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Abstract: In Spain, livestock farming is a significant activity area that generates substantial rev-
enues and essential jobs. However, the actual impact that this intensive activity might have on the
environment is not entirely understood. Moreover, coastal aquifers are subjected to a significant envi-
ronmental pressure due to nearby growing population, intensive agriculture, and livestock farming.
In this work, three representative pig slurry ponds, under semiarid conditions, were studied using
different techniques to evaluate the subsurface conditions in terms of pH, electrical conductivity,
salts, and nitrate content. The electrical resistivity tomography (ERT) technique was employed in this
study, which provides electrical resistivity values from the subsurface materials and fluids. These
electrical resistivity values were compared to data obtained from geochemical analyses to derive their
relationships and establish the pig slurry-affected subsurface area. Thus, ERT-based lower electrical
resistivity values were associated with higher salts concentrations and nitrate content. ERT values
indicated a near-surface affected by slurry infiltration that coincided with the increase of geochemical
values obtained from sample analyses. Additionally, Spearman’s correlation was used to evaluate the
correlation between electrical resistivity data and the physical-chemical properties of soil. The most
important pollutant accumulation mainly occurs in the two-meter depth. Therefore, the risk of slurry
ponds affecting deep aquifers is limited in the studied area. Finally, this study proves a complete,
affordable, and scalable methodology application to livestock residue storage facilities.

Keywords: electrical resistivity tomography; pig slurry pond; pollutants infiltration; groundwa-
ter aquifers

1. Introduction

In 2020, Spain ranked first in Europe in livestock production, with 32.6 million head of
pigs [1], which generated a volume of approximately 75 million cubic meters of slurry.

In Spain, the increase in the number of animals in the pig sector is still considerable. It
has significant repercussions on the proliferation of livestock farms and, therefore, the incre-
ment in the number of slurry ponds. The region of Murcia, in terms of pig production, has
a census of 2,120,000 heads [1] and a consequently associated economic and environmental
impact.

Moreover, there is a coastal aquifer that has been influenced by an important increase
in population, intensive agriculture, and livestock farming. Hence, these factors influence a
reduction in the available groundwater and its quality, the consequences of which are not
known yet.

Traditionally, the identification and characterization of potentially contaminated areas
are based primarily on soil and groundwater sample analysis. This identification requires
intensive borehole drilling for appropriate sampling [2]. With this drilling, we can obtain
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complete information on the current situation of the sites. However, the application of
non-intrusive geophysical methods allows, in a more convenient way, to develop an idea
of how the contaminant plume is developed in the subsurface and how the contaminants
migration mechanism works.

Geophysical methods applied to the study of contaminated areas have proven their
usefulness in providing precise information on the extent of subsurface contaminants and
the constitution of the most superficial subsoil [3–5].

Aracil-Ávila et al. (2003) [6] mentioned that electrical resistivity tomography (ERT) is
probably the most versatile geophysical method to analyze contaminated subsoil. Thus,
electrical resistivity methods should be equally valuable for characterizing and detecting
leaks from livestock waste storage ponds [7].

Some authors have described relevant works applying the ERT method to monitor
solute contamination plumes in a water-bearing context [8–10]. Yan et al. (2022) [11]
mentioned that ERT was able to efficiently, cost-effectively, and non-intrusively detect
plumes of organochlorine-based contamination in soil and groundwater within a pesticide
plant in northeastern China. Furthermore, Liao et al. (2018) [12] demonstrated that ERT
can characterize the extent of a plume of inorganic contaminants by comparing resistivity
and soil profiles, coinciding with the variation of total iron content in the soil.

ERT method is also used to assess subsurface phosphorus and potassium content in un-
saturated areas associated with high concentrations of nitrates, sulfates, and chlorites [13,14].
Guireli Netto et al. (2020) [15] demonstrated that the use of 3D ERT models allows the
identification of the behavior and possible migration of a contaminant plume. In the same
way, Simyrdanis et al. (2018) [16] concluded that the use of ERT can be successfully used
in the monitoring of an organic waste contaminant plume, such as residues from olive oil
mills.

Although research in this field is still under development to give appropriate answers
to some uncertainties, we can, however, emphasize some relevant works associated with
the problem above mentioned: Sainato et al. (2012) [13] and Malleville (2010) [17] con-
cluded that electrical resistivity values are sensitive to the detection of the occurrence of
animal waste leaching. These types of animal residue are characterized by higher conduc-
tive anomalies obtained in soil and groundwater sampling. In the same way, Lemeillet
(2016) [18] found that electrical resistivity on a short scale displayed sensitivity to organic
matter content from cattle manure.

Martínez-Pagán et al. (2009) [19] pointed out that it is necessary to have information
about the physical integrity of slurry ponds to avoid potential risks of environmental
pollution. A defective slurry pond can increase eutrophication problems of surface and
groundwater with high amounts of PO4

3−, NO3
−, and NH4

+ and salinization, phytotoxicity,
and nutritional imbalances filtration into aquifers as well as damage to soils.

In this way, the slurry infiltration generated in the subsoil can be derived from a
specific correlation between variations in soil, slurry chemical properties, and electrical
resistivity values collected by the electrical resistivity tomography technique.

Therefore, the main objective of this work is to provide a validated methodology that
combines the use of the electrical resistivity tomography (ERT) method, boreholes with
core sampling, and geochemical soil analysis. This combination of different methods will
permit obtaining information on the impact and infiltration of slurry under slurry ponds.

1.1. Study Site

Fuente Álamo is one of the municipalities forming part of the region of Murcia
(Figure 1). This area is characterized by a Mediterranean semiarid climate, with an average
temperature of 18 ◦C and annual average precipitation of 300 mm [20].



Water 2022, 14, 1872 3 of 18Water 2022, 14, x FOR PEER REVIEW 3 of 19 
 

 

 

Figure 1. Geographical location of (a) the municipality of Fuente Á lamo, and (b) the three studied 

slurry ponds. 

The geology of the area is part of the “Campo de Cartagena”, formed by a thick Ne-

ogene-Quaternary basin, which corresponds to the Internal Betics domain. The lithology 

comprises Quaternary deposits, constituted by “caliche” petrocalcic horizon, conglomer-

ates, alluvial clays, silts, and sands [21]. 

The hydrogeology of this area is characterized by the presence of three main aquifers: 

(a) Quaternary “Campo de Cartagena” aquifer, (b) Triassic “Las Victorias” aquifer, and 

(b) Triassic “Carrascoy” aquifer. The Campo de Cartagena aquifer thickness ranges from 

50 to 150 m of gravels, sands, silts, clays, and caliche deposits in which the aquifer depth 

is about 30 m at the study area, becoming shallower to the coastline. The “Las Victorias” 

aquifer thickness is roughly 50 m of Triassic marble underlying Permo-Triassic schists, 

cuarcites, and gneisses from the deposits and terraces Nevado-Filabride in which the aq-

uifer is found at 500 m depth. Finally, the “Carrascoy” aquifer thickness ranges from 200 

to 250 m of Triassic dolomites in which the aquifer depth is determined at 300 m [22,23]. 

On the other hand, the approximate total number of farms in the municipality of 

Fuente Á lamo is around 265 pig farms. 

At this point, this research has focused on three representative slurry ponds situated 

in geologically different areas in the municipality of Fuente Á lamo in order to determine 

at each selected slurry pond: (a) differential slurry infiltration behavior, (b) associated 

electrical resistivity characteristics, and (c) concentration changes, especially the 

Figure 1. Geographical location of (a) the municipality of Fuente Álamo, and (b) the three studied
slurry ponds.

The geology of the area is part of the “Campo de Cartagena”, formed by a thick
Neogene-Quaternary basin, which corresponds to the Internal Betics domain. The lithology
comprises Quaternary deposits, constituted by “caliche” petrocalcic horizon, conglomer-
ates, alluvial clays, silts, and sands [21].

The hydrogeology of this area is characterized by the presence of three main aquifers:
(a) Quaternary “Campo de Cartagena” aquifer, (b) Triassic “Las Victorias” aquifer, and (b)
Triassic “Carrascoy” aquifer. The Campo de Cartagena aquifer thickness ranges from 50 to
150 m of gravels, sands, silts, clays, and caliche deposits in which the aquifer depth is about
30 m at the study area, becoming shallower to the coastline. The “Las Victorias” aquifer
thickness is roughly 50 m of Triassic marble underlying Permo-Triassic schists, cuarcites,
and gneisses from the deposits and terraces Nevado-Filabride in which the aquifer is found
at 500 m depth. Finally, the “Carrascoy” aquifer thickness ranges from 200 to 250 m of
Triassic dolomites in which the aquifer depth is determined at 300 m [22,23].

On the other hand, the approximate total number of farms in the municipality of
Fuente Álamo is around 265 pig farms.

At this point, this research has focused on three representative slurry ponds situated
in geologically different areas in the municipality of Fuente Álamo in order to determine at
each selected slurry pond: (a) differential slurry infiltration behavior, (b) associated electri-
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cal resistivity characteristics, and (c) concentration changes, especially the concentrations
that may indicate a possible slurry infiltration (pH; EC; salts, such as Cl− SO4

2−, and Na+;
and the amount of nitrates N-NO3−).

The investigation was carried out in each slurry pond by means of ERT studies,
mechanical drilling with the extraction of soil samples, and geochemical analysis. It is
worth recalling that mechanical drilling was conducted outside the pig slurry pond to
avoid any potential subsurface contamination during the drilling operation. The depth of
drilling ranged from 10 to 15 m and provided undisturbed samples for chemical analyses
by means of diamond coring systems.

1.2. Pig Slurry Ponds

A pig slurry is a liquid mixture of excrement, urine, food scraps, cleaning water, and
other residues. The composition of this mixture is variable and dependable on many factors
related to the livestock activities undertaken [24].

Temporary storage facilities, called slurry ponds, have been built on each livestock
farm because of the considerable amount of slurry generated, which must be appropriately
stored during livestock activities.

These slurry ponds are built under various sizes and geometries; however, the most
usual geometry is the rectangular one. In this case, a rectangular outer earthen rim would
be mechanically made, which acts as a barrier against any slurry overflow. The material
employed to make the outer earthen rim is the soil extracted from the bottom of the slurry
pond.

The depth of the slurry pond ranges from a few centimeters to three meters. The
deepest slurry ponds keep the pig slurry stored for longer periods or even all year long,
based on its use as liquid-based agriculture fertilizer. Hence, their slurry-storage activity
is considered continuous. Conversely, the shallower ones encourage the slurry to dry
for manure production and its use as a solid-based agriculture fertilizer. As a result, this
slurry-storage activity is considered periodical. It is noteworthy that the slurry ponds
selected in this study were constructed without any artificial waterproofing, such as a
rubber liner or a layer of concrete. Therefore, the impermeability of the pond against slurry
infiltration will rely mainly on the lithological characteristics of the site.

The measurements were carried out in September 2020 in the three slurry ponds
located in the municipality of Fuente Álamo. At that time the slurry pond No. 1 was found
almost dried with only some patches of slurry and the remainder being manure. Slurry
pond No. 2 was found completely full of slurry in which the percentage of water content
was high. This slurry pond is considered a deep slurry pond. Finally, the slurry pond No. 3
was found full of slurry as well. This slurry pond is considered a shallow slurry pond.

2. Materials and Methods

Three slurry ponds located in the municipality of Fuente-Álamo were chosen. This
choice was done according to the type of soil found in this municipality. Thus, each slurry
pond was in a different type of soil (Figure 2). At each slurry pond, the geophysical
methodology consisted of implementing parallel external and internal profiles of ERT
(Figure 3). Moreover, a borehole was conducted at each slurry pond to collect core samples
for geochemical analyses.

In addition, the ERT layout was established according to the slurry pond size (Figure 3).
This layout was defined as follows:

- Five profiles were carried out at slurry pond No. 1. Three of them were external
profiles (named Ep1, Ep4, and Ep5, respectively), with one meter between profiles. The
other two were internal profiles (labeled Ip2 and Ip3, respectively), with a separation
of seven meters between them (Figure 3a).

- Three external profiles were carried out at slurry pond No. 2. Here, external profile
No. 1 (Ep1) was placed externally on one side, and the other two external profiles
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(Ep4 and Ep5) were on the other side (Figure 3b). Additionally, two internal profiles
(named Ip2, and Ip3, respectively) were laid out six meters apart (Figure 3b).

- Seven profiles were carried out at slurry pond No. 3 (Figure 3c). Four of these profiles
(Ep1, Ep2, Ep6, and Ep7) were external profiles, where two of them were laid out on
one side and the other two on the other side (Figure 3c). Internal ERT profiles (Ip3,
Ip4, and Ip5) were laid out with a profile spacing of five meters (Figure 3c).

The main objective of employing external ERT profiles was to electrically image the
influence of any lateral infiltration that occurred from the slurry pond. On the other hand,
internal ERT profiles had the main objective of electrically imaging the vertical slurry
infiltration underneath the slurry pond.
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Survey (IGME)).

2.1. Electrical Resistivity Tomography (ERT) Method

The ERT method is an applied and non-invasive geophysical technique to detect
complex geological structures in the subsurface [25].

This electrical-based technique relies on the contrast of electrical resistivity values
associated with subsurface material and fluid content [26]. Electrical resistivity values are
highly influenced by soil conditions, e.g., particle size distribution, mineralogy, porosity,
pore size distribution, water content, solute concentration, and temperature [8].

ERT method consists of implementing a series of grounded electrodes. With respect
to ERT profiles, the number of electrodes employed was 28 [25]. Electrode inter-spacing
will influence the resolution of the investigation, which refers to the smallest subsurface
object that can be detected by the ERT method. Thus, the smaller the separation between
electrodes, the higher the obtained resolution [6].
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Figure 3. Schematic layout of ERT external and internal profiles at (a) slurry pond No. 1, (b) slurry
pond No. 2, and (c) slurry pond No. 3.

In this work, the electrode spacing was one meter in slurry pond No. 1 and two meters
in slurry ponds No. 2 and No. 3. That chosen electrode spacing was largely determined
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by the slurry pond geometry. The electrical system constituted a switch box to which the
electrodes were connected by means of an isolated multicore cable [27].

As the primary electrical recording unit, a SuperSting R8 resistivity meter from Ad-
vanced Geosciences Inc. was used to obtain the subsurface apparent electrical resistivity
values at each slurry pond (Figure 4a).

Regarding internal ERT profiles, these were laid out employing a waterproof marine
cable equipped with graphite electrodes since slurry ponds were found full of slurry
(Figure 4b). These graphite-made electrodes were kept on the slurry surface with the
help of polyethylene floats, which were attached to the marine cable using plastic clamps
(Figure 4b).
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For the subsurface electrical resistivity measurements, a dipole–dipole array was
used. This type of measurement configuration has proved an appropriate depth of
penetration [26,28]. Furthermore, this array is particularly sensitive to lateral variation with
depth, which makes it more favorable for detecting lateral variations in non-homogeneous
zones [29].

Once the apparent resistivity values were obtained from field measurement campaigns,
they were processed through the AGI EarthImager 2D/3D software package. This data
postprocess mainly consisted of isolating and removing anomalous data and inversion
processing steps. Inverse simulation allowed obtaining the actual subsurface resistivity
properties under 2D electrical sections and 3D electrical blocks. With regard to inverse
modeling, this was based on smooth model inversion, also known as Occam’s inversion,
whose response fits the data to an a priori chi-square statistic. In line with that, the true
model must be at least as the smooth model obtained through smooth model inversion. The
smooth model inversion algorithm was originally described in Constable et al. (1987) [30]
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and DeGroot-Hedlin and Constable (1990) [31]. These models were obtained with a min-
imum of eight iterations and a root mean square (RMS) error below 10%, which means
a reduced data misfit between field measurements and calculated data of the models.
Another data misfit that could be used is L2 norm (L2), defined as the sum of the squared
weighted data errors in which values near to the unity or smaller means that the inversion is
converged [32]. Three-dimensional electrical blocks were obtained by inversion as pseudo-
3D survey with the combination of the parallel 2D ERT profiles using EarthImager3D
software [32], which produces a 3D volume image and gives a better resolution of the
subsurface. A 3D data set formed this way is considered a pseudo-3D data set because
cross-line measurements with transmitting and receiving electrodes on different lines are
not taken [33]. Since the reality is not 2D but 3D, it is recommended to compare or assess
2D and 3D results [33].

These 2D electrical sections and 3D electrical blocks enabled us to assess and infer the
subsurface pig slurry affected region and if that could mean any risk to the most surficial
aquifers of the study area.

2.2. Characterization of Soil Properties

The geophysics stage was followed by the drilling stage (Figure 5a). This stage
consisted of borehole drilling at each slurry pond and the gathering of column core samples
(Figure 5b).
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The previous ERT survey determined the borehole position. Thus, the drilling rig
was situated in those more conductive areas near the slurry pond characterized by lower
electrical resistivity values since it is considered that lower electrical resistivity values are
likely associated with the presence of slurry in the subsoil.

The depth reached by the boreholes was approximately 15 m. Core samples were
simultaneously taken during borehole drilling operations and appropriately placed in
sample boxes (Figure 5b). The adopted criterion was to take samples from every meter
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depth or at each detected change in the lithology column. On average, 15 core samples
were obtained from each borehole. Then, these core samples were subjected to laboratory
analyses to obtain the most representative physicochemical parameters of soils (Figure 5b).

Geochemical characterization of each lithology was considered during the soil analysis
stage. The analyses carried out on the soil samples were the determination of pH [34], elec-
trical conductivity [35], soluble salts, total nitrogen content, and particle size distribution.

The pH and electrical conductivity (EC) were measured in a soil sample, with a
deionized water ratio of 1:2.5 w/v (weight/volume) and 1:5 w/v, respectively. The pH and
CE tests were conducted using selective electrodes [34,35]. Soluble salts were obtained
from an extract of fresh soil in proportion 1:5 w/v and quantified by ion chromatography
using a Methrom 850 Professional by IC. Additionally, the total nitrogen (TN) content
was measured using a CHN 628 elemental analyzer by Leco. Finally, the particle size
distribution was obtained using a Mastersizer 2000lf laser diffractometer by Malvern
Instruments.

2.3. Statistical Analysis

In order to assess the correlation between the electrical resistivity data and the chemical
properties of soil, a bivariate correlation test should be carried out. To ensure the fitting of
the data into a normal distribution, the Kolmogorov–Smirnov normality test at p < 0.05 was
used. Thus, the K-S results showed that data non-fitted normality. Therefore, the selected
test to study the statistical correlation was the Spearman correlation non-parametric test.
The software SPSS Statistics v.23 (IBM, New York, NY, USA) was employed to accomplish
that assessment.

3. Results and Discussion
3.1. Borehole Samples and Physicochemical Analyses

Figure 6 shows the lithological columns obtained from drilling operations in the three
slurry ponds corresponding to Quaternary deposits [21]. These lithological results (from
BH1, BH2, and BH3 borehole) are in line with those presented by Martínez-Pagán et al.
(2010) [36], who identified the presence of caliche horizons alternating with layers of gravel
and clay. BH1 borehole, which corresponds to slurry pond No. 1, shows a layer of silts
and clays with intercalations of sands up to 1.8 m in depth. Then, a layer of carbonate
crust follows with a thickness of 2.4 m; and underlying, there is a layer of purplish shales
that are highly weathered with a thickness of 10.8 m (Figure 6a). BH2 borehole, which
corresponds to slurry pond No. 2, presents a layer of silts and clays with sand intercalations
with a thickness of 2.5 m, followed by a layer of sandstones with a thickness of 12.5 m.
Similarly, for slurry pond No. 3, the BH3 borehole defines the presence of a single layer
corresponding to silts and clays with sandstone intercalations.

At this point, geochemical analyses carried out on samples collected from boreholes
showed relevant physicochemical variations. Thus, Table 1 shows these physicochemical
variations based on the following parameters: pH, EC, salts (Cl−, SO4

2−, Na+), and nitrates
(N− and NO3

−) content. At Fuente Álamo area, the pH of soils presents values between
8.2 and 9.42, which corresponds to alkaline soils [26]. In the three surveys carried out, a
variation of the pH value is observed for the first meters of depth (Table 1). These values
tend to stabilize at more depth. From BH1 borehole samples, pH values range between 8.2
and 8.49 along the first 1.80 m of depth. On the other hand, from BH2 borehole samples,
up to 2.2 m, pH values range between 8.24 and 8.16. Finally, from BH3 borehole samples,
pH values vary between 8.31 and 8.89 up to 2.10 m. Straczynska (1994) [37] and Chang
et al. (1990) [38] associated the decrease in soil pH with subsurface pig slurry accumulation
since high salt content caused soil acidification.
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Table 1. Main values from geochemical analysis on soil samples. The increase observed in the
two-meter depth in the main parameters is framed.

Slurry Pond No. 1
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(dS/m)
Cl− SO4

2−

(mg/kg)
Na+

(mg/kg)
Mg2

+

(mg/kg)
N-NO3

−

(mg/kg)
Clay Silt Sand

(m) (%) (mg/kg) % % %

−1.00 10.66 8.20 0.80 657.26 58.63 160.97 49.07 97.60 9 37 55

−1.80 15.97 8.49 0.37 234.12 58.74 66.76 51.26 45.05 20 68 13

−3.00 7.47 9.03 0.16 24.98 37.63 19.99 13.07 2.80 10 65 26

Slurry Pond No. 2

Depth Moisture
pH EC

(dS/m)
Cl− SO4

2−

(mg/kg)
Na+

(mg/kg)
Mg2

+

(mg/kg)
N-NO3

−

(mg/kg)
Clay Silt Sand

(m) (%) (mg/kg) % % %

−1.00 17.72 8.24 3.75 5644.25 2897.67 2544.33 1337.70 951.90 3 49 49

−2.20 16.32 8.16 2.72 1559.65 1233.43 812.85 137.84 746.83 6 42 52

−3.00 14.53 8.54 1.42 1154.21 1059.64 553.02 74.37 423.32 3 42 55

Slurry Pond No. 3

Depth Moisture
pH EC

(dS/m)
Cl− SO4

2−

(mg/kg)
Na+

(mg/kg)
Mg2

+

(mg/kg)
N-NO3

−

(mg/kg)
Clay Silt Sand

(m) (%) (mg/kg) % % %

−1.50 6.02 8.31 0.81 267.03 885.18 257.40 82.70 143.29 12 47 41

−2.10 10.13 8.89 0.13 77.70 112.77 73.49 25.36 9.38 9 54 37

−4.20 6.21 8.77 0.16 0.00 191.03 53.63 23.68 1.93 9 53 39
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EC values, assigned to non-contaminated soils of the municipality of Fuente Alamo,
range between 0.1 and 0.2 dS/m. It is worth noting that EC and pH are somehow interre-
lated since any increase in soil salt concentration (e.g., nitrate content) will influence pH
and EC increase and decrease in pH [39] Therefore, slurry infiltration, in contact with the
soil, increases the content of salts and other ions that are likely to lixiviate [8,13,17,40] Thus,
Table 1 shows a significant increase in EC, Cl−, SO4

2−, and Na+ content for those surficial
horizons near slurry ponds.

BH1 borehole samples provide EC values ranging from 0.80 to 0.37 dS/m into a
depth of 1.80m. Those EC values establish that the highest EC value is in the first depth
meter. Similarly, an increase in Cl−, SO4

2−, and Na+ concentration is observed near-surface.
At this point, the highest concentrations correspond to Cl− ion, with a 657.26 mg/kg
concentration, and Na+ ion, with 160.97 mg/kg.

BH2 samples show much higher values of EC (between 3.75 and 2.72 dS/m up to a
depth of 2.20 m). Additionally, the highest ion concentration is obtained for the first meter.
Similarly, to BH1 samples, the ion concentration is higher for Cl− ion, with 5644.25 mg/kg
for the first meter. Therefore, the increase in the concentration of salts (Cl−, SO4

2−, and
Na+) and EC values can be attributed to near-surface slurry infiltration. In fact, Carrasco
(2005) [41] demonstrated how applying slurry in the soil promotes EC value increases.
Carnol et al. (1997) [42] attributed the increase in soil SO4

2− concentrations to slurry-
amended crop soils, similarly to the accumulation of Cl− at the surface [43].

In addition, BH3 samples present EC values between 0.81 and 0.13 dS/m to a depth of
2.10 m, in which the highest EC value is located near-surface at 1.50 m depth. In line with
that, salts content, attributed to Cl−, SO4

2−, and Na+ ion presence, also shows an increase.
The highest concentration is associated with SO4

2−, with 885.18 mg/kg up to 1.50 m depth.
BH1 and BH3 sample data show similar increases in EC value. This increase may be

associated with lithology-related characteristics since conductive properties are associated
with silts and clays horizons [44], whose presence has been determined by boreholes.

For this type of lithology, the pig slurry infiltration rate shows a decrease [45], which is
attributed to the presence of clay and silt horizons. Clay and silt particles have the property
of reducing pig slurry flow throw subsurface voids [45–47].

Thus, BH1 and BH3 samples values contrast to those observed from BH2 samples,
which are mainly composed of gravel with silty sands to a depth of 2.5 m. In this case, the
present texture allows a higher porosity and therefore a higher infiltration rate of pig slurry
to the subsurface [45].

On the other hand, nitrogen content values have been derived knowing that nitrogen
content in the soil is mainly due to biological processes and crop fertilizing [48]. Many
authors attribute the surface concentrations of nitrate in the soil directly to the effect of pig
slurry [17,49]. Daudén and Quılez (2004) [50] indicated that pig slurry-based fertilization
of crops increased soil nitrate concentration in a Mediterranean environment and under
irrigated conditions. Thus, nitrate content (e.g., N-NO3

−) is an excellent indicator of
nitrogen lixiviation into the subsurface [51]. Nitrate values derived from borehole samples
show a notable increase in N-NO3

− content for the same depth in which high values of
pH, EC, Cl−, SO4

2−, and Na+ are obtained. In this way, the highest N-NO3
− concentration

value corresponds to 97.60 mg/kg, 951.90 mg/kg, and 143.29 mg/kg for BH1, BH2, and
BH3, respectively.

3.2. Electrical Resistivity Tomography Models and Statistical Correlations

The 2D ERT electrical sections and 3D ERT electrical blocks show different resistive
zones in each slurry pond. The 2D electrical sections with the highest resistivity values
correspond to the external ERT profiles.

These electrical resistivity values range between 21.8 and 104 Ohm.m, which agree
with the values obtained by Martínez-Pagán et al. (2009) [19] for the Fuente Álamo area.
These high resistivity values contrast with the values obtained from internal ERT profiles,
ranging from 0.2 to 4.6 Ohm.m.
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As aforementioned, geochemical soil analyses showed variations with depth in the
concentrations of pH, EC, salts (e.g., Cl−, SO4

2−, Na+), and nitrates (e.g., N-NO3
−). The

depth at which these noticeable variations occur coincides with electrical changes derived
from 2D/3D ERT surveys.

Thus, for slurry pond No. 1 (SP1), ERT surveys provide the lowest electrical resistivity
values ranging from 1 to 5 Ohm.m to a depth of 1.9 m (Figure 7). Therefore, these results
align with those high values obtained from the geochemical analysis, which shows vari-
ations up to a depth of 1.8 m (Table 1). With regard to the conductive areas in Figure 7
delimited with Ip3 and Ip2 ERT profiles, these are patches of slurry, with the remainder
region being almost solid manure in which most of the water content has been removed
primarily by solar dehydration.

Slurry pond No. 2 (SP2) presents variations in the geochemical analysis up to a depth
of 2.20 m (Table 1). Similarly, the lowest value of resistivity, obtained by ERT, ranges from 1
to 3 Ohm.m to a depth of approx. 3 m (Figure 8). It is worth recalling that this pig slurry
pond is exceptionally full of pig slurry, with a high percentage of water content all year
long and where its bottom reaches three meters depth. This relevant point could explain
the relatively conductive region that shows Ip4 beneath positions from 0 to 18, which could
be due to some pig slurry infiltration phenomenon occurring in that area to a depth of
roughly 10 m. In fact, the near-DH2 borehole samples indicated higher geochemical values
to a deeper depth compared to the other slurry ponds samples (Table 1).

Regarding slurry pond No. 3 (SP3), geochemical analyses show content variations up
to a depth of 2.10 m (Table 1). In line with that, low electrical resistivity values range from
2 and 6 Ohm.m up to 2.6 m in depth (Figure 9).
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According to Peralta et al. (2015) [40], these changes in EC, nitrates, and electrical
resistivity values highlight a robust spatial correlation and might indicate the possible
infiltration of pig slurry. Moreover, Hernandez Ramos (2019) [52] attributed electrical
resistivity values lower than 10 Ohm.m to soil slurry infiltration phenomena.

In SP1, the 2D electrical sections obtained from external ERT profiles show electrical
resistivity values ranging from 9 and 84 Ohm.m (Figure 7).

Statistical analysis does not show significant correlation between moisture content and
resistivity values for external profiles; however, it shows, for external profile No. 1 (Ep1), a
significant correlation among resistivity values and silt percentage (R = 0.639; p < 0.05), pH
(R = 0.611; p < 0.05), EC (R = 0.667; p < 0.05), and N-NO3

− (R = 0.611; p < 0.05).
These results suggest that resistivity values from external profiles could correlate

directly to soil texture, pH, EC, and nitrate (N-NO3
−) content. The noticeable correlation

between ERT-based resistivity and analysis-based EC values is strongly influenced by
particle size conditions, which are directly related to the electrical charge density that
occurs on the particle surface [19].

The internal profiles No. 2 (Ip2), and No. 3 (Ip3) show positive bivariate correlation
with pH values and resistivity (R = −0.919; p < 0.01); (R = −0.802; p < 0.01) and negative
bivariate correlation between resistivity and EC (R = −0.881; p < 0.01); (R = −0.849; p < 0.01).
This positive correlation suggests that pH values directly correlate with resistivity values;
i.e., as pH alkalinity of soil decreases, resistivity values are expected to decrease as well.
This correlation is observed in the soil analyses (Table 1), where resistivity values tend to
decrease.
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The negative bivariate correlation between resistivity and EC suggests that with the
possible infiltration of slurry, and as a result, an increase in the content of salts, organic
matter, P, N, and other inorganic and organic ions [37,47] causes the electrical resistivity
values to tend to decrease.

In the same way, a significant negative correlation is observed for Cl− ion (R = −0.870;
p < 0.01), (R = −0.790; p < 0.01); SO4

2− ion (R = −0.835; p < 0.01), (R = −0.737; p < 0.01);
and Na+ ion (R = −0.667; p < 0.05), (R = −0.877; p < 0.01). Furthermore, N-NO3

− shows
a significant increase at this depth and presents a significant negative correlation with
resistivity data in the internal profiles (R = −0.919; p < 0.01), (R = −0.793; p < 0.01).

Piñeiro and Montalvo (2015) [51] suggested that nitrate (N-NO3
−) content may indi-

cate nitrogen leaching. The negative correlation would support that the higher the N-NO3
−

content in the soil, the lower the expected electrical resistivity values.
The same behavior is observed in SP2. Thus, the external ERT profiles show high

resistivity values, ranging from 7 to 202 Ohm.m. However, statistical analyses do not show
any significant correlation between resistivity and physicochemical properties.
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Conversely, internal profiles (Ip3 and Ip4) provide a decrease in resistivity values
ranging from 0.8 to 20 Ohm.m to a depth of 3 m, with the exception of profile Ip4, which
shows a deeper conductive area on its left-hand side. This depth range coincides with the
same range at which an increase in moisture content, pH, EC, salts, and nitrate content was
obtained (Table 1).

Statistical analysis showed significant negative correlations with moisture content
(R = −0.697; p < 0.05), (R = −0.706; p < 0.05). The literature indicates that when the soil water
content increases from dry to water-saturated soil conditions, ions previously adsorbed
are released from the soil particle surface. These released ions promote the decrease of
electrical resistivity that is obtained from ERT surveys [8,39,53–55]

pH values show a significant positive correlation (R = 0.754; p < 0.01), (R = 0.777;
p < 0.01), as is observed in the SP1, where the values slightly decrease with the alkalinity
value.

Similarly, EC, salts (Cl−, SO4
2−, and Na+), and nitrate (N-NO3

−) content show high
values, which might explain lower resistivity values obtained at the same depth (Table 1).

Statistical analysis shows significant negative correlations for EC (R = −0.697; p < 0.05),
(R = −0.706; p < 0.05) as well as for N-NO3

− (R = −0.789; p < 0.01), (R = −0.872; p < 0.01).
Salts (Cl−, SO4

2−, and Na+) content, as in SP1, presents negative correlations with
electrical resistivity values (R = −0.780; p < 0.1), (R = −0.890; p < 0.01) for Cl−; (R = −0.679;
p < 0.5), (R = −0.844; p < 0.01) for SO4

2−; and (R = −0.761; p < 0.1), (R = −0.899; p < 0.01)
for Na+.

At SP3, external ERT sections display resistivity values ranging from 9 to 40 Ohm.m.
Conversely, internal ERT sections display lower resistivity values, ranging from 2 to
6 Ohm.m, for the first 2.6 m depth.

The statistical analysis exhibits significant correlations in external profiles ep6 and ep7.
Data analysis shows that electrical resistivity depicts a negative correlation with physical
properties associated with moisture content (R = −0.779; p < 0.01), (R = −0.642; p < 0.01)
and silt percentage (R = −0.730; p < 0.05), (R = −0.716; p < 0.05) and positive correlations
with sand percentage (R = 0.693; p < 0.05), (R = 0.679; p < 0.05).

Lower electrical resistivity values are obtained from ERT internal profiles, with resis-
tivity values ranging from 2 to 6 Ohm.m to a depth of 2.6 m. Additionally, soil analyses
provide the highest content variations to a depth of 1.50 m.

The statistical analysis only reveals significant correlations with internal profile 4 (Ip4).
The pH displays significant positive correlations (R = 0.789; p < 0.01), and conversely, nitrate
shows significant negative correlations (R = −0.688; p < 0.05).

SP3 shows a behavior similar to that determined for the slurry ponds mentioned above
(SP1 and SP2).

Data analysis reveals that lower electrical resistivity values significantly correlate with
the variations obtained in the geochemical analysis of the soil samples.

The depth at which geochemical analyses underline relevant parameter variations
coincides with the same depth highlighted by employing 2D ERT sections and the 3D ERT
blocks.

4. Conclusions

Intensive livestock farming can result in significant environmental impacts such as
direct contamination of soil and aquifers systems adjacent to final pig slurry storage
facilities. The electrical properties contrast between the natural geological environment
and the near-surface slurry infiltration makes the electrical resistivity tomography method
highly recommended in studies of environmental impacts in livestock slurry storage
facilities.

The present work demonstrates how geophysical data can delimit the subsoil affected
by slurry infiltration in conjunction with geochemical ones. Under semiarid conditions and
low-depth pig slurry ponds with intermittent activity, the ERT technique has established
this effect of slurry at two meters depth, from which subsurface slurry content remarkably
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decreases. Conversely, for deeper-depth pig slurry ponds with permanent pig slurry
storage, the ERT technique shows deeper subsurface pig slurry effects from 3 to 10 m.

Further, results obtained by the electrical resistivity tomography technique agree with
the values derived from soil geochemical analysis. Subsurface geochemical variations of
pH, EC, salts (Cl−, SO4

2−, Na+), and nitrates (N-NO3
−) content have been established from

borehole sample analyses. Moreover, subsurface horizons at which noticeable geochemical
variations have been defined coincide with electrical properties characterized by conductive
values.

Similar to the ERT technique, geochemical analyses show that higher values begin to
decrease at shallower layers (2 m in depth) in relation to those for deeper-depth pig slurry
ponds. Thus, the latter type of pig slurry ponds could pose a contamination risk to shallow
aquifers of the study area (e.g., Quaternary “Campo de Cartagena” aquifer).

Additionally, statistical analysis determines significant correlations between lower
resistivity values from internal ERT profiles and the geochemical parameters. This proves
that electrical resistivity values are consistent and complementary to geochemical values
(pH, EC, salts (Cl, SO4

2−, Na+), and nitrate (N-NO3−) content).
Therefore, the data of this study highlight the potential of the electrical resistivity

tomography (ERT) method, in conjunction with boreholes and physicochemical analysis, to
identify affected subsurface regions by slurry infiltration. This invaluable data will enable
farmers what following stages to undertake in terms of environmental protection.
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