13.21 6.10 9.25 4.38 0.46 0.86 0.41 7.24 10.49 26.33 1.45 0.67
AB nd nd nd nd nd 24.43 5.15 11.46 4.71 0.21 0.27 nd 4,98 5.56 10.59 1.12 1.00
BA nd nd nd nd nd 25.16 4.75 11.53 4.38 0.19 0.23 nd 4.17 4.10 9.41 0.99 0.88
Bi 201.0 167.9 54.3 9.80 2.04 25.07 2.52 11.33 2.72 0.10 0.11 0.46 1.45 2.92 6.16 2.01 0.71
BCr 178.5 164.1 57.0 9.80 1.85 27.18 3.17 11.19 3.08 0.12 0.13 0.48 5.43 1.64 4.73 0.30 1.50

Fed = Fe extracted by dithionite-citrate-bicarbonate (DCB), method described in Mehra and Jackson (1960) with modifications of Inda Junior and Kampf
(2003); Feo = Fe extracted by acid ammonium oxalate (AAO) (Schwertmann, 1964); Ald = Al extracted by DCB (Mehra and Jackson, 1960); Alo = Al extracted
by AAO (Schwertmann, 1964); Ki = 1.7 x SiO,/Al,0; (Vettori, 1969); Fed/Fes = Fe extracted by DCB/Fe extracted by sulfuric digestion (Vettori, 1969); nd =
not determined. C-HA/C-FA = ratio between carbon content in the form of humic acids (C-HA) and fulvic acids (C-FA); C-AE/C-HUM = ratio of the alkaline
extract carbon content (sum of C-FA and C-HA) and the humin fraction carbon content (C-HUM), all determined according to Mendonga and Matos (2005).

The FA fractions have the lowest contents of C (C-FA). The C-FA contents in the anthropogenic
horizons range from 2.17 to 4.17 g kg™ in the ADE profiles and from 4.26 to 7.24 g kg™
in the ME profiles, decreasing in the subsurface for all the profiles, as indicated by the
high HAF/FAF ratios (Table 4).

Archaeological Dark Earth has the highest C-HA/C-FA ratios relative to the ME profiles,
with high values in the anthropogenic horizons of 5.64 in the P1 Au2 horizon and 6.67 in
the P2 Au horizon (Table 4), indicating predominance of the HA fraction over FA.

The ADE profiles have C-AE/C-HUM ratio values of less than 1 for all horizons, except for
the P2 Au horizon, which has a value of 1.10. In most of these soils, the values are less
than 0.5, with the lowest values at depth, thus indicating higher humic fraction stability
in these soils. The P3 and P4 profiles have higher C-AE/C-HUM ratio values, which are
greater than 1 for P3, except for the Aup and BCr horizons. Fontana et al. (2010), studying
organic matter fractionation and the characterization of humic acids, determined C-AE/
C-HUM ratio values between 0.2 and 7.2.

The HUM contents are primarily correlated with the Ca values (r = 0.86, p<0.001),
Mg (r = 0.68, p<0.001), and the poorly formed crystalline structures of Al and Fe
(Alo: r = 0.72, p<0.001; Feo: r = 0.45, p<0.10). The HA and TOC have behavior similar
to HUM, highlighting the close relationship (p<0.001) with Alo (r = 0.92 and r = 0.87,
respectively). The FA is inversely related to Fed (p<0.01) and Ald (p<0.10) (Table 5).
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Figure 3. X-ray diffraction (XRD) of the natural clay fraction in the form of oriented aggregates from the A, B, and C horizons/layers
and of the parent material. Kaolinite (K), gibbsite (Gb), goethite (Gh), mica (M), feldspars (Fd), smectite (S), vermiculite (V), biotite

(B), and quartz (Q).

Table 5. Coefficient of determination (r) between fractions of the soil organic matter and soil
parameters of Archaeological Dark Earth and Mulatto Earth in western Amazonia, Brazil

SOM fractions Ca*? Mg*? Fed Feo Ald Alo

r
TOC 0.86" 0.73™ -0.08™ 0.57" 0.24™ 0.87"
C-HUM 0.86" 0.68™ -0.12™ 0.45 0.14™ 0.72"
C-HA 0.68™ 0.60" -0.21™ 0.55" 0.11™ 0.92™
C-FA 0.13™ -0.02"™ -0.59” 0.28™ -0.54" 0.37™

Values shown are significant at the level of p<0.001 (™), p<0.01 (7), and p<0.10 (); ns = no significant difference.

Thus, meeting the requirements of the SiBCS (Santos, 2013b) and WRB (IUSS Working
Group WRB, 2015), the soil class distributions from the summit to the footslope follow
the sequence: P1 - Luvissolo Crémico Ortico tipico (Humic, Pretic Luvisol); P2 - Luvissolo
Crémico Pélico tipico (Humic, Pretic Luvisol); and P3 and P4 - Cambissolo Héplico Ta
Distréfico tipico (Clayic, Dystric).

DISCUSSION

Pedogenesis and pre-Colombian land use indicate significant differences in the soil profiles
studied along the toposequence in southern Amazonia. The soil properties suggest that
pedogenesis in all pedons are associated with organic matter accumulation, such as
melanization, humification, and formation of organometallic complexes, as indicated by
high levels of organic carbon combined with the dark-colored uppermost horizons (values
and chromas =3 wet), P, and carbon-oxides. Melanization of the anthropic horizons is
related to the higher quantity of charcoal micro-particles (Macedo et al., 2017) as a result
of anthrosolization. The anthropic horizons of studied ADE and ME are morphologically
different, probably indicating different levels of melanization. Archaeological Dark Earth
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have black to very dark brown material and are thicker, while very dark grayish brown
horizons are predominant in the ME (except Aup of P3) as a consequence of the higher
guantities of organic carbon and ceramic artifacts in ADE, suggesting more intense
anthropogenesis that probably contributed to melanization.

The higher fertility of ADE compared to ME indicates the diversification of the pre-Columbian
anthropic activity, also supported by the quantity of ceramic artifacts, which is significantly
higher in the ADE (Fraser et al., 2011). The abrupt change in the values of the FS/CS ratio
between the Aup and AB horizons of P4 suggests that the anthropic horizon are deposited.
Change in this ratio is less pronounced in P3 (Table 2). Both P3 and P4 are ME. Some
authors have suggested that the A horizon of ME was deposited after being removed
from organic surface horizons or river materials by cutting tools (Arroyo-Kalin et al., 2009;
Denevan, 2009); however, in the present study, there is little evidence that demonstrates
such deposition. Macedo et al. (2017) showed that these coatings in the B horizon below
the pretic horizon are argilluviation features degraded by bioturbation, unrelated to the
deposition of material.

The high fertility of the non-anthropic subsurface horizons, validated by the high base
saturation (V) and the high levels of P and organic carbon, shows that the anthropic impact
is not limited to the surface horizons (Aup and Au), but can modify the soil at depth via
pedogenic processes such as melanization and bioturbation (Kern and Kampf, 2005).
These values are greater than in non-anthropogenic soils observed by Campos et al.
(2012), who found that the values of pH, organic carbon, and total bases were higher
in the archaeological dark earths in the Manicoré region, southern Amazon. This high
fertility in the subsurface horizons is more evident in the ADE, but the P3 and P4 profiles
(ME) have high levels of Ca** and organic carbon in the subsurface horizons. It is unlikely
that any well-drained Tertiary Plateau environment could contain high contents of P,
Ca’*, and Mg**, such as those reported here, without anthropic influence. Bioturbation is
considered a crucial process of melanization for the A horizons with Bt, as indicated by
earthworm channels filled with material in the Bt horizons and with Bt horizon material
occurring in the A horizons, as observed by Lima et al. (2002). Translocation of charcoal
to subsurface horizons was identified in a study conducted by Macedo et al. (2017),
transforming transitional and subsurface horizons into anthropic horizons.

The high values determined for Ca* in these pedons likely originate from the deposition
of human and animal bones (Lima et al., 2002). Recent studies show that less human
action on ME is required to generate lower levels of nutrients, such as Ca** and Mg?*",
compared to ADE (Fraser et al., 2011). Lower contents of K" were also observed by
Santos et al. (2013a) and Barros et al. (2012), who determined similar K* values in
anthropic soils of the Amazon. These CEC and V values are usually found in Amazonian
anthropic soils (Glaser and Birk, 2012).

The low Al saturation in the ADE is a result of pH values greater than 5.4. The high
potential acidity and low levels of A** in all profiles indicate that the acidity is primarily
composed of H ions, which may be associated with addition of H* via SOM decomposition
(Barbosa Filho et al., 2005).

Bulk densities are lowest in the upper horizons due to larger pore spaces created from
organic matter input, as indicated by the Pt values (Table 2), and increases within the
subsurface horizons due to plugging from illuviated clays and greater contents of Fed.
The DF of clay increases at the surface due to the influence of higher organic matter
contents (Prado and Centurion 2001; Sombroek et al., 2009).

High P values (Table 3) may be due to the large accumulation of bonfire ash, tortoise shells,
fish, and other animal bones (Smith, 1980; Glaser and Birk, 2012), which may also be
associated with microfragments of bony apatite with high P/Ca values (Lima et al., 2002).
The P2 profile (ADE) may have received a higher deposition of residues, as indicated by
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the high values of P. In addition, there was a greater tendency of accumulation at the
convex inflection (shoulder) and hillside areas of the anthropic soils. This indicated a
preference for plant and animal waste disposal within the outskirts of the pre-Columbian
settlements (Kern and Kampf, 2005).

The TOC and OM(NaOH) content and compositional differences between ADE and ME
are likely due to the anthropogenic origin of these soils, which were irregular deposits
with the presence of carbonized material (Madari et al., 2009) and/or exhibited different
human occupational phases over time and different soil usages (Glaser and Birk, 2012).
All the soil profiles are dominated by strongly humified fractions, with smaller amounts
of more soluble and mobile FA fractions, as indicated by the C-HA/C-FA ratios. The C-HA/
C-FA values higher than 1.0 indicate predominance of the HA fraction over FA, which is
an indicator of humus quality. The predominance of the most stable fractions (humin
and humic acids) is also verified by Lima et al. (2002).

However, the difference observed in this ratio, significantly lower for the ME profiles than
for the ADE profiles, indicates that the soil organic matter stability mechanisms may be
different between ADE and ME, which should be considered for soil use and management
to reduce C losses. This difference may be related to the organic matter origin. The ADE
seems to have been developed from household refuse of pre-Columbian villages (ashes
and cooking coals), garden and crop residues, feces, and bones. The ME may be related
to intentional application of human or animal waste, green manure from forest or river
materials, charcoal and ash, and fishing and hunting residues, which would allow for
intensive or semi-intensive farming (Denevan, 2009).

The low C-AE/C-HUM ratio values (<0.5) are indicative of strong organic matter stability
and/or its interaction with the mineral fraction and can, therefore, be evaluated as an
indicator of soil organic matter stability (Fontana et al., 2010). The lower C-AE/C-HUM
ratio values in the ADE suggest that formation of the organomineral complex is a very
important mechanism of organic matter stability in the P1 and P2 profiles (ADE). The
HUM fraction has a significantly larger contribution from black carbon related pyrolysis
products compared to the HA and FA fractions (Schellekens et al., 2017). This suggests
the presence of condensed aromatic structures (not extractable with NaOH) and/or that
the organomineral interaction may be significant for the soils studied because NaOH
does not extract the strong mineral-bound structures (Knicker et al., 2005).

Our results show that the organometallic complexes are formed primarily by association
between the more humified organic fractions and the Ca**, Mg**, and oxalate extracted
Al forms, as indicated by their close relationships (p<0.001). The Feo (p<0.10) also
contributes to carbon stability in the soils studied (Table 5).

The soil profiles reported here developed on volcanic rocks (andesites/rhyodacites), unlike
most of the ADE described in the state of Amazonas, which developed on unconsolidated
sediments. This difference in parent material may be the primary cause of the high-activity
clays in these soils (ADE and ME) (Table 3), even in the Amazonian environment.

The mica expressions verified in the clay fraction diffractograms (Figure 3) of the soils
along the toposequence may be inherited from the parent material of these soils. This is
supported by the parent material XRD diffractograms of the P1 (ADE) and P3 (ME) profiles,
which indicate the occurrence of biotite (Figure 3). The occurrence of expansive minerals
in the soil is likely the result of mica alteration. Previous studies indicate that 2:1 minerals
(expansive) are not found in upslope Tertiary Plateau soils (Lima et al., 2002). Thus, the
soils studied are distinguished from Amazonian anthropic soils and the vast majority
of other soils (Tertiary Plateau, called Terra Firme in the region) in the Amazon region.

The occurrence of ADE on Luvisol is unprecedented in the Amazon region. However, our
results show that the ADE studied are on the Luvisols, which may have contributed to
create the ADE. The origin of ADE is still controversial among researchers; however, the
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widely accepted hypothesis is that these soils are unintentionally formed by pre-Columbian
anthropogenic activity (Woods and Mccann, 2001). Since most Luvisols are fertile soils
and suitable for a wide range of agricultural uses (IUSS Working Group WRB, 2015), the
land use by ancient Amazonian humans and the formation of anthropogenic soils on
Luvisols suggests they did not attempt to improve soil fertility.

In areas of similar parent material and climate, formation of the Bt horizons may be
dependent on anthropogenic activities (Macedo et al., 2017). The weathering and clay
formation, besides the clay eluviation, are insufficient for textural horizon characterization.
The Bt2 and Bt horizons of the P1 and P2, respectively, are identified by means of clay
coatings. Anthropic activities can favor argilluviation according to Macedo et al. (2017),
who found that clay coatings on the ceramic fragments and in the pores demonstrate,
surprisingly, that this is a current process. In the present study, argilluviation may be
favored by higher humic acid values in ADE (Table 4), which increases the electronegativity
of these soils due to the higher total acidity of humic acids, with a higher O/H ratio of
this humic fraction in pretic horizons (Madari et al., 2009).

In contrast, the ME has no clay coatings, which suggests that intensive land use must
have promoted stress in the particles and local reorganization of clay minerals and/or poor
argilluviation, or no argilluviation, since it is a soil with a low degree of formation. Therefore,
the understanding of this soil formation is limited without considering anthropogenic
activity (Lehmann et al., 2003; Sandor et al., 2005; Arroyo-Kalin et al., 2009; Arroyo-
Kalin, 2012; Macedo et al., 2017).

The silt/clay ratio is used as an auxiliary index to indicate the degree of soil weathering; thus,
the higher the value of this ratio, the smaller the degree of weathering (Jacomine, 2005). The
silt/clay ratio in the profiles studied has higher values in the anthropic horizons. A higher silt/
clay ratio in the anthropic horizon was observed by Aquino et al. (2016) and Sombroek et al.
(2009), these latter indicate that this relationship is due to inefficient dispersion of the clay
particles and/or fusion of particles that result in an increase in the silt fraction. Our results
also show that the first few centimeters of the upper soil layer became sandier (Smith, 1980;
Sombroek et al., 2009). The exposed soil is more susceptible to erosion, which causes removal
of clay and silt particles, or even clay migration to the subsurface horizons.

Furthermore, the Ki values of ADFE indicate a lower degree of soil weathering in the
footslope soils (P4, Table 4). The higher Ki values are attributed to higher Si contents in
the parent material, the Si is derived from feldspars present in the soil parent material
(Figure 3). This is one of the factors that explains the higher Si and Al levels in the system,
validated by the SiO, and Al,O; values of sulfur digestion. For the P4 profile, the moderate
degree of drainage leads to higher values of Si and Ki, as observed by Ghidin et al. (2006).
The Ki index also implies a kaolinitic mineralogy, which was validated via DRX (Figure 3).

The low Fe,0; values are due to a relative lack of Fe in the parent material (intermediate
volcanic rocks). These results agree with the results of studies on Amazon soils by
Silva et al. (2011). Higher values of Feo from anthropic A horizons were also found by
Lima et al. (2002). This is consistent with the distribution of organic C in these profiles.
Soil organic matter is a significant inhibitor of Fe oxide crystallization (Naramabuye and
Haynes, 2006). The small variation of TiO, within each profile shows the uniformity of
the source materials studied, disproving a possible lithological discontinuity (Mafra et al.,
2001). The similarity of ps along the entire toposequence also indicates homogeneity of
the material among the areas (Sombroek et al., 2009).

CONCLUSIONS

Anthropic soils along a toposequence in western Amazonia, Brazil, are classified as
Pretic Luvisols (Archaeological Dark Earth, ADE) and Dystric Cambisols (Mulatto Earth,
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ME). The soil forming processes in all the profiles are associated with organic matter
accumulation, such as humification and melanization. The occurrence of ADE on Luvisol
has not previously been described in the Amazon region.

Occupation of long-term pre-Columbian human inhabitants in the study area increased
the thickness of the anthropic A horizons and caused them to be eutrophic and high in
organic carbon content and available P in ADE relative to ME. The occurrence of high-
activity clays (traces of expansive minerals) in all the profiles is derived from the parent
volcanic material, distinguishing the soils studied from other Amazonian soils and from
other anthropogenic soils of Terra Firme.

Humidified carbon accumulation (extracted with NaOH) in the ADE and ME soils suggests
differences in the composition and mechanisms of soil organic matter stability. In all anthropic
soils, forms of aluminum (extracted with ammonium oxalate) and exchangeable Ca and Mg
are the primary influence on accumulation of total organic carbon and humin and humic acid
fractions. Poorly crystalline iron are also linked with organic fractions, except for fulvic acid.
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