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The Guama River estuary, in northern Brazil, has large fertile floodplain areas that have considerable
potential for food production. In order to evaluate the effects of flooding on soil geochemistry, a
prolonged flooding experiment was carried out on a Gleissolo Haplico of the Guama River, while the
mineralogy and fertility of the soil and the suspended river water were evaluated. The aim of the
study was to investigate the geochemical processes that occur in the surface horizon of the Haplic
Gleysols of the Guamé River. During the experiment, the soil was flooded with distilled water and
samples were taken at regular intervals. There was a marked reduction from 322 mV on the first day
to -337 mV by the 132nd day of flooding. The pH, which was initially 4.6, gradually increased until
the 15th day of flooding, when it stabilized at around 6.5 to 6.7. The nutrients iron, phosphorus and
manganese increased considerably in the exchange complex, with iron reaching high levels for plant
nutrition. Potassium did not respond to the effect of flooding, and like calcium, its concentration
changed little. Copper and zinc concentrations increased only slightly during flooding, but remained
at adequate levels. The mineralogical characteristics of this soil indicated the presence of goethite,
quartz, smectite, illite, kaolinite and anatase. The suspended material revealed high levels of
exchangeable cations adsorbed to the sediment, with high CTC, low aluminum saturation and high
base saturation. The frequent deposition of silt in the soil, together with the presence of organic matter
and 2:1 clay minerals in the soil, contributes to maintaining the fertility of this environment.

RESUMO
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Agua como fator modificador da fertilidade do solo no estuario do Rio Guama.

O estuério do rio Guama4, no norte do Brasil, possui grandes areas férteis de varzea com consideravel
potencial para a producdo de alimentos. Com o objetivo de avaliar os efeitos da inundagdo na
geoquimica do solo, foi realizado um experimento de inundacéo prolongada em um Gleissolo Haplico
do Rio Guam4, enquanto foram avaliadas a mineralogia e a fertilidade do solo e da gua do rio em
suspensdo. O objetivo do estudo foi investigar 0s processos geoquimicos que ocorrem no horizonte
superficial dos Gleissolos Haplicos do Rio Guama. Durante o experimento, o solo foi inundado com
dgua destilada e amostras foram coletadas em intervalos regulares. Houve uma redugdo acentuada de
322 mV no primeiro dia para -337 mV no 132° dia de inundagdo. O pH, que inicialmente era 4,6,
aumentou gradativamente até o 15° dia de cheia, quando se estabilizou em torno de 6,5 a 6,7. Os
nutrientes ferro, fosforo e manganés aumentaram consideravelmente no complexo de trocas, com o
ferro atingindo niveis elevados para a nutri¢do das plantas. O potassio ndo respondeu ao efeito das
enchentes e, assim como o calcio, sua concentragdo mudou pouco. As concentragdes de cobre e zinco
aumentaram apenas ligeiramente durante as cheias, mas permaneceram em niveis adequados. As
caracteristicas mineralégicas deste solo indicaram a presenca de goethita, quartzo, esmectita, ilita,
caulinita e anatasio. O material suspenso revelou altos niveis de cations trocaveis adsorvidos ao
sedimento, com alta CTC, baixa saturagdo por aluminio e alta saturagdo por bases. A frequente
deposicéo de silte no solo, aliada a presenca de matéria organica e argilominerais na proporgéo 2:1
no solo, contribui para a manutencédo da fertilidade deste ambiente.
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INTRODUCTION

In the Amazon region, much of the research that
deals with the chemical characterization of soil is
concentrated in the terra firme areas and, to date,
there are significant gaps in understanding the ef-
fects of land use practices on floodplain soils. The
coastal zone of northern Brazil, in the states of
Amapa and Pard, includes around three million hec-
tares of tidal floodplains, locally called floodplains,
with medium to high fertility and high concentra-
tions of calcium and magnesium (Lima et al. 2001).
Floodplains are ecosystems that can be defined as a
transition zone between terrestrial and aquatic en-
vironments, of continental or coastal origin, con-
stantly or occasionally flooded by shallow waters,
in addition to being composed of waterlogged soil
(Junk et al., 2014).

The Guama River, together with Guajara Bay, is
part of the hydrographic system that surrounds Be-
Iém, the capital of the state of Para. The floodplains
of the Guama River, located upstream of Belém,
were occupied during the first centuries of Euro-
pean colonization, when sugar cane plantations
were established to produce sugar, ethanol and li-
queurs to supply Europe. Throughout history, the
economic cycles in the Amazon have largely taken
place in the areas of the floodplain estuaries (Tour-
inho et al., 2009; Norgaard, 2019).

To this day, these areas are used to extract natu-
ral resources such as cocoa (Theobroma cacao L.),
andiroba (Carapa guianensis Aubl.), latex (Hevea
brasiliensis Muell. Arg.) and acai (Euterpe
oleracea Mart.), as well as sawn wood from various
tree species, such as macacauba (Platymiscium
trinitatis Benth.), virola (Virola surinamensis
Warb.) and pau-mulato, Calycophyllum sprucea-
num Benth (Hiraoka, 1995; Tourinho et al., 2009).
Currently, agricultural experiments have confirmed
the possibility of productive plantations of cultivars
such as acai, rice and andiroba due to their adapta-
tions to floodplain environments (Da Fontoura
Junior et al., 2020; Brito et al., 2020; Rodrigues e
Medeiros, 2023). However, despite the viability of
production, floodplain areas are rarely used for
large-scale production. Many factors favor this sce-
nario, such as the distance from production areas to
consumer centers, the low inclusion of Amazonian
food in national and global markets, and especially
the lack of research that enables an understanding
of the geochemical processes present in floodplain
soils, as well as their proper management (Silva et
al., 2023).

The Guama alluvial plains, located in the Ama-
zon region, are characterized by the predominant
presence of Haplic Gleysols and, due to their dy-
namic processes, the chemical and physical charac-
teristics of these soils are constantly changing.

These changes promote the presence of greyish
tones due to the reduction and solubilization of iron
(Embrapa, 2018). Factors such as the low topogra-
phy of floodplain rivers and seasonality interfere in
the formation of soils of sedimentary origin, whose
exposure is related to processes associated with the
water cycle, such as removal, transportation and
deposition (Silva et al., 2017). These effects, com-
bined with the influence of the tide, contribute to
changes in the fertility of the soil (Pereira, 2014).
The fertility of floodplain soils is very high due to
their origin from solid particles suspended in Ama-
zonian rivers, with high cation exchange capacity
and potassium release from montmorillonite and il-
lite. The minerals of pre-Andean and Andean origin
are deposited in layers of a few millimeters between
the annual floods (Junk et al., 2011; Junk et al.,
2020). These soils contrast considerably with those
of the region's terra firme environments, which
have low fertility. Lopes et al. (2006), however,
found that although the soils of the Guama flood-
plain offer excellent conditions for the production
of a variety of crops, agriculture leads to a reduction
in the concentrations of available elements, such as
phosphorus and potassium, indicating the need for
proper management and the replacement of nutri-
ents removed by plantations. Low-altitude soils are
permanently waterlogged and, as a result, have a
horizon in which the products of redox reactions
predominate over those of reduction. The charac-
teristics of these soils are considerably altered when
they contain water or are completely flooded (Pon-
namperuma, 1972).

The main changes in wetlands that are flooded
trigger changes in the physicochemical and biolog-
ical properties of soils. The main transformations
are: an increase in pH due to redox reactions, an in-
crease in the concentrations of Mn?* and Fe?, the
reduction of S from sulphates to S**, the chemical
reduction of nitrates and the accumulation of
NH4+, as well as the oxidation of organic material
(Pezeshki & Delaune, 2012). Otero et al. (2009)
concluded that the decomposition of OHFe and
OHMnN minerals, with the consequent reduction of
Fe and Mn, is one of the most important reactions
in Gleysols. When these minerals are present in
these soils in large quantities, they are released into
solution and also produce hydroxyls, which con-
tribute to raising the pH to values close to seven.
An increase in the levels of available phosphorus is
commonly observed during these redox reactions,
which may be related to the structure of these oxy-
hydroxides. This may also be the result of the hy-
drolysis of iron and aluminum phosphates (Ca-
margo et al., 1999). The release of adsorbed phos-
phorus through anion exchange in clays or unstable
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iron and aluminum hydroxides under these physi-
cochemical conditions may also represent another
source of available phosphorus.

The dynamics of the nutritional chemical ele-
ments of the Gleysols of the Guama River flood-
plains under intense redox conditions was investi-
gated by Silva et al. (1996), Ferreira et al. (1998),
Ferreira & Botelho (1999), Mattar et al. (2002) and
Silva (2008). These studies, collected over a short
period of time, recorded anomalous patterns, such
as the levels of zinc and sulphur, which were sup-
posed to decrease but were available in the soil
throughout the study period. However, these stud-
ies did not consider the mineralogical content of the
soils and the suspended material present in the river
water that floods this habitat and plays a crucial role
in the mobility, fixation and desorption of chemical
elements, whether they are nutrients or not. The ob-
jective of this study is to investigate the geochemi-
cal processes that occur in the surface horizon of
the Haplic Gleysols of the Guaméa River, in the Am-
azon estuary, as a result of the entry of flood waters
and redox reactions.

MATERIAL AND METHODS

The study was based on the analysis of soil sam-
ples collected in floodplains and samples of sus-
pended material in the waters of the Guama River
in May 2018, located in the rural area of the munic-
ipality of Belém within the campus of the Brazilian
Agricultural Research Corporation (EMBRAPA).
The region's climate, according to Koppen, is of the
Afi type, characterized by high humidity, with an-
nual temperatures ranging from 23°C to 33°C and
an altitude of 12 metres, as well as high rainfall,
around 2,754.4 mm per year, which is made up of a
rainy season, from December to May, and a less
rainy season, from June to November.

Soil samples were taken to characterize the soil
profile, with samples taken from the A1, AB and
Bg horizons, and for flooding experiments, in
which the samples were soaked in distilled water to
test their ability to absorb and desorb chemical ele-
ments. The samples for soil characterization were
designated according to soil horizon, Al (depth O
to 18 cm), AB (18 to 70 cm) and Bg (70 to 120 cm).
The experimental sample was compiled from sev-
eral separate sub-samples, collected with a Dutch
auger at depths of up to 20 cm, which correspond
to the Al horizon, the stratum from which plants
normally extract their nutrients. A total of 63 sam-
ples were collected at random from an area of ap-
proximately 10,000 m2 and were mixed and ho-
mogenized to form a composite experimental sam-
ple, called EXP-01, which represents the Al hori-
zon (Embrapa, 2009).

The soil profile was collected at a point 500 m
from the right bank of the Guama River
(1°27'32.50"S, 48°25'33.89"W), 10 km from the
mouth of the river, where it flows into Guajara Bay
(Figure 1). The vegetation is characteristic of arbor-
eal forest, with trees such as acapurana (Campsian-
dra laurifolia Benth.), ubim (Baconiferous
geonoma K.), mamorana (Pachira aquatica Aubl.),
ananim (Symphonia globulifera L.), palha (Clitoria
arbores Benth.) and ucutba (Virola sebifera Aubl.).
A sample of suspended material from the Guama, a
river with white (muddy) water, was collected in
front of the area where the soil samples were used.
The single sample of 3,000 liters of water was used
in a polyethylene container, which was stored for
natural decantation, i.e., without the addition of
chemicals for application. After decanting, the su-
pernatant was removed and the remainder was de-
canted into a smaller container (5 L) and then cen-
trifuged, with the supernatant being recovered once
again. The solid residue was stored in a desiccator
for 24 hours. This sample was called SUS-01. The
three thousand liters of water yielded 45.2 g of solid
material.

1) Particle size analysis of the EXP-01 sample
by sieving and the EMBRAPA pipette method
(2009) at the UFRA laboratories;

2) Fertility analysis, according to EMBRAPA
(2009), of the three soil profile samples and the sus-
pended material, in the UFRA laboratories;

3) Mineralogical analysis of the EXP-01 and
SUS-01 samples by X-ray diffraction (XRD) in the
X-ray laboratories of the UFPA Geosciences Insti-
tute. The analyses were applied to the entire sam-
ple, using the powder method, as well as the clay
fraction method, using angled slides for better di-
agnosis of the clay minerals. The samples analyzed
with angled slides were also glycolated and heated
for additional XRD, following the classic proce-
dure for determining clay minerals. The measure-
ments were obtained using an X'Pert Data Collector
diffractometer (version 2.1a) and processed using
the X'Pert HighScore software (version 2.1b);

4) Total chemical analyses (major, minor and
trace elements) were carried out on the surface and
lower horizons of the profile by Acme Analytical
Laboratories Ltd. in Vancouver, Canada, using
ICP-OES and ICP-MS;

The experimental procedure was carried out at
the Chemical Analysis Laboratory of the Geosci-
ences Institute of the Federal University of Para.
The EXP-01 sample, weighing 28 kg, was divided
into four equal parts, which were stored in seven-
liter polystyrene containers. These containers were
filled with distilled water until the samples were
covered to a depth of 2 cm, and the water was
topped up whenever necessary. Samples of the
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flooded soil from all four replicates were collected
at irregular intervals, ranging from 1 to 15 days, but
concentrating on the first few days and starting on
the first day of flooding, since the most pronounced
chemical transformations tend to occur during the
first few days (Ponnamperuma, 1972). A total of
100 samples were collected. Samples were taken
daily for the first five days, then every two days for
the rest of the first month, and then at increasingly
longer intervals of up to 15 days for the remainder
of the experiment. A separate sampling protocol
was followed for the determination of organic car-
bon, with a sample being taken every 15 days over
a period of 276 days. All other elements and param-
eters were monitored over a period of 132 days. The
pH and Eh values were recorded using a potentiom-
eter, while the available P concentrations were de-
termined by spectrophotometry. The concentra-
tions of exchangeable Ca, K, Zn, Mn, Cu and Fe
were determined by atomic absorption, while or-
ganic carbon was measured using the Walkley-
Black method (EMBRAPA, 1997). The analyses

were carried out at UFPA's Geosciences Institute.
As the transformations are reversible, the samples
were not dried, but the results were converted so
that they could be interpreted in dry soil determina-
tions, as usual. To convert the results, a sample of
equal volume was taken from each replicate sam-
ple. One was kept moist, weighed and analyzed,
while the other was dried in an oven at 105°C,
weighed and stored in a desiccator for 24 hours.
The ratio between the dry and wet samples was
used to convert the results obtained to the wet sam-
ple, as usual, following the recommendations of
Silva et al. (1996), Ferreira et al. (1998), Ferreira &
Botelho (1999), Mattar et al. (2002) and Silva
(2008).

The results were subjected to Analysis of Vari-
ance (ANOVA) using the coputational software
SISVAR (Ferreira, 2019). They were compared us-
ing Tukey's test, presented in Scatter Diagrams, and
Pearson's Correlation Coefficient. Phosphorus re-
sults were correlated with Ca, Fe and Mn
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Figure 1 - Location of the study area in the floodplain of the Guamé River, in the rural area of the municipality
of Belém, showing the collection points for the soil sample, EXP-01 (1°27'32.50"S, 48°25'33.89"W) and the
suspended material sample, SUSP-01 (1°27'42.02"S, 48°25'32.35"W)
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RESULTS AND DISCUSSION

Mineralogical and granulometric characteris-
tics and fertility

According to the XRD analyses, the Gleysols of
sample EXP-01 is composed of quartz, kaolinite, il-
lite, smectite, goethite and anatase (Figure 2), in de-
creasing order of relative abundance. The composi-
tion of the suspended material is similar to that of
the soil, except for the absence of goethite and an-
atase (Figure 3). Minerals such as quartz, kaolinite
and goethite are also the main components of dry-
land soils in the area adjacent to the study area. The
dryland soils may therefore have been the origin of
these minerals in the floodplain, although illite and
smectite, which are not found in the Amazonian
dryland, must have been derived from the Guama

water or from neoformation. The presence of smec-
tite in particular, but also illite, is of great im-
portance, given the ability of these minerals to re-
tain cations in the soil. These minerals are relatively
rare in most terra firme soils in tropical Amazonia.
The presence of smectite indicates environments
with poorly drained soils, while the presence of ka-
olinite is characteristic of well-developed and
leached soils, i.e. dryland soils, which are associ-
ated with tropical environments (Guyot et al.,
2007).

Other studies on Amazonian soils have also
mentioned the predominance of kaolinite in the
clay fraction (Garcia et al., 2013; Barbosa, 2017).
The predominant presence of kaolinite is the result
of long periods of chemical and physical weather-
ing, which makes it abundant and stable in Amazo-
nian soils (Marques et al., 2010).
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Figure 2 - Minerals identified by the XRD powder method for the consolidated sample EXP-01. Quartz (Qtz),
kaolinite (kIn), smectite (S), illite (ill), goethite (gth), and anatase (an)
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Figure 3 - Minerals identified by the XRD powder method and blades angled for the clay fraction for the
suspended material (sample SUSP-01). Quartz (Qtz), kaolinite (kIn), smectite (S), illite (ill), goethite (gth), and

anatase (an).

The soil profile is typical of a Gleysol (Table 1),
with average fertility increasing from the Al to the
Bg horizon. The pH is acidic, and the ApH
indicates the predominance of negative charges
throughout the horizon, which is characteristic of a
Gleissolo Haplico. The cation exchange capacity
(CEC) has relatively high wvalues, and the
granulometric analysis showed a soil with a
slightly sandy texture (Dos Santos et al., 2018; Dal
Cortivo, 2023). Organic carbon and other organic
materials are relatively abundant, especially in the
Bg horizon, which further emphasizes the
Gleissolo configuration. Base saturation < 50%
indicates the presence of other ions occupying

space in the exchange complex, such as aluminum,
with 28.67%, which would be considered a high
value by Lopes & Guilherme (2004). During the
dry season, there was no water in the surface
horizons, which made the environment aerobic,
with an acidic pH in the water, which increases the
solubilization of aluminium (Table 1). For
vegetables, the Gleissolo analyzed is characterized
by low levels of calcium and potassium, but high
concentrations of magnesium and aluminum,
forming an effective CEC of 5.68 cmolc/dm3,
which can be considered average, but close to the
potential CEC of this soil (Table 1).
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Table 1 - The pH values and concentrations of the elements and compounds relevant to soil fertility found in
the soil samples and suspended material from the Guama River

Sample
pH cC MO P Ca Mg K s8 H A T v M
WO KCI gkg! g do’ cmol; dm’ %
A 360 330 39 6712 152 152 248 008 408 304 160 962 4241 2867
AB 526 358 117 202 020 152 438 005 595 245 235 1075 5334 2831
B, 474 351 779 1343 030 162 724 009 895 240 188 1323 6764 1735
Suspended 20.84 330 072 0155 737 259 026 1057 69.77 7164
matenal

* Sample Al (equivalent to EXP-01) returned the following granulometric composition: coarse sand = 2.90 g/kg; fine sand = 28.00

g/kg; silt = 743.00 g/kg; clay = 226.30 g/kg.

Phosphorus concentrations were relatively low
compared to the saline Gleissolos typical of the
Amazon estuary (Vieira, 1966; Ferreira & Botelho,
1999). Iron was distributed regularly throughout
the profile, but once again with lower
concentrations than in saline Gleissols. Although
aluminum is present in the soil analyzed, it is not
available as an exchangeable ion and therefore does
not affect alkaline saturation. Similarly, potassium
concentrations are low at the surface and in the
lower horizons, indicating a reduced participation
in the CEC of this soil.

Availability of chemicals during prolonged
inundation

The experiment showed that flooding the
Gleissolo (represented by the AL horizon) with
distilled water caused highly significant changes in
all the parameters analyzed (Table 2). The pH,
which was initially 4.6, gradually increased until
the 15th day of flooding, when it stabilized at
around 6.5 to 6.7 (Table 3 and Figure 4-A). These
values provide favorable conditions for
maintaining soil fertility by acting on the
availability of macro and micronutrients essential
for plant growth and development, while at the
same time precipitating aluminum. High acidity
conditions can promote levels of Al and Mn that are
considered toxic, coupled with a lack of availability
of Ca, Mg, P and K (Meurer et al., 2012).

Table 2 - Mean values recorded per day during the inundation experiment (inundation of gleysol from soil
horizon Al with distilled water) for pH, Eh and the concentrations of available P, Ca, K, Zn, Cu, and Fe

FV pH Eh P Ca K Cu Zn Fe Mn
Days ** ** ** ** NS *%* ** ** *%*
d.f./Days 24 24 24 24 24 24 24 24 24
CV% 0.71 7.86 49.20 12.63 7177 35.56 15.96 14.08 8.34

**p <0.01.; CV. - Coefficient of Variation.
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Table 3 - Mean values recorded per day during the inundation experiment (inundation of gleysol from soil
horizon A1 with distilled water) for pH, Eh and the concentrations of available P, Ca, K, Zn, Cu, and Fe

Eh P Ca K Zn Mn Cu Fe c

Day | PH | v mg/dm? | mg/dm?® | mg/dm?® | mg/dm® | mg/dm* | mg/dm* | mg/dm? Day mg/dm?
1 4658 322 7.77 225.25 1.28 6.75 1515 1.25 1048 1 3.89
2 | 478 193 8.91 395.25 1.11 11.25 227 3.75 1179.25 || 14 3.01
3 5.1 103 10.58 346 0.71 12 226.75 1 1479.75 || 30 2.56
4 5.52 -36 13.15 24925 0.13 11.25 309.25 1 1787.25 | 38 2.75
5 | 574 -85 11.102 243.75 0.37 13.75 340.75 2 27985 || 60 1.99
8 | 6.05 -208 20.63 270.25 1.39 13.25 373.75 2 2628 81 2.33
10 | 6.22  -2486 15.42 285 1.06 16 367 2 2886.25 || 97 218
12 | 6.37 -251 16.46 496.75 0.17 145 324.75 2 5330 115 2.04
15 | 6.5 -270 23.12 456.5 0.18 145 360 1.25 5806.25 || 133 2.19
17 | 6.53 -293 20.96 404 0.48 15.25 316.25 175 6203.25 | 170 1.97
19 | 6.56 -303 18.6 446.25 1.01 18 355.75 2.25 6952 187 2.37
23 | 659 -311 38.62 434.75 1.24 14.75 3345 2.25 7165 202 0.03
25 | 6.6 -336 48.06 426 1.04 14 346 0.75 6690.25 || 221 0.65
31 | 671 -352 115.15 390 0.15 10 365 3.75 2538 276 0.68
38 | 6.65 -354 72.32 338.5 0.15 15.25 343.75 1.75 3887.75

45 | 6.67 -358 75.3 352.5 0.16 24.25 331.75 1.25 8136.25

52 | 6.68 -371 11147 353.5 0.16 20 526 5 79185

59 | 6.68 -337 48.92 355.75 0.41 16.5 321.25 2.25 7703.75

66 | 6.67 -333 57.94 385.75 0.58 17 335 15 8615.25

73 | 6.69 -324 61.97 389.75 0.15 13 366.25 1 10245.5

90 | 6.66 -329 67.62 456.25 0.14 18.75 392.75 15 9655

97 | 6.64 -334 48.66 4195 0.21 18.75 376.25 1 6941.5

118 | 6.68 -332 63.08 408.25 0.14 21.75 350.75 1.25 5950.25

125 | 6.63 -330 68.14 4145 0.14 17.25 332.25 1.75 6145.75

132 | 6.63 -337 75.78 4725 0.14 225 3385 1 6663.75

(132 days) and organic carbon (276 days).

In contrast to pH, Eh decreased immediately
during the first 25 days, when it dropped from +322
to -336 mV to stabilize at around -350 mV from day

31 onwards (Table 3 and Figure 4-B). This
indicates a large reduction in redox potential, which
subsequently remains constant during flooding.

8 ——— o
=4
—pH
2 p
0 l_I_'Y_'Y_I_I_V_'Y-"v_1_1_1_(‘_1'_V T T T T T T = o |
2 4 6 10 1S 19 2S5 38 S2 66 90 118 132
Days
B 400
200 \\ — Eh
> O ' ' 4 i T L 1 1 1] ] L T T L T 1 1 i L} 1 T i 1] 1
E-ZOO 2 4 10 1S 19 25 38 S2 66 90 118 132
-400
-600
Days

Figure 4 - Variation in mean pH (A) and Eh (B) values during the 132 days of inundation
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Organic carbon, plotted at 132 days, was
determined at 276 days, demonstrating its
consumption. During the first 132 days, organic
carbon levels followed a pattern of variation similar
to that of Eh (Table 3 and Figure 5). During the first
38 days, organic carbon decreased from 3.89 g/dm3
t0 2.56-2.75 g/dm? and, from the 60th day onwards,
it remained at around 2.00 g/dms3, decreasing
abruptly after the 202nd day. These decreasing
values indicate the intense oxidation of the organic
material, as suggested by the Eh values, which are

related to the presence of oxygen in the samples and
dissolved in the water. The consistency of the
values recorded over the course of the experiment
indicates that the redox reactions ceased, as shown
by the Eh values and, indirectly, by the pH levels,
i.e. the environment was reducing over the
experimental flooding period. On the 202nd day,
however, a large additional consumption of organic
carbon began, followed by considerable bacterial
activity, represented by the slight increase in
organic material.

g/dm?3
O = MW B

0 10 20 30 40 50 60 70 80 90 100 110 120 130

Dias

Figure 5 - Variation in mean organic carbon concentrations during the 132 days of inundation

Iron was among the most available elements in
the samples, increasing irregularly until it reached
10,245.5 mg/dm3 on the 73rd day (Table 3 and
Figure 6-A). In general, these changes seem to be
related to changes in redox potential, although the
distribution curve suggests that some of the
dissolved iron is being immobilized in some of the
time intervals as the experiment progresses,
probably by being precipitated as ferrous minerals
such as siderite or pyrite, which are expected to
occur in these environments through diagenesis
(Ferreira et al., 2007; Kristensen et al., 2008; Otero
et al., 2009).

The values obtained for iron may represent toxic
levels for some crops, such as rice, although native

cultivars, such as acai (Euterpe oleracea Mart.),
bacaba (Oenocarpus bacaba Mart.) and buriti
(Mauritia flexuosa L.), easily tolerate the levels
recorded, which is confirmed by the exuberance of
the floodplain forest in the study area. According to
Junk (2020), floodplain soils have high iron
concentrations. However, Lima et al. (2005)
concluded that this was directly related to the
higher levels of total iron in these horizons,
possibly as destabilized and dissolved ferrous
oxides and hydroxides, associated with an increase
in phosphorus availability. However, Malepfane
(2022) observed that the release is more intense in
the topsoil, with a lower effect in subsequent
horizons.
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Figure 6 - Variation in the mean concentrations of available iron (A) and manganese (B) during the 132 days
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Figure 7 - Variation in the mean concentrations of available phosphorus during the 132 days of inundation

Available phosphorus also increased over time
(Table 4 and Figure 7), although the highest values
(119.15 and 111.47 mg/dm3) were recorded
between the 31st and 52nd days, with a slight
increase from the 118th day onwards. This pattern
is directly related to the levels of available Fe
(Table 3 and Figure 7-A), as would normally be
expected, when phosphorus bound to OHFe
minerals is released through its decomposition and
the subsequent reduction of Fe, as well as available
Mn and Ca, among other elements (Mello et al.,
1992; Ferrando et al., 2002). A slight correlation
can be observed with Mn.

Goethite, lepidocrocite and ferrihydrite (the
most common forms of OHFe in soils), particularly
goethite, which was identified in the Gleissolo,

have a significant specific surface area as well as
chemical reactivity for phosphorus adsorption and
are therefore important for the release of this
element under reductive conditions (Schwertmann
& Taylor, 1989). The levels of available
phosphorus in the soil, which were initially very
low, reached relatively high values towards the end
of the experiment. This increase occurs shortly after
the oxidation of organic carbon, as indicated by the
abrupt decline in levels of this carbon, from 389
mg/dm? to around 200 mg/dm? during the first few
days (Table 3 and Figure 5), which results in the
formation of carbon dioxide or bicarbonate ions,
which contribute to the formation of carbonates,
such as siderite-rhodochrosite or isolated siderite.
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Table 4 - Pearson correlation coefficient (n = 40) for P, Ca, Mn, and Fe in the inundated gleysol

Ca Mn Fe P
Ca 1 0.2735™ 0.6213™ 0.3129™
Mn 0.2735™ 1 0.5512™ 0.6650™
Fe 0.6213™ 0.5512™ 1 0.7811"
P 0.3129™ 0.6650 0.7811™ 1

Phosphorus release is influenced by seasonality,
with the highest concentrations observed during the
rainy season. Prolonged flooding provides
conditions that are characterized by greater
movement of materials in the watershed that
contribute to the accumulation of organic matter
and, consequently, to the elevation of soil carbon
levels (Gomes et al., 2015; Hatje et al., 2017).

The high concentration of available phosphorus
in Gleissolos can be attributed to the reductive
condition characteristic of these soils. In this
context, phosphorus is retained in the oxides
present, and the dissolution of these oxides occurs
in the reducing environment, thus releasing the
previously retained phosphorus (Dal Cortivo,
2023).

In short periods, on the other hand, phosphorus
release was associated with the mineralization of
organic phosphorus, while total phosphorus was

also present in significantly greater quantities after
the soil dried out. Willet (1989) confirmed the
organic and mineral contributions to the release of
phosphorus in the soil and, in particular, the
existence of conditions in some soils that allow part
of this phosphorus to be reabsorbed, which may
have occurred in the Gleissolo studied here.

Therefore, factors linked to the presence of
organic material and the flood cycle are important
for the release of this element, as well as the mineral
constituents formed, which can reabsorb the
phosphorus released. This was confirmed by
Nguyen and Marschner (2005), who observed a
relatively rapid increase in the availability of
organic phosphorus, but a gradual increase in
inorganic phosphorus in seasonally flooded
systems, compared to constantly waterlogged or
dry soils
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Calcium and potassium are elements that
undergo reduction processes in the soil and are
present in reduced form.. They had low levels of
availability throughout the soil profile, and low
values predominated in the experiment. The change
in concentration is due to the exchange of cations
that occurs due to the production of excess Fe and
Mn ions. Calcium increased considerably and
irregularly during the first 12 days before reaching
a plateau between 350 and 470 mg/dm3 (Table 3
and Figure 9-A), which are average values,
although they tend to increase over time. The high
variation in potassium meant that the results were

not significant. Potassium showed a similar pattern
to calcium, although with much lower values,
reflecting its much lower levels in the soil, with
considerable oscillation during the first 25 days,
between 0.2 and 1.2 g/dm3, and then between 0.14
and 0.20 g/dm?3 from the 31st day onwards, with the
exception of the interval between the 59th and 66th
days, when it increased to 0.50 g/dm? (Table 3 and
Figure 9-B), suggesting stability with a slight
downward trend. These oscillations, particularly
during the first 12 days, probably reflect the intense
cation exchange that takes place between illite and
smectite in the soil over a short period of time.

T

T T T

0 10 20 30 40 SO 60 70 80 90 100 110 120 130

Days

Figure 10 - Variations in the mean concentrations of available zinc and copper during the 132 days of

inundation

Zinc solubilization also increased during the
flooding of the Gleissolo, from 6.75 to 24.5 mg/dm3
up to the 45th day, with average values observed up
to the 19th day and large fluctuations between 13.0
and 22.5 mg/dm3® (Table 3 and Figure 10), as
observed for the other elements, with a tendency to
increase over the course of the experiment, from the
70th day onwards. This pattern is opposite to that
recorded by Ferreira et al. (1998), Sanches (1981),
Ferreira & Botelho (1999), who found that zinc
availability tended to decrease during long periods
of flooding. However, the results of the short-term
studies by Mattar et al. (2002) and Silva (2008)
were consistent with those of the present study.
Copper was relatively similar to zinc (Table 3 and
Figure 10), but with much lower values, ranging
from 1.25 to 5.00 mg/dms3, although the highest
value was recorded on day 52, while levels
fluctuated between 1.00 and 2.25 mg/dm3
throughout the rest of the experiment. The release
of Zn and Cu was equivalent, at a ratio of four to
one.

Raising the pH tends to decrease the availability
of Zn and Cu. The availability of zinc and copper is
more significant in a pH range between 5.0 and 6.5.
Elements such as Zn and Cu are required in smaller
guantities by plants, and in most soils the amount
contained meets the need (Dias Dos Santos, 2021;

Batista et al., 2018).

However, the pH values recorded in this
experiment were not high enough to make these
elements unavailable. Thus, the amounts of
exchangeable zinc and copper in the exchange
complex were adequate for plant growth until the
end of the experiment.

CONCLUSIONS

The study carried out on the soils of the Guama
River floodplain confirmed the existence of favor-
able conditions for plant development and food
production resulting from factors inherent to the en-
vironment in which it is found. High CTC and high
carbon concentration were found in the Bg horizon
and, as well as, an increase in the pH value with the
consequent low saturation of aluminum equivalent
to Haplic Gleysols.

Three conditions were demonstrated, existing in
this environment that favors the existence of high
fertility in this region of chemically impoverished
soils.

1. The flooding experiment carried out demon-
strates the beneficial effect that flooding has on the
nutritional characteristics of the soil, especially in
relation to macronutrients, with the exception of
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potassium. While the levels of zinc and copper var-
ied slightly during the experiment, they persisted in
the soil exchange complex, maintaining satisfac-
tory conditions for plant nutrition. The very high
values found for iron and manganese reached levels
that would be toxic for some cultivars, but have no
visible effects on the local native vegetation. While
the experiment demonstrated the consumption of
carbon in the soil through redox reactions, in the
natural environment, there is a constant renewal of
this material through litter deposits, which pro-
motes the accumulation of humidified organic ma-
terial throughout the soil profile.

2. There is a daily flooding of the floodplain soil
caused by the tide. This flooding is associated with
the constant deposition of sediments, leading to soil
formation. The study of this sediment that is sus-
pended in the river water has shown that it also con-
tributes to the maintenance of the soil fertility, as it
has high fertility, with high CTC and high P.

3. The mineralogical determination in this soil and
in the sediment suspended in the river water was
also different from other soils in the Amazon.
Among the minerals found, the presence of 2:1 clay
minerals such as illite and smectite contribute to the
high CTC results presented.

These conditions, of course, are related to the
conditions of lowland soils, quite abundant in this
region, contribute to the existence of soil that is eas-
ily vegetated, with the possibility of being used in
food production.
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