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Abstract: The increasing installation of shrimp farms in vulnerable coastal areas around the world
generates an environmental impact and makes it urgent to develop methodologies and studies for
assessing and scaling the potential risks and sustainability of these activities. One of the main hazards
of these activities is that the prolonged inundation of excavated ponds for shrimp farming allows the
percolation of saltwater in the surroundings, resulting in increasing groundwater salinity. Saltwater
intrusion in coastal aquifers, accompanied by salinization of soils, causes a decrease in available
freshwater resources, a decline in crop productivity and the deterioration of the natural ecosystem.
The coastal aquifer of Rio Grande do Norte State (Brazil) where, for years, several shrimp farm facto-
ries have been operating, reported some issues related to aquifer and soil salinization. The present
study aims to assess the origin of and delineate groundwater salinization in a sector of this coastal
aquifer using a low-budget procedure. The integration of hydrogeological and hydrogeochemical
characterization by drilling shallow piezometers, measuring the hydrostatic level and analyzing
the major ion concentrations of the groundwater has made it possible to establish that the origin of
groundwater pollution in the studied area is caused by saltwater percolation from shrimp farms. The
joint use of both characterization techniques has been shown to have an efficient cost-benefit ratio and
less-intrusive methodology, which can be applied in other areas with similar environmental concerns.

Keywords: aquaculture; coastal aquifer; groundwater salinization; hydrochemical analysis

1. Introduction

Increasing water salinity in coastal areas is a significant worldwide concern. Among
the different activities threatening the natural environment, shrimp farming stands out
as one of the most menacing anthropogenic changes for the ecological sustainability of
sensitive coastal areas [1]. Shrimp can be farmed in a wide range of salinities, from fresh-
water to hypersaline waters [2,3]. Freshwater cultivation leads to a decrease in drinking
water reserves [4] and, at the same time, data are accumulating that shrimp cultivation
in saline waters also indirectly negatively affects freshwater resources [5,6]. In coastal
areas, operation practises mostly consist of taking water directly from the sea by pumping
through excavated channels on land near the sea and then discharging into ponds where
the prawn farming takes place. As ponds normally do not have adequate waterproofing,
stored water and effluents generated during shrimp farming percolate in the subsurface
and reach groundwater. Consequently, despite the positive economic outcomes achieved
by the entrepreneurs, shrimp farming activity still is frequently associated with severe
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negative social and environmental impacts such as affecting mangroves and wetlands
ecosystems as well as water salinization due to seawater intrusion or poorly-developed
pond drainage systems [7-11].

Shrimp farming has undergone extraordinary expansion in the last 25 years, from
less than 9000 million tons (MT) to more than 1 million MT (with a first sale value of
US$ 6 billion), which is equivalent to about one-third of the total world shrimp supply.
About 80% of farmed shrimp is produced in Asia (in particular, in Thailand, followed by
China and Indonesia), but the other 20% is produced mainly in Latin America, where Brazil,
Ecuador, and Mexico are the largest producers. However, although the prawn aquaculture
sector has demonstrated production and financial success, its rapid growth has resulted
in several technical, environmental, economic, and social issues [12]. In many locations,
the land will be incapable of supporting any agricultural or natural activity when prawn
production ends, which frequently happens in a matter of years. The problem of abandoned
shrimp ponds is becoming increasingly relevant. For example, it is estimated that in 1994,
the top four producing countries abandoned 15,000 hectares of ponds [13], there were
250,000 ha of abandoned ponds in Indonesia [14], and 90% of Sri Lanka ponds [15] and 70%
of Thailand ponds [16] have been abandoned recently after a few years of operation [17].

Due to its vast coastline acreage, year-round warm sea temperatures, robust agro-
industrial foundation, and appealing domestic market, Brazil has long been acknowledged
as having the perfect environment for the growth of prawn farming [18,19]. In 2021,
Brazilian shrimp production reached 120,000 MT, mainly concentrated in the coastal areas of
the northeast, where the area committed to shrimp farming is approximately 18,500 ha [20].

The first experiments with shrimp cultivated in Brazil date back to the 1970s when
the Government of Rio Grande do Norte created the Shrimp Project to study the viability
of the cultivation of this crustacean in place of salt extraction, a traditional activity of the
State. Salt extraction at the time faced serious price and market crises with consequent
widespread unemployment in the salting areas. At the same time, the Brazilian Institute of
Colonization and Agrarian Reform (INCRA) has been developing a policy of land reform
throughout the national territory intending to ensure social rescue to new settlers. However,
often, their opportunities are threatened, as is the case of the serious salinization process
in the settlement of Baixa Quixaba (State of Rio Grande do Norte, Brazil). There has been
accelerated environmental degradation (including the death of native trees and natural
flora), groundwater salinization, and decreased fertility of the soils for the livelihood of the
settled families after several ponds for shrimp cultivation were installed.

The assessment of the extent of salinization and pollution of soils and groundwater
by seepage, discharge, and flooding associated with shrimp farming requires a clear
understanding of the morphodynamic behaviour of these complex environments with
extensive, methodical, careful, and expensive surveillance (e.g., [21,22]). The development
of cost-effective methodologies that help to establish environmental and sustainable policies
in such environmentally sensitive coastal areas could be a suitable objective. For this
purpose, the main goal of this research is to evaluate the usefulness of the joint use of
widespread hydrogeological and hydrochemical methods to delineate the area affected by
the impact of groundwater salinization and unveil the origin of salinization. The hypothesis
was to determine whether salinization is the result of a natural process of marine intrusion
or the effect of infiltration and recycling of hypersaline waters because of shrimp farming
practises carried out in onshore ponds.

2. Geographical and Climate Setting

This study area is on the north coast of Rio Grande do Norte State (Brazil), next to a
settlement administered by the INCRA called Baixa da Quixaba (Figure 1).



Hydrology 2024, 11, 188

3o0f 14

Legend
~A~ River Lithology (CPRM - Geological survey of Brazil)
’ Lagoon I:] N4lpd - Beaches and dune deposits Carlogra‘rzhic IJrgfor‘maticn:
- = - Municipal boundaries || ENb - Barreiras Formation Horizontal Datum SIRGAS 2000
D Shrimp farming | | K2} - Jandaira Formation April2020

36°2'0"W 36°0'0"W

Figure 1. Aerial photography of the study area showing the location of the shrimp ponds and the
respective drainage channels to the sea and the coastal environment with dunes and inter-dune
lagoons (upper part) and a geological sketch of the study area (lower part).

The motivation of the study is due to the settlers” report that a large part of the natural
vegetation had died, that the soils had become unproductive and that groundwater from
the shallow wells used for the water supply was showing a progressive and persistent
salinization process.

The salinization process became apparent after the installation close to the boundaries
of the settlement of two shrimp culture companies that built several inland ponds. As the
surface where the shrimp culture ponds are located at a level slightly higher than sea level,
the water inlet is conducted by pumping through pipes from the sea, while the discharge is
carried out by gravity directly to the sea through canals.

The climate of the region is tropical, with low variability between the minimum and
maximum temperatures throughout the year that remain around 25 & 1 °Cand 30 £ 1 °C,
with many hours of solar insolation resulting in high evaporation rates. The main factor
causing rainfall is the Intertropical Convergence Zone (ITCZ) in the period from February
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to May. According to the Brazilian Instituto Nacional de Meteorologia INMET), the annual
rainfall is around 640 mm. The main climatic variation consists of the distribution of rainfall,
with an arid period from August to December, while 70% of the annual precipitation is
concentrated between February and May. Alongside the long periods of dryness, the region
during the last decades has experienced a drastic reduction in annual precipitation, causing
the expansion of desertification. The dominant wind direction is NE-SW, with an average
annual speed of 6.2 m/s, which can reach speeds of 9 m/s in August. With these climatic
characteristics of high temperature, sunstroke, and strong wind, the annual evaporation
rate is greater than 1500 mm/year [23].

In addition to its impact on the high evaporation rate, winds are the main responsible
for coastal dynamics. Its role is not limited to the generation of waves and, consequently, of
sea currents. Subsequently, the sand deposited on the beaches is exposed to air, dried, and
moved inland by the winds, resulting in its accumulation in the form of dune fields.

Geomorphologically, the study area is formed by a flattened coastal plain with a
topography gently inclined towards the Atlantic Ocean, where beaches and fields of
mobile dunes develop. The hydrographic network consists of small intermittent rivers
that normally lead to interconnected lagoons, which do not flow directly into the sea. The
presence of these lagoons is conditioned by the almost constant existence of dune fields
along the coast, which act as natural reservoirs of rain freshwater [24]. Relatively low-relief
and clastic, primarily siliciclastic, shorelines are characteristic of the littoral zone. Sand
dunes from the Pleistocene to the Holocene, both vegetated and non-vegetated, typically
enclose beaches. Tidal flats and lagoons are connected to the sea via tidal inlets, and the
region is drained by minor streams and landwards [25].

3. Geological and Hydrogeological Setting

Geologically, the study area is located close to the shore of the Potiguar Basin. The
Mesozoic sediments of the basin comprise siliciclastic rocks of the A¢u Formation and
carbonate rocks of the Jandaira Formation [26,27], with a thin cover of Paleogene and
Neogene age (Barreiras Group) and Quaternary sediments (Figure 1). Carbonate rocks of
the Jandaira Formation are found in nearby locations deposited in tidal plains, shallow
lagoons, shallow platforms, and deep-sea environments [28]. The Barreiras Formation
is a lithostratigraphic unit from Oligocene (Chattian) to Miocene (Tortonian) age [29],
distributed discontinuously along the east, northeast and north of the Brazilian coast
(>4000 km), formed in a variety of environments, ranging from alluvial fans, fan delta, and
meandering river to estuarine setting [30-33].

From the hydrogeological point of view, the Barreiras Aquifer is considered the most
important groundwater resource in the coastal regions of NE Brazil. Its lower limit is
marked by the top of the non-outcropping Mesozoic carbonate sequence, while its upper
limit is occasionally represented by unconsolidated aeolian sediments formed by fine-
to-medium sandy sediments, which play an important role in transmitting rainfall that
infiltrates and recharges the aquifer.

The recent sandy deposits outcropping in this area are considered an essential aquifer
(Dunas Aquifer). The Dunas Aquifer is composed of unconsolidated fine- and medium-
grained quartz sand, and has a small thickness, a shallow water level, very low hydro-
geological potential and a generally high hydraulic conductivity. The groundwater has
electrical conductivity values below 350 pus/cm, reaching a minimum value of 200 ps/cm,
and is contemplated as the unique hydrogeological unit with quality groundwater for
direct human supply in the municipality of Sao Bento do Norte/RN [34]. The Barreiras
Aquifer is directly connected with the Dunas Aquifer, lithologically is rather heterogeneous,
ranging from slightly clayey sandstones and conglomerates to clays [35], has an unconfined
to semi-confined behaviour, and is responsible for supplying most of the cities on the
state’s eastern coastline, including the capital Natal [24]. Accordingly, the Dunas/Barreiras
aquifer can be considered as a single integrated system, although each unit has its specific
hydrogeological characteristics.
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4. Methods

The characterized area is located between the two factories that are involved in the
cultivation of shrimp (located at the east and west boundaries of the studied site). Six
shallow piezometers (PZ-09, PZ-16, PZ-17, PZ-18, PZ-21, and PZ-22) and the water of the
channel that supplies ponds from seawater (C-10) were sampled. Moreover, eight additional
piezometers were drilled and sampled to improve the hydrogeological characterization
(PZ-10, PZ-11, PZ-12, PZ-13, PZ-14, PZ-15, PZ-19, and PZ-20). The depth of the new and
previous piezometers ranges between 2 and 9 m. The drilling diameter was 8 inches
and was quickly coated with a 4-inch PVC pipe. The filters were slotted into the PVC
structure itself during drilling works varying in length from 1.0 to 2.5 metres. The annular
space was filled with gravel and, in the shallowest 0.2 m, fine-grained material from the
borehole drilling was used to isolate it. The location of all the piezometers used for the
hydrogeological survey is shown in Figure 2.

UTM WGS 84
248 (m)

8 A
= )
g, —
> 4
=3 "
S n %
=% el
[=]
<t
< 1
[+ p
. .
@
- D\L Yy
S =r—
S| | ——
S| ——
F
o | |
e
=
[===]
(=]
[=3
(=)
<
[3r]
<
[s2}
o
[=]
]
M~
@
p 830,500 831,500 832,500 833,500 834,500 835,500

Figure 2. Piezometric map and main groundwater flow (blue arrows) in the studied area. The dashed
blue line represents the inferred groundwater watershed in the coastal dune area. Hydraulic heads
are presented in metres above mean sea level.

For the positioning of the piezometers and groundwater sample points, high-precision
GPS (Geodesic GPS) was used to gather the coordinates and reference elevation as accu-
rately as possible (Table 1). The water table’s depth was measured with a standard analogic
metre (resolution: +1 cm).

Polythene bottles with a 1 L capacity were used to collect the samples. Before the
collection, bottles were carefully cleaned in the lab using distilled water and diluted
HNOj3 acid before being filled with samples. To prevent any potential contamination
during bottling, each bottle was washed, stored and transported below 5 °C, and every
other precautionary measure was taken [36]. Physico-chemical parameters including pH,
temperature (T °C), and electrical conductivity (EC) were measured on-site.

Chemical analyses of major elements were conducted using standard methods [37] at
the laboratories of Brazilian Agricultural Research Company EMBRAPA using ICP-AES
for CaZ*, Mg2+, Na*, K*, and Fe?*, ion liquid chromatography for C1~ and SO42~, and
automatic volumetric titration for HCO3 ™.
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Table 1. Topographic level and water table depth of sampled piezometers.

Well Elevation Water Table
(m.a.s.L.) Depth (m)
PZ-09 4.5 2.70
PZ-10 8.4 5.56
PZ-11 6.8 4.70
PZ-12 4.7 3.53
PZ-13 8.4 6.20
PZ-14 6.6 2.95
PZ-15 5.0 2.85
PZ-16 0.3 0.2
PZ-17 5.2 4.59
PZ-18 5.2 2.83
PZ-19 10.1 6.93
PZ-20 10.5 7.35
PZ-21 11.5 8.13
PZ-22 6.5 6.20

Careful quality controls were undertaken to obtain a reliable analytical dataset by
checking blank samples, calibration standards, and duplicate sub-samples to assess that
the analytical error was less than 5%. In addition, analytical precision for measurements of
cations and anions, indicated by the ionic balance error (IBE), was computed based on ions
expressed in meq/L for each sample as follows:

IBE=[(Xc — Xa)/(Xc + Xa)] x 100

where Xc and Xa are the sums of cations and anions both expressed in (meq/L).

The value of IBE was observed to be below +4% for all samples analyzed which, given
the environmental circumstances at this study site, we see as an acknowledged value.

The software EASYQUIM v5.0 [38] was used to organize and plot the hydrogeochemi-
cal data. The software generates the main chemical diagrams such as Piper, to understand
the geochemical evolution of groundwater [39] and Schoeller-Berkaloff, to assess the hy-
drochemical facies of the samples [40].

A third graphical diagram used to interpret the hydrogeochemical data is the Hy-
drochemical Facies Evolution diagram [41]. The Hydrochemical Facies Evolution (HFE)
diagram assesses the salinization of coastal aquifers where the main modifying process
is ion exchange. The HFE diagram is useful for highlighting two distinctive facies: the
CaCl facies representative of saltwater intrusion and the NaHCO; facies representative
of freshening.

The line of conservative mixing between seawater and freshwater is shown in the EFE
diagram. The composition provided by the authors of [42] is used as a default for seawater,
while the software chooses the freshwater composition once the set of waters has been
stated. The fields of intrusion and freshening phases are determined by the mixing line’s
position, which is determined by these two fields.

To assess the distribution of hydraulic head charge or piezometric water levels, ground-
water electrical conductivity, and major ion data in the studied site, we have used the
software Surfer v11 (Golden Software, Golden, CO, USA). The kriging algorithm [43] was
selected to interpolate the data, as it has been demonstrated to be well adapted to the
interpolation of groundwater water table levels and water quality data [44,45].

5. Results and Discussion
5.1. Groundwater Flow
The assessment of groundwater piezometric levels is one of the most important

parameters in the evaluation of groundwater flow of salt intrusion plumes, as they can
indicate the direction of the predominant flow lines and their gradient.
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Contour plots of the freshwater head, at constant depth and in a horizontal plane,
are useful because the flow in isotropic aquifers is normal to these contour lines. The
results of the piezometric map and the flow lines of the study area are shown in Figure 2.
The distribution of piezometric levels shows two trends. A regional trend from south to
north towards the sea is interrupted when reaching the area of the inter-dunes plain. The
inter-dunes system is flooded in the rainy season, giving rise to lagoons, and is where the
shrimp farms are installed. Near the shoreline, the coastal dune cordon, which can locally
reach up to 10 m in height, represents a watershed that drains in both ways, towards the
sea and inland towards the inter-dune lagoons. This distribution, where dunes act as a
rainwater storage and drainage system, is an effective natural barrier to maintaining the
fresh /saltwater balance.

Nevertheless, in the contour map of Figure 2, no variation in the piezometric lines
justify clearly the groundwater flow from the ponds. This is because there is a strong
gradient produced by the recharge areas located on both sides of the ponds, one in the
coastal dunes and the other in the hills. The small gradient existing between the water
table and the ponds should be only detected by a high-precision net of piezometers and
or/combined with hydrochemical results.

5.2. Hydrogeochemical Data

The groundwater samples were collected on a single campaign carried out during the
2018 dry season. The hydrogeochemical characteristics of the samples have great variability,
as applies to a coastal area where freshwater, saltwater, and mixing water converge. The
results of the analyses are shown in Table 2.

Table 2. Hydrochemical results of analysis from groundwater samples from piezometers.

Well HCO3;~ SO42~ Cl- Ca* Mg?* Na* Fe2* K* EC
meq/L meq/L meq/L meq/L meq/L meq/L meq/L meq/L uS/cm
PZ-09 3.8 10.6 281.8 344 33.8 136.7 0.55 1.8 17,090
PZ-10 35 15.1 273.4 38.2 34.3 151.0 0.02 1.5 18,068
Pz-11 45 15.0 245.8 30.5 31.3 141.9 0.01 1.3 16,677
Pz-12 1.8 14.9 1,121.0  156.5 162.0 465.8 3.89 5.6 79,855
PZ-13 37 3.1 135.7 22.0 17.8 62.1 0.11 22 10,421
PZ-14 5.5 23.8 658.9 20.8 63.7 528.0 0.20 12.1 52,330
PZ-15 1.7 0.0 0.8 0.5 0.4 0.4 0.02 0.0 222
Pz-16 44 3.7 61.9 37 6.0 50.3 0.04 1.2 5927
Pz-17 6.9 0.2 4.2 2.0 1.3 2.3 0.84 0.9 944
PZ-18 2.8 3.0 66.3 7.1 8.3 404 0.01 1.3 5530
PZ-19 7.6 9.4 149.5 21.2 21.5 83.9 0.03 1.5 11,825
PZ-20 3.0 6.0 55.1 8.0 7.5 34.8 0.75 1.1 5232
Pz-21 15.0 11.1 181.9 27.4 25.1 103.5 0.04 1.5 13,622
PZ-22 22 0.0 0.6 0.8 0.4 0.4 0.00 0.0 261
C-10 3.0 31.3 628.6 324 32.8 496.9 0.01 9.2 48,370

The Piper diagram gives significant information that allows us to discriminate between
separate clusters (groups) of samples. The diagram shows that most of the groundwater
samples analyzed fall in the field of the Calcium-Sodium Chloride type, except for samples
from piezometers PZ-15 and PZ-17 that visibly stand out of this composition and can
be classified as of the Magnesium Bicarbonate type (Figure 3). This method is very well
suited for discriminating between hydrochemical facies because ion content is given as
a percentage of milliequivalents, but Piper’s diagram is not useful for describing water
salinity concentrations, because it does not consider the water concentrations.
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Figure 3. Piper trilinear diagram showing the different hydrogeochemical facies, where the fresh-
waters of the PZ-15 and PZ-17 piezometers located next to the coastline and further away from the
aquaculture ponds are well isolated (within the red circle area).

In the Schoeller diagram, we have differentiated two different water facies. Water
samples from coastal dunes (PZ-15 and PZ-17) could be classified as bicarbonate calcium
facies and show values lower than 10 meq/L of the major ions plotted and values below
1 meq/L of SO42~. The other water samples could be classified as chloride sodium facies
and have concentrations of [C1~] and [Na*] above 10 meq/L. There is a progressive increase
in these values from the coastline (PZ-16) towards inland control points (PZ-12) (Figure 4).

The HFE diagram clusters the water of piezometers PZ-22, PZ-15 and PZ-17 (located
close to the seashore) on the HCO3 zone indicating the effect of refreshing. Conversely,
samples from piezometers located inland show values in the MixNa-Na range, indicating
saltwater intrusion (Figure 5).

The main goal is to characterize the origin and distribution of a salinization pro-
cess, and the first and key indicator of interest is the electrical conductivity of groundwa-
ter [46,47]. In the study area, as expected, the electrical conductivity values of groundwater
have a high range of variation. The electrical conductivity of groundwater samples mea-
sured in the piezometers distributed in the aquifer show values ranging from a minimum
of 222 uS/cm to a maximum of 79,855 uS/cm. The isolines resulting from the interpolation
of sparse data points are shown in Figure 6. Unexpectedly, the lowest values of electrical
conductivity and salinity are found on the PZ-15 piezometer located very close to the coast-
line over the dunes. In opposition, the highest values of electrical conductivity and salinity
are found on the PZ-12 piezometer located in the central area of the study area between the
two shrimp factories and almost 3 kilometres away from the sea. Therefore, the distribution
of salinity does not appear to be directly related to a natural marine intrusion phenomenon,
as freshwater piezometers are located near the coast, while the highest salinity is in an area
between the shrimp culture ponds.
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Figure 4. Schoeller diagram showing the different behaviour of the hydrochemical facies, including
an increase in chloride and sodium of the salinized samples, and, conversely, the low sulphate content
of the natural freshwater samples from the dunes aquifer.
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Figure 5. Representation of groundwater samples in the HFE diagram showing the effect of refreshing
on piezometers PZ-22, PZ-15 and PZ-17 located close to the seashore. Conversely, samples from
piezometers located inland show saltwater intrusion.
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Figure 6. Map showing the distribution of the electrical conductivity of groundwater from water
samples taken at the control piezometers. The area of the highest salinity is located between the
ponds of the two aquiculture factories and decreases towards the coast. Isoline values are in uS/cm.

The hydrochemical concentration of groundwater also shows significant variability.
Total dissolved solids (TDS) reasonably fluctuate similarly to electrical conductivity, from a
minimum of 725 mg/L on the PZ-15 to a maximum of 62,078 mg/L on the PZ-14 piezometer,
with a similar spatial distribution.

In Figure 4, Schoeller’s diagram clearly shows the low sulphate content of ground-
water samples from the dune aquifer. A better explanation of the origin and evolution of
concentrations in sulphate can be seen in the form of a map depicting their distribution in
the form of isolines. The distribution of the sulphate content of groundwater shows that
the highest concentrations are in the central sector between the two shrimp factories and
that the increase comes laterally from each of them (Figure 7).

The life and growth of shrimp may be adversely affected by large ion imbalances,
even though natural marine water contains a salinity that is suitable for shrimp culture [48].
Farmers apply two fertilizers, potassium chloride and potassium magnesium sulphate, to
add potassium ions to the pumped ocean water and salty water (Figure 7).

Shrimp production and survival were significantly increased by a single application
of these fertilizers before or shortly after stocking ponds, with potassium accounting for
the majority of the benefits [49].

Moreover, the joint interpretation of groundwater flow and hydrochemical results
shows that the diffusion of the salty water of the ponds to the Dunas Aquifer freshwater is
the contamination mechanism as the ponds are not properly waterproofed. The water level
of the ponds is higher than the aquifer hydraulic head level and the coastal dunes act as a
hydraulic barrier preventing seawater intrusion.

The study demonstrated that the salinization of groundwater around the shrimp
factories of the Baixa de Queixaba sector in the state of Rio Grande do Norte State (Brazil)
has its origin in the direct infiltration of seawater from the ponds and is not the result of a
natural process of marine intrusion.
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Figure 7. Map showing the distribution of potassium content of groundwater (upper part) and
sulphate content (lower part) from water samples taken at the control piezometers. The highest
concentration of potassium and sulphate is in piezometer PZ-14 located close to the western ponds
and there is also an increasing trend from the south to the easter ponds. Isoline values are in mg/L.

6. Conclusions

The integration of hydrogeological and hydrogeochemical survey results has made it
possible to establish that the origin of groundwater pollution in the studied area is caused
by saltwater percolation from shrimp farms. Information derived from the piezometric map
shows that rainwater recharge in the frontal dunes acts as a dynamic barrier to seawater
intrusion, while saltwater flow must come from the ponds. Hydrochemical data also
corroborate this interpretation, since the piezometers closest to the coast are those with the
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lowest salinization in terms of both electrical conductivity and concentration of chloride
and sodium in groundwater. Another factor that reinforces this interpretation is that the
plumes of sulphates and potassium escape from the edges of ponds and are added to
natural seawater to increase the production and survival of shrimp larvae.

The joint use of both techniques has shown to be a cost-effective and low-intrusive
methodology, which can be applied in other areas with similar environmental concerns; the
results of this research have also highlighted the vulnerability of coastal aquifers affected by
poorly planned and poorly managed human activities. In particular, the implementation of
shrimp cultivation factories, which in principle could mean a socio-economic development
for the native population, can cause a serious environmental impact, which is sometimes
irreversible or comes with a very difficult and costly recovery process.

Sustainable shrimp farming requires the development of methodologies that allow
the efficient design of production ponds and legal measures that require impact control
through characterization procedures such as those carried out in this study.
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