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Abstract

Nearly 15,000 shallow, saline, or freshwater lakes and ponds coexist in close proximity in the
Nhecolandia, a 24,000 km?2 subregion of the Pantanal wetland in Brazil. This study aims to
understand the origin of such diversity in surface water, which is a key aspect for the wetland
services and biodiversity in the region. Both soil observations and water samples were collected at
the regional or local scale and supplemented by previously published datasets. Statistical and
geostatistical treatments were carried out, and completed by discrete water table monitoring. The
results confirmed the absence of a regional pattern in surface water salinity, and the independence
of electrical conductivity values, even for neighboring lakes. Despite great differences in chemical
composition, all surface waters in the region belong to the same chemical family, corresponding to
several concentration stages of the Taquari River water that supplies the region. The concentration
stage depends on the hydrological functioning of each lake, which is itself controlled by the relative
importance of low permeability soils as a barrier to movement of water into or out of the lakes
through the sub surface. In this framework, oligosaline ponds, freshwater lakes, and saline lakes
work as recharge-, flow through-, and discharge-wetlands, respectively. The salinity observed in
some lakes results from an ongoing process of accumulation and evaporation under relatively
humid climatic conditions and poor drainage.
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Introduction

Wetlands support enormous reservoirs of biodiversity, improve the quality of surface water,
reduce flood risk associated with extreme rainfall and supply streams during drought (Fustec and
Lefeuvre 2000; Mitsch and Gosselink 2007; Reddy and DelLaune 2008). Being fragile ecosystems,
even minor alterations in wetlands may significantly affect the environment. The development of
laws to protect wetlands generally involves understanding their hydro-biogeochemical functioning,
and in recent years, considerable progress has been made in temperate and tropical zones, in
developed or emerging countries (Jolly et al. 2008; Humphries et al. 2011; Tooth et al. in press).

Paradoxically, although the Pantanal wetland is recognized as the largest inland wetland in the
world (Por 1995), little research has been done on this wetland. Recent studies have reported on
fluvial geomorphology, seasonal inundation and biogeochemical cycling (Batsviken et al. 2010;
Zani et al. 2012; Evans and Costa 2013), but few papers have focused on the functioning of its lakes
(McGlue et al. 2011, 2012). The Pantanal wetland lies in the heart of South America and consists of
a patchwork of subregions with highly contrasted hydrological, chemical or pedological features
(Rezende-Filho et al. 2012). Plans for canalization of the Paraguay River, known as the Paraguay-
Parana Hidrovia project, potentially place at risk the natural flood regime of broad areas within the
Pantanal, but future human effect may vary according to the characteristics of each subregion. This
aspect is a key concern for environmentalists (Hamilton 1999, 2002; Gottgens et al. 2001);
consequently, this study aims to contribute to further understanding the natural functioning of one
of the largest Pantanal subregions: Nhecolandia.

The Nhecoléandia subregion is located along the southern half of the vast Taquari alluvial fan.
Due to its environmental heterogeneity, this subregion exhibits the greatest diversity of wildlife
species richness and abundance compared to the rest of the Pantanal (Evans and Costa 2013). A
major feature of the environmental heterogeneity is the presence of a myriad of shallow saline,
oligosaline and freshwater lakes coexisting on the landscape, sometimes at short distances from
each other (~200 m). The number of lakes was estimated to be from 12,000 to 17,500 (Oliveira et
al. 2011) including 500 to 600 saline lakes.

When subjected to conditions in which potential evapotranspiration exceeds rainfall, wetlands
typically undergo cycles of inundation and desiccation that result in transient groundwater—surface
water interactions. As a consequence of variable inflow and water loss, such systems are often
associated with localized to widespread surface and/or groundwater salinization (McCarthy et al.
1991; Jolly et al. 2008; Humphries et al. 2011). In Nhecolandia, the current climatic conditions are
not clearly conducive to accumulating salts, or even to maintaining the high evaporation of water
that could lead to the observed salinities. The processes that account for the range in salinities have
yet to be determined, and therefore, the presence of salts has formerly been attributed to alternations
of wet and arid phases during the late Pleistocene (Klammer 1982; Ab’Saber 1988).

Despite the obvious geochemical contrasts, previous studies carried out on a limited number of
lakes (n = 25) have shown that saline and non-saline surface and groundwater collected in lower
Nhecolandia belong to the same chemical family, and can result from each other simply by
processes of concentration or dilution (Barbiero et al. 2002). Moreover, the chemical composition
of surface waters is the result of evaporation of the Taquari River water at different concentration
stages (Rezende-Filho et al. 2012). Therefore, the presence of salinity could be explained by
differential hydrological functioning of each type of lake. The study of one saline lake located in the
heart of Nhecolandia has shown that the hydrology of the lake is governed by the presence of a
subsurface threshold consisting of soil horizons with low permeability. These horizons have a high
sodium equivalent fraction on the soil complex and are cemented by amorphous silica (Barbiero et
al. 2008). Such a functioning was shown to favor solute accumulation in the lake.

A wide range of salinity in the surface water of Nhecolandia controls many aspects of the
biodiversity. Identifying whether the salinity of these lakes is inherent or an ongoing process has
significant bearing on the sustainable management and environmental protection of the region. For
example, a decrease in the number of saline lakes that are key habitats for large concentrations of
wading birds and migratory species would directly affect the biodiversity (Evans and Costa, 2013).



On the other hand, to determine the factors that control the salinity of the lakes leads to predicting
how these lakes could react to human effect or climate change in terms of water resource, but also
in terms of biogeochemical functioning and ecological interactions with the surrounding areas.

Here, we used both select local observations and regional datasets collected either in the field,
or compiled from previously published research. The objectives of this study are: 1) to understand
the processes that interacted to condition the functioning of the landscape, 2) to assess the chemical
and spatial variability in surface water and the possible distribution patterns of this variability, and
3) to determine whether the hydrogeochemical functioning, which was described locally in a single
lake (Barbiero et al. 2008), can be generalized to the other lakes in the region.

Methods
Site

Nhecolandia lies on the southern region of the vast Taquari alluvial fan, one of the largest
alluvial fans in the world (Buehler et al. 2011; Zani et al. 2012). With a total surface area of about
24,000 km2, the region is delimited in the north by the Taquari River, in the south by the Negro
River, in the west by a portion of the Paraguay River, and in the east by the Maracaju plateau,
which corresponds to the south eastern edge of the Pantanal wetland. The region has relatively
closed drainage with little connection to major fluvial systems, and an abundance of small, round or
irregular shaped lakes and ponds (Pott and Pott 2011). River floods affect the hydrological regime
of the closest lakes, but in Nhecolandia the hydrological regime of most of the lakes depends on the
intensity of local rainfall (Sakamoto 1997). Most of the fluxes connecting the lakes are in the
subsurface (Barbiero et al. 2002).
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Figure 1 Location of sample sets AQ and TR in the Pantanal of Nhecoléndia. The third sample set
NH was collected near the Nhumirim farm.

Climate patterns in the Pantanal are controlled by the tropical latitude and seasonal migration of
the Intertropical Convergence Zone (ITCZ). Nhecolandia has a tropical semi humid climate,
classified as Tropical Humid with short dry season (‘"Aw' type) in the Koppen classification. The
average summer air temperature is near 32°C. The winter season is dry and colder with an average
temperature of 21°C, although frost can form during the occasional influx of southern polar air
masses (IBGE 2003). The mean annual air temperature is ~25°C. Mean annual precipitation (P) is
~1100 mm, with a standard deviation above 30%, and the annual evapotranspiration (ETP) is



approximately 1400 mm, giving a hydrological deficit of ~300 mm. Precipitation and ETP show a
pronounced seasonal cycle, with most rainfall occurring from October to April and with excesses
from November to March (Tarifa 1986; Alho et al. 1988). At the local level, the strong thermal
contrast between saline lakes and surrounding forested area causes day-night alternating winds that
enhance evaporation (Quenol et al. 2006).

Quaternary sediments cover the Pantanal floodplain. In Nhecolandia, these sediments arise from
sandstone formations (mainly the Botucatu and Aquidauana Formations) that make up the Maracaju
plateau (Assine and Soares 2004).

Regional sampling

The study is based on three datasets collected from surface waters in Nhecolandia (Fig. 1). The
first sample set (AQ), which was collected in 2010, consists of 73 lakes and ponds located north of
the city of Aquidauana. The second set (TR) consists of 74 sites collected in 2004 along a north-
south transect from the Brazilian Agricultural Research Corporation’s (EMBRAPA) experimental
farm (Nhumirim farm) to the margins of the Negro River. This second sample set was described in
Rezende-Filho et al. (2012) and was chosen so as to intersect the regional drainage that is oriented
east northeast — west southwest, therefore maximizing the variability. The first two datasets are
georeferenced. A third, non-georeferenced dataset (NH) comes from Fernandes (2007) and consists
of a total of 156 samples collected in 2002, 2003, and 2004 in the immediate vicinity of the
Nhumirim farm. The pH and electrical conductivity were acquired in the field for all samples at
about 30 m from the shoreline. Samples were taken in duplicate and at 10 cm below the surface by
immersing sample bottles, then filtered using 0.45 um cellulose acetate filters.
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Figure 2 Location of the four saline lakes selected for electromagnetic induction survey of the soil
cover in the Centenario farm.

Lake chemistry

For the sample sets AQ and TR, the waters were stored in a cool and dark place, then analyzed
by ion chromatography for the anions (CI-, SO+, NOg, F), atomic absorption for the cations (Ca®*,
Mg?*, Na', K", and acid titration for alkalinity. A principal component analysis (PCA) was
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performed on these two datasets (147 samples) and based on the variables Cl-, SO4*, Alkalinity
(AlK), Ca?*, Mg?*, Na*, K*, Electrical Conductivity (EC) and pH, in order to determine the main
axis of variability in the surface water chemical composition. Using the georeferenced data sets AQ
and TR, a geostatistical analysis was performed on the variable logio(EC). Non-georeferenced data
from NH were not included in the analysis.

Soil cover - local study

The organization of the soil cover has been studied on the perimeter of 4 saline lakes (A, B, C,
and D Fig. 2) and 1 oligosaline pond selected to cover a wide range of electrical conductivity (Table
1). Direct observations (auger holes and excavated pits) were combined with surveys by low
frequency electromagnetic induction. Two devices were used: EM38-MK2 and EM31-MK2
(Geonics), which measure the apparent electrical conductivity (ECa) of soil from the surface in
mS m? (McNeill 1980). They are sensitive to soil texture and moisture but particularly to soil
salinity. Both devices have distinct spacing between the transmitter and receiver coils (1 m for the
EM38 and 3.66 m for the EM31) and a different induction frequency (14.6 kHz for the EM38 and
9.8 kHz for the EM31). This gives each device a different depth of investigation that is
approximately 0-2 m for the EM38 and 0-7 m for the EM31. Apparent electrical conductivity
readings (ECa) were georeferenced by coupling with a GPS (Holux 241). A maximum spacing of
10 m was maintained between two consecutive measurement points.

Temporal water level variations were monitored in piezometers drilled at the center of the
oligosaline pond and close to a neighboring freshwater lake. Water-levels were recorded
automatically every four hours using a Schlumberger Mini-Diver® pressure transducer combined
with a Baro-Diver® to compensate for atmospheric pressure (both having 1.5 mm accuracy).

Geostatistical treatment

Frequency distributions of EC and ECa were examined and described using summary statistics
and normality tests were performed. Samples variograms were developed to describe the spatial
structure of the studied variables. Variograms were estimated from the formula:

1 N ,
7(0) =5 2 (50) =0 +h) (1) where

N(h) is the number of pairs of points and s(xi;) and s(xi + h) are the values at xi and xj + h. The
analysis of the variograms was based on their standard characteristics, i.e., range, sill, and nugget
effect. A model variogram was fitted to the sample variograms using the least squares method.
Finally, ordinary kriging, a geostatistical technique to interpolate the value of a studied variable at
an unobserved location, was used to construct maps of the ECa distribution around lakes. For this
purpose, Golden Software Surfer 9© software was used.

Results
Regional variability in surface water

Figure 3 shows that the first axis of the PCA accounted for 65% of the total variability in
sample sets AQ and TR and that the variable EC was strongly associated with this axis. Thus, the
overall amount of dissolved elements was the main variability in the surface water chemistry. The
second factorial axis accounted for 21% of the variance and was associated with high Ca?* and
Mg?* values in samples with intermediate chemical charge. This aspect of lake water chemistry
justified the study of the behavior of the major elements throughout concentration diagrams, and of
the regional distribution of the chemical variability using the variable EC.

The main characteristics of water chemistry are presented in Table 2. Na" showed a high
coefficient of variation and was strongly associated with EC along the first axis of the PCA.
Therefore, concentration diagrams (Fig. 4) were constructed using Na* as a tracer to estimate water
concentration factors, assuming its conservative behavior. The unit slope line drawn in Fig. 4
denotes an evolution in proportion to Na*. Ca?*, Mg?*, and K* increased in proportion to Na*,
particularly for Na* values up to ~ 5 103 mol L. At higher concentration factors, Ca** and Mg?*
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decreased and K" increased but less than Na'. Among the anions, the alkalinity increased in
proportion to Na* for Na* values up to ~ 5 10 mol L. This kept increasing although less for the
Na* values between 5 and 20 10 mol L™, and then increased again in proportion to Na* for higher
concentration factors. Cl- and SO4> showed a vastly scattered plot at low concentration factors and
a trend to increase in proportion to Na* in concentrated waters.

PCA on sample sets AQ + TR
Mg

AIKFEC

Factorial axis 2 (21.16%)

-1 075 -05 -0.25 0 025 05 075 1
Factorial axis 1 (64.98%)

Figure 3 First factorial plan of the PCA carried out on the sample sets AQ and TR.
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Figure 4 Concentration diagram for (a) major cations and (b) major anions in AQ and TR sample
sets.

The EC was wide-ranging, from 16 to 71,400 uS cm™. A histogram of the variable EC, based on
the three sample sets (AQ, TR, and NH) showed a distribution shifted towards the lowest class of
conductivity (0-3000 uS cm™), which included about 85% of the samples (Fig. 5a). Therefore, the



geostatistical treatment was performed on a theoretical distribution of the data by lognormal
correction as recommended by Dowd (1983),

z(x;) =10g,,(s(x)) (2) where
s(xi) is the EC data at xi, z(xi) is the log-transformed data. The logarithmic transformation of EC into
log10(EC) allowed to better spread out the distribution of the data along the range (Fig. 5b). While a
normal distribution was expected, the variable logi0o(EC) had a bimodal distribution, with the first
mode focused on the value 2.6 (EC ~ 400 pS cm™) and a second mode on the value 3.8 (EC ~ 6000
uS cm?). A bimodal distribution existed in all sample sets (AQ, TR, and NH), considered
independently or together. Such a statistical distribution emphasized a deficit of surface water with
EC values close to 1500-2000 uS cm™, which will be discussed further below. The pH showed a
good correlation (r2 = 0.87) with conductivity (Fig. 6).
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The experimental variogram, which describes the structure of spatial variability for the variable
log10(EC), was characterized by a very short spatial range, less than 200 m (Fig. 7). This suggests
that the maximum variability was reached within distances that are smaller than the average
distance between neighboring lakes.
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Figure 7 Experimental variogram for logio(EC) showing high variability within short distance.
Note that the sill is reached for distances below 200 m.

7847000 -

(=
)
ol
2
-l
7846900 - =
g
g
7846800 —
(=]
b3
g
7846700 - o
oo
2
7846600 — F
(=]
(o]
7846500 —
7846400 —

S98I900 599|000 599IIOO 59'5200 59‘;300

UTM Coordinates (m)
Figure 8 Distribution of ECa values around Lake A from EM38-electromagnetic induction survey.
Letters a, b, ¢, and d denote different sectors in ECa distribution; see text for associated description.

|
598800



Soil cover around the lakes

The main statistics for ECa measurements around the saline lakes are given in Table 3. The
experimental variograms constructed from ECa values showed similar ranges (approximately 60 m)
around all the lakes, without a nugget effect. This observation indicated that the 10 m minimum
spacing maintained between successive ECa measurements provided a density of measurements
that was sufficient to assess ECa distribution. The ECa maps produced showed similar structures
around all of the saline lakes, which can be illustrated using ‘Lake A' (Fig. 8). In the immediate
vicinity of the lakes there were high ECa values (140-190 mS m™) that reflected the presence of a
clay topsoil, with a maximum thickness of 0.3 m (‘a' in Fig. 8). Surrounding the clay topsoil,
slightly farther away from the lakeshore, there was a continuous ring-shaped structure ('b" in Fig. 8)
with values in the range of 100-140 mS m™. Auger surveys showed that this ring-shaped structure
corresponded to a rise in subsurface of a green sandy loam horizon (12-20% clay), being very hard
and locally cemented (Fig. 9).

L 40
Y 60

8 80

1)

-
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Figure 9 Contact between sandy horizons (1 and 2) and the greenish, hard, and cemented sandy
loam horizons (3 and 4).

Just behind, there were discontinuous areas ('c' in Fig. 8) with higher ECa values (in the range of
180-220 mS m) that corresponded to the presence of highly saline water (15,000 to 80,000 uS cm
1y at approximately 1 m in depth. Further away from the saline lake, ECa values decreased due to
the topographic elevation associated with the thickening of the sandy surface horizon, which
became more than 2 m thick ('d" in Fig. 8). The ECa variations resulted from changes in the deep
soil, which were no longer detectable with the EM38 device. In contrast, the EM31 detected a two-
stage change in ECa values. We first observed a decrease in ECa values, followed by a slight
increase at approximately 60-100 m from the lakeshore, and then a further decline. Direct auger
observations showed that the EM31 response (ECa) was a decreasing function of the thickness of
the sandy surface horizon (Fig. 10). The increase in ECa between the lakes corresponded to a rise in
the greenish sandy loam material, generally approaching 2 m from the soil surface. The detection of
this rise is illustrated in the EM31 survey around 'Lake D', and in cross sections constructed from
direct observations around ‘Lake D' and between 'Lakes B' and 'Lake C' (Figs. 11,12). Such a rise of



the greenish material, although less pronounced, was also observed between the oligosaline pond
and the freshwater lake nearby. The piezometer monitoring data showed that the groundwater level
was always higher in the oligosaline pond than in the freshwater lake, and after each rain event, it
stabilized at the top of the green material (Figs. 13,14).
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Figure 10 Decreasing relationship between ECa (EM31 device) and the thickness of the sandy
material.
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Figure 11 Simplified cross section and EM31-electromagnetic induction survey around Lake D
showing a slight increase in ECa values in the higher portion of the forested area at 100 m from the
lake shore (red circle). Red arrows denote auger soil sampling sites.
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Discussion

Both the regional study of the electrical conductivity of surface water and the local soil survey
around the lakes revealed five fundamental points: 1) the existence of a very wide conductivity
range, even though climatic conditions do not favor salinization by evaporation. Indeed, the ratio
ETP:P is about 1.3 but the excess rainfall from November to March should be sufficient to evacuate
the salinity from the landscape; 2) a correlation between pH and EC of water; 3) a low range
(<200 m) for the spatial distribution of logio(EC); 4) a bimodal distribution of logio(EC); 5) a
standard distribution of ECa values around the lakes, which reflected a standard morphology in the
soil cover. These five points will be discussed below.

SRR

L — — . Sand . Greenish sandy loam horizons

Figure 12 Simplified cross section between Lakes B and C showing the rise of sandy loam greenish
horizons with low permeability. Note the difference in water level on both sides of the threshold.
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Figure 13 Groundwater level variations and groundwater distribution in wet and dry season
between the oligosaline pond and a freshwater lake nearby. Level O corresponds to the topsoil at the
center of the oligosaline pond (see also Fig. 13 for piezometers Pz1 and Pz2 location)
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The high range in the surface water conductivity may be a reflection of two possible
characteristics, including the presence of a salt stock accumulated during earlier arid phases, which
would still affect the local water chemistry; or an accumulation of dissolved elements over several
years, resulting in saline waters isolated from the current transfers of freshwater across the Pantanal,
and therefore sheltered from desalination by circulating waters. The following results make it
possible to confirm the second hypothesis.

Dy season

Saline lake ‘Wet season
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Ipicmmcler ~—a ground water flow W preenish sandy loam horizons with low permeability

Figure 14 Schematic hydrological functioning of saline lakes, freshwater lakes and oligosaline
ponds during wet and dry season. Q denotes the fraction of water flowing towards the lake; P is the
annual precipitation; ETP is the annual evapotranspiration.

The correlation between pH and EC (Fig. 6) is consistent with previous work carried out on a
local scale or on a reduced number of samples. The waters of the region have a positive calcite
residual alkalinity (RAcacite) (Alkalinity > Ca?* in millimoles of charge mmolc, Droubi et al. 1980)
and therefore develop a sodic alkaline pathway under the influence of evaporation (Barbiero et al.
2002, 2004). Such geochemical evolution is frequent in continental arid or semi-arid environments
and has been described in all the continents (Barbiero et al. 2008). The concentration is
accompanied by an increase in alkalinity, and therefore in pH that can rapidly reach values close to
10. Several local studies have described saline mineral precipitations associated with evaporation of
alkaline waters in Nhecolandia. During the concentration process, the first mineral that forms is a
Mg-calcite (with about 5% Mg), which appears as centimeter-scale nodules, usually associated with
Sr- and Ba-carbonates (Barbiero et al. 2008). Then the soil solution reaches saturation with respect
to Mg-silicate of stevensite and saponite type (Furquim et al. 2008, 2010a), which precipitate in the
upper part of the soil profiles on saline lakeshores (Fig. 8a). Under conditions of positive RAcalcite,
alkalinity increases and the Ca?" and Mg?" content decrease. Control of Ca?" and Mg?*
concentrations in solution are presented in Fig. 4a, but also appear as second axis of variabilty of
the PCA (Fig. 3). The last mineral formed is a Fe-illite, which was detected in the fine clay fraction
(<0.2 um) of horizons with greenish color in the beach around a saline lake (Furquim et al. 2010b).
Fig. 4a shows a control of K in the most saline waters, suggesting that this element is involved in
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the formation of Fe-illite mineral phase. The above mentioned saline precipitations and clay
neoformations have been identified in local studies, but our set of data shows that they have an
influence on the chemical composition of surface water at a regional scale. According to Rezende-
Filho et al. (2012), the scatter plot for CI- and SO+* (Fig. 4b) could be attributed either to local soil
transformations involving redox processes or to fertilization pollutants from an extensive
agricultural area located upstream on the plateau, which consists mainly of a combination of both
KCl and (NH4)2SO4 enriching agents.

Overall, the waters in the region result from simple concentration and dilution of one original
source, whose chemical composition is close to that of the Taquari River (Rezende-Filho et al.
2012). The sum of the contribution to the total variance for both factorial axes 1 and 2 (Fig. 3)
indicates that evaporation and associated mineral precipitations that control Ca?* and Mg?* explain
at least 86% of the chemical variability in surface waters in sample sets AQ and TR.

The spatial range in the distribution of conductivity values of surface waters is less than 200 m,
which is typically less than the average distance between two neighboring lakes. Therefore, the
salinity levels of neighboring lakes are independent. From this result we conclude that the process
that controls the chemical characteristics of surface waters acts in the soil cover between
neighboring lakes. The bimodal distribution of salinity provides additional information. It shows
that the process controlling the concentration of lake water either guides the water towards high
salinity, or conversely towards dilution, which is more in line with the waters that flow regionally in
the landscape.

These results confirm that the hydrological functioning of the lakes is controlled locally by a
soil system, which is representative of the region. The soil mantle, as demonstrated by the ECa
surveys, indicates that the lakes are surrounded by subsurface rises of green sandy loam horizons
with low permeability. Such morphology of the soil cover is identical to that described in other
parts of Nhecolandia by Sakamoto (1997) and Furquim et al. (2010a) at about 100 km to the West
and 85 km to the Northwest from the Centenario farm, respectively. The concordance among the
ring-shaped structures in the soil system, the presence of lakes, and the mineralogical composition
of their clay fraction, emphasize a chemical sedimentation induced by the concentration of the
solutions. The genesis of these concentric structures has been previously discussed by Barbiero et
al. (2008). Although the clay proportion in the greenish sandy loam horizons is low and therefore
conducive to permeability, the presence of high sodium equivalent fraction, in addition to the
cementation by silica, radically decreases water infiltration rate at about 1/1000 with respect to the
sandy material located above (Barbiero et al. 2007). Thus, contact between the sandy material with
the greenish sandy loam horizons governs the water flow (Fig. 14). More specifically, the height of
the greenish horizons surrounding a lake in relation to the overlying sand is a factor in controlling
movement of water in the subsurface towards the lakes. When the water table is lower than the
greenish material, water flow is impaired. When the water table is higher than the greenish
material, water can flow more readily in the overlying sand. At the beginning of the wet season,
accumulation of rainfall in the Pantanal causes a rise in the water level. Despite this, the flows of
water between lakes remain generally in the subsurface zone. When the water level exceeds the
upper level of the greenish material, a fraction flows down toward the depressions of the saline and
freshwater lakes (Fig. 14). The average quantity of water, 'Q', flowing annually towards the lakes
depends on the relative height of the greenish material with respect to the regional freshwater table.
This quantity decreases with increasing height of the greenish material acting as hydrological
threshold. Two cases may occur: if Q<ETP-P, then lake salinity increases. If Q>ETP-P, then the
lake is flushed every year and the salinity is maintained at a low level. Oligosaline lakes and ponds
maintain a very low concentration rate by receiving and redistributing rainwater in the surrounding
landscape units with Q<0.

The above-described hydrological organization explains how lakes subject to the equivalent
amounts of evaporation and rainfall can have different dissolved ion concentrations. Because it is a
cumulative process, it explains the wide range of salinity observed in the region. It also clarifies the
bimodal distribution of the electrical conductivity observed in approximately 300 lakes, since long-
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term salinity increases from year to year (saline lakes) or is maintained at a low level (freshwater
lakes). The correlation between pH and EC confirms that the chemistry of all surface water
corresponds to the different stages of concentration of the Taquari water under the influence of
evaporation. This is done in an alkaline pathway with increasing alkalinity and therefore increasing
pH during evaporation. At least, the very local hydrological control of the salinity explains why the
salinity levels of neighboring lakes are independent, as shown from the narrow spatial range for EC
(<200 m) observed on the variogram (Fig. 7).

Here we provide evidence that the hydrochemical functioning and the soil system and its
organization, which were described around a single lake in Nhecolandia, can be generalized to the
region. Our study also highlights the lack of regional distribution pattern of salinity, and the
independence of salinity level even for nearby lakes, which is a consequence of local control of
water flow around each lake. The co-existence of both saline and freshwater lakes occurs as a result
of the distribution of the soil cover that induces a differential hydrological regime. The saline lakes
are partially isolated from the regional fresh groundwater-surface water system, due to the higher
elevation of low permeability soil horizons that act as a hydrological threshold. These limit the flux
of fresh groundwater into the saline lakes, thereby preventing their dilution. These saline lakes work
as discharge-wetlands (Jolly et al. 2008). In contrast, freshwater lakes, with lower threshold
elevation, have continuous water cycling, so the effect of evaporation is much less pronounced.
They work as flow through-wetlands. Oligosalines lakes and ponds, which lie on higher ground
(0.5m), are surrounded by a rise of the greenish material, although with low elevation. These
wetlands receive and rapidly redistribute rainwater throughout the surrounding landscape units, thus
working as recharge-wetlands. The hydrological functioning of lakes in Nhecolandia in relation to
controls on salinity is consistent with what has been observed in arid or semi-arid wetlands
receiving low and variable annual rainfall and characterized by potential evapotranspiration that is
far greater than precipitation (ETP:P>2, Jolly et al. 2008). Our study shows that under poor
drainage conditions, salinity can maintain naturally in the landscape despite relatively humid mean
climatic conditions.

The study adds to our knowledge of how the relation of lakes to subsurface flow (groundwater),
and the geological characteristics affecting that flow, is important to understanding the controls on
the salinity of lake and wetlands in general. The differential hydrological regime between all these
lakes indicates that it is not necessary to resort to former arid environmental conditions to explain
the presence of saline waters in some lakes of Nhecolandia. It does not mean that a much drier
climate did not occur during the Pleistocene, as recently confirmed by Whitney et al. (2011) from
lake sediments in the northern Pantanal, but, the presence of salinity does not provide evidence for
such a paleoclimate reconstruction.

However, one issue remains unresolved. Based on Furquim et al. (2010b), we must keep in
mind that the greenish material required saline-alkaline conditions for its formation, i.e., for
solubilization of silica and neoformation of clays, which are typical of these saline alkaline
environments. On the other hand, under present day climatic conditions, saline-alkaline waters need
to be isolated from the regional drainage (by the greenish material) to be maintained in the
landscape. This chicken or egg situation suggests two hypothesis: the freshwater lakes have worked
in the past like the saline lakes do today. It could have occurred under a climate with a more
pronounced dry season, perhaps like the climate that prevailed after 19,500 years before present
during deglacial warming (Whitney et al. 2011) and more specifically about 5000 years before
present (Marchant et al. 2009; McGlue et al. 2012) characterized by a more Xeric vegetation
compared to present conditions. With these conditions, even a slightly lower water level in
Nhecolandia could shift a freshwater lake hydrological regime (flow through-wetland type with
Q>ETP-P), to one of a saline lake (discharge-wetland type with Q<ETP-P). Such alteration could
have favored a much larger proportion of saline lakes than today; or despite its morphological
similarity, the mineralogical composition of the greenish material located at about 100 m from the
lake shore differs from that collected close to the saline lakes and studied by Furquim et al. (2010b).
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In this case, its formation may result from a more regional process not requiring the presence of
alkaline water. A specific study of this material should clarify this ambiguity. Future research
efforts should also focus on the modeling of the hydrochemical functioning of the lakes in order to
test their sensitivity to changes in the local hydrology or in rainfall and evapotranspiration

distribution.
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Tables

Table 1 Universal Transverse Mercator (UTM) coordinates (Zone 21K) and electrical conductivity
ranges for four selected saline lakes and one oligosaline (Olig.) pond.

UTM coordinates in m

EC range puS cm?
Sep 2009 to Jul 2011

Longitude Latitude minimum EC maximum EC
Lake A 598915 7846624 1400 19473
Lake B 591394 7849336 2250 11470
Lake C 591165 7849306 570 4750
Lake D 590459 7847808 650 60400
Olig. pond 596860 7840426 25 45
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Table 2 Descriptive statistics of major elements, pH and EC in sample sets AQ+TR (147 samples) and AQ+TR+NH (303 samples).

Number_ of Unit Minimum Maximum Mean value Variance Star_\da_lrd Com_eff!ment of

observations deviation variation
pH 303 - 5.67 10.02 7.40 1.35 1.16 0.157
EC 303 uS cm 16 71400 2315 51.47x108 7155 3.116
Cr 147 10 mol L? 0.011 49.07 1.89 28.43 5.33 2.825
SO4* 147 102 mol L 0.003 21.26 0.79 14.74 2.71 3.426
Alk. 147 10 mol L? 0.102 511.37 19.01 3798 61.63 3.243
Na* 147 102 mol L 0.036 537.59 18.63 3941 62.78 3.369
K* 147 10 mol L? 0.034 65.39 3.15 72.06 8.49 2.693
Mg?* 147 102 mol L* 0.016 1.56 0.18 0.09 0.22 1.198
Ca** 147 10 mol L? 0.019 1.85 0.25 0.16 0.29 1.167
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Table 3 Main characteristics of ECa readings using EM31 or EM38 devices around the saline

lakes
Device . Number of - Mean . Standard
Unit . Minimum Maximum o
used observations value deviation
Lake A EM38 mS m 1589 47 99 245 32.9
EM31 mS m? 2940 4.5 44.6 115 23.7
Lake B EM38 mS m 537 54 162 387 44.9
Lake C EM38 mS m? 229 11 28 64 11.7
Lake D EM31 mS m 2589 0 24 85 16.6

21



