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Abstract

Amazonian soils have some physical, chemical and mineralogical differences, understanding the differences is
important to understand the behavior of nutrients in the soil, especially phosphorus. The study was carried out in
two types of soils: a Hydromorphic soil profile and a Non-hydromorphic soil profile in the Central Amazon
region of Brazil, located in the metropolitan area of Manaus. Five depths were sampled: 0.00-0.05; 0.05-0.1;
0.1-0.2; 0.2-0.4; and 0.4-0.6 m. Physical, chemical, mineralogical and morphological attributes of both soils
were studied. With the exception of clay, the levels of sand and silt remained stable in depth. The levels of
organic matter gradually decrease in depth. The pH in water and in KCIl, ApH, point of zero load, were similar
between the surface and subsurface soils. AI*", H+AI**, CECt, CECT and clay activity were similar in
Non-hydromorphic soil and increase in surface (< 0.2 m) and stabilize in subsurface (> 0.2 m). In both soils, the
bases are reduced in subsurface (> 0.2 m). Aluminum and iron oxalate reduce with greater expressiveness in
Non-hydromorphic soil. Aluminum and dithionite iron exhibit the same behavior. The levels of Goethite (Gt) and
Hematite (Hm) are high in depth in the Non-hydromorphic soil and decrease in the Hydromorphic soil. There are
sensitive distinctions between soils, due to the imposed edaphoclimatic conditions.

Keywords: oxisol, gleysol, Amazonian soils, fertility
1. Introduction

The soils of the Amazon, mainly those of the Central Amazon, are predominantly formed by the weathering of
sedimentary rocks. The characteristics of the source material combined with the intense edaphoclimatic action
typical of the region of origin, in general, deep soils and without significant physical impediments, however
chemically poor, which in part represent a barrier to local development (Sanchez et al., 1982; Falesi, 1984; Lima,
2001). Not being a static process, the formation of soils is subject to variations imposed by the environment, so
that soils with similar geomorphological origin can be influenced by the environments in which they are inserted,
promoting distinct chemical, physical and mineralogical characteristics (Moreira & Vasconcelos, 2007; Vale
Junior et al., 2011).

Typically, in Central Amazon, soils are subdivided as present in two conditions: Firm Ground soils and
Floodplain soils. In the Floodplain, mainly in the Solimdes River, there is a predominance of soils that present
natural drainage restrictions during part or all of the year, also known as hydromorphic soils (Lima, 2001;
Teixeira et al., 2010). According to Teixeira et al. (2007), Gleisols represent up to 60% of the soils present in
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these conditions, around 3.940.00 hectares (acre), but others such as Fluvisols can be slightly representative.
According to studies by Lima et al. (2006) and Guimaraes et al. (2013), the soils of the Amazonian floodplains
have a strong influence of the Andean and sub-Andean sediments, which generates agricultural potential, due to
the predominantly eutrophic character, low relative contents of AI** and the presence of 2:1 minerals that give
high capacity for cation exchange (CEC) (Lima et al., 2006; Silva et al., 2011; Guimaraes et al., 2013).

The Firm Ground soils, those with no or low drainage restrictions, also known as Non-hydromorphic soils, are
widely distributed in the Central Amazon, mainly Oxisols and Ultisols, which represent 41.05% and 32.94%,
respectively of all soils in the region (Rodrigues, 1996; Teixeira et al., 2010). In contrast to the poorly drained
soils of the Floodplain, Firm Ground soils are generally more acidic, have greater activity and Al*" contents,
predominantly dystrophic and with low CEC due mainly to fewer active minerals such as kaolinite (Lima, 2001;
Teixeira et al., 2010; Schaefer et al., 2017).

Brazilian soils are notably lacking in phosphorus (P), due to the characteristics of the source material and its
strong interaction with soil components (Farias et al., 2016). The referred deficiency is found when the
efficiency of P recovery, that is, what returns to plant production, is between 5 to 25% of what is applied (Yang
et al., 2013). This fact justifies the large amounts of phosphate fertilizers used in Brazilian soils (Teles et al.,
2017). Especially in the central portion of the Amazon, the processes of adsorption and availability of P are more
intense in relation to other regions of the country, mainly due to the climate conditions, marked by high rainfall
and high temperature, as well as by the material of poor origin present (Novais et al., 2007; Melo & Alleoni,
2009; Cravo et al., 2012).

The factors that influence the adsorption and availability of P can vary horizontally, according to the soil class,
by specific formation processes, such as plinting and gleisation and can vary vertically in the soil profile,
according to the layer compositions (Teixeira et al., 2018). Among the factors that can determine the behavior of
P in the soil profile are the amount of organic matter, clay, pH and the levels and types of Fe and Al oxides.
According to Gérard (2016), the quantitative and qualitative mineralogy and the quantities and types of clays are
decisive in the P adsorption process.

Despite the differentiation between Hydromorphic and Non-hydromorphic soils, few studies have proposed to
identify similarities or discrepancies between the first layers of soil (0-0.05; 0.05-0.1; 0.1-0.2 m) and the deeper
layers (> 0.2 m). In addition, the relationship between the chemical, physical and mineralogical changes imposed
with the deepening of the soil profile can and influence the behavior of important nutrients in the soil, such as
adsorption and availability of orthophosphate molecules (H,PO, and HPO,”) in depth, and their behavioral
differences on the surface and subsurface (Lima, 2001).

2. Material and Methods
2.1 Description of Study Areas

Two areas were selected at the limit of the Solimdes Sedimentary Formation with the Alter do Chéo formation in
the Northwest portion of the State of Amazonas-Brazil. The first area is considered to be flooded in a good part
of the year typical of Floodplain, given the profile of the highest water table in the rainiest months and the
second area is configured as the highest typical of land areas in the state. Geodetic and climatological
information is described in Figure 1 and Table 1.
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L2 L9 A Manaquiri -AM Autazes -AM

Figure 1. Location of study areas and soil collection

Source: Jodo Dias, 2019.

Table 1. Geodesic characterization of the study areas (Source: Jodo Dias, 2019)

Coordinates
County - - Location Altitude (m)
Latitude Longitude
Manaquiri-AM 3°45'03.78"S 60°17'36.01"W BR-319 Km 101 22.0
Autazes-AM 3°29'14.38"S 59°50'47.89"W AM-254 Km 10.5 35.0

Figure 2. Gleysol Haplic Ta (A1); area associated with Gleysol (A2), Typical dystrophic Yellow Oxisol (B1) and
area associated with Oxisol (B2)
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2.2 Specific Procedures
2.2.1 Selection of Profiles and Soil Collections

Soil profiles were selected with characteristics that met the following criteria: being modal, that is, with great
relevance in the study area and in different environments, one poorly drained (Hydromorphic) and another with
better drainage (Non-hydromorphic) (Figure 2). As this is a case study, the information does not accurately
reflect the characteristics of other similar soil profiles, but it is possible to infer that under such conditions they
are similar. The soils were classified according to the methodology of the Manual of Collection and Description
of Soil in Field (Santos et al., 2015), Brazilian Soil Classification System (Santos et al., 2018) and Soil Maps of
the Region.

For the study of adsorption, availability and soil characterization, five (05) collection depths were selected:
0.00-0.05; 0.05-0.1; 0.1-0.2; 0.2-0.4 and 0.4-0.6 m, in order to identify possible physical, chemical and
mineralogical changes linked to phosphorus retention in the soil. For this purpose, the arable layer (0-0.2 m) was
stratified in three levels: 0-0.05 m, 0.05-0.1 m and 0.1-0.2 m and the subsurface (0.2-0.6) in two levels of
identification: 0.2-0.4 m and 0.4-0.6 m. Under each profile, 10 subsamples were collected with approximately
100 g of soil in multipoint for each depth, in order to make up a composite sample (1 kg). In order to guarantee
the suitability of the samples, the collection took place on a profile known to be not anthropically altered. After
collection, the samples were properly identified and stored in a clean transparent bag. In an appropriate place,
they were removed, homogenized, subjected to drying in the shade at room temperature until all moisture was
removed. Afterwards, a 2.00 mm stainless steel sieve was passed to obtain the Air-Dried Fine Earth (ADFE).

2.2.2 Soil Morphological and Physical Characterization

The morphological characterization of the soils was carried out according to the criteria of the Manual of
Collection and Description of Soil in Field (Santos et al., 2015) and the following aspects were evaluated: Color,
Structure and the Dry, Damp and Wet Consistencies, being this last subdivided into Plasticity and Stickiness. The
physical characterization was carried out according to the methodology of Embrapa (2017), being evaluated:
Organic Matter and Granulometry, identifying the proportions of total sand, silt and clay. Based on the data
obtained from the granulometry, the textural class of each studied soil depth was identified (USDA, 2011).

2.2.3 Chemical Characterization of Soil

The chemical characterization was realize according to the methodology of Embrapa (2017), being evaluated the
following characteristics: Hydrogenionic Potential (pH) in Water (H,O) and in Potassium Chloride
(KCl)—Electrode method immersed in suspension in the ratio 1:2.5; Potential Acidity (H'+AI'") and
Exchangeable Aluminum (AI*")—By means of determination by calcium acetate Ca (C,H;0,) 20.5 mol L™ and
KCl at 1 mol L, respectively and determination by titration with sodium hydroxide NaOH 0.025 mol L™;
Calcium (Ca®"), Magnesium (Mg”") contents—were extracted by KCl solution at 1 mol L™ and determined by
atomic absorption spectrophotometry; Phosphorus (P), Potassium (K") content—were extracted by Mehlich 1
solution (0.05 M HCI + 0.0125 M HCI), P being determined by the blue molybdate method and by
spectrophotometry (A = 660 nm) and K by flame photometer; Remaining Phosphorus (P-Rem)—was determined
by adding 50 ml of 0.01 mol L' equilibrium solution of CaCl,, containing 60 mg L of P (KH,PO,) to 5.0 g of
TDA. Afterwards, the samples will be stirred for 30 minutes at 150 rpm, leaving them to rest overnight, for about
16 hours. The determination was carried out in the solution was determined by the colorimetric method (Alvarez
et al., 1999).

With the analytical laboratory data, the following attributes were estimated: Delta pH (ApH)—Resulting from
the difference between the pH values in H,O and KCl, using the following formula: ApH = (pH H,O — pH KCI),
providing estimates of the net surface loads of soil minerals (Tan, 1982); Zero Charge Point (ZCP)—was
estimated by the formula: ZCP = (2pH KCI — pH H,0), according to the methodology of Uehara (1979); Sum of
Bases (SB)—was estimated using the formula: SB = Ca + Mg + K (cmol, dm™); Cation Exchange Capacity
Effective (t) and potential (T)—Estimated using the formulas: t = SB + Al (cmol, dm™) and T=SB + (H" + AI*")
(cmol, dm™), respectively; Base Saturation (v%) and Aluminum Saturation (m%)—The following were
estimated by the formulas: v (%) = (SB/T) x 100 and m (%) = (Al/t) x 100, respectively. Clay Fraction Activity
(CFA)—was estimated using the formula: CFA = T x 1000/g kg™ of clay (cmol, dm™).

2.2.4 Mineralogical Characterization of Soil

Mineralogical characterization was carried out according to Embrapa's methodology (2017) and other specific
methodologies. From the clay fraction from the granulometry, the samples were centrifuged and placed on a
glass slide to identify hematite (Hm), goethite (Gt), kaolinite (Ct) and other existing minerals. The minerals were
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characterized in an X-ray diffractometer (XRD) with scanning speed of 1° 20 min™ using MiniFlex Rigaku II (20
mA, 30 kV), equipped with Cu Ka radiation.

With the data obtained from diffractometry, the following attributes were analyzed: Identification of the peaks of
the main minerals of Amazonian soils and the percentages of goethite (Gt) and hematite (Hm) were calculated by
allocating the difference between the levels of dithionite iron (Fey) and oxalate (Feo) in relation to these oxides.
Isomorphic substitution, or substitution of Fe for Al, was estimated using the formula: (Al,re/27)/[(Alore/27) +
(Fe./56)], where, Al;r. = Aly — Al, and Fe, = Fey — Fe,. The determinations of Iron (Feq) and Aluminum (Alg)
oxides in crystalline form, samples of TDA will be subjected to extraction in sodium
dithionite-citrate-bicarbonate (DCB) solution (Mehra & Jackson, 1960). of the low crystallinity oxides for Iron
(Fe,) and Aluminum (Aly), the extractions will be carried out with ammonium oxalate solution at 0.2 mol L™ at
pH 3.0, in the dark (Schwertmann, 1964). Starting from solubilized iron oxides will be determined by
absorbance in the spectrophotometer (Micronal® Spectophotometer model B-580) at a wavelength of 518 nm,
while the aluminum oxides at a wavelength of 555 nm. Aluminum Oxalate and Dithionite (Al,/Aly) and Iron
Oxalate and Dithionite (Fe,/Fey) ratio.

3. Results and Discussion
3.1 Morphological and Physical Attributes

In the morphological attributes, there was a gradual color change with the deepening of the section of the studied
soils (YOd and GHd) (Table 2). Although there is this change, the reasons were different. The soil color offers a
range of information regarding drainage, iron minerals and organic matter (Spanner et al., 2014), which may
infer that the processes that affect the availability and retention of phosphorus (P) may be different in the layers
stratified.

In the Typical Yellow Dystrophic Oxisol (YOd), the alteration occurs due to the decrease of organic matter in the
direction of the subsurface horizons, changing the color from Yellow-brown (10 YR 5/4) to Yellow (10 YR 8/8),
evidencing the prevalence of the iron mineral goethite (FeOOH) and indicating good drainage (Spanner et al.,
2014). In the Dystrophic Gleysol Haplic (GHd), the color is changed from 5 YR 5/8 (red-brown) to 5 YR 8/2
(gray-white), due to the process of gleization, in which there is chemical and mineral reduction of Fe in the
absence of oxygen (O,) for a certain period and, consequently, its exit from the soil section (Schaefer et al.,
2017).

In the physical attributes, the sand content (coarse + fine) represents less than 10% of the granulometry of the
observed soils. The behavior of decreasing sand in depth was also observed by other authors in Amazonian soils
(Macedo, 2009; Guimardes et al., 2013) (Figure 3A). In both soils, the silt contents decreased up to 0.2 m and
slightly stabilized in depth (> 0.2 m) (Figure 3B). It was observed that while in the Latosol the silt contents reach
a maximum of 25% of the granulometry, in the Gleysols it reaches close to 50%. In his characterization work,
Lima (2001) observed the same behavior in the Gleysols, which are mostly silty and probably related to the low
pedogenesis of hydromorphic environments in relation to those on dry land.
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Table 2. Morphological characteristics stratified in layers of a Dystrophic Yellow Oxisol (YOd) and a Gleysol
Haplic Ta (GHd) in Central Amazon

Typical Dystrophic Yellow Oxisol (YOd)
Depth 0-5 cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm

Samples”
Color® 10 YR 5/4 10 YR 6/6 10 YR 7/8 10 YR 7/8 10 YR 8/8
Structure®® st/gn/ag/sb/sm md/gn/ag/sb/sm/av  md/gn/ag/sb/sm/av  wk/gn/ag/sb/sm/av  wk/gn/ag/sb/sm/av
Dry consistency Slightly Hard Slightly Hard Soft Soft Soft
Wet consistency Firm Friable Friable Friable Friable
) Plasticity  Slightly Plast. Plastic Plastic Plastic Plastic
Wet consist.
Stickiness  Slightly Sticky Slightly Sticky Slightly Sticky Sticky Sticky
Dystrophic Gleysol Haplic Ta (GHd)
Depth 0-5 cm 5-10 cm 10-20 cm 20-40 cm 40-60 cm
y
Samples
Color SYRS5/8 5YR6/8 SYR7/8 5SYR 7/4 5YR8/2
Structure md/gn/ag/sb/sm wk/gn/ag/sb/sm/av  wk/gn/sb/sm/av wk/gn/sb/sm/av wk/gn/sb/sm/av
Dry consistency Slightly Hard Soft Soft Soft Soft
Wet consistency Friable Very Friable Very Friable Very Friable Very Friable
) Plasticity ~ Plastic Plastic Plastic Plastic Plastic
Wet consist.
Stickiness  Sticky Sticky Sticky Sticky Very Sticky

Note. " Air Dry Samples; ® Soil color according to Munsell; © Structure: Strong (st), Weak (wk), Granular (gn),
Angular (ag), Subangular (sb), Small (sm), Average (av).

Regarding the clay content, there was an increasing increase in the first 20 cm in both soils, but with higher
levels for the Oxisol, due to the high weathering in its pedogenetic process (Schaefer et al., 2017) (Figure 3C).
According to Novais et al. (2007), the clay content of a soil, as well as the type of clay present has a strong
relationship with negatively charged orthophosphate ions and according to studies by Falc@o and Silva (2004) in
some Amazonian soils, the correlation between clay and phosphorus adsorption capacity (P) have high affinity.
According to Bahia Filho et al. (1983), the clay and P adsorption ratio is not always synergistic, and may vary
with its characteristic.

In both soils there is a gradual decrease in the levels of organic matter in the soil (OMS). More intensely in the
Yellow Oxisol (YO) (Figure 4). In practice, the decrease in the OMS of the lower soil layers is directly related to
the modification of the YOd color and acts in a similar way in the Gleysol Haplic (GHd) and this is due to the
decrease of organic sources in depth, promoting structural changes and soil chemicals (Bunemann, 2015).
Organic matter can act in different ways in the adsorption of P in the soil, and can elevate the process, through
cation bridges with Fe and Al, for example, or it can act directly in blocking the adsorption sites present on the
surface of clays and oxides (Aquino, 2004; Yan et al., 2016).
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Figure 3. Sand (A) Silt (B), Clay (C) and Organic matter content (D) contents of a Hydromorphic (GHd) and
Non-hydromorphic (YOd) soil in the Central Amazon

3.2 Chemical Attributes

The pH in water (H,0O) and in potassium chloride (KCl) showed an increasing trend in both soils studied with
depth (Figures 4A and 4B). Despite the water pH of soils with values between 5.1 and 5.5, the pH normally
found for soils in the Amazon is below 4.5 in most cases, as observed by Lima (2001), Falcao and Silva (2004),
and Oliveira et al. (2019). The soil pH can have a double influence on the availability and adsorption of
phosphorus (P) in the soil. On the one hand, the elevation of the pH reduces the formation of stable precipitates,
mainly with Fe and Al. On the other hand, the variable charges of the minerals become more negative, promoting
the repulsion of the phosphate molecules and the surface, consequently reducing the processes of fixation
(Barrow, 1985; Cunha et al., 2014).

The values obtained from ApH between -1.1 and -1.3, determined from the difference between pH (KCl)—pH
(H,0), indicate a negative net surface charge of soil minerals, which in summary means that the ability to
exchange soil cations (CEC) surpasses the ability to exchange anions (CEA), such as H,PO,4- and HPO.Z, at
natural pH in these soils (Cunha et al., 2014) (Figure 4C). The values found in this work corroborate those found
by Ferreira and Botelho (1999), between -1.1 and -1.2 in 12 soils in Central Amazonia. According to Kiehl
(1979), the presence of negative ApH represents the predominance of silicate clays to the detriment of oxides and
hydroxides.
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Figure 4. pH contents in water (A) and KCI (B), Delta pH (C), Zero Charge Point (D), Exchangeable Aluminum
(E), Potential Acidity (F), Effective Cation Exchange Capacity (G) and Potential (H), Clay Activity (I) of a
Hydromorphic (GHd) and Non-hydromorphic (YOd) soil in the Central Amazon
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Like ApH, the Zero Charge Point (ZCP) was similar between the studied soils (Figure 4D). ZCP is an important
factor in determining the variable loads on the surface of minerals. According to the estimated ZCP, lower than
the obtained values of pH (H,O) indicate that there is a strong negative charge exposed on minerals, increasing
the possibilities of P adsorption in the soil (Baldotto & Velloso, 2014). In the Amazon Region, ZCP among
minerals is distinct; while the kaolinite ZCP is around pH 3.5-4.0, Fe minerals (Hematite and Goethite) between
8.0-8.5, AI’" minerals (gibbsite) between 6.0-6.5 and the OMS below 2.0 (J. L. I. Dematté & J. A. M. Dematté,
1993; Alleoni, 2017). In general, the ZCP values tend to increase in depth, due to the decrease in soil organic
matter, increasing the adsorption of P (Alleoni, 2017).

The levels of exchangeable aluminum (AI*") were practically constant in the Yellow Oxisol (YOd) and less high

in relation to the Gleysol Haplic (GHd) (Figure 4E). Despite this, AI’* levels above 1.0 cmol, dm™ are
considered high in Amazonian soils by Cravo et al. (2007). When studying ten Yellow Oxisol in the Central
Amazon, Barbosa (2017) verified A" levels between 0.80 and 1.80 cmol, dm>, corroborating those found in
this work. In GHd, the levels of A’ differ from those found in Gleysols of Amazon Guimaries et al. (2013),
who found a maximum of 4.71 cmol, dm™. In Plinthosols, soils that undergo some hydromorphization process,
Lima (2001) verified levels above 10 cmol, dm™. In general, soils with higher exchangeable Al*" are more likely
to form precipitates of free Al cations with P (AIPO,), decreasing availability (Gatiboni et al., 2013).
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Figure 5. Calcium (A), Magnesium (B), Potassium (C), Sum of Bases (D), Saturation by Bases (E) and
Aluminum Saturation (F) of a Hydromorphic (GHv) and Non-hydromorphic (YOd) in Central Amazon
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Potential acidity (H+AI’") varied from 4.7 to 6.4 cmol, dm™ in the Oxisol, decreasing in depth and from 18.5 to
34.7 cmol, dm™ in the Gleysol, increasing in depth (Figure 4F). According to CFSFMG (1999), H+AI*" levels
above 9.0 cmol, dm™ are considered to be very high and reflect a high soil buffer power (Husni et al., 1995).
According to Guilherme et al. (2000), in Gleysols, the high values of H+AI’" are directly related to the increase
in P adsorption, as there is an increase in Fe*" retention and consequent generation of negative charges, which
after drainage, can be oxidized, leading to greater adsorption.

Both effective CEC (t) and potential CEC (T) were higher in Gleysol Haplic than in Yellow Oxisol and with a
tendency to increase in depth (Figures 4G and 4H). The higher CEC values in Gleysols indicates the presence of
clay minerals with high activity, such as 2:1 minerals, giving these soils a high CEC (Guimarées et al., 2013). In
general, in Oxisols, CEC of less than 10 cmol, dm are verified, as those verified by Tucci (1991) and Falcéo e
Silva (2004) in Central Amazon. In summary, the increase in CEC seems to have little influence on the
adsorption of phosphorus in the soil, given that the orthophosphate molecules are negatively charged, generating
less adherence on the negatively charged colloidal surfaces (Novais et al., 2007). In relation to the clay activity
(CA), while in the Oxisol it presents low activity in all depths (< 27 cmol, dm™), in the Gleysol the activity is
high (> 27 cmol, dm™) in all depths (Santos, 2018). In the Amazon, in a Typical Yellow Dystrophic Oxisol, Lima
(2001) observed clay activity values of 21.04 cmol, dm™ in surface, decreasing below 7.00 cmol, dm™ in depth,
but corroborating the predominance of low-activity clays in Oxisols (Figure 4I). This same author, when
analyzing a eutrophic Gleysol Haplic Ta, found a maximum above 74.06 cmol, dm™ in the upper layers, also
corroborating the results obtained here.

Although the Gleysol Haplic has higher levels of nutrients (Ca®", Mg*" and K) than the Yellow Oxisol, the
levels tend to decrease in depth in both soils, due to the decrease in organic matter (Figures 5A, 5B and 5C).
According to the classification of nutrients by Cravo et al. (2007), the levels of Ca®", Mg”" and K* found in both
soils are classified as low, an inherent characteristic of the formation and leaching of nutrients in the Amazon.
The slightly higher levels of Ca**, Mg*" and K" in Gleysol may be related to materials recently deposited or with
less exposure to weathering (Rodrigues, 1996).

3.3 Mineralogical Attributes

For the Yellow Oxisol (YOd), the levels of Aluminum Oxalate (poorly crystallized) varied from 1.02 g kg™ in
surface (0-5 cm) to 0.58 g kg™' in subsurface (40-60 cm), while in Gleysol Haplic (GHd) it varied from 2.13 to
0.62 g kg™ under the same conditions. Although the same behavior was observed by Lima (2001) for similar
soils and in different strata, the levels found were lower than those observed by him. Similar behavior was
observed for the levels of Iron Oxalate, for the YOd from 2.21 to 0.42 g kg™ and for the GHv from 9.03 t0 0.62 g
kg, respectively on surface and subsurface (Figures 6A and 6D). The reduction in the levels of poorly
crystallized minerals is possibly due to the effect of inhibiting organic matter in the upper layers and specifically
in the Gleysol, the periods of flooding contribute more strongly to the non-crystallization of the forms of Al and
Fe (Schwertmann, 1966). In ten Oxisols in the Central Amazon, Barbosa (2017) found poorly crystallized Fe
contents between 0.14 and 0.31 g kg™, lower than those observed in this study.

In the amorphous forms of Iron and Aluminum (FeDit and AlDit), behavior similar to that of bad crystallized
was obtained (Figures 6B and 6E). In GHd, there is a strong reduction of Fe and Al minerals from the surface to
the subsurface, from 22.9 to 5.8 g kg™ and from 5.4 to 1.8 g kg™, respectively. In contrast, both levels were high
in subsurface in the YOd. The subsurface conditions found in the Oxisol, such as low organic matter and drained
environment, can influence the aging of iron oxides, while in the subsurface conditions of the Gleysol, the
reduced environment over prolonged periods changes the structure of minerals, removing them from the system
and / or hindering its perfect crystallization (Schwertmann, 1966; Kdmpf & Curi, 2000; Lima, 2001).

Both in the Aloxalate/Alditionite ratio and in the Feoxalate/Feditionite ratio, the Gleysol Haplic presents a
greater amount of poorly crystallized minerals in relation to the Yellow Latosol, due to its redox condition
(Figures 6C and 6F). In general, greater relations on the surface of both soils were already expected, considering
that the presence of organic matter on the surface makes it difficult to crystallize the oxides in relation to the
subsurface (Lima, 2001). The reduction of amorphous and poorly crystallized minerals may have a direct
influence on phosphorus adsorption, since according to Gerard (2016), the sorption capacity of Fe and Al oxides
increases proportionally with the increase of their specific surface, creating more points of attachment with
H,PO, and HPO,”.
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Proportionally to the levels of Fe ditionite and oxalate, the behavior of the levels of Goethite—Gt (FeOOH) and
Hematite—Hm (Fe;0,) were similar. In the Yellow Oxisol, there was an increase in depth from 18.8 to 26.8 g
kg of Gt and from 9.8 to 14.8 g kg™ of Hm, respectively on the surface (0-5 cm) for subsurface (40-60 cm).
Under the same conditions, in the Gleysol Haplic, there was a decrease from 21.4 to 9.1 g kg of Gt and from
18.5 to 4.7 g kg'' of Hm (Figures 6G and 6H). For soils in the central Amazon, Barbosa (2017) observed levels
of Goethite between 3.62 and 59.74 g kg™ and Hematite between 3.35 and 53.37 g kg'. In practice, the decrease
in the content of these iron oxides in the Gleisols can be confirmed by the gradual change in the color of the
layers. In general, the values of isomorphic substitution of Fe for Al were similar between Gleysol and Oxisol,
varying from 0.39 to 0.31 and between 0.33 and 0.24 mol mol” (Figure 6I). The observed values were higher
than those observed by Moller (1991), Lima (2001) and similar to those obtained by Barbosa (2017) in
Amazonian soils. The substitutions in the Latosol and mainly in the surface are higher than in the Gleysol, which
is probably related to the greater mobility of Fe than in that one (Fitzpatrick & Schwertmann, 1982).

Qualitatively, observing the diffractograms of the clay fraction, it is possible to observe that there are peaks very
similar to the five studied depths of the Yellow Latosol, where there is a predominance of minerals such as
Kaolinite, Goethite, Hematite, Quartz and Gibbisite traces (Figures 7A, 7B, 7C, 7D and 7E). Peak minerals from
Kaolin, Goethite, Hematite, Quartz, Vermiculite, traces of Gibbite, Ilite and other type 2:1 mineral (Mica,
Smectite) (Figures 7F, 7G, 7H, 71 and 7J) were observed in the Gleysol Haplic. According to Teixeira et al.
(2010), in Oxisols in the Amazon, there is a predominance of clay minerals 1:1, such as kaolinite and iron oxides
(Goethite and Hematite). Analyzing a Toposequence in the Central Amazon, Lima et al. (2006) verified similar
minerals in soils with some degree of hydromorphism, not observing significant differences from the minerals
found on the surface or subsurface of these soils.

The predominance of kaolinite in the clay fraction has been reported in other studies on Amazonian soils (Lima
et al., 2006; Garcia et al., 2013; Barbosa, 2017). According to Marques et al. (2010), this kaolinitic nature is due
to a tertiary sedimentary lithology, which gives long periods of chemical and physical weathering, making them
abundant and stable in Amazonian soils. According to Sombroek (1966), kaolinites can compose up to 80% of
the minerals of the clay fraction, however, according to Gérard (2016), kaolinites can present lower phosphorus
sorption rates than other minerals due to their smaller specific surface and the low ZCP. In contrast, Fe minerals
common in weathered tropical soils, as they have a higher specific surface and a higher ZCP, sorption tends to be
higher. According to Fox and Sedarle (1978), the sorption of P follows a sequence in which the amorphous
oxides of Fe and Al are preferred > Crystalline oxides of Fe and Al and Clay 1:1.

4. Conclusions

In both soils, the levels of sand and silt remain stable with the deepening of the soil profile. The contents of silt
are higher in Hydromorphic soil. Clay contents increase in depth and are higher in Non-hydromorphic soil. In
both soils, the levels of soil organic matter (OM) decrease dramatically in depth. The pH in water (pHH,O) and
in potassium chloride (KCI), delta pH (ApH) and zero charge point (ZCP) are similar between Hydromorphic
and Non-hydromorphic soil and show a tendency to increase in depth. Exchangeable aluminum (AI’"), potential
acidity (H+ AI’), effective cation exchange capacity (t) and potential (T) and clay activity (CA) are similar on
the surface (< 20 cm) and subsurface (> 20 cm) on Non-hydromorphic soil. In hydromorphic soil, these
attributes increase on the surface (< 20 cm) and remain stable on the subsurface (> 20 cm).

The levels of calcium (Ca®"), magnesium (Mg”"), potassium (K"), sum of bases (SB) and saturation by bases
(v%) are reduced with the deepening of the profile in the Hydromorphic soil and in the Non-hydromorphic soil.
Hydromorphic soil has higher relative contents of these attributes. The aluminum saturation (m%) is high in
depth in both soils with higher values in the Non-hydromorphic soil. The levels of aluminum (AlOxa) and Iron
(FeOxa) oxalate reduce in depth in both soils, but with greater expressiveness in the hydromorphic soil. The
levels of aluminum (AIDit) and iron (FeDit) dithionite increase in depth in the Non-hydromorphic soil and are
reduced in the Hydromorphic soil. The ratio of these components is similar between soils in depth, but higher in
hydromorphic soil. The levels of Goethite (Gt) and Hematite (Hm) are high in depth in the Non-hydromorphic
soil and decrease in the Hydromorphic soil. Isomorphic substitution is similar between soils studied on the
surface and in the subsurface. The minerals present in Hydromorphic and Non-hydromorphic soil are similar in
all depths analyzed.
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