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and around three brackish lakes that have experienced degradation (Carandazal, Cerca and Banhado lakes) were
studied through a detailed morphological survey and chemical analyses to understand their genesis and establish
genetic relationship with the Saline-Sodic soils of the saline lakes. The studied soils have Bnc and Bc horizons
with morphological and chemical similarities to the Bnx formed around the saline lakes, presenting greenish colors,
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Solodization hard consistencies and, generally, the highest values of pH, exchangeable sodium percentage (ESP), sodium adsorp-
Solonetz tion ratio (SAR) and electrical conductivity in the saturated paste (EC;) of each profile. In contrast, the near-surface

Solodized Solonetz horizons tend to present the lowest values of pH and the highest amounts of A" saturation and exchangeable

Solod H + Al These data point to the replacement of salinization/solonization around the saline lakes to the solodization
Alluvial fan process in the studied soils, with leaching of exchangeable bases, their substitution by AI> ™ and H* and a conse-
Intermittent watercourse quent decrease in pH, first at shallow depths and later in the whole profile. Solodization occurs to a lower degree
in the soils associated with the Carandazal lake, which has a predominance of Solonetzes and the closest water
pH and electrical conductivity (EC) to the saline lakes, and to a higher degree in the soils related to the Banhado
lake, which has a predominance of Solods and the most similar water pH and EC to the freshwaters of the
Nhecolandia. The Cerca lake has an intermediate water geochemistry between the studied lakes and an equal prev-
alence of Solodized Solonetzes and Solods. Soil leaching occurs due to increasing inundation by freshwater through

erosion around the saline lakes, primarily involving formation of new intermittent watercourses.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Salt-affected soils are commonly defined as those containing an ex-
cess of soluble salts (Saline, Solonchaks), high amounts of Na* in the ex-
change complex (Sodic, Solonetz, Alkali), or both (Saline-Sodic or
Saline-Alkali) (USSL Staff, 1954; Bohn et al., 2001; Sparks, 2003). Their
classical model of genesis, initially proposed by Gedroiz (1912, 1917,
1925), is valid in many regions (Kellog, 1934; Kisel, 1981; Zaidel'man
et al,, 2010; Miller and Brierley, 2011), although different genetic path-
ways have been observed worldwide (Wilding et al., 1963; Hallsworth
and Waring, 1964; Munn and Boehm, 1983; Zaidel'man et al., 2014).

Gedroiz's model and later contributions postulate that Saline, Sodic
and a degraded Sodic soil originate in a sequence of soil evolution. In
the first stage, Solonchaks (Saline soils) are formed from non-salt-
affected soils by a process called salinization, characterized by the
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accumulation of salts more soluble than gypsum in the soil profile
(mainly chlorides and sulfates of sodium, magnesium, calcium and po-
tassium) and a consequent increase in mono- and divalent cations in
the exchange complex (Gedroiz, 1912; USSL Staff, 1954; Fanning and
Fanning, 1989; Bui et al., 1998).

Solonetzes (Sodic soils) originate in the second stage, deriving from
Saline soils by the leaching of most of the soluble salts and/or the precip-
itation of Ca? " and Mg? ™ minerals, with a relative increase in exchange-
able Na* and common occurrence of sodium carbonates (Gedroiz,
1912; Sumner et al., 1998; Sparks, 2003). This process, known as
solonization, is generally responsible for an important increase in the
soil pH, generally higher than 8.5 (USSL Staff, 1954; Fanning and
Fanning, 1989; Schaetzl and Anderson, 2005), mainly because of the lib-
eration of hydroxyls to the solution by both sodium hydrolysis' and the
dissolution of sodium carbonates® (Bohn et al., 2001; McBride, 1994).

T NaX + H,0 — HX + NaOH, where X is the exchange complex (Bohn et al., 2001).
2 NayC03 — 2Na + C03~; CO3~ + H,0 — HCO3~ + OH™ (McBride, 1994)
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Finally, the continued leaching in the environment leads to a differ-
ent process called solodization, responsible for the formation of a de-
graded Sodic soil (Soloth) (Gedroiz, 1925; Kellog, 1934). Solodization
is marked by a loss of sodium and other basic cations and an increase
of H" in the exchange complex, first in the near-surface horizons and
later in the whole profile. The soils formed in the initial stages of
solodization are conventionally called Solodized Solonetz (Westin,
1953; Janzen and Moss, 1956; Whittig, 1959; Hallsworth and Waring,
1964; Miller and Pawluk, 1994; Anderson, 2010), whereas those formed
in the final stages are called Soloth (Kellog, 1934), Solod (Westin, 1953;
Heck and Mermut, 1992; Miller and Pawluk, 1994; Zaidel'man et al.,
2010) or Solodi (Janzen and Moss, 1956; Whittig, 1959).

Typical Solonetz occurs in regions with: i) evapotranspiration higher
than precipitation rates in at least part of the year, allowing for the con-
centration of soil solutions (Bohn et al., 2001); ii) a temporary availabil-
ity of humidity, important for the instability of aggregates and
subsequent colloid dispersion, especially in the natric horizon
(Rengasamy and Sumner, 1998; van Breemen and Buurman, 2003);
and iii) low slope gradients associated with near-impervious horizons
and/or high water table levels, which restrict subsurface water flows
and permit the necessary accumulation of water for high evaporation
rates (Westin, 1953; USSL Staff, 1954).

The establishment and evolution of solodization and the consequent
genesis of Solodized Solonetz and Solod soils are generally related to a
change in one or more of these conditions, triggering an increase in
soil leaching. Heck and Mermut (1992), studying salt-affected soils
around a saline lake in Saskatchewan (Canada), showed that the forma-
tion of terraces due to the lake retreat produced higher topographical
levels, promoting lateral leaching conditions and, consequently, the or-
igin of Solodized Solonetzes. Whittig (1959) in California (USA) and
Munn and Boehm (1983) in Montana (USA) attributed the genesis of
Solodized Solonetzes to a lowering of the water table, enhancing the
downward migration of ions. In Montana, specifically, the authors
linked this change to a conversion from a post-glacial humid climate
to a semi-arid climate 4000 years BP.

The Nhecolandia region (26,921 km?), located in the central-
southern Pantanal wetland (Fig. 1a), has hundreds of saline lakes
(salinas) surrounded by Saline-Sodic soils (Silva and Abdon, 1998;

A

Main Cities
Upper Paraguay
Basin limit

----- Pantanal limit

[7Z2) Nhecolandia sub-region

> Main rivers
60°W
1

55|°W

Furquim et al., 2008; Costa et al., 2015) and thousands of freshwater
lakes (baias) surrounded by sandy and acid soils not affected by salts
(Sakamoto, 1997; Fernandes, 2000; Costa et al., 2015) (Fig. 1b). The sa-
line lakes are on the top of elongated sand hills (cordilheiras), which rep-
resent the highest topographical level of the region, only 2 to 5 m higher
than the surroundings. Typically, the sand hills and, consequently, the
saline lakes are not reached by the freshwater that seasonally floods
the wetland, allowing for the presence of forested savanna in the sand
hills and in the surroundings of the saline lakes, in the outer position
of a bare soil ring around the water level (Fig. 1b). In contrast, the fresh-
water lakes occur in the lowest areas, within long intermittent water-
courses (vazantes) that seasonally flood, mainly during the summer
(Barbiéro et al., 2002). Freshwater lakes and intermittent watercourses
are typically occupied by open grass savanna and swampy grasslands
(Fernandes, 2000; Evans and Costa, 2013) (Fig. 1b).

However, some lines of evidence suggest that some of the saline
lakes have been converted into brackish lakes by atypical input of fresh-
water within the sand hills, creating new intermittent watercourses.
First, the dense forested savanna that usually covers the sand hills
fully surrounds the saline lakes but occurs only partially around the
brackish lakes. The presence of non-forested zones and the disappear-
ance of the bare soil ring around the saline lakes, both usually replaced
by open woody savanna and grasslands, point to a partial degradation of
the slightly higher and fragile sand hills, which would allow for inter-
mittent flooding (Fernandes, 2007; Almeida et al., 2003; Evans and
Costa, 2013). Second, the association of degraded natric horizons with
some brackish lakes, similar to those typically created in the geochemi-
cal conditions of saline lakes, suggests a genetic relationship between
them (Rezende Filho, 2006; Barbiero et al., 2008).

The destruction of the saline lakes and their replacement by brackish
lakes would provoke intense transformation in the Saline-Sodic soils,
especially through leaching related to the advancement of the freshwa-
ter from seasonal flooding. Although the salt-affected soils occurring
around the saline lakes have been extensively studied (Furquim et al.,
2008; Furquim et al., 2010a; Furquim et al., 2010b; Martins, 2012),
those associated with the brackish lakes are known mainly by morpho-
logical descriptions, accompanied by a few laboratory analyses
(Rezende Filho, 2006; Silva, 2007).
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Fig. 1. A) Pantanal wetland and Nhecolandia subregion; B) Nhumirim farm: examples of the main geomorphological elements of the low Nhecoldndia (sand hills, saline lakes, freshwater
lakes, intermittent watercourses) and location of the studied brackish lakes (Carandazal, Cerca and Banhado).
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In this context, the present work aimed to better investigate the
characteristics and origin of the soils associated with representative
brackish lakes, assuming that freshwater entrance in the saline lakes
could be responsible for transformation of their Saline-Sodic soils, gen-
erating degraded Sodic soils such as Solodized Solonetzes and Solods. In
contrast to what has been reported in the literature, the leaching re-
sponsible for the genesis of these soils would be directly related to the
current fluvial dynamics, with the origin of new intermittent water-
courses and freshwater lakes.

2. Materials and methods
2.1. Environmental setting

The Pantanal wetland, located in the Upper Paraguay drainage basin,
is one of the largest wetlands of the world (150,500 km?), with 90% of its
area in Brazil and 10% in Bolivia and Paraguay (16°-20° S; 50°-58°
W) (Padovani, 2010; Assine, 2015) (Fig. 1a). Although deforestation
has intensified in the last decades (Silva et al., 2011; Bacani et al,,
2016), the region still has well-preserved ecosystems, with a low popu-
lation density and economic activity mainly based on extensive animal
husbandry (Por, 1995; Assine, 2015; Pott and Silva, 2016). The Pantanal
biome presents large aquatic and terrestrial biodiversity and is charac-
terized by the convergence of the Cerrado (Brazilian savanna), the Am-
azon, the Atlantic Forest and the Chaco biogeographical provinces
(Adamoli, 1986; Silva et al.,, 2001; Pott and Silva, 2016). Because of its
environmental qualities, it is considered a wetland of international im-
portance by the Ramsar Convention of Wetlands and part of its area is
recognized as a World Heritage Area by UNESCO.

According to Koppen's classification, the climate of the Pantanal is
Tropical Savanna-Aw (Por, 1995), characterized by mean annual tem-
peratures between 22.4° and 25.6° C (Tarifa, 1986) and mean annual
precipitation from 850 to 1100 mm, with marked wet (December to
March) and dry (June to August) periods (Alvarenga et al., 1984;
Alfonsi and Camargo, 1986). Although seasonally there is a high avail-
ability of water, the annual potential evapotranspiration of at least
1400 mm impresses an annual hydric deficit higher than 300 mm in
the wetland (Alfonsi and Camargo, 1986).

The whole wetland is an active sedimentary basin filled with sandy,
silt-sandy and clayey unconsolidated or semi-consolidated materials
that have been deposited along the Cenozoic, reaching a sedimentary
thickness up to 500 m in the center of the depression (Del'Arco et al.,
1982; Godoi Filho, 1986; Assine et al., 2005; Assine, 2015). Alluvial
fans are the most common depositional system, but floodplains and la-
custrine systems are also commonly found in the basin (Assine, 2003;
Assine et al,, 2015). The region presents altitudes between 80 and
200 m and extremely low slope gradients (0.02 to 0.03°), being partially
covered by seasonal inundation (Assine, 2015; Silva, 1986; Scott, 1991).
Most of the flooding water and the deposited sediments come from
surrounded highlands (200 to 900 m), which are formed by Precambri-
an crystalline and Mesozoic sedimentary rocks (Del'Arco et al., 1982;
Alvarenga et al., 1984; Godoi Filho, 1986; Por, 1995).

The flooding in the Pantanal starts 2 to 3 months from the beginning
of the wet season (Padovani, 2010) with the inundation pulse reaching
its maximum during the dry season (June to July) in the southernmost
subregions (Carvalho, 1986; Hamilton et al., 1996). The flooding may
occur due to an overbank flow of the main rivers, the upstream restric-
tion of tributary drainage due to inundation of the Paraguay River, or an
accumulation of local rainfall water, with the last of which being the
largest source of water to the Nhecoldndia (Hamilton, 1999). The peak
of the inundation in the low Nhecolindia (area of 8220 km?), where
the association between freshwater, brackish and saline lakes occurs,
may vary from February to May, depending on the year, with a monthly
average flooding area during this period near 4000 km? (Hamilton et al.,
1996; Costa et al,, 2015). The saline lakes do not typically dry out during
the year and, in general, are not reached by surface waters during

flooding as they are fed mainly by ground water and rainfall. In contrast,
freshwater and brackish lakebeds, which are reached by seasonal inun-
dation, are usually free of surface water during the peak of the dry peri-
od (Silva, 2007; Rezende Filho, 2006).

The waters associated with freshwater lakes and intermittent water-
courses present pH values between 4.6 and 7.9 and electrical conductiv-
ity (EC) between 0.01 and 0.30 dS m™ . In contrast, the surface and
subsurface waters related to the saline lakes have much higher pH and
EC values, respectively varying from 8.5 to 10.1 and 6 to 68 dS m™'
(Barbiéro et al., 2002; Almeida et al., 2003; Parizotto, 2012). In spite of
this huge geochemical variability, even in short distances (=200 m),
all the waters of the low Nhecolandia belong to the same chemical fam-
ily, which is evolving through evaporative concentration as a result of
the high evapotranspiration rates of the wetland (Barbiéro et al.,
2002; Almeida et al., 2010). The saline lakes experience a higher con-
centration because of their isolation within the sand hills, which pre-
vents the seasonal input of freshwater by flooding (Barbiero et al.,
2008).

This variability in water conditions triggers significant morphologi-
cal, chemical and physical differences in the soils. Sand hills, intermit-
tent watercourses and freshwater lakes are dominated by Psamments
(A over C horizons), with <50 g kg~ ! of clay, no structure (single
grain) and an acidic pH (generally <5). Sand hills also have Spodosols,
with a sequence of A - Bh (or Bs) - C horizons, characterized by a
sandy texture (>850 g kg~ ! of sand) and acid to neutral pH (5 to
7) (Cunha, 1980; Queiroz Neto et al., 1997; Sakamoto, 1997; Silva and
Sakamoto, 2003; Fernandes, 2000).

Around the saline lakes, the Saline-Sodic soils have, in general, a pale
brown, fine sand and single grain surface horizon, which can be laterally
replaced, in the area of seasonal lake-level variation, by a dark gray,
loamy sand and prismatic H horizon. Below these bare surface horizons
commonly occurs a light brownish gray, fine sand and single grain E ho-
rizon, which may have vertical mottles enriched in organic matter. This
horizon overlies a gray, loamy sand and massive Bkg, with abundant
carbonate nodules (calcite, dolomite and/or nahcolite). Finally, the
deepest horizon is generally an extremely hard and poorly permeable
Bnx, marked by an olive color, sandy loam texture and lack of structure
(massive) (Sakamoto, 1997; Barbiéro et al., 2000; Silva and Sakamoto,
2003; Silva et al., 2004; Furquim, 2007).

Detailed research performed by Furquim (2007), Furquim et al.
(2010a) and Martins (2012) showed that most of the soils around the
saline lakes present exchangeable sodium percentage (ESP) higher
than 30%, electrical conductivity (EC;) higher than 10 dS m™ !, pH in
general higher than 9 but commonly 10 or more, and very low or an ab-
sence of exchangeable A+ or H + Al. Although salinization is appar-
ently present, these soils seem to be mainly governed by solonization,
with an important presence of Na™ in the exchange complex and conse-
quent alkalization, leading to an extremely alkaline pH. The relative
gathering of exchangeable sodium is improved by the involvement of
Ca?* and Mg? ™ in the direct precipitation of carbonates ( calcite and do-
lomite) and magnesian smectites (stevensite and saponite) (Furquim
et al,, 2008; Furquim et al., 2010a).

Soil surveys based on morphological data, field electromagnetic con-
ductivity (EC.) and pH measurements in and around two brackish lakes,
one more mineralized (pH and EC close to saline lakes) and the other
less mineralized (pH and EC close to freshwaters), show a similar soil
organization to the Saline-Sodic soils (Silva, 2007; Rezende Filho,
2006). Horizons similar to the gray Bkg and the olive Bnx are present
in and around both of the lakes, but in and around the less mineralized,
these horizons occur in a discontinuous form. These soils are, however,
different from the saline lake, mainly in terms of having lower ECe,
reaching 80 and 100 dS m™ " in the soils of the less and more mineral-
ized lake, respectively, in contrast to 400 dS m~ ' in the Saline-Sodic
soils (Silva, 2007; Rezende Filho, 2006; Barbiero et al., 2008). Silva
(2007) also reported lower pH in the soils of the more mineralized
brackish lake than in the soils of the saline lakes, with values ranging,
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in the former, from 7.0 to 7.9 near the surface and from 8.0 to 8.9 in the B
horizons.

2.2. Methods

The research was conducted in and around three ephemeral brack-
ish lakes with intermediate geochemistry characteristics between
fresh and saline waters: Carandazal (pH: 6.54; EC: 1.88 dS-m™!),
Cerca (pH: 6.40; EC: 1.10 dS m~!) and Banhado (pH 6.17; CE: 0.76 dS
m~!) (Almeida et al., 2003). They are all located in the low Nhecolandia,
Mato Grosso do Sul state, specifically at the Nhumirim Farm, property of
EMBRAPA, the Brazilian Agricultural Research Corporation (Fig. 1b).
Field work was carried out over three consecutive years, always during
the dry season, when the lakes were dry.

The soil survey was performed along three transects (T), one associ-
ated with each lake (T1-Carandazal, T2-Cerca and T3-Banhado), accord-
ing to the methodology of Structural Analysis of the Pedological Cover,
which is the study of the morphological characteristics, the lateral/ver-
tical distribution and the geometrical arrangement of soils (horizons,
structures, constituents) along geomorphological units (Boulet, 1992;
Ruellan and Dosso, 1993). In and around the Carandazal and Cerca
lakes, the transects (T1 and T2) start at the border of the sand hill and
end at the lowest point of the lake depression, whereas in and around
the Banhado lake, the transect (T3) extends between two borders of
the sand hill, intersecting the center of the dry lake (Fig. 2).

Each transect's topography was obtained by direct differential level-
ing between two points of a sequence. The distance and the elevation
difference between two points were determined, respectively, by a
30 m tape line and by a flexible, transparent and water-filled tube be-
tween them. The relative height of the two points was obtained by mea-
suring, with a 1 m scale, the water level at the extremities of the tube
(Torge and Muller, 2012). Soil morphology descriptions were carried
out according to Schoeneberger et al. (2002) on a total of thirty auger
holes, which allowed us to preliminarily organize the horizons in the
transects, and twelve trenches, located in representative zones or in lat-
eral transitions between horizons.

Samples of all the identified horizons were taken mainly from the
trenches, air-dried, sieved to produce the fine earth fraction (<2 mm),

quartered by the elongated pile method (Goées et al., 2004) and submit-
ted to laboratory analyses. The 1:1 soil-water, 2:1 soil-CaCl, and 1:1
s0il-KCI pH were measured according to USDA (2014). Exchangeable
Ca®", Mg?™ and A" were extracted by the addition of 1 M KCI, with
Ca?* and Mg?* determined by atomic absorption spectroscopy (AAS)
and A by titration with 0.025 M NaOH, using bromothymol blue as
the indicator (Cantarella et al., 2001). Exchangeable Na™ and K* were
extracted with a Mehlich 1 solution (0.05 M HCI + 0.0125 M H,S04,)
and measured by flame photometry (Silva et al., 2009). H + Al were ex-
tracted with 0.5 M (CH3CO0),Ca-H,0 at pH 7 and quantified by titra-
tion with 0.025 M NaOH, using the indicator phenolphthalein
(Quaggio and Raij, 2001). The cation exchange capacity (CEC) was cal-
culated as the sum of the bases (Ca®>™, Mg?™, Na* and K*) and
H + Al (EMBRAPA, 1997). These analyses were performed in triplicate,
accepting a coefficient of variation (CV) of <12%.

The saturated paste of each sample was prepared by adding deion-
ized water to 150-500 g of the quartered fine-earth fraction, until the
criteria adopted by USDA (2014) were achieved (glistening, slight
flowing with movement and free sliding from a spatula). The paste
was permitted to stand overnight and the extract was obtained with
the assistance of a vacuum system to measure pHs, electrical conductiv-
ity (ECs) and the main cations in the solution. Na* and K™ were deter-
mined by flame photometry and Ca™2 and Mg ™2 by atomic absorption
spectroscopy (AAS). Then, the sodium adsorption ratio (SAR) was calcu-
lated according to the following formula: Na/[(Ca + Mg)/2]"/?, using sol-
uble Na™, Ca®>" and Mg? ™" concentrations in mmol. L™ (Bohn et al.,
2001; Sumner et al., 1998).

3. Results
3.1. Soil morphology

The soil organization along the three transects (T1-Carandazal, T2-
Cerca, T3-Banhado) and the morphological data are shown in Fig. 3. Sev-
enteen horizons were recognized, five occurring in all the transects (A1,
A2, Bwl1, Bncl, Bnc2), four appearing at T2 and T3 (Bw4, Bg1, AC, C1),
one appearing at T1 and T3 (AB) and the others with a local distribution

Fig. 2. Soil survey in transects (dashed lines) at: A) Carandazal lake (T1-Transect 1); B) Cerca lake (T2-Transect 2); and C) Banhado lake (T3-Transect 3). Images source: Google™ Earth

(2016).
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Al: Dark grayish brown* (10YR 4/2); fine sand; granular or
subangular blocks, weak to moderate; low excavation difficulty.

A2: Very dark grayish brown* (10YR 3/2) or dark gray* (I0YR
4/1); fine sandy loam to silt loam; platy or subangular blocks;
moderate; low excavation difficulty.

AB: Brown* (10YR 5/3) or pale brown* (10YR 6/3); fine sand;
single grain; low excavation difficulty.

BA: Gray* (10YR 6/1); loamy fine sand; massive; very high
excavation difficulty. Yellowish brown (10YR 5/6) redox features.
Bw1: Light gray* (10YR 7/1, 6/2); fine sandy loam; massive; very
high excavation difficulty. It presents strong brown (7.5YR 4/6, 5/8,
5/6) or reddish yellow (7.5YR 6/8) redox features.

Bw2: Light brownish gray* (2.5Y 6/2); fine sand; massive; moderate
excavation difficulty.

Bw3: Intermingled: gray* (10YR 6/1), grayish brown* (2.5Y 5/2)
and olive* (5Y 5/3); sandy clay loam; massive; very high excavation
difficulty. It presents features i and iii described in horizon Bnc 1,
Bnc2 and Be, but in less amounts.

Bw4: Very dark grayish brown* (2.5Y 3/2); loam; massive;
very high excavation difficulty. It presents features I and iv
described in horizon Bncl, Bnc2 and Be, but in less amounts.

BwS5: Yellowish brown* (10YR 5/6) or red (2.5YR 5/6); sandy
clay loam; massive; moderate excavation difficulty. Strong brown
(7.5YR 5/8) redox features.

Bncl: Olive* (5Y 4/4, 4/3); fine sandy loam to sandy clay loam;
massive or weak subangular blocky structure; very high excavation
difficulty. Presence of one or more of the following features: i)
black* (Gley 1 N 2.5/), very hard nodules, with metallic lustre; ii)
black* (10YR 2/1, 2.5Y 2.5/1) and clayey mottles; iii) white* (White
Page, N 9.5/), very hard nodules, with no HCI reaction; iv) dark
yellowish brown* (10YR 4/6) or strong brown* (7.5YR 4/6) redox
features; v) nodules similar to horizon Bnc2 in color and texture.

Bnc2: Greenish (2.5Y hue), with the following colors: a-olive brown*
(4/3, 4/4), b-dark grayish brown* (4/2), c-light olive brown* (5/4);
fine sandy loam to sandy clay loam; massive or weak subangular
blocky structure; very high excavation difficulty. It presents at least one

Fig. 3. Soil organization along the three studied transects.

of the features i to iv described in horizon Bncl and nodules similar to
horizon Bncl in color and texture.

Be: matrix 10YR, with the following colors: a-dark yellowish brown*
(4/4), b-brown* (4/3 or 5/3); fine sandy loam to clay loam; massive or
weak subangular blocky structure; high excavation difficulty. It
presents at least one of the features i to iv described in horizon Bncl
and Bnc2.

Bgl: Greenish gray* (Gley 1, 10Y 5/1); fine sand, loamy fine sand or

fine sandy loam; massive; moderate excavation difficulty. Dark
greenish gray* (Gley 1, 10 GY 4/1) mottles and nodules.

Bg2: Very dark gray* (Gley 1, N 3/); fine sand to loamy fine sand; massive;
moderate excavation difficulty. Olive* (5Y 5/6, 4/4) mottles or nodules.
AC: Brown* (10YR 5/3); fine sand; single grain; low excavation

difficulty.

C1: light gray* (10YR 7/2); fine sand; single grain; low excavation
difficulty.

C2: Brown* (10YR 4/3); fine sand; single grain; low excavation
difficulty.

ZSI-6€1 (2102) 98¢ puttapoan / v 12 winbing Jy's

vl



144 S.A.C. Furquim et al. / Geoderma 286 (2017) 139-152

Table 1
Main chemical properties of selected samples.
Horizons  Depth pH-H,0  pH-CaCl,  pH-KCl  APT H+Al  Ca®*" Mgt KT Na*t CEC Basesat.  APTsat.  ESP
cm mmol. kg ™! %

Transect 1 (T1) - Carandazal lake
Pedon 3 (P3)

Al 0-16 6.71 6.06 6.30 0.00 6.27 41.60 10.53 10.78 6.01 75.2 91.7 0.0 8.0

AB 16-90 6.81 6.13 6.29 0.00 2.33 2.79 0.00 3.94 5.25 143 83.7 0.0 36.7
Bnc2 90-107 9.02 7.71 7.61 0.00 0.60 14.40 348 42.05 69.71 130.2 99.5 0.0 53.5
Bncl 107-192 + 8.85 7.71 743 0.00 0.00 21.38 7.82 15.30 25.21 69.7 100.0 0.0 36.2
Pedon 1 (P1)

Al 0-8 6.34 5.77 6.06 0.00 9.20 40.30 9.09 3.34 0.45 62.4 853 0.0 0.7

Bw1 18-31 6.88 6.04 6.31 0.00 2.40 5.42 0.95 0.74 0.29 9.8 75.5 0.0 3.0

Bnc2 43-68 8.20 7.35 7.29 0.00 147 31.50 7.58 14.88 13.90 69.3 97.9 0.0 20.0
Bncl 68-118 8.27 7.47 7.08 0.00 2.00 42.01 14.58 23.56 41.81 124.0 98.4 0.0 33.7
Bnc2 118-145+ 8.37 7.50 6.86 0.00 2.67 27.52 10.53 17.09 25.30 83.1 96.8 0.0 304
Pedon 4 (P4)

A2 0-9 5.59 4.60 491 0.40 52.60 89.67 14.99 6.05 0.52 163.8 67.9 0.4 0.3

AB 9-34 6.27 5.84 6.23 0.00 4.47 4.42 0.53 0.65 0.33 104 57.0 0.0 3.2

Bw1 34-60 6.38 6.27 6.40 0.00 2.53 6.64 2.15 1.00 0.31 12.6 80.0 0.0 2.5

Bnc2 60-77 8.38 7.56 7.32 0.00 1.87 45.90 1141 14.75 13.57 87.5 97.9 0.0 15.5
Bncl 77-98 8.58 7.37 7.10 0.00 247 43.65 13.72 17.81 25.80 103.5 97.6 0.0 249
Bnc2 98-132+ 8.14 7.07 6.58 0.00 4.00 42.64 18.47 20.95 25.71 111.8 96.4 0.0 23.0
Pedon 2 (P2)

A2 0-19 5.76 5.09 5.35 0.40 49.60 148.27 35.06 18.72 0.49 252.1 80.3 0.2 0.2

Bw1 19-50 6.77 6.12 6.18 0.00 4.07 8.19 2.49 1.11 0.28 16.1 74.8 0.0 1.7

Bw3 50-122 8.09 7.17 6.80 0.00 3.60 67.72 9.66 14.89 8.80 104.7 96.6 0.0 84

Bnc2 122-145+ 8.05 6.95 6.19 0.00 1.73 3217 8.61 15.03 8.79 66.3 97.4 0.0 133

Transect 2 (T2) - Cerca lake
Pedon 2 (P2)

Al 0-15 5.81 548 5.36 0.10 9.60 13.13 1.24 0.98 0.55 255 62.4 0.6 2.2
C1 22-145 495 434 413 0.40 3.20 1.22 1.53 0.69 0.43 71 54.7 9.4 6.1
(@) 145-218 4.88 3.86 3.71 3.00 3.20 1.85 1.28 1.68 0.70 8.7 63.3 353 8.0
Bg1 218-331+ 5.98 544 331 3.50 4.20 2.03 1.29 1.60 0.50 9.6 56.3 39.2 5.2
Pedon 1 (P1)

A2 0-10 5.71 4.87 5.00 0.10 50.27 3.86 3.78 10.45 0.80 69.2 27.3 0.5 1.2
Bw1 10-19 5.54 4.88 437 0.20 24.60 40.95 2.74 5.02 0.54 73.9 66.7 0.4 0.7
Bncl 35-50 6.15 537 513 0.10 13.60 42.68 345 6.33 3.13 69.2 80.3 0.2 45
Bnc2 109-125 7.62 6.44 6.19 0.10 2.53 13.12 0.50 3.00 1.90 21.1 88.0 0.5 9.0
Bncl 138-244 6.75 5.95 537 0.10 1.47 34.01 0.13 12.77 2.96 51.3 97.1 0.2 5.8
Bnc2 244-283 6.48 5.55 4.64 0.50 1.93 34.13 2.53 7.00 1.61 472 95.9 1.1 34
Bgl 283-305+ 6.00 5.20 4.85 0.40 2.07 25.52 5.07 3.75 1.18 37.6 94.5 1.1 31
Pedon 4 (P4)

A2 0-10 6.35 5.64 5.62 0.30 33.40 4.29 4.16 7.65 0.85 50.4 33.7 1.7 1.7
Bw1 10-19 6.13 5.34 5.25 0.10 20.73 337 3.18 4.77 0.80 329 36.9 0.8 24
Bw2 19-28 7.16 6.55 6.50 0.10 0.60 1145 0.95 2.40 0.53 15.9 96.2 0.7 33
Bncl 40-54 7.85 7.09 7.24 0.10 0.00 23.08 0.77 4.57 1.06 29.5 100.0 0.3 3.6
Bnc2 88-110 8.18 7.33 7.18 0.00 0.20 29.18 5.00 8.24 444 471 99.6 0.0 94
Bncl 110-125 8.20 7.35 7.04 0.00 0.20 25.02 4.57 9.04 443 433 99.5 0.0 10.2
Bnc2 160-278 + 8.12 7.53 7.15 0.00 0.20 22.80 2.53 9.41 4.67 39.6 99.5 0.0 11.8
Pedon 3 (P3)

A2 0-9 5.59 5.01 5.26 0.50 52.67 4.02 493 12.50 0.70 74.8 29.6 2.2 0.9
Bw1 9-20 5.04 4.13 4.40 0.50 25.87 21.07 1.07 3.29 0.57 51.9 50.1 1.9 1.1
Bw2 20-37 6.34 5.46 5.22 0.00 3.00 6.88 1.03 1.57 0.43 129 76.8 0.0 33
Bncl 40-65 6.69 5.96 5.38 0.00 2.33 247 3.87 7.94 2.33 189 87.7 0.0 123
Bnc2 65-100 7.83 7.07 6.78 0.00 1.20 41.22 3.47 7.16 337 56.4 97.9 0.0 6.0
Bncl 100-114 8.15 7.38 7.15 0.60 0.40 2.65 5.10 8.52 5.81 225 98.2 2.7 259
Bnc2 114-170 8.04 7.28 7.04 0.70 0.20 2.61 1.54 10.78 8.26 234 99.1 2.9 353

Transect 3 (T3) - Banhado lake
Pedon 2 (P2)

Al 0-16 5.04 4.50 4.86 0.40 7.20 4.24 0.42 0.47 0.37 12.7 433 6.8 2.9

AB 16-82 5.06 5.08 5.28 0.40 0.80 1.00 0.08 0.43 0.25 2.6 68.9 18.5 9.7

Bncl 82-180 8.70 7.32 7.13 0.00 0.00 26.88 8.16 14.86 25.76 75.7 100.0 0.0 34.0
Bnc2 180-240 8.96 7.57 7.68 0.00 0.00 27.50 11.96 14.67 14.65 68.8 100.0 0.0 21.3
Bncl 240-280+ 8.87 7.45 7.67 0.00 0.00 26.09 13.39 14.88 14.85 69.2 100.0 0.0 21.5
Pedon 3 (P3)

A2 0-13 5.19 4.40 4.839 0.40 30.40 23.92 7.81 2.35 0.39 64.9 53.1 1.2 0.6

AB 13-71 5.02 4.73 484 0.40 1.60 0.60 0.34 0.58 0.52 3.6 56.0 16.4 14.4
Bc 88-115 5.42 4.66 436 0.40 25.60 59.55 54.74 5.38 10.18 155.5 83.5 0.3 6.6

Bw1 115-130 5.59 4.84 4.36 0.00 5.60 3042 25.44 3.47 3.75 68.7 91.9 0.0 55

Bc 130-185 6.10 5.43 5.07 0.00 3.20 32.52 12.69 4.40 293 55.7 94.3 0.0 53

Bnc2 185-291 7.70 6.97 6.70 0.00 0.00 34.99 24.22 2.16 1.48 62.9 100.0 0.0 24

Bgl 291-324+ 8.04 7.34 7.32 0.00 0.00 2331 8.92 297 2.12 37.3 100.0 0.0 5.7

Pedon 4 (P4)

A2 0-15 492 419 4.59 1.60 93.60 51.26 23.50 9.16 0.84 1784 475 1.9 0.5

Bw1 24-50 5.82 5.12 5.30 0.00 0.80 10.22 4.60 2.15 0.49 183 95.6 0.0 2.7

Bc 55-61 5.02 4.25 441 0.40 23.20 51.72 32.69 091 0.37 108.9 78.7 0.5 0.3
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Table 1 (continued)

Horizons  Depth pH-H,0  pH-CaCl,  pH-KCl  APT H+Al  ca**t Mg?* K+ Na*t CEC Basesat.  Al*Tsat.  ESP
cm mmol. kg ™! %

Bw4 61-185 5.77 5.11 5.03 0.40 12.80 40.17 31.46 5.10 232 91.9 86.1 0.5 2.5
Bncl 185-251+ 6.72 6.14 5.94 0.00 0.80 12.37 8.48 3.87 1.38 269 97.0 0.0 52
Pedon 1 (P1)

Al 0-20 4.60 4.01 4,51 0.80 9.60 532 1.50 0.98 047 17.9 46.3 8.8 2.6
c1 32-124 5.62 5.52 5.73 0.00 1.60 0.42 043 0.33 044 3.2 50.2 0.0 13.6
Bw1 124-155 5.15 423 434 0.40 0.80 430 1.63 0.88 1.20 8.8 90.9 4.8 13.6
Bnc2 155-189 5.07 3.86 3.69 1.20 7.20 8.64 7.11 1.67 294 27.6 73.9 5.6 10.7
Bw5 189-255 5.28 4.69 423 0.80 13.60 32.95 38.30 7.93 537 98.2 86.1 0.9 55
Bgl 255-275+ 6.13 5.34 5.04 0.40 4.80 29.10 35.20 6.98 2.79 78.9 93.9 0.5 3.5
Pedon 5 (S5)

Al 0-22 5.24 431 472 0.40 8.80 4,59 1.25 0.53 0.59 15.8 442 54 3.7
c1 34-232 6.07 5.42 5.47 0.00 1.60 0.78 0.41 0.36 0.59 3.7 57.2 0.0 15.8
c1 232-314+ 4.96 4.64 4.43 0.40 0.80 1.58 0.84 0.43 0.60 43 81.2 104 141

at one of the transects (Bw3 at T1; Bw2 and C2 at T2; BA, Bc, Bw5 and
Bg2 at T3).

A1, AB, AC, C1 and C2 are fine sand horizons that occur mainly in
higher positions, forming thick profile sequences at T2 (e.g., A1-AC-
C1-C2) and T3 (e.g., A1-AC-E). A1 has a dark grayish brown color and
a mainly granular structure, whereas AB, AC, C1 and C2 are single-
grain, having lighter colors in the first three and slightly darker color
in the last. Horizons A2, Bw1 and Bw2 occur mainly in lower topogra-
phy, at or near the surface. A2 is darker than A1 and has a platy and/or
subangular block structure. Horizons Bw1 and Bw?2 are similar in silt en-
richment and lack of structure (massive), but the former is whitish
(10YR 7/1, 6/2) and extremely hard whereas the latter is light greenish
(2.5Y 6/2) and moderately hard.

The distribution of the Bnc and Bc horizons is variable. Bnc1 and
Bnc2 occur in high vertical and lateral continuity along T1 and in inter-
mediate lateral continuity and vertical discontinuity at the low positions
of T2. At T3, Bnc1, Bnc2 and Bc have vertical and lateral discontinuity at
both high and low positions. A clear morphological resemblance is ob-
served between these three horizons, being all mostly massive, more
clayey than the upper horizons and heterogeneous, with volumes of dif-
ferent characteristics distributed in the matrix. A range of matrix color
and hardness is observed, being extremely hard and greenish (5Y 4/4,
4/3) at Bnc1, hard to extremely hard and less pronounced green (e.g.
2.5Y 4/4, 4/3) at Bnc2 and hard and brownish (10YR 4/4, 4/3) at Bc.
However, the main volumes occurring in the three horizons are similar:
i) black nodules, extremely hard, with a metallic luster, abundant at T1
and progressively less so at T2 and T3; ii) black, not cemented but com-
monly associated with the metallic black nodules, clayey to very clayey
and abundant in all the transects; iii) strong brown and yellowish red
redoximorphic features, common to rare in the three transects; and
iv) volumes similar to the matrix of Bnc1 (5Y 4/4, 4/3) in the Bnc2
(2.5Y 4/4, 4/3) and vice versa, common to rare in the three transects.

The other horizons generally have small and discontinuous distribu-
tions and most of them are associated with long groundwater satura-
tion. Horizons Bg1 and Bg2 are relatively deep in the profiles, have
fine sandy to fine sandy loam textures and exhibit typical hydromorphic
colors in the matrix, such as greenish gray (Gley 1, 10Y 5/1), very dark
gray (Gley 1, 3/N) and dark greenish gray (Gley 1, 5GY 4/1, 10Y 4/1).
Horizons BA, Bw3 and Bw4 are in the center of the depression and are
probably related to the sedimentation dynamics of the lakes. They
have a more clayey texture than the contiguous upslope horizons (AB
for BA; Bnc1 for Bw3; Bnc1, Bnc2 and Bc for Bw4) and redoximorphic
features. Horizons Bw3 and Bw4 also have the same volumes found in
the Bnc and Bc horizons, such as the black nodules and greenish (5Y
and 2.5Y) masses.

3.2. Chemical analyses

The pH-H,O0 varies widely, changing from moderately acid (5.6) to
strongly alkaline (9.0) in the Carandazal transect (T1), very strongly

acid (4.9) to moderately alkaline (8.2) in the Cerca transect (T2) and
very strongly acid (4.6) to strongly alkaline (9.0) in the Banhado tran-
sect (T3) (Table 1; Fig. 4). Thus, a general decreasing of pH is observed
between the transects, with values smaller than 6.0 occurring in
11% of the samples at T1, 30% at T2 and 65% at T3. In addition, an in-
crease in the values toward greater depths is evident, occurring in
most of the pedons from the surface or relatively near-surface hori-
zons (A1, A2, AB, Bwl, Bw2) to the deep subsurface horizons
(Bnc1, Bnc2, Bg1). This vertical pattern of distribution, however, is
barely or not observed in the sandy zones located in higher topo-
graphical positions of T2 (P2) and T3 (P5), where the horizons tend
to be acid. Laterally, the pH tends to decrease toward the center of
the lake depression at T1 and T3 (especially from P2 to P4), in a sub-
tle way in the former and more clearly in the latter, but generally in-
creases downslope along T2.

Both pH-CaCl, and pH-KCI are mostly less than pH-H,0, but the
values of these parameters in the same sample are generally similar to
each other, varying from 4.6 to 7.7 along T1, 3.3 to 7.5 along T2 and
3.7 to 7.7 along T3 (Table 1). In contrast, the pH values measured in
the extract of the saturated paste (pHs) are higher than pH-H,0, with
values between 6.8 and 9.0 at T1, 5.1 and 8.7 at T2 and 5.1 and 8.8 at
T3 (Table 2). However, these three parameters tend to have a similar be-
havior to pH-H,0 in the three transects, presenting a general decreasing
of values from the Carandazal transect (T1) to the Banhado transect
(T3) and an increasing of values from shallow to deep horizons of
each pedon, with the exception of the sandy zones of T2 (P2) and T3
(P5). Laterally, toward the bottom of the lake, values also tend to de-
crease along T1 and T3 and increase along T2.

EC, varies between 0.0 and 8.4 dS m™ ! along T1, with four values
higher than 4 dS m ™!, located in horizons Bnc1 and Bnc2 at the middle
of the transect (P1, P4) (Table 2, Fig. 4). The values in the Cerca and
Banhado transects (T2 and T3) are clearly lower than those from the
Carandazal soils (T1), changing from 0.0 to 0.2 dS m~! in the former
and from 0.1 to 1.3 dS m™ " in the latter, with the exception of one sur-
face sample (A2) at T3, from the bottom of the lake (P4), which has an
atypical value of 51.0 dS m™ . Vertically, EC, tends to be greater in the
deeper horizons of each profile (Bnc1, Bnc2, Bw4) of T1 and T3, but in
a clearer way in the former transect. No evident pattern of lateral varia-
tion is observed along the three transects.

The Cation Exchange Capacity (CEC) is highly variable, and no appar-
ent pattern of vertical and lateral distribution is noticed in the transects.
The values change from 9.8 to 252.1 mmol. kg~ ! in the Carandazal tran-
sect (T1), 7.1 to 74.8 mmol. kg~ ! in the Cerca transect (T2) and 2.6 to
178.4 mmol. kg™~ ! in the Banhado transect (T3), but most of the sam-
ples at T1 and T2/T3 are, respectively, higher and lower than 60
mmol. kg™ ! (Table 1). Along T1, the most abundant exchangeable cat-
ions are Ca®* and Na™, the latter being predominant only in Bnc1 and
Bnc2 of higher positions. At T2 and T3, H™ dominates near the surface,
generally in the horizons A1, A2 and AB, whereas Ca>™* is the most abun-
dant cation in all the other horizons (Table 1).
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Fig. 4. Variation of Exchangeable Sodium Percentage (ESP), pH-H,O, Electrical Conductivity in the saturated paste (Ecs) and Exchangeable H + Al along Transect 1 (T1 - Carandazal lake),
Transect 2 (T2 - Cerca lake) and Transect 3 (T3 - Banhado lake). The black lines within the transects represent horizons boundaries.

AP saturation is clearly lower in the Carandazal transect (T1), vary-
ing between 0.0 and 0.4% at T1, with most of the values equal to 0.0. The
values change from 0.0% to 39.2% in the Cerca (T2) and from 0.0 to 19.0%
in the Banhado transect (T3), but percentages higher than 5% are more
common in the latter (Table 1). The majority of values of H + Al are be-
tween 0.0 and 55.0 mmol. kg~ in the three transects, with the excep-
tion of only one higher number (93.6 mmol. kg~ !) registered at T3 (A2,
P4) (Table 1, Fig. 4). Both AP saturation and H + Al tend to decrease
downward in the profiles, being higher in the A1, A2, AB and Bw1 hori-
zons. Laterally, the pattern of distribution of AI>* saturation and H + Al
is not well defined in the transects, although higher values of H + Al al-
ways occur near or at the center of the lake.

The base saturation changes from 57.0 to 100.0% at T1, 27.3 to
100.0% at T2 and 43.3 to 100.0% at T3 (Table 1). Unlike AI** saturation
and H + Al the base saturation clearly increases toward deeper hori-
zons, with the smallest percentages at A1, A2, AB, Bw1. Lateral patterns
are not evident, but the sandy zones of T2 (P2) and T3 (P5) have consis-
tently lower percentages than other zones of the transects. The most
abundant exchangeable base is Ca ™, with Na* or K* being dominant
only in some horizons (Table 1).

Although Na™ is not the predominant base, the exchangeable sodi-
um percentage (ESP) reaches 15% or more in horizons of all transects,
but these high values are relatively more frequent at T1 (Table 1,
Fig. 4). Considering each profile, ESP tend to be higher in deeper
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Table 2
Chemical parameters measured from the saturated paste extract in selected samples.

. EC, ca’* Mg?* Na* SAR
Horizons PHs dSm-? mmol, L~
Transect 1 - T1 (Carandazal lake)
Pedon 3 (P3)
Al 9.00 0.48 142 0.07 0.05 0.06
AB 6.86 0.08 0.20 0.00 0.07 0.21
Bnc2 8.89 1.84 0.40 0.29 9.37 15.91
Bncl 8.60 2.00 0.74 0.64 19.63 23.60
Pedon 1 (P1)
Al 7.85 0.62 2.49 1.00 041 0.31
Bwl 7.36 2.10 0.30 0.00 0.14 0.35
Bnc2 8.43 5.00 2.54 0.29 33.97 28.56
Bncl 8.30 8.30 0.22 0.12 56.04 135.17
Bnc2 8.46 8.40 1.73 0.29 43.81 43.65
Pedon 4 (P4)
A2 6.79 0.00 1.57 0.83 0.17 0.15
AB 7.65 0.19 0.40 0.00 0.15 033
Bwl 7.19 0.35 0.85 0.38 0.62 0.79
Bnc2 8.85 4.20 0.50 0.16 28.20 49.38
Bncl 8.62 1.99 0.55 0.65 87.38 113.01
Bnc2 7.82 1.44 0.65 0.25 10.24 15.22
Pedon 2 (P2)
A2 7.42 0.91 1.67 1.34 0.02 0.02
Bwl 7.89 0.33 0.85 0.28 0.32 0.42
Bw3 8.21 1.07 0.68 0.46 7.87 10.42
Bnc2 7.77 0.48 0.13 0.00 4.52 17.77
Transect 2 - T2 (Cerca lake)
Pedon 2 (P2)
Al 6.66 0.13 0.10 0.12 0.09 0.28
C1 5.38 0.05 0.05 0.14 0.08 0.28
c2 6.42 0.09 0.06 0.14 0.22 0.70
Bgl 5.12 0.09 0.20 0.06 0.18 0.51
Pedon 1 (P1)
A2 6.73 0.05 0.60 0.06 0.17 0.30
Bncl 6.12 0.02 0.34 0.13 138 2.86
Bnc2 6.72 0.14 0.25 0.11 0.87 2.07
Bncl 6.36 0.03 0.34 0.12 1.11 230
Bnc2 6.32 0.03 0.32 0.20 0.07 0.13
Pedon 4 (P4)
A2 7.24 0.05 0.49 0.09 0.15 0.28
Bwl 6.70 0.03 0.23 0.12 0.12 0.29
Bw2 7.62 0.03 0.33 0.10 0.26 0.55
Bncl 8.26 0.04 0.25 0.12 0.56 1.31
Bnc2 8.19 0.06 0.22 0.24 2.38 4.94
Bncl 8.04 0.05 0.14 0.18 2.30 5.68
Bnc2 7.88 0.07 0.23 0.31 3.23 6.23
Pedon 3 (P3)
A2 7.27 0.08 0.53 0.03 0.15 0.28
Bw1 5.68 0.18 0.06 0.13 0.12 0.39
Bw2 6.19 0.12 0.05 0.14 0.12 0.38
Bncl 5.38 0.03 0.03 0.05 0.70 3.51
Bnc2 7.90 0.04 0.17 0.11 0.87 2.33
Bncl 8.13 0.11 0.67 0.60 453 5.69
Bnc2 8.73 0.10 0.44 0.51 5.65 8.21
Transect 3 - T3 (Banhado lake)
Pedon 2 (P2)
Al 6.74 0.19 0.14 0.23 0.07 0.16
AB 7.00 0.05 0.04 0.03 0.06 0.30
Bncl 8.48 0.70 0.13 0.10 3.03 9.06
Bnc2 8.84 1.30 0.05 0.11 10.66 38.08
Bncl 8.80 0.80 0.12 0.13 6.22 17.67
Pedon 3 (P3)
A2 6.77 0.35 0.32 0.79 0.05 0.07
AB 6.33 0.08 0.11 0.03 0.13 0.51
Bc 5.86 0.38 0.10 0.13 3.04 8.95
Bw1 5.86 0.18 0.05 0.12 135 4.58
Bc 5.58 0.48 0.15 0.26 291 6.39
Bnc2 7.73 0.87 0.54 0.94 4.60 535
Pedon 4 (P4)
A2 6.04 51.00 1.13 1.05 0.23 0.22
Bwl 5.35 0.31 0.44 0.60 0.35 0.48
Bc 5.65 0.34 0.45 0.60 0.80 1.11
Bw4 5.13 0.48 0.23 0.61 1.73 2.66
Bncl 6.85 0.73 0.69 0.90 1.74 1.95

(continued on next page)
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Table 2 (continued)
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. EC, Ca’* Mg?* Na*t SAR
Horizons pHs dsm—? mmol, L~
Pedon 1 (P1)
Al 5.14 0.57 0.24 0.78 0.10 0.14
C1 6.74 0.12 0.05 0.01 0.23 131
Bwl1 5.66 0.15 0.08 0.05 0.99 3.77
Bnc2 5.55 0.20 0.05 0.05 135 5.96
Bw5 5.76 0.22 0.03 0.01 1.13 8.04
Bgl 7.26 0.26 0.09 0.06 0.65 2.39
Pedon 5 (P5)
Al 5.64 0.27 0.39 0.78 0.06 0.08
C1 6.93 0.11 0.02 0.06 0.27 1.30
C1 6.80 0.05 0.01 0.05 0.03 0.20

horizons, especially in Bnc1 and Bnc2. Laterally, toward the lake, the
percentages tend to decrease at T1/T3 (P2 to P4) and increase at T2.
The sodium adsorption ratio (SAR) is clearly larger at T1 compared to
the T2 and T3 transects, with many more values higher than 13 in the
former (Table 2). A clear difference between shallow (A1, A2, AB) and
deep horizons (Bnc1, Bnc2, Bg1, Bw5) can be noted in the three tran-
sects, the deep having higher values. Laterally, SAR tends to increase to-
ward the center of the depression at T2, but this pattern is not evident in
the other transects. However, P2 of T3, located near the sand hill, has a
much higher SAR than the other pedons of this transect.

4. Discussion
4.1. Degrees of transformation of the B horizons

Horizons Bnc1, Bnc2 and Bc of the three transects present morpho-
logical similarities to the olive and extremely hard Bnx of the saline
lakes (Furquim, 2007; Furquim et al., 2008), such as a subsurface posi-
tion, a greenish matrix (Bnc1 and Bnc2), a higher clay content than
upper horizons and distinguished hardness. The laboratorial results of
these B horizons also reveal the closest characteristics to the Saline-
Sodic soils, inasmuch as they generally present the highest values of
pH, EC,, base saturation and ESP and the lowest values of AI> ™ satura-
tion and exchangeable H + Al. Commonly, these horizons have pH
values that are classified as alkaline or strongly alkaline and ESP > 15%,
which are typical attributes of salt-affected soils. These properties sug-
gest that Bnc1, Bnc2 and Bc are genetically related to the soils originally
formed around the saline lakes and represent transformations due to
the geochemical changes of the lakes caused by the entrance of
freshwater.

Additionally, the morphological and chemical differences between
these B horizons insinuate different stages of transformation from the
Bnx. The respective dominance of the hue 5Y, 2.5Y and 10YR in the ma-
trix of Bnc1, Bnc2 and Bc, the higher variability of color and texture of
the Bnc2 (four subhorizons) and Bc (two subhorizons) and the lower
hardness of the Bc indicate that Bnc1 experienced the least and Bc expe-
rienced the most dramatic transformations. The analytical data partially
corroborate this hypothesis because horizons Bnc1 and Bnc2 are not sig-
nificantly different from each other, but both have properties that are
more related to the salt-affected soils than the Bc, such as a higher pH
and ESP and lower exchangeable A** and H + Al

Generic characteristics of the transects also indicate different de-
grees of transformation between them. In the Carandazal (T1), where
the lake water is closer to the saline lakes (higher pH and EC), the soil
distribution seems less complex, as in the Saline-Sodic soils, with Bnc1
and Bnc2 occurring in a vertical and lateral continuity. In the Cerca
(T2), where the lake water has intermediate geochemistry characteris-
tics (pH and EC), Bnc1 and Bnc2 tend to be vertically discontinuous, sug-
gesting that the latter has replaced the former. Finally, the Banhado
(T3), where the lake water is similar to the freshwater lakes (lower
pH and EC), is the only transect to have the Bc, with Bnc1, Bnc2 and

Bc appearing in lateral and vertical discontinuity. Moreover, the soils
show a decrease in pH and an increase in AI** saturation from T1 to
T2 and, then, to T3 and clearly higher values of ECs, ESP and SAR at T1,
indicating a higher chemical resemblance of this transect with the saline
lake soils.

4.2. General processes and classification of the salt-affected soils

Salt-affected soils have been traditionally classified according to
their values of electrical conductivity in the saturated paste (ECs), ex-
changeable sodium percentage (ESP) and pH. Saline soils (Solonchak)
are usually characterized by ECs >4 dSm~! at 25 °C, ESP< 15% and a
pH generally lower than 8.5, whereas Sodic soils (Solonetz) have EC; <
4 dSm™!, ESP > 15% and a pH ordinarily higher than 8.5. Saline-Sodic
soils are intermediate, presenting EC > 4 dS m~ ' and ESP > 15%, as in
the Saline and Sodic soils, respectively (USSL Staff, 1954; Sparks, 2003).

As previously described (item 2.1), the Saline-Sodic soils typically
formed around the saline lakes contain EC; > 10 dS m~ !, ESP > 30%,
pH commonly higher than 10 and lack of exchangeable A+ and
H + Al in the whole profile, indicating the action of salinization and
solonization processes, the latter playing a more relevant role. All the
soils studied in the present work have smaller ECs, ESP and pH values
and higher A>T saturation and exchangeable H + Al than the Saline-
Sodic soils. In addition, they are chemically less homogeneous,
inasmuch as many parameters show important vertical variation in
the profiles. In the Carandazal transect (T1), Bnc1l and Bnc2 have
ESP > 15%, pH close to or higher than 8.5 and Ca?* or Na™ as the dom-
inant exchangeable cations. In contrast, near-surface horizons, such as
A1, A2, AB and Bw1, present lower ESP and pH, with higher values of
H + Al and a prevalence of exchangeable Ca®*. Along the Cerca (T2)
and Banhado (T3) transects, only the deeper horizons of P3 and P2, re-
spectively, have ESP > 15 combined with pH values near or higher than
8.5, with Ca®* or K™ as the main exchangeable cations. Neither the sur-
face nor subsurface horizons of the other profiles, with a few exceptions,
have the chemical criteria of Saline (Solonchak), Sodic (Solonetz) or
Saline-Sodic soils.

These chemical attributes indicate that the action of salinization and
solonization in the Saline-Sodic soils has been replaced by the
solodization process in the studied areas, with leaching of exchangeable
bases, including Na™, their replacement by AI> ™ and H™ and a conse-
quent decrease in pH. It occurs first in the near-surface horizons, but
tends to extend to higher depths in many pedons, especially of transects
T2 and T3. This is expected for solodization, which tends to initiate in
the upper profile, mainly in the A/B boundary, reaching the whole pro-
file in the final stages (USSL Staff, 1954; Schaetzl and Anderson, 2005).
Thus, the Saline-Sodic soils of the saline lakes are apparently
transforming into Solonetz and/or degraded Solonetz (Solodized
Solonetz and/or Solods) in and around the brackish lakes.

In chemical terms, the differences considered in the literature be-
tween Solonetz, Solodized Solonetz and Solods reflect the increase of
leaching, with a gradual decrease of ESP, SAR and pH from the former
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to the latter. Commonly, B horizons of Solonetz and Solodized Solonetz
have, respectively, ESP > 15% and >10%, SAR > 13 and <13, pH > 8 and
from 6 to 8.5. Compared to the B horizons, near-surface horizons may
have higher, equal, or lower values of these parameters in the Solonetz,
but generally present lower values in the Solodized Solonetz. Finally,
Solods are characterized by ESP < 10% and SAR < 13, but the pH is highly
variable, being usually acid to neutral in the upper horizons and neutral
to alkaline in the B (Whittig, 1959; Hallsworth and Waring, 1964; Cairns
and van Schaik, 1968; Sandoval and Reichman, 1971; Parakshin, 1984;
Heck and Mermut, 1992; Mahjoory, 1979; Qadir et al., 2000;
Zaidel'man et al., 2010). According to these characteristics, three pedons
of T1 (P3, P1, P4) and one pedon of T3 (P2) are classified as Solonetz;
one pedon of T1 (P2), two pedons of T2 (P4, P3) and one of T3 (P5)
may be considered Solodized Solonetz; and two pedons of T2 (P2, P1)
and three of T3 (P3, P4, P1) would be Solods.

In terms of Soil Taxonomy (Soil Survey Staff, 2014), all the studied
soils are classified as Entisols, being Typic Udorthents (T1, P3; T3, P2)
or Typic Quartzipsamments (T2-P2; T3-P5) at the higher positions and
Aquic Udorthents at the lower positions of the transects (T1-P1, P4,
P2; T2-P1, P4, P3; T3-P3, P4, P1). This classification does not reflect the
salt-affected conditions and the processes of genesis of the studied
soils. Thus, in accordance with other recent studies (Qadir et al., 2000;
Zaidel'man et al., 2010; Miller and Brierley, 2011; Lyubimova et al.,
2014), the terms Solonetz, Solodized-Solonetz and Solods were adopted
to designate the studied soils, showing direct correspondence with the
pedogenetic mechanisms identified in the area.

The classification of the studied soils as Solonetzes, Solodized Solo-
netzes and Solods corroborates the progressively higher degrees of
transformation of the three transects in relation to the Saline-Sodic
soils, as noted before (item 4.1). Leaching increases from T1 to T2 and,
finally, to T3, the former having the highest number of Solonetzes and
the latter having the highest number of Solod profiles. This trend
shows that solodization is incipient in the Carandazal soils and is grad-
ually in a more advanced stage in the Cerca and Banhado transects. Be-
cause it is in consonance with the decrease of water pH and EC; from
Carandazal (near to saline lakes) to Cerca and, then, to Banhado (near
to freshwater lakes), the process has been likely caused by an atypical
input of freshwater into these lakes, which used to have saline waters.

4.3. Relationship between solodization and the fluvial dynamics in the
Nhecoldandia

In the study area, soil leaching occurs due to the advancement of in-
termittent watercourses into the sand hills, ultimately creating new in-
termittent freshwater channels. Preserved saline lakes are fully
surrounded by forested savanna (Almeida et al., 2003) and isolated
within the sand hills, whereas the borders of the brackish lakes are par-
tially deforested and somehow connected to the intermittent water-
courses. This can be visualized in Fig. 1b, which shows: i) an elongated
and narrow channel starting at the Carandazal lake and almost linked
to the nearest intermittent watercourse; ii) extensive clearings and
many irregular connections with large zones subjected to floods around
the Cerca lake; and iii) a long, narrow and better developed channel, to-
tally united to the intermittent watercourse, crossing the Banhado lake.

The aerial view demonstrates that the floor of Carandazal and
Banhado lakes are located in the thalweg of the incipient channels,
where freshwater flows more frequently, providing greater potential
for leaching (Fig. 1b). A downslope decrease in pH and/or ESP along
T1 and T3 and the development of more degraded soils at the center
of lake (Solodized Solonetz at T1 and Solod at T3) are evidence of higher
leaching in the lowest areas. Parakshin (1984), Anderson (2010),
Zaidel'man et al. (2010) and Miller and Brierley (2011) also reported
degraded Sodic soils (Solodized Solonetz and/or Solods) in lower posi-
tions of the landscape, but the mechanisms triggering solodization in
these studies are generally related to intermittent waterlogging, a
deep water table and downward solution percolation.

Although the Cerca lake is not inserted in a defined and elongated
channel, the important connections with large flooding zones have like-
ly allowed for high amount of seasonal freshwater input, which dilutes
the soil solutions and promotes overall leaching, leading to the transfor-
mation of Saline-Sodic into degraded Sodic soils. This non-linear water
entrance, however, seems to prevent higher rates of leaching in the low-
est zones of the transect, which is demonstrated by an increase of pH
and ESP toward the bottom of the depression and the presence of less
degraded soils (Solodized Solonetz) in the lowest areas, in comparison
to the soils occurring upslope (Solods). Because of the presence of the
near-impervious Bnc and Bc horizons, a lateral subsurface flow of
water and soluble salts is expected over these horizons, triggering sea-
sonal water stagnation and ion accumulation in the lower zones. Then,
leaching is improved upslope, especially in the upper horizons, creating
Solods, whereas accumulation of ions occurs downslope, with the gen-
esis of Solodized Solonetz in lower positions. Miller and Pawluk
(1994) and Miller and Brierley (2011) also observed more Na-
enriched soils (Solodized Solonetz or Solonetz) in the depressed areas
of the landscape, mainly due to lateral flow of bases and waterlogging
as a result of poorly permeable horizons and/or a shallow water table.

Typical alluvial fan processes control the drainage development and
water dynamics in the low Nhecolandia. Alluvial fans, such as the Ta-
quari megafan, are primarily built by the formation and abandonment
of depositional lobes (Assine, 2003; Assine and Silva, 2009), which are
defined as elongated patterns originated by active deposition of sedi-
ments by a drainage network (Zani et al., 2009). These drainage systems
are mainly comprised of distributary channels, which have an opposite
behavior from the common tributary channels, inasmuch as they flow
away from a larger river (Assine, 2003; Schumm, 1977). The current de-
positional lobe of the Taquari River is located in the central and distal
zone of the megafan, outside the Nhecolandia, where only abandoned
lobes are present (Assine et al., 2005; Zani et al., 2006).

Erosional processes commonly operate in inactive lobes, impressing
degradational features over previous aggradational landforms (Zani
et al.,, 2009). In the low Nhecolandia, intermittent watercourses are rec-
ognized as current tributary channels that overprint, by erosional pro-
cesses, the typical distributary paleochannels of the abandoned lobes
(Assine, 2003). Then, periodic flooding in the intermittent watercourses
has likely amplified and ultimately formed new channels, such as those
involving Carandazal and Banhado lakes, provoking partial or full ero-
sion of local sand hills. Fernandes (2007) also observed embayed and
non-linear forms in the borders of sand hills caused by erosion of inter-
mittent watercourses, coupled with erosional features formed by runoff
immediately around saline lakes, after intense precipitation. These pro-
cesses are likely responsible for the irregular connections between the
Cerca lake and the nearest intermittent watercourses. Thus, linear or
non-linear erosion of the sand hills are responsible for the connection
of the saline lake to the seasonal freshwater inundation and, conse-
quently, its transformation into brackish lakes.

The precise beginning of this transformation is still unknown. Based
on sediment thermoluminescence and C dating mainly from the Ta-
quari megafan, Assine (2003) suggests that the Pantanal wetland, as
currently known, developed in the Pleistocene/Holocene transition,
when the climate became more humid. According to this author, the
rise in precipitation rates raised the water table in the early Holocene,
creating lakes in ancient deflation depressions, previously formed due
to the prevalence of a dry climate during the Late Pleistocene. The
higher water availability would also enable the connection between
many of these lakes and the formation of intermittent watercourses,
whereas other lakes would remain isolated in the low Nhecolandia, be-
coming progressively saline. Whitney et al. (2011), through fossil pollen
and diatom data from lake sediments in the northern Pantanal, show a
marked drier climate during the late Pleistocene (45,000 to 19,500 years
BP) and a clear increase in the precipitation rates in the Pleistocene/Ho-
locene transition (~12,200 years BP), corroborating the assumptions of
Assine (2003).
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During the Holocene, however, the Pantanal wetland passed
through a moderate drought period that lasted, according to Whitney
et al. (2011), from 10,000 to 3000 years BP and, according to McGlue
et al. (2012), from 5300 to 2600 years BP. The former study, based on
sediment radiocarbon dating of shallow lakes in the central-northern
Pantanal, also concluded that this period confined the Paraguay River
to its channel and, only approximately 2600 years BP, a regular flood re-
gime and strong inundation pulse begin to occur in the wetland. Addi-
tionally, in Bonito County, near the Nhecoldndia but outside the
Pantanal, recurrent dry events were registered in speleothems dating
from 3800 to 2600 years BP, with an increase in rainfall starting after
this period (Bertaux et al., 2002). Although complete agreement is not
achieved in the literature, it seems that in the last 2500-3000 years
the Pantanal has experienced a clear increase in moisture levels.

This higher water availability during the Late Holocene has likely
provoked the transformation of saline into brackish lakes, with impor-
tant expansion of the intermittent watercourses and erosion of the
sand hills. Therefore, the fluvial erosive dynamics in the Nhecolandia
in the last 2500-3000 years are apparently the main explanation for
the degradation of the Saline-Sodic soils, promoting the replacement
of solonization by solodization in and around the brackish lakes. Conse-
quently, Saline-Sodic soils are transformed mainly into Solonetz in and
around more mineralized lakes (Carandazal) and into Solodized
Solonetz or Solods in and around less mineralized lakes (Cerca and
Banhado).

4.4. Local processes in the studied soils

Because salt-affected soils tend to occur in near-flat or depressed
areas, the stagnation of water during at least part of the year tends to
trigger hydromorphic processes, which assume a complementary role
in their genesis (Miller and Brierley, 2011). Horizons Bg1, Bg2, BA and
Bw4 have been affected by redox conditions, which is evidenced by typ-
ical gley colors and deep positions in the profiles, where water stagna-
tion is longer, or location in the lowest zone of the lake depression,
where water reaches shallow horizons during the wet season
(Vepraskas, 1996; Vepraskas, 2001; van Breemen and Buurman, 2003).

The deep horizons Bg1 and Bg2 are apparently transforming from
Bnc or Bc horizons because they are vertically or laterally contiguous
and have similar clay-enriched textures. Additionally, nodules similar
in color and consistency to the greenish and hard Bnc1 are commonly
found in these horizons, suggesting a genetic relationship between
them. Homogeneous change from grayish to light brownish colors
coupled with an increase in chroma after drying was observed in all
samples (not shown), which suggests that both horizon Bg1 and Bg2
have a reduced matrix with the occurrence of Fe?* and its oxidation
to Fe> ™ when exposed to air. However, the dominance of coarser tex-
tures in most of the samples compared to the adjacent Bnc and Bc hori-
zons also indicates a partially clay-depleted matrix (Vepraskas, 1996;
Vepraskas, 2001).

The fine clay fraction of the B horizons around the saline lakes is
mainly composed of neoformed Fe-rich micas (ferric illite and glauco-
nite types). Fe3* and AI**- Fe® T are the main cations in the octahedral
sheet of glauconites and ferric illites, respectively (Furquim et al.,
2010b). Mineralogical analyses in progress (not shown) revealed that
similar ferruginous micas are present in the Bnc and Bc horizons of
the studied area. Reduction of Fe** to Fe? ™ within the Fe-micas, trig-
gered by microbial respiration, is likely responsible for their dissolution
and the consequent diffusion of Fe? ™ through the matrix, providing a
generalized gray color in horizons Bg1 and Bg2 (Vepraskas, 2001). Ex-
periments have shown that illite dissolution by iron bioreduction de-
pends on Fe> " contents within the structure, being efficient only if the
phases are highly ferruginous (Vodyanitskii, 2007), such as the micas
formed around the saline lakes. This is, thus, an important mechanism
of destruction of the Bnc and Bc horizons in the studied lakes. Ultimate-
ly, this mechanism may be responsible for the transformation of these

horizons into the sandy C horizons, which are similar to the sandy and
unconsolidated material that has filled the sedimentary basin during
the Cenozoic (Del'Arco et al., 1982; Godoi Filho, 1986). Evidence of
this transformation may be found in Transect 2 (T2), where a discontin-
uous Benl is intermingled with the C1 near the surface (P1 to P3) and a
remnant Bnc1 is adjacent to both a Bg1 and a large and isolated volume
of C2 in deep positions of the profiles (P2 and surroundings).

The redoximorphic features found in horizons BA and Bw4, both lo-
cated in the bottom of the lake, are mostly red or orange concentrations
of Fe oxides or hydroxides (Vepraskas, 1996; Vepraskas, 2001; Schaetzl
and Anderson, 2005), with circular or linear shapes and in general relat-
ed to root channels. These features, which are rarely to abundantly dis-
tributed in the matrix, confirm seasonal fluctuations of the water table
in these shallower horizons (van Breemen and Buurman, 2003). A labo-
ratory experiment performed by Vepraskas and Bouma (1976) over
150 days attested to the formation of iron mottles in cores under a sat-
urated regime and with low redox potentials for a longer time.

The genesis of horizons BA and Bw4, accompanied by horizon Bw3,
seem to also be related to the sedimentation dynamics of the lakes.
They have a more clayey texture than the contiguous upslope horizons
(AB for BA, Bnc1 for Bw3 and Bnc1, Bnc2 and Bc for Bw4). Additionally,
horizons Bw3 and Bw4 present the same volumes found in the Bnc and
Bc horizons, such as the black nodules and greenish (5Y and 2.5Y)
masses. Thus, horizons BA, Bw3 and Bw4 are likely derived from previ-
ous AB, Bnc and Bc horizons and have been transformed as a conse-
quence of colloid deposition from the low energy pond that seasonally
accumulates in the most depressed zones. The marked decrease in
value and chroma of horizon Bw3 if compared to their upslope neigh-
bors suggests that not only clay minerals but also organic matter have
been aggregated into the matrix.

5. Conclusions

Degraded Sodic soils associated with ephemeral brackish lakes in the
low Nhecolandia occur in a sequence of evolution that is strictly related
to the water geochemistry. Solonetzes are prevalent in and around the
Carandazal lake, which has the closest pH and EC to the saline lakes;
Solods are more common in and around the Banhado lake, which has
the closest pH and EC to the freshwater lakes; and both Solodized
Solonetz and Solods are equally distributed in and around the Cerca
lake, which has intermediate water characteristics. This consistent rela-
tionship is associated with atypical freshwater input within the sand
hills, leading to the transformation of the saline lakes into brackish
lakes. In the Carandazal and Banhado lakebeds and their surroundings,
the freshwater entrance clearly occurs through the formation of new in-
termittent watercourses, a feature that is easily perceived via aerial
photography.

The transformation of soils associated with saline lake degradation
occurs mainly through intense leaching, first in the near-surface hori-
zons (Solonetz, Solodized Solonetz) and later in the whole profile
(Solods), which is characteristic of the solodization process. It occurs
to higher degrees along the thalweg of the intermittent watercourse
in the Carandazal and Banhado lakes and in the higher areas of the tran-
sect associated with the Cerca lake. To our knowledge, the connection
between the evolution of salt-affected soils and current fluvial dynamics
has not been broached in the international literature. Then, the recent
genesis of intermittent watercourses can be considered a new mecha-
nism of genesis of Sodic (Solonetz) and degraded Sodic soils (Solodized
Solonetz and Solods), especially in alluvial fan environments.

The results of this research suggest that the saline lakes, which only
occur in the low Nhecolandia subregion, have been destroyed and ulti-
mately replaced by freshwater lakes. This implies that the region has
passed through a general desalinization, which probably occurred in
the last 3000 years, when the climate apparently became more humid
in the wetland. Previous research (Barbiéro et al., 2002; Furquim et al.,
2010a) has proven that the evaporative concentration of waters is
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currently occurring in the preserved saline lakes, maintaining their
water characteristics. However, once the isolation of the saline lake is
interrupted, with recurrent freshwater input, this equilibrium is likely
disrupted and the degradation process is apparently irreversible.
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