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Abstract

Population growth and social and economic development demand increasing volumes of water for public supply, espe-
cially in scenarios where surface sources such as rivers may not meet the basic demands for the population. In southeast-
ern Brazil, with emphasis on the Piracicaba region, there is a conflict over water use regarding agricultural and industrial
activities, where the sugar-alcohol sector is widely highlighted. The region has thousands of hectares of sugarcane
cultivated, which requires intensive use of fertilizers and pesticides, in addition to the need for large volumes of water
in the production of sugar and ethanol, where the main effluent produced is represented by vinasse, used as fertilizer
complement and soil hydration in sugarcane fields. This work presents the results of a geophysical diagnosis in a closed
wetland, located in a sugarcane field region, to evaluate the hydrogeological function of this environment in aquifer
recharge and the risks that land use can cause in the quality and availability of surface and underground water resources.
The geophysical survey consisted of nine lines of electrical resistivity tomography in Schlumberger arrangement, sub-
mitted to 2D processing and inversion followed by interpolation and generation of 3D visualization models. The results
indicate a direct connection between water accumulated in the wetland and the aquifer underneath, separated by an
aquitard interface about 44 m thickness. The study points out to the high vulnerability to the input of pesticides and
vinasse effluent from the surrounding sugarcane fields to the interior of the wetland, given the absence of riparian forest
or buffer zone, in addition to the risk of contamination of surface and groundwater. Understanding the local hydrological
dynamics should subsidize the sustainable use of the soil providing preservation of water resources, with emphasis on
aquifers, a source of increasing importance in the face of the imminent scarcity of surface resources.
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1 Introduction

Population growth and the expansion of urban centers combined with the stimulation of agricultural activities with an
emphasis on export commodities, imply increasing pressure on water resources. In southeastern Brazil, there are several
urban centers that faces water crises and imbalances between the supply of water resources and the demand for public
supply and other uses, with prolonged periods of rationing or intermittent supply [1-8].
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Intensive agriculture, directly (irrigation) or indirectly (deforestation and introduction of monocultures), demands increas-
ing amounts of water, particularly in Brazil, which stands out for the export of agricultural commodities. The country is the
world’s largest sugarcane producer and in the 2020/21 harvest, it was responsible for the production of 654.5 million tons
destined to produce 41.2 million tons of sugar and 29.7 billion liters of ethanol [9]. This agroindustry involves a complex chain
of activities, starting with land preparation and planting, followed by harvesting and processing in large industrial complexes
[10]. In these plants, after the sugar and biofuel processing, part of the effluent generated, called vinasse, is released into
the sugarcane fields as a partial substitute for soil irrigation and supplementary fertilizer. For each liter of alcohol produced
in the plants, 10 to 15 L of vinasse are produced, one of the major justifications for its large use in fertigation systems in
sugarcane fields [11].

The state of Sdo Paulo leads Brazilian production and accounts for 54.1% of the quantity produced in the 2020/21 harvest,
responsible to production of 48.4% of ethanol (14.3 billion liters) and 63.2% of sugar (26.0 million tons) [9]. This activity has
a positive impact on state revenue, in addition to generating thousands of direct and indirect jobs, with clear economic and
social benefits. On the other hand, agricultural management is based on the use of large and growing volumes of mineral-
based fertilizers and pesticides, which is great for the soil.

Regarding vinasse, the liquid resulting from the fermentation of sugarcane, it is an effluent composed of large amounts
of potassium, sulfur, phosphorus, nitrogen, calcium, magnesium, and micronutrients, which is great for the soil [12]. On the
other hand, it can cause severe impacts on the environment because it has a high Biochemical Oxygen Demand (BOD) and
high acidity, resulting in the depletion of dissolved oxygen (DO) in water [13]. The occasional supply of vinasse in environ-
ments of high environmental sensitivity such as wetlands, springs, and rivers, put the flora, fauna and the quality of the water
resource at risk [14-21].

Wetlands are particularly sensitive environments in this scenario, as they consist of, from a geomorphological point of view,
depressions in closed reliefs and with accumulation of water in the lower portion, either permanently or intermittently [22, 23].

These closed basins generally have a gentle slope and are systematically incorporated by agriculture crops. Its hydrogeo-
morphological configuration provides the input of several agrochemicals carried by surface flow in periods of rain. Several
studies demonstrate the function of wetlands as a surface water resource, in addition to being a connection or aquifer
recharge zone, a condition that reveals their importance in the maintenance of subsurface water resources [24-31].

The current paradigm regarding the universalization of basic sanitation in the countryside of the State of Sao Paulo
implies into the increasing access to rivers and groundwater resources, preservation of recharge zones, springs and rivers,
combined with the management and rational use of land on an ongoing basis by sugar cane monoculture. The search for
environmental sustainability of agricultural activities of great economic and social relevance implies scientific studies with
a view to understand systems and processes in sensitive environments and the search for technical alternatives to reduce
environmental impacts [32-37].

Geophysical studies can contribute to the understanding of hydrogeological dynamics, recognition of recharge zones
and main flow paths, in addition to the recognition of appropriate locations for drilling wells or diagnosis of contaminated
areas [38-48].

This study consists of a geological and geophysical diagnosis of a closed wetland located in a sugarcane monoculture area
with the objective of evaluating the hydrological function of this environment, specifically as a connection area between
the surface and the subsurface as a recharge zone. The study also evaluates the risk of contamination in the long term by
the input of agrochemicals.

2 Material and methods
2.1 Study area

The study area is in the district of Tanquinho, about 19 km north of the municipality of Piracicaba, in the countryside
of the State of Sao Paulo, Brazil (Fig. 1). The regional climate is classified as Cwa according to Képpen'’s climate clas-
sification. It has high rainfall rates in the summer (from October to March) and dry season in winter (from April to
September). It presents an average annual rainfall of 1500 mm and an average annual temperature of 21.9 °C.

The area is in the Corumbatai river hydrographic watersheed, management by the Water Resources Management
Unit of the rivers Piracicaba, Capivari and Jundiai rivers (UGRHI-PCJ). This management unit is highly urbanized and
industrialized and the use of rural land is strongly focused on sugarcane monoculture, concentrated in an area of

@ Springer



Discover Water (2023) 3.7 | https://doi.org/10.1007/543832-023-00031-3 Research

approximately 15,414 km?. Covering 76 municipalities and a population of 5.85 million people, the area is responsible
for 7% of the Brazilian Gross Domestic Product (GDP) and 17% of the GDP of the State of Sdo Paulo [49].

The study area is about 700 m away from the nearest drainage and about 4 km from the Corumbatai river. This
river is of fundamental importance for the municipalities of Rio Claro and Piracicaba, as it represents the main source
of water collection for public supply of an estimated population of 666,000 people. The use of water in this region is
distributed in 54% urban, 26% in agriculture and 20% by industries. The demand for urban supply in 2020 was 2.6m>/s
while global usage (urban, agriculture/livestock and industry) was 4.4m>/s. The historical series shows the minimum
flow of the Corumbatai River is around 5m?3/s, an index close to the current integrated demand and insufficient for
the projected growth for the coming years [49-51].

The study site consists of a closed wetland with a partially circular shape, 500 m long and 340 m wide. The flooded
area changes according to the period of the year: it reaches a maximum area of approximately 128,000 m? at the
end of the rainy season in April and drops substantially at the end of the dry season in September. The entire sur-
roundings are occupied by extensive sugarcane monoculture, up to the maximum flooding limit of the wetland,
separated by a rural road (Fig. 2).

On the boundary of wetland, the dark grey soil is clayey to silt-clayey with higher contents of sand fraction (quartz
grain) in the topsoil and higher silty texture in the saprolite. The relief around the topographic depression (humid
area) has a soft slope, with topographic variations between 644 m (center base of the humid area) and 652 m (highest
portion and water divider), which configures a watershed with an area of approximately 630,000m? (Fig. 3).

The local geological context is represented by sedimentary rocks of the Irati and Tatui Formations (Fig. 3), con-
stituent units of the Parana Sedimentary Basin, defined as an extensive intracratonic basin established on the South
American Platform, reaching about 6,000 m of sediments and basaltic spills. This sedimentary province is situated in
the central-eastern part of South America, covering about 1,700,000km? in Brazil, Argentina, Uruguay and Paraguay
[52,53].

The Irati Formation constitutes the bedrock of the wetland, represented by the Taquaral (lower) and Assisténcia (upper)
Members, with maximum thickness of 70 m [54]. The Taquaral Member is represented by gray siltstone and dark greenish-
gray shales. The Assisténcia Member presents dark pyrobetuminous shales intercalated with dolomitic limestones and
subordinate pelites, with the presence of silica nodules and stromatolites. The occurrence of thicker layers of dolomitic
limestone at the base of the Assist Member has promoted the establishment of several mining companies in the study
region [52]. The proposed sedimentation environment for the Irati Formation occurred in calm marine waters for the
Taquaral Member and shallow-water platform marine for the Assisténcia Member [52]. The age of the Irati Formation
was established by [55], with geochronological dating of zircons in volcanic ash as Lower Permian.

The Tatui Formation is composed predominantly of sandy siltstones and siltstones, with minor intercalations of
carbonate rocks, sylexites and sandstones. Regarding its lithotypes, [56] suggested for the Tatui Formation a division
into two distinct sedimentary packages: lower consisting mostly of purplish brown and greenish yellow siltstones, and
upper consisting of gray and yellowish siltstones. [57] states that the lithotypes of the Tatui Formation are indicators
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of a transgressive marine environment with the influence of anastomosing rivers with high sediment load, besides the
occurrence of fan-delta complexes.

Locally the Irati Formation is represented by the Taquaral Member in basal contact with sediments of the upper por-
tion of the Tatui Formation (Fig. 4).

The hydrogeological context of the region classifies the geological units into two distinct aquifer systems: Passa Dois
Aquiclude (Corumbatai and Irati Formations) and Tubarao Aquifer (Tatui Formation and Itararé Group).

The Passa Dois Aquiclude is a sedimentary hydrogeological unit of regional extension that separates the Tubardo and
Guarani Aquifers. This aquiclude is formed by sediments deposited in marine environments, with lithologies predomi-
nantly represented by shales, siltstones, argillites, limestones and dolomites that occur as layers with different thicknesses,
sometimes rhythmically intercalated. Due to the constitution of mostly fine granulation, it has low aquifer capacity and
insufficient productivity for the supply of large communities, although it presents flow in fractured systems and aquitard
characteristics and considerable productivity, especially in the Irati Formation [58].

The Tubardo Aquifer is a sedimentary aquifer of regional extension and with occurrences up to 2000 m deep. Due to
its large, confined extent and relatively low productivity compared to other sedimentary aquifers, the Tubardo Aquifer
is predominantly exploited in the outcropping area, as in the study region. It is composed of sediments deposited in
glacial, continental and marine environments. The lithologies are quite heterogeneous and represented by siltstones,

Fig.4 Representative litho- Irati Formation Tatui Formation

types of the Irati (left) and (limestone, siltstone and claystone) (Fine arenites)
Tatui (right) Formations for " y ’

the study region

@ Springer



Research Discover Water (2023) 3.7 | https://doi.org/10.1007/543832-023-00031-3

argillites, shales, diamictites, very fine sandstones to conglomeratic and rhytmites that occur as layers with different
thickness, intercalated and discontinuous. The aquifer presents a low productivity, where sustainable flows are below
10m>/h per well. Localized occurrences of sandier lithologies, eventually associated with rock fracturing, are responsi-
ble for higher water productivity, whose recommended sustainable flow rates can reach up to 40m>/h. In general, the
water from the Tubardo Aquifer is of satisfactory quality for human consumption, although it has relatively high levels
of sodium, fluoride and sulfate [58].

2.2 Data acquisiton

The geophysical survey involved the DC resistivity method by means of Electrical Resistivity Tomography (ERT) with 6
lines with 420 m each, 10 m electrode spacing, acquired in Schlumberger arrangement (Fig. 5). The DC resistivity meth-
ods are based on the principle that the electric potentials (voltages) measured around a current-carrying electrode are
affected by the electrical resistivities of the underlying materials [59].

The applicability of DC resistivity in geological investigations lies in the potential for discrimination of a wide range of
rocks from the physical parameter electrical resistivity, in addition to the wide contrast of resistivity between dry rocks
(highly insulating) and wet rocks (highly conductive), a condition that enables robust indirect hydrogeological studies
with a high degree of detail [60].

The positioning and orientation of the lines aimed to cover both the interior of the wetland and part of the surround-
ing land used for sugarcane planting. Lines 1 and 6 were oriented in the N42° direction, while the remaining lines were
oriented in the N127° direction.

The geophysical equipment used was the Terrameter LS, manufactured by ABEM Instrument (Sweden). This equip-
ment consists of a single automated module for transmitting and receiving data based on prior programming of the
acquisition parameters (Fig. 6). The device 250W of power, with a maximum current of 2.5 A and resolution of 1 uV [61].
The equipment was calibrated for 10 alternating cycles of electric current injection between electrodes and potential
difference reading in each measurement, with a quality factor limited to 4% of average value variation. The equipment
performs previous measurements of contact resistance before and during data acquisition, in order to verify the integrity
of the connections between electrodes and cables for signal transmission and reception.

The data treatment process was made through the Res2dinv program, designed to invert large data sets, collected
from the electrode positions along the survey line, to automatically generate a two-dimensional (2D) resistivity model
for the subsurface [62]. The Res2dinv uses the smoothed inversion routine based on the smoothness-constrained least-
squares method.

The 2D data were processed using the basic routine of the Res2Dinv software. A forward modeling subroutine is
used to calculate the apparent resistivity values, and a non-linear least-squares optimization technique is used for the
repeated inversion routine, used for calculating resistivity. As a result, 2-D resistivity inversion models are obtained with

Fig. 5 Arrangement of electri- o 22° 3412”7
cal resistivity tomography
lines
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Fig. 6 Geophysical data acquisition, with panoramic view of the from the end of the electric tomography line (left) and detail of the equip-
ment in operation (right)

surface distance and vertical depth. The resistivity values are presented on a logarithmic scale, which extrapolates and
highlights the contrasts. These interpolation intervals are organized on a color scale [63].

The 2-D inversion data is plotted on a spreadsheet to obtain the pseudo-3D visualization models. The spreadsheet
must contain the variables, x—geographic position of the readings along the acquisition lines, y—spacing between
lines, z—depth by inversion, and R—resistivity value. The pseudo-3D model is generated on the Oasis Montaj platform,
in which the data acquired by the 2-D inversion model are interpolated and through the minimum curvature method,
and then pseudo-3D visualization models are produced. A pseudo-3D visualization model is a tool that allows cuts by
the depth levels. By these tools, it is possible to understand areas with complex geological structures and, particularly
hydrological studies, as it determines the level of soil saturation, preferential flow paths, aquifer geometry, and hydrau-
lic properties, important information for shaping conceptual models of hydrogeological systems. This methodology of
processing the data has already been used in other studies with different objectives [28, 44, 48, 64-66].

3 Results and discussion

The initially processed data were evaluated individually in terms of the RMS deviation, which varied from 3.4 to 5.3, which
can be attributed to the contrast of electrical properties in each section, which is conditioned to geological factors and
degree of saturation in water.

A single scale of values was elaborated, varying between 10Q.m and 500Q.m, and applied to all inversion models with
the aim of providing a basis for comparison. Inversion models are presented with topographic correction and vertical
exaggeration fixed at 1x.

Line 1 was planned so that its initial half covered the sugarcane cultivation area, and the final half covered the humid
area, with orientation towards N125°. This section presents resistivity values between 100Q.m and 500Q0.m corresponding
to Irati Formation in its initial half, indicative of dry or low moisture soil and rock. The final half of the section has a wide
range of resistivity with below 50Q.m, which basically corresponds to the entire coverage of the wetland, indicative of
completely saturated soil and rock (Fig. 7).

This saturated zone has a wide lateral extension and a trend of vertical continuity towards the interior of the Tatui
Formation, indicative of a direct connection between the accumulated water of the wetland and the Tubarao aquifer.

In the range of Tatui Formation there is a vertical contact between different resistivity areas: the initial half with val-
ues lower than 50Q.m and the final half with values between 100Q.m and 250Q.m. This contrast of values for the same
geological unit is evidence of faciological variation, described in sedimentological studies of this unit, which indicate a
clear permeability variation, where low values represent porous and permeable rocks, while high values are indicative
of low porosity rocks and permeability. It is remarkable the coincidence between the zone of low permeability in Tatui
Formation and the boundary of the wetland, a reflection that these rocks act as a support substrate for the saturated
range of Irati Formation and the surface wetland itself (Fig. 7).

Line 2 crosses line 1 perpendicularly and with coincident centers, however, line 2 was positioned outside the current
flooding zone of the wetland, with orientation towards N45°. This section presented a shallow horizontal layer of high
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resistivity (above 300Q0.m) characterized as a horizon of dry soil and rock, with a maximum thickness of 20 m. Between
20 and 45 m there is a horizontal layer of low resistivity (below 50Q.m), indicative of rock completely saturated in water,
divided in the center of the section by a vertical zone of high resistivity (above 500Q.m), possibly related to a silexite or
impermeable silicified limestone, existing materials in Irati Formation (Fig. 7).

This fractured aquifer horizon has horizontal basal contact with a layer that varies from the center to the end of the
section, with moderate to high resistivity (above 150Q.m), indicative of a horizon of low permeability. The interval of this
layer from the center to the beginning of the section presents low resistivity values (below 100Q.m) until the base of the
section, which presents resistivity values below 50Q.m, indicative of an aquifer zone that connects the upper fractured
aquifer with the lower porous aquifer. This interval of resistivity value of 100Q.m must represent a siltstone variation of
the Tatui Formation, with moderate permeability, but which connects two rocks of high permeability (Fig. 7).

Lines 3 and 4 cross the interior of the wetland and are almost completely positioned inside, oriented parallel to line
2 and with the data acquisition direction N45°. In the shallow lateral limits of both sections there are horizontal layers
of high resistivity (above 250Q0.m), which reflect horizons of dry soil and rock. In both lines there is a wide horizontal
band of low resistivity (below 50Q.m) from the surface to the 610 m elevation (Fig. 7). This electrical resistivity pattern is
a clear indicator of surface water infiltration towards the interior of the Irati Formation rocks. Below the 610 m elevation
there is an increase in electrical resistivity (around 100Q.m), indicative of changes in the porosity and permeability of the
rock, represented by fine sandstones of Tatui Formation, in horizontal contact with the upper unit. In both lines there are
indications of water infiltration from the Irati Formation (aquitard) to the Tatui Formation (aquifer).

Lines 5 and 6 are very similar in terms of results. However, line 5 is oriented parallel to lines 2, 3 and 4, with the center
positioned at the NE limit of the wetland, covering the sugarcane area in its final portion and covering the wetland in its
initial portion. Line 6 has a similar orientation to line 1, but with the initial half inside the wetland, the center positioned
at the wetland/cane field interface and the final half in the sugarcane field, in addition to the data acquisition direction
for N45°.

In the shallow initial portion of both sections there is a horizon of low resistivity (below 50Q.m) which follows in the
form of an extensive horizontal layer with basal contact at elevation 610 m (Fig. 7). This pattern indicates a zone of surface
water infiltration from the wetland into the interior of the Irati aquitard through fractures. This basal interface consists of
contact with fine sandstones of Tatui Formation, characterized by a wide range of moderate resistivity (100Q.m) and low
permeability, an interface that supports the wetland. A smaller range of low resistivity (below 50Q.m) indicates the con-
nection between the aquitard with the Tatui aquifer (Fig. 7). In the shallow horizon of both sections there are extensive
layers of high resistivity (above 250Q2.m) that characterize dry soil and rock, predominantly in sugarcane plantation areas.

The lateral interpolation of the set of geophysical lines allowed the modeling of electrical resistivity maps for 6 differ-
ent levels or elevations: 640 m, 630 m, 620 m, 610 m, 600 m and 590 m (Fig. 8).

The map with an altitude of 640 m corresponds to a depth of 4 m, where values below 50Q.m configure an area with
an identical shape of the area with greater saturation into the wetland (Fig. 3). It corresponds to the beginning of the
rock layer, which must consist of a surface of low permeability, a factor that justifies the existence of water accumulated
on the surface and justifies the existence of permanently humid terrain.

However, within this area there are two smaller and independent areas, with a maximum resistivity of 13Q.m, which
must represent two independent systems of fractures in the siltstones and limestones of the Irati Formation, which cor-
respond to the main zones of infiltration of water accumulated in the wetland towards the interior of the rock (Fig. 8).
Apparently, there is a balance between the volume of water accumulated throughout the year and the rate of vertical
infiltration, since the geophysical survey was carried out at the end of the regional dry period to facilitate field work, and
at the time most of the local soil presented saturation and humidity.

The maps of 630 m and 620 m of altitude correspond respectively to 14 m and 24 m of depth and are characterized
by presenting an increasing amplification of areas with resistivity lower than 13Q.m (shades of blue) and between
13Q.m and 50Q.m (shades of green), described for the 640 m altitude map (Fig. 8). This increase in area should indicate
increasing lateral saturation of the rock fractured by sub-horizontal infiltrations, however, there is a clear connection
of the areas of low resistivity.

The 610 m altitude map corresponds to a 34 m depth and coincides with the contact between the Irati (upper)
and Tatui (lower) Formations, described in a geological field survey (Fig. 4). This map shows several smaller areas
with resistivity below 13Q.m, disconnected and independent, either in the center or in zones bordering the 50Q.m
area. This diffusion of low resistivity zones must be conditioned to the occurrence of fine sandstones, porous rocks
that allow three-dimensional flow of fluids.
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Fig.8 Electrical resistivity Irati Formation Tatui Formation
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The maps at 600 m and 590 m altitude, or respectively at 44 m and 54 m depth, are characterized by their similarity
to the 610 m map and by the increase in areas with resistivity below 13Q.m, in addition to the increase in areas of high
resistivity (above of 50Q.m) (Fig. 8).

The connection between water accumulated in the topographic depression that constitutes the wetland with the
local aquifer reveals the sensitivity of this environment to the management and use of the land in its area of influence,
mainly regarding the use of fertilizers and agricultural defensives [67-70]. In view of the high risk of direct contamina-
tion of the aquifer source and the persistence of various agrochemical compounds over long periods, with emphasis
on compounds with metals, it is fundamental to propose legislation aimed at preserving these areas, similarly to what
exists in Brazil for spring areas and rivers.
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4 Conclusion

The geological and geophysical data reveal the hydrogeological function of the wetland under study. Although the
local substrate consists of siltstones and limestones of low permeability, it was possible to recognize preferential zones
of vertical flow that make the interconnection between the water accumulated in the interior of the wetland, with fine
sandstones that form a regional aquifer positioned at approximately 45 m deep.

The terrain morphology in the study area configures a closed basin or depression, where any surface runoff will have
the wetland as a catchment basin. Land use in this basin is represented by sugarcane monoculture, an agricultural
activity that involves fertilizers and pesticides to maintain productivity, in addition to the release of vinasse as a fertilizer
complement and soil humidifier.

This type of land use in a closed catchment basin and with base level constituted by an aquifer recharge area and,
therefore, of high environmental sensitivity, requires additional care in relation to the release of agrochemicals and
fertilizers. The boundary between wetland and cropland is simply a dirt road, completely devoid of natural vegetation
or buffer zone.

The study area consists of one of the few remnants of regional aquifer recharge, a system of fundamental importance
in maintaining a minimum flow in hydrographic basins during periods of drought, with emphasis on the Corumbatai
River, whose catchment is responsible for supplying 666,000 people. The population growth in this hydrographic basin
will demand the increasing exploration of groundwater resource in the upcoming years.

With a view to preserving similar recharge areas and the quality of the surface and groundwater resources, it is highly
recommended to manage the land with the least possible impact in terms of the release of chemical products, in addi-
tion to establishing a buffer zone for sediments around, in a similar way to what is recommended in Brazilian legislation
regarding the need for recovery and preservation of riparian forest, springs such as springs and rivers. The absence of
protective legislation implies the high environmental vulnerability of wetlands in Brazil.

The integration of geological and geophysical data resulted in a broad diagnosis regarding the vulnerability of an
ecosystem particularly sensitive to environmental impacts. The intensive sugarcane agriculture around the wetland area
devoid of vegetation or runoff damping structures in rainfall events makes the input of fertilizers, pesticides and vinasse
a natural consequence of land use, with direct risks to the groundwater quality.

The versatility, speed, low logistical complexity and the degree of detail obtained in the results, allow us to recom-
mend this set of methodologies in investigations of aquifer recharge zones in the most varied land use scenarios, from
agricultural areas to regions of difficult.
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