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Abstract
The Nhecolândia subregion (area ~ 26,921 km2), in central-southern Pantanal, is marked by the presence of hundreds of 
alkaline–saline lakes, located on the top of sand hills, and thousands of non-alkaline lakes adjacent to the sand hills. This 
study aimed to provide a better understanding of the hydrological dynamics in the Nhecolândia, which is scarce and con-
troversial, based on piezometric monitoring, isotopic data and chemical analyses of the surface water and groundwater of 
an alkaline–saline lake, a non-alkaline lake and the sand hill between them. The potentiometric data indicated that both 
alkaline–saline and non-alkaline lakes act as recharge zones, the former in all seasons and the later only in the wet season. 
These results are corroborated by downward flow near the zones of recharge, indicated by hydraulic head measurements in 
multilevel wells around the non-alkaline lake and in mini-piezometers installed in the studied alkaline–saline lake and two 
more lakes in the region. Also, δ18O and δ2H values of the alkaline–saline lake surface water became more depleted than 
the surrounding groundwater in the wet season, confirming that the inflow to the alkaline–saline lake in this season was by 
the more depleted rainwater and not by the isotopically enriched groundwater. The water chemistry data is also in agreement 
with recharge from the alkaline–saline lake, even though this recharge is limited by a low-K layer. Because of this layer, the 
non-alkaline lake does not dry off during the dry season. This set of evidence demonstrated that the groundwater recharge in 
the study area occurs in the topographical lows, through a process known as depression-focused recharge, which disagrees 
with previous studies of the area.

Keywords Groundwater–surface water interaction · Wetland · Depression-focused recharge

Introduction

The Pantanal wetland is an active Cenozoic sedimen-
tary basin located in the central zone of South America 
(16°–20°S and 58°–50°W), mostly in Brazil (90%), but 
also in small areas of Bolivia and Paraguay (10%) (Pado-
vani 2010; Assine et al. 2015) (Fig. 1). The region is mainly 

formed by alluvial fans, floodplains and lacustrine depo-
sitional systems (Assine 2003; Assine et al. 2015) and is 
characterized by extremely low slope gradients (< 1%) 
and altitudes between 100 and 200 m (Silva 1986; Scott 
1991). It is one of the largest complexes of wetlands in the 
world (area ~ 150,500 km2), with still pristine ecosystems 
and large plant and animal diversity (Silva et al. 2001; Junk 
et al. 2006). These features qualify the region as a World 
Heritage Area by UNESCO and a wetland of international 
importance by the Ramsar Convention of Wetlands.

The main watercourse of the wetland is the Paraguay 
river, an important tributary of the La Plata basin, which is 
the fifth largest drainage system in the world (area ~ 3.2 mil-
lion  km2) (Collischonn et al. 2001; Berbery and Barros 
2002). The Pantanal is specifically located in the Upper 
Paraguay basin (area ~ 496,000 km2), the uppermost region 
of the Paraguay drainage system, situated upstream the 
confluence between the Apa and Paraguay rivers (Cordeiro 
1999) (Fig. 1). The Upper Paraguay basin also comprises 
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the highlands that surround the Pantanal, formed by escarp-
ments and hills with altitudes between 200 and 900 m and 
by Precambrian crystalline and Mesozoic sedimentary rocks. 
The headwaters of the Paraguay river and tributaries are 
mainly located in these highlands, which provide an impor-
tant supply of water and sediments to the wetland during the 
seasonal floodings (Del’Arco et al. 1982; Alvarenga et al. 
1984; Godoi Filho 1986; Por 1995).

A time lag of 2–3 months generally occurs between the 
beginning of the rainy season and the start of the flood-
ing in the Pantanal (Padovani 2010). The inundation pulse 
takes 4–6 months to cross the wetland, reaching its maxi-
mum at February–March in the northern and eastern and at 
June–July in the southernmost subregions, already in the 
dry season (Carvalho 1986; Hamilton et al. 1996; Padovani 
2010). During a calendar year, the maximum area sub-
jected to inundation is of approximately 131,000 km2 and 
the maximum area that is simultaneously flooded is about 
110,000 km2 (Hamilton et al. 2002). The main processes that 

trigger inundation are the water discharge from the channel 
to the floodplain, the slowness or prevention of the drain-
age of the floodwater due to the inundation of the Paraguay 
river and the accumulation of water from local precipitation, 
mainly in areas that are away from the main rivers (Hamilton 
1999).

The Nhecolândia (area ~ 26,921 km2), a subregion located 
in the central-southern Pantanal (Fig. 1), corresponds to the 
south part of the Taquari alluvial fan, which has a rounded 
shape and a huge size, with a diameter of ~ 250 km and 
an area of ~ 49,000 km2 (Zani et al. 2006, 2012). Sandy 
sediments have been deposited in the Taquari megafan 
since the Pleistocene, being mostly composed of quartz, but 
with minor amounts of more weatherable minerals, such as 
microcline and albite (Furquim 2007; Zani et al. 2012). The 
source area of these sediments is the Paleozoic sandstones 
of the Paraná basin located mainly in the Serra de Maracajú, 
a dissected highland that surrounds the west side of the Pan-
tanal. The megafan is formed by a modern lobe near the 

Fig. 1  a Location of the La Plata basin in South America (adapted 
from: FAO-AQUASTAT 2016); b La Plata Basin (sensu lato) and 
location of the Pantanal wetland (adapted from: OEA 2017; FAO-
AQUASTAT 2016); c Nhecolândia subregion and location of the 

Nhumirim Farm, where the study was conducted (adapted from: 
Fernandes et  al. 1999; Capellari 2001); d aerial photography of the 
Nhumirim Farm, with the study area and surroundings (adapted from: 
Google Earth 2017)
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Taquari river, where the sedimentation is active, and five 
abandoned lobes marked by preserved paleochannels and 
current erosional features. The Nhecolândia is mainly situ-
ated in the two oldest abandoned lobes (Zani et al. 2006).

Because of the relatively higher altitudes of the Nhecolân-
dia if compared with other areas of Pantanal, the flooding 
in this subregion is not directly affected by the level of the 
nearest main rivers (Taquari, Negro or Paraguay rivers) and 
the most important contribution for the floodwaters comes 
from local precipitation (Costa et al. 2015; Hamilton 1999). 
Approximately, 45–50% of its area does not inundate, about 
40% remain inundated only up to 10% of the time and less 
than 1% is permanently flooded. In the low Nhecolândia 
(Fig. 1), a zone within the subregion with relatively lower 
altitudes, the peak of the inundation varies from February 
to May, with an area of flooding close to 4,000 km2 in each 
of these months and a general floodwater flow with NE–SW 
direction (Padovani 2010; Hamilton et al. 1996).

Important landscape features of the low Nhecolândia 
(area ~ 8,220 km2) (Fig. 1) are the occurrence of about 640 
alkaline–saline lakes and 8200 non-alkaline lakes (Costa 
et al. 2015). Despite being closely located, there is a great 
contrast in water quality between these lakes, with the alka-
line–saline lakes presenting pH higher than 8.0, electrical 
conductivity higher than 5 mS cm−1, and high concentration 
of bicarbonate, sodium and potassium. On the other hand, in 
the non-alkaline lakes, pH is lower than 7 and the electrical 
conductivity is commonly less than 1 mS  cm−1 (Almeida 
et al. 2003). The alkaline–saline lakes are rounded depres-
sions that hardly dry off, with 0.5–1 km in diameter and 
2–5 m in depth. They are located on the top of sand hills, 
which are narrow (200–300 m wide) sandy stripes 2–5 m 
higher than the surroundings, representing the highest topo-
graphical level of the region. This slight altitudinal gradi-
ent prevents the floodwater input, allowing the presence of 
forested savanna vegetation in the sand hills and around the 
saline lakes. The non-alkaline lakes are temporary water-
bodies located in the lowest zones, with different forms and 
dimensions and up to 2 m depth. During the peak of seasonal 
inundation, the non-alkaline lakes merge and form intermit-
tent watercourses, which can have 30 m of width and long 
extensions (Barbiero et al. 2002). Open grass savanna and 
swampy grasslands are the dominant vegetation in the com-
plex non-alkaline lakes/intermittent watercourses (Evans and 
Costa 2013).

Although important knowledge about the regional flood-
ing in the Pantanal and Nhecolândia is available in the litera-
ture, detailed information about the hydrological functioning 
of alkaline–saline lakes/sandy hills and non-alkaline lakes/
intermittent watercourses complexes is still scarce, being 
mainly based on landscape elements, with no or a few field 
hydrological measurements. Barbiero et al. (2008) proposed 
a hypothesis of hydrologic functioning supported mainly by 

soil morphological data and water level measurements along 
one transect. The soil morphology under and around the 
alkaline–saline lakes is mainly formed by a dark and loamy 
sand horizon in the surface (H), followed in depth by grayish 
and sand to loamy sand horizons (E, Bkg1), which overlay a 
greenish, sandy loam and nearly impervious horizon (Bnq2) 
(Furquim 2007; Barbiero et al. 2008). Barbiero et al. (2008) 
observed that the Bnq completely surrounds the lake, being 
responsible for retaining the subsurface water in the saline 
depression during part of the year. During the wet season, 
the subsurface water level would rise and move from the 
non-alkaline lakes/intermittent watercourses to the saline 
lakes, passing over the low permeable Bnq. However, dur-
ing the dry season, the water level would drop and the Bnq 
horizon would act as a barrier to the return flow from the 
alkaline–saline lake to the non-alkaline lakes/intermittent 
watercourses, providing a seasonal retention of the subsur-
face water.

Costa et al. (2015) suggested a different hypothesis, based 
on topographical data extracted from satellite images. Dur-
ing the wet season, the sandy hills would act as a recharge 
zone, with the groundwater flowing from the highest top-
ographical zones to the adjacent non-alkaline and alka-
line–saline depressions. This behavior would be responsible 
for the alkaline–saline lake isolation during part of the year, 
without any kind of barrier, suggesting that the low perme-
able horizon (Bnq) that surrounds these lakes are more likely 
the consequence than the cause of the hydrological function-
ing. During the dry season, however, the water level eleva-
tion would decrease, stopping the flows from the highest 
zones. During this period, the subsurface flow would occur 
from the non-alkaline lake/intermittent watercourse to the 
saline lake, inasmuch as the bottom of the latter is usually 
0.5–1.5 m lower than the bottom of the former. Accord-
ing to this statement, the alkaline–saline lake would receive 
subsurface water during the whole year, preventing its full 
drying most of the time.

Several methods can be applied to understand the hydrol-
ogy and connection between surface water and groundwater 
in wetlands. Piezometric monitoring of hydraulic heads is 
commonly used to map the direction of flow (Bradley et al. 
2007; Rosenberry et al. 2015; Kebede et al. 2016). It is usu-
ally combined with other techniques, such as hydrochemi-
cal and stable isotopic monitoring (Montalván et al. 2017; 
Kebede et al. 2016; Rosenberry et al. 2015; Bradley et al. 
2007). Oxygen and hydrogen isotopes are particularly useful 

1 The suffixes k and g indicate, respectively, carbonates accumulation 
and iron reduction due to prolonged soil saturation (Schoeneberger 
et al. 2012).
2 The suffixes n and q indicate, respectively, accumulation of pedo-
genic exchangeable sodium and accumulation of pedogenic silica 
(Schoeneberger et al. 2012).
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since they are ideal tracers, not dissolved solutes (Rosen-
berry et al. 2015).

Regarding the controversial explanations, the objective of 
this work is to provide a better understanding of the hydro-
logical dynamics in the low Nhecolândia, through piezo-
metric monitoring, isotopic and chemical data, specifically 
focusing on the variability of the subsurface flow directions 
along the year, the genesis of the waters and the interactions 
between surface and subsurface waters.

Materials and methods

Site monitoring

A total of fifteen 2″ groundwater monitoring wells were 
installed from Oct. 2014 to Apr. 2015; six were located 
around a representative alkaline–saline lake (SL), two on 
the adjacent sand hill (SH), one in the border of a slightly 
depression within the sand hill and six around a nearby non-
alkaline lake (NAL) (Fig. 2). Monitoring wells MW 02, 05 
and 06 were multilevel. The location of the monitoring wells 

was based on the regional groundwater flow direction, from 
NE to SW (Padovani 2010). Wells’ geometry is presented on 
Table 1. Depth to water table was monitored manually every 
2 weeks from Oct. 2014 to Aug. 2015 and in a separate event 
in Oct. 2016 (dry season). The non-alkaline lake water col-
umn is around 0.4 m (Barbiero et al. 2018). The water level 
in the alkaline–saline lake was monitored on three dates: 
Oct. 2014, Apr. 2015 and Oct. 2016.

Two water sampling events were conducted, the first 
in Oct. 2014, in the dry season, and the second in Apr. 
2015, in the wet season. During each event, field meas-
urements were performed for pH, electrical conductivity 
(EC), oxidation–reduction potential (ORP) and dissolved 
oxygen (DO) in groundwater and surface water from the 
alkaline–saline lake. Surface water from the non-alkaline 
lake was not sampled, since it had no water in the dry 
season and only a few centimeters of water during the wet 
season sampling event. Groundwater and surface water 
were sampled for chemical and stable isotope (δ18O, δ2H) 
analysis. Chemical parameters analyzed were anions  Cl−, 
 SO4

2−,  NO3
−,  PO4

3−,  F−,  Br− and cations  Na+,  Ca2+,  Fe2+, 
 Mg2+,  Al3+,  K+. Bicarbonate concentration was estimated 

97.8

98

98

98.2

98.2

98.4

98.4

98.6

98.8

98.8

98
9 8

.
.

8
6

99

99

99.2
99.4

99.6

99.9

Water elevation (m) - 2015 (wet season)

longitude
-56.648 -56.646 -56.644 -56.642 -56.64 -56.638-56.65

-18.98

la
tit
ud

e

-18.978

-18.976

-18.974

-18.972

97.2

97.4
97.697.8

98
98.2

98.4

98.6
98.8

99.6

Water elevation (m) - 2014 (dry season)

la
tit
ud

e

-18.978

-18.976

-18.974

-18.972

96.6
96.8

97

97.2

97.4
97.6

97.8
98

98.2

99 88 .. 4699
99.2

-56.65
.98

99.4

Water elevation (m) - 2016 (dry season)

longitude
-56.648 -56.646 -56.644 -56.642 -56.64 -56.638

978

976

974

972

(a) (b) 

(c) (d) 
56

-18.98

la
tit

ud
e

-18.978

-18.976

-18.974

-18.972

Fig. 2  Monitoring wells’ location (a, yellow circles) and potentiomet-
ric surfaces in three monitoring events (b–d). Multilevel wells have 
two levels at the same coordinates and are represented as one circle. 

On Fig.  2b–d, only the wells with available data at the monitoring 
event are indicated (blue circles). Blue lines represent equipotential 
curves and blue arrows indicate main flow directions
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based on ionic balance. Groundwater was sampled with a 
peristaltic pump by low-flow pumping, filtered and acidi-
fied to pH < 1.5 for cations analyses and frozen for anions 
analyses. Analytical methods are presented in “Analytical 
methods”.

Rain water and surface water (alkaline–saline lake) 
were also sampled monthly during the wet season (Dec. 
2014 to Mar. 2015). Precipitation samples were collected 
from a rain gauge installed approximately 2 km away from 
the field site, as aliquots of the total month precipitation. 
Samples were analyzed for δ18O and δ2H.

Mini-piezometers were installed within the alka-
line–saline lake approximately 30  cm below lakebed 
for hydraulic head monitoring (Lee and Cherry 1978) 
(Table 1). Piezometers were constructed with transpar-
ent polyethylene tubing, 1/8″ ID, perforated in the bottom 
10 cm and covered with a 177 µm nylon mesh (ASTM 
80). Mini-piezometers were also installed in two other 
alkaline–saline lakes in Oct. 2016 outside the study area, 
to verify if the observed behavior was common to other 
alkaline–saline lakes in the region.

Analytical methods

Quantification of  Al3+,  Ca2+,  Mg2+ and  Fe2+ was performed 
by inductively coupled plasma optical emission spectrometry 
(ICP-OES) (Varian 720-ES), at the CEPEMA-USP Labora-
tory. Samples were digested with concentrated nitric acid 
following USEPA Method 3015A (2007).  Na+ and  K+ were 
determined by flame photometry (Flame photometer DM-62, 
Digimed), at UNIFESP. Anions were quantified by ion chro-
matography (Bioagri Laboratory), following method USEPA 
300.1 (1999). Quantification limits ranged from 0.005 to 
100 mg L−1. Isotopes (δ18O and δ2H) were determined at the 
Environmental Isotope Laboratory, at the University of Water-
loo by laser absorption with a Los Gatos Research OA-ICOS 
T-LWIA.

Table 1  Monitoring wells (MW and CD) and mini-piezometers’ (MPZ) properties

Location Coordinates Ground 
elevation (m)

Depth (m) Screen 
length (m)

Date installed

S W

MW01 Alkaline–saline lake 18°58′31.0″ 56°38′47.2″ 100.33 1.88 0.20 10/10/2014
MW2A Alkaline–saline lake 18°58′31.9″ 56°38′49.5″ 100.25 2.00 0.20 11/10/2014
MW2B Alkaline–saline lake 18°58′31.9″ 56°38′49.5″ 100.29 1.68 0.20 11/10/2014
MW03 Alkaline–saline lake 18°58′32.1″ 56°38′51.8″ 100.22 1.59 0.20 11/10/2014
MW04 Non-alkaline lake 18°58′47.1″ 56°38′44″ 99.19 3.94 0.20 12/10/2014
MW05A Non-alkaline lake 18°58′46.1″ 56°38′43.5″ 99.67 5.97 0.50 13/10/2014
MW05B Non-alkaline lake 18°58′46.1″ 56°38′43.5″ 99.66 3.77 0.50 13/10/2014
MW06A Non-alkaline lake 18°58′46.8″ 56°38′42.4″ 99.28 6.12 0.50 13/10/2014
MW06B Non-alkaline lake 18°58′46.8″ 56°38′42.4″ 99.24 4.07 0.50 13/10/2014
MW08 Border of slight depression 18°58′31.9″ 56°38′19.9″ 100.89 4.25 0.50 17/10/2014
CD1 Sand hill 18°58′37.6″ 56°38′50.0″ 103.34 5.65 0.50 15/10/2014
CD2 Sand hill 18°58′41.1″ 56°38′45.6″ 102.45 5.55 0.50 16/10/2014
MW10 Alkaline–saline lake 18°58′22.7″ 56°38′50.6″ 100.07 2.09 0.50 11/04/2015
MW11 Alkaline–saline lake 18°58′27.2″ 56°38′42.82″ 100.72 1.89 0.50 11/04/2015
MW12 Sand hill 18°58′45.9″ 56°38′34.9″ 101.81 2.92 0.50 12/04/2015
MPZ-14 Alkaline–saline lake 18°58′29.7″ 56°38′51.8″ – 0.30 0.10 31/10/2014
MPZ1-15 Alkaline–saline lake 18°58′25.2″ 56°38′50.5″ – 0.13 0.10 11/04/2015
MPZ2-15 Alkaline–saline lake 18°58′27.3″ 56°38′47.0″ – 0.15 0.10 11/04/2015
MPZ3-15 Alkaline–saline lake 18°58′30.5″ 56°38′51.0″ – 0.21 0.10 11/04/2015
MPZ1-16 Alkaline–saline lake 18°58′29.7″ 56°38′50.6″ – 0.50 0.10 01/10/2016
MPZ2-16 Alkaline–saline lake 18°58′28.6″ 56°38′48.2″ – 0.34 0.10 01/10/2016
MPZ3-16 Alkaline–saline lake 18°58′29.5″ 56°38′53.3″ – 0.36 0.10 01/10/2016
MPZ4-16 Alkaline–saline lake 18°58′27.2″ 56°38′51.9″ – 0.46 0.10 01/10/2016
MPZ5-16 Alkaline–saline lake (salina do 8) 18°58′59.3″ 56°39′48.1″ – 0.50 0.10 04/10/2016
MPZ6-16 Alkaline–saline lake (reserva) 18°57′35.6″ 56°37′19.7″ – 0.21 0.10 04/10/2016



 Environmental Earth Sciences (2019) 78:139

1 3

139 Page 6 of 15

Results and discussion

Potentiometry

Potentiometric surfaces were constructed for three moni-
toring events, for the dates on which the level on the 
alkaline–saline lake was also measured (Oct. 2014, Apr. 
2015 and Oct. 2016) (Fig. 2). The alkaline–saline lake 
area varied significantly between the wet and dry seasons, 
due to the high evaporation and relatively flat topography. 
The potentiometric maps indicate a main component of 
groundwater flow from NNW to SSE on the dry seasons 
(Fig. 2b and d), indicating a deviation from the regional 
groundwater flow. The alkaline–saline lake presented 
higher elevation than the surrounding groundwater in 
all monitoring events, indicating that the lake does not 
receive groundwater discharge, but acts as a recharge zone. 
However, the hydraulic conductivity (K) of the subsurface 
horizon Bnq is low (in the order of  106 m s−1), mainly due 
to the cementation of sand, silt and clay particles by amor-
phous silica and the consequent obstruction of the porosity 
(Furquim 2007; Damaceno et al., in submission). Thus, the 
water infiltration is low in the lake depression, resulting in 
water accumulation within the lake throughout the year.

During the wet season, the potentiometric surface indi-
cated different flow components (Fig. 2c). In the north-
ern part of the study area, groundwater initially flows 
from NW to SE from the alkaline–saline lake region, 
and becomes approximately W to E oriented towards the 
eastern section of the study area. In the non-alkaline lake 
region, two water flow directions converge, one from the 
alkaline-saline lake (flowing NNW to SSE) and another 
starting approximately in the middle of the site (NE to 
SW). The occurrence of groundwater flowing to two differ-
ent directions (W–E and NE–SW) indicates the presence 
of a recharge zone. This behavior is likely associated with 
a non-vegetated depression zone located approximately 
in the middle of the site (lat.: − 18.977; long.: − 56.644). 
During the wet season, this slight depression can accu-
mulate water and recharge the groundwater, acting also 
as a local recharge zone, in the same manner as described 
by Furian et  al. (2013) for an oligosaline pond in the 
Nhecolândia subregion. Unfortunately, it was not possible 
to install monitoring wells on the area of this depression 
due to access limitations.

During the monitored period, the highest air tempera-
ture was 41.4 °C, recorded in Sep 30, 2016, and the lowest 
was 7.0 °C, in July 2016. In the same period, monthly pre-
cipitation reached a maximum of 260 mm, in Jan. 2016. In 
general, greater precipitation events were focused between 
Nov. and Jan., during the wet season (Fig. 3). The water 
table in all monitoring wells varied similarly, showing an 

increase in elevation following precipitation, caused by 
recharge from upgradient in the study area and in depres-
sion zones. However, greater oscillations in groundwater 
level were measured in alkaline–saline lake wells, likely 
due to the closer positioning to the alkaline–saline lake, 
which acts as a recharge zone. The depth to the water table 
around the alkaline–saline lake ranged from 0.4 m bgs 
(below ground surface) in MW2B in the wet season (Feb. 
2015) to 1.73 m bgs in MW01 in the dry season (end of 
Aug. 2015).

Over time, the groundwater levels close to the alka-
line–saline lake were always higher than the sand hill and 
non-alkaline lake wells (Fig. 3), indicating that the behav-
ior observed during the three sampling events previously 
described continued during the year, with groundwater 
flow direction occurring from NNW to SSE. During a short 
period, of approximately 2 months, one well in the non-alka-
line lake surroundings (MW05B) presented higher water ele-
vation than the wells located in the sand hill. This could be 
an effect of faster water uptake by the deep rooted forested 
savanna vegetation in the sand hill, causing a faster drop in 
water level during the dry season (Zevenbergen 2012).

The multilevel well in greater proximity to the saline 
lake (MW02) did not indicate a significant vertical gradient, 
indicative of predominant horizontal flow. Mini-piezometers 
installed in the alkaline–saline lake sediments presented 
hydraulic gradient indicative of downwards flow, ranging 
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from 0.27 to 0.02 m m−1. The hydraulic head measurements 
performed in mini-piezometers in two other alkaline–saline 
lakes in Oct. 2016 also indicated downwards flow, suggest-
ing that alkaline–saline lakes recharging groundwater is typi-
cal for alkaline–saline lakes in the region.

Concerning the non-alkaline lake, the vertical hydraulic 
gradient in the multilevel wells close to the non-alkaline lake 
indicated a predominance of downwards flow throughout the 
year, indicating that the non-alkaline lake is not a discharge 
zone, but is also a recharge area (Fig. 4). The magnitude 
of the vertical hydraulic gradient close to the non-alkaline 
lake increased as the wet season progressed, likely due to 
the increased water accumulation in the lake, which caused 
it to act as a local recharge zone in the wet season. In the 
dry season, the magnitude of the vertical hydraulic gradient 
decreased, and the flow became predominantly horizontal.

Water chemistry

Groundwater and surface water in the study area are pre-
dominantly sodium-bicarbonate-type water characterized by 
different degrees of salinization (Table 2). The conductivity 
data show a wide range of values without any significant dif-
ference between the dry and wet season. The highest degree 
of salinity in water is represented by the groundwater in the 
alkaline–saline lake area which are characterized by val-
ues between 27 and 12 mS cm−1 and the lowest degree of 
salinity in water is represented by the groundwater in the 
sand hills and non-alkaline lake area with values between 
0.1 and 1.2 mS cm−1. The alkaline lake water shows con-
ductivity values of 3.5 (rainy season) and 5.9 (dry season) 
mS cm−1. The electrical conductivity values measured in the 
surface water are in the range of very high salinity to hyper-
saline water, according to Almeida et al. (2010). The values 
obtained were higher than reported by Barbiero et al. (2018) 
for Dec. 2014 and Jul. 2015 (around 2 mS cm−1). However, 
previous research by Barbiero et al. (2002) reported higher 

ions concentrations in the alkaline–saline lake surface water 
during the dry season than the values found in this study 
(Table 2).  Cl− concentrations were two orders of magnitude 
higher,  SO4

2− one order of magnitude, and  Na+,  Mg2+ and 
 K+ approximately five times higher (Barbiero et al. 2002). 
The lower values observed could be partially attributed to 
rainfall that occurred previously to the sampling events. The 
2014 wet season started early, with some rains recorded 
as early as August. Therefore, during the sampling in the 
2014 dry season, some rainfall events had occurred, which 
could have resulted in surface water dilution. The isotope 
data discussed in the next section show extremely enriched 
values during the dry compared to the wet season typically 
associated with greater evaporation during the dry season. 
Considering that the isotope measurements and EC value are 
in the range expected, it is also possible that there was some 
analytical error in the anions’ quantification.

Barbiero et al. (2002) indicated that the evaporation of 
subsurface freshwater is the main process responsible for 
higher ions’ concentration in the ground and surface water 
associated with the alkaline–saline lakes of Nhecolândia, 
compared with the water of the sand hills and non-alkaline 
lakes. However, the other hypothesis that is examined in our 
study is that the salinity of the groundwater in the alkaline 
lake area is partly associated with dissolution of salt in the 
sediments near the lake.

The water chemistry in the alkaline–saline lake is associ-
ated with transport of chemical elements by rainwater, run-
off and shallow subsurface flow through the sand to loamy 
sand horizons (E, Bkg) above the low-K horizon (Bnq), 
allowing the dissolution of minerals and transport to the 
alkaline–saline lake, where the concentrations increase due 
to the evaporation process. The sand and silt fractions of 
these sandy horizons above the Bnq are mainly composed by 
quartz  (SiO4), but feldspars such as microcline  (KAlSi3O8) 
and albite  (NaAlSi3O8) are also present (Furquim 2007). 
In the alkaline conditions prevalent in the soils around the 

Fig. 4  Relation between 
monthly precipitation (blue 
columns) and groundwater 
vertical hydraulic gradient in 
the non-alkaline lake (MW06) 
(black line). Negative hydraulic 
gradient values indicate down-
wards flow
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alkaline–saline lakes, where the pH is commonly higher than 
9 (Furquim et al. 2008), albite and microcline have high rates 
of dissolution, liberating ions to the soils’ solution (Brady 
and Walther 1989; Hellman 1994; Knauss and Copenhaver 
1995).

The oversaturation of ions during the evaporative con-
centration in and around the lake depression has trigged the 
formation of mineral phases in the clay fraction of the soils, 
such as the precipitation directly from the lake of Mg-smec-
tites (stevensite and saponite-like) into the H horizon, the 
precipitation of Ca and/or Mg carbonates (calcite, dolomite), 
the subsurface grayish Bkg horizon and the precipitation 
from the soil solution of Fe-micas (Fe-illite and glauconite) 
in the subsurface greenish and low-K horizon (Bnq) (Fur-
quim et al. 2010a, b; Barbiero et al. 2017). Minor amounts of 
evaporite minerals (possibly nahcolite, thenardite, epsomite, 
mirabilite, halite, gypsum) can be observed on the lake bed 
during the dry season. Thus, the relative lowest concentra-
tions of  Ca2+,  Mg2+ and  Fe2+ in the alkaline–saline lake 
could be due to the involvement of these ions in the precipi-
tation of silicate, carbonate and, to a lesser extent, evaporite 
minerals in and around the lake (Barbiero et al. 2002; Fur-
quim et al. 2010a).

The significantly higher  Fe2+ concentrations in the sand 
hill could be caused by Fe-bearing minerals’ dissolution in 
acidic environment, associated with changes in the redox 
conditions promoted by water table oscillations. Remains of 
a degraded Bnq were observed by Barbiero et al. (2008) in 
deep positions of the same sand hill studied in this research, 
suggesting that the Fe-micas that accounts for most of the 
clay minerals of this horizon has been transformed in lower 
pH conditions, liberating Fe to the solutions. Summarizing, 
the chemistry data shows no evidence of significant con-
tribution of the saline–alkaline water to the downgradient 
groundwater chemical composition.

The sources of water for groundwater and lakes and the 
role of evaporation and dissolution of salts in the salinity of 
the groundwater will be examined using the stable isotopes 
and  Cl− data in the next section.

Water isotopic composition

The stable isotope data for groundwater and surface water 
show a range of values that varied between − 4.1 and 
+ 14.7‰ and − 30.9 and + 71‰ for δ18O and δ2H, respec-
tively, during the dry season (Table 2). During the wet sea-
son, the range varied between − 6.1 and 0.98‰ and − 39 
and − 16.5‰ for δ18O and δ2H, respectively. The rain water 
showed a range of values between − 8.65 and − 1.67‰ and 
− 11.03 and − 60.23‰ for δ18O and δ2H, respectively. The 
isotope data is plotted in Fig. 5 using the global meteoric 
water line (GMWL) as a reference. The rain data should be 
plotted on top of the GMWL, and then the local meteoric SW
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water line should be like the GMWL. The isotope data 
showed a trend away from the global meteoric water line, 
which is typical of water affected by evaporation (Clark and 
Fritz 1997). The groundwater in the alkaline–saline lake area 
is more enriched isotopically than the groundwater in the 
non-saline lake area. The intersect of the evaporation line 
with the GMWL corresponds to the isotopic composition of 
the precipitation which is the source of recharge to ground-
water and lakes in the study area. The groundwater in the 
sand hill area, since it is not affected by evaporation, repre-
sents the isotope composition of the recharge water in the 
study area. In the dry season, the alkaline–saline lake surface 
water was much more isotopically enriched in comparison to 
all groundwater samples, likely caused by significant evapo-
ration of the surface water (Table 2). The surface water δ18O 
and δ2H enrichment in 16 alkaline–saline lakes in Nhecolân-
dia due to evaporation was also described by Almeida et al. 
(2010). The δ18O and δ2H values determined for the surface 
water in the dry season in this study are above the average 
values determined for hypersaline lakes in Almeida et al. 
(2010).

The groundwater isotope signature in the alkaline lake 
area did not change significantly between the dry and wet 
seasons, but the alkaline–saline lake surface water became 
more isotopically depleted in the wet season, even lower than 
the surrounding groundwater (Fig. 5). This confirms that 
the inflow to the alkaline–saline lake in the wet season was 
mainly by the more isotopically depleted rainwater (through 
direct precipitation, shallow subsurface flow and runoff), and 
not by the already isotopically enriched groundwater. The 

groundwater in the alkaline–saline lake region was enriched 
in δ18O and δ2H in comparison to the groundwater in the 
sand hill and non-alkaline lake. This indicates that the sur-
face water in the alkaline–saline lake is recharging the sur-
rounding groundwater, consistently with the flow direction 
inferred from potentiometric measurements.
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The relation between  Cl− and δ18O provides another 
evidence that groundwater does not recharge the alka-
line–saline lake (Fig. 6). If groundwater was recharging the 
alkaline–saline lake,  Cl− concentrations in the lake water 
should be in the same order of magnitude (in the wet sea-
son) or greater (in the dry season) than the values observed 
in the groundwater around the alkaline–saline lake. When 
comparing the groundwater results with values from saline 
lakes from other studies in which higher  Cl− concentrations 
were measured, the  Cl− concentrations are usually below 
the values measured in groundwater, being slightly greater 
only for the hypersaline lake (Almeida et al. 2010) (Fig. 6). 
In addition,  Cl− concentrations in the groundwater increase 
without any change in the isotopic composition, reflecting 
an interaction of the water with saline sediments in the lake 
bed, as the water slowly infiltrates through this low-K layer. 
The high groundwater salinity is therefore associated with 
evaporation plus dissolution of salts during infiltration of 
the lake water.

The isotopically enriched and high ion concentration 
groundwater surrounding the saline lake does not appear 
to have a significant flow away from the lake, since there 
is an abrupt decrease in ions’ concentration and change in 
isotopic composition compared to the groundwater in the 
sand hill. Despite the occurrence of a hydraulic gradient, 
the low-K layer (Bnq horizon) likely acts as a barrier to 
groundwater flow. Therefore, the relatively small extension 
of the enriched and high EC groundwater is likely due to a 
small fraction of enriched groundwater mixing with ground-
water from other recharge zones less impacted by evapora-
tion, such as depressions like the non-alkaline lake. Also, the 
higher EC groundwater has higher density compared to the 
surrounding groundwater. According to Post (2012), ground-
water with EC around 20 mS cm−1, would have a density 
approximately 1% higher. The density contrast between 
the high EC water and the fresh groundwater could cause 
it to sink, resulting in higher EC (and ions’ concentration) 
at greater depths. This was observed at the multilevel well 
MW02, which had 20–40% higher EC values in the deeper 
level, despite the relatively low vertical distance between 
them (only 0.3 m). Therefore, the enriched, high EC ground-
water tends to flow downwards and is not found in shallow 
wells more distant to the alkaline–saline lake.

Integrated conceptual model for groundwater–
surface water interaction

According to water elevation and chemical data during the 
period of this study, the alkaline–saline lake receives inflow 
during the wet season through direct precipitation, runoff 
and shallow subsurface flow and the water is retained in 
the lake throughout the whole year. During the dry season, 
significant evaporation occurs which results in higher EC 

and isotopic enrichment in the surface water, and significant 
reduction in the lake surface area. Due to this permanent 
water accumulation at relatively high elevation, the alka-
line–saline lake acts as a recharge zone to the surrounding 
groundwater during the whole year. The lake isotopically 
enriched and ion-concentrated water slowly percolates 
through the low permeability soils, possibly dissolving some 
minerals, with the consequent increase in some ions’ con-
centration in groundwater around the lake. Due to a low-K 
horizon (Bnq) in the alkaline–saline lake surroundings, 
groundwater flow is limited, and the enriched groundwa-
ter does not travel at a significant flow rate. Therefore, the 
groundwater in the sand hill and in proximity to the non-
alkaline lake is characterized by more depleted isotopic 
composition and lower ions’ concentration. A summary of 
the site conceptual model is presented in Fig. 7.

Evidence of groundwater recharge from the alka-
line–saline lakes in this study disagrees with the studies by 
Barbiero et al. (2008) and Furian et al. (2013), which pro-
posed that the alkaline–saline lakes received groundwater 
during the wet season and remained isolated from ground-
water during the dry season. Barbiero et al. (2008) indicated 
that only in short periods, corresponding to the beginning 
of the wet season, flow occurred from the alkaline–saline to 
the non-alkaline lakes. Based on data collected from 1998 
to 2002, Barbiero et al. (2008) concluded that in the wet 
season, groundwater flow would occur from the non-saline 
lake to the alkaline–saline lake, where it evaporates. In con-
trast, our study shows that the flow system does not connect 
the two lakes.

In the study site, the alkaline–saline lake acts as a local 
recharge zone, but the non-alkaline lakes and other depres-
sions also are recharge zones. The groundwater recharge 
in topographical lows, as supported by the potentiometric, 
chemical and isotopic data of this research, is known in the 
literature as depression-focused recharge, a process that is 
concentrated in small areas of the landscape (e.g., ponds, 
lakes) (Lissey 1971; Winter 1999). It has been described in 
the North America prairies (Berthold et al. 2004; Delin et al. 
2000), sand dunes (Jacks and Traoré 2014) and coastal areas 
(Logan and Rudolph 1997; Phillips and Shedlock 1993). All 
the regions marked by the domain of this type of recharge 
have a significant annual water deficit, in which the evapo-
transpiration exceeds the precipitation rates, condition that 
prevents the development of integrated drainage networks at 
least part of the year. Also, they are all in nearly flat terrains 
punctuated by small and shallow depressions, characterizing 
a hummocky landscape.

The Nhecolândia fulfills these environmental conditions, 
with an annual hydrological deficit of 300 mm (Alfonsi and 
Camargo 1986; Por 1995), sufficient for the seasonal devel-
opment of intermittent watercourses between the non-alka-
line lakes, and very low slope gradients (< 1%) (Silva 1986), 
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with a local altitudinal difference of about 5 m between the 
bottom of the depressions and the top of the sand hills. Thus, 
the subregion has the requirements for the development of 
depression-focused recharge, which is likely occurring in all 
its topographical lows, including small ponds, as observed 
by Furian et al. (2013), and the alkaline–saline and non-
alkaline lakes, as described in the present work.

The recharge in the highest areas of the landscapes (sand 
hills), as suggested by Costa et al. (2015), was not high 
enough to promote a reversal in flow direction (towards the 
alkaline–saline lake) and possibly was limited because of 
the high evapotranspiration rates, promoted by the dense 
forested savanna vegetation of the sand hills (Zevenbergen 
2012), in contrast to the bare soil around the alkaline–saline 
lakes and the open grass savanna of the non-alkaline lakes 
and ponds. Oliveira et al. (2017), considering different phys-
iognomies of the Brazilian savanna, also showed a decrease 

in the groundwater recharge from the grassland to the wood-
land, reflecting the higher evapotranspiration rates of denser 
vegetation.

Conclusions

In the Nhecolândia region of the Pantanal wetland, there are 
lakes closely located with very contrasting surface water 
properties, namely the alkaline–saline lakes and non-alka-
line lakes. The study of hydraulic heads, chemical and iso-
topic water composition coupled with pedological evidence 
provided insights on the interaction between groundwater 
and the surface water from the different lake types.

Contrary to conceptual site models presented in the lit-
erature (Barbiero et al. 2008; Costa et al. 2015), this study 
indicated that the alkaline–saline lake does not receive 

Fig. 7  Site hydrologic conceptual model for the dry (a) and wet seasons (b). Adapted from: Barbiero et al. (2008); Zevenbergen (2012)
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groundwater inflow. The surface water elevation was higher 
than the hydraulic heads in the surrounding groundwater, 
and mini-piezometers installed in the studied alkaline–saline 
lake bed and in two additional alkaline–saline lakes indicated 
downward flow direction. In the dry season, the alkaline–saline 
lake surface water was isotopically enriched in 18O and 2H due 
to evaporation but became isotopically depleted in the wet sea-
son due to the input of rain water. The groundwater in the wells 
surrounding the alkaline saline lake was isotopically enriched 
in comparison to the groundwater from other locations, indica-
tive of recharge with the alkaline–saline lake-enriched water. 
The water chemical composition also provided evidence that 
the alkaline–saline lake is a recharge zone. Higher  Na+ and 
 Cl− concentrations were found in the groundwater in compari-
son to the surface water and there was no correlation between 
 Cl− and δ18O in the groundwater, indicative of  Cl− concentra-
tions being controlled by water interaction with lakebed sedi-
ments as the water slowly infiltrates.

The enriched and high ion concentration groundwater is 
found only close to the alkaline–saline lake, likely because 
a low-K layer (Bnq) below the lakebed does not allow a sig-
nificant groundwater flow to downgradient regions. This also 
allows water retention in the lake even during the dry sea-
son, when significant evaporation occurs. The evaporation 
results in a distinct composition in the alkaline–saline lake 
surface water and surrounding groundwater in comparison to 
groundwater in the sand hill and non-alkaline lake surround-
ings. This disconnection between the groundwater surround-
ing the alkaline–saline lake and the groundwater in the sand 
hill and non-alkaline lake contrasts with the conceptual model 
presented in other studies (Barbiero et al. 2008), in which flow 
was described to occur from the non-alkaline lake to the alka-
line–saline lake.

The general groundwater flow direction is from NNW to 
SSE but can have some local changes during the wet season 
due to recharge in depressions such as the non-alkaline lake, 
which acts as a recharge zone during the wet season, when it 
accumulates water. The same appears to occur in other depres-
sions in the area, in a behavior typical of depression-focused 
recharge zones, where the depressions act as recharge zones 
during precipitation events.
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