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Abstract: Similarities in both water and electric current flows allow the relation of hydraulic and geo-
electric parameters of porous aquifers. Based on this assumption and the importance of the hydraulic
parameters for groundwater analyses, this study aimed to estimate hydraulic conductivity (K) and
transmissivity (T) with vertical electrical sounding (VES) in the porous aquifer at the experimental
farm of the University of Brasilia, Brazil. VES is a geophysical technique that provides electrical
resistivity (ρ, Ω m) and thickness (h) of the subsurface layers. The ρ and h aquifer data, associated
with lithology, water table level (WTL), and groundwater electrical resistivity (ρw, Ω m), allowed the
calculation of complementary geoelectric parameters (formation factor, F, and Dar Zarrouk parame-
ters) and the relation with K and T, determined via slug test. VES data allowed the elaboration of
geoelectric models, with mean absolute percentage error (MAPE) below 6% compared to field data,
and the identification of the aquifer in each VES station. Significant exponential regression models
(R2 > 0.5 and p-value < 0.05) showed the possibility of using geoelectric parameters to estimate
hydraulic parameters. This study allowed the verification of the applicability of consolidated models
and the identification of appropriate empirical relationships for hydrogeological characterization
in the Brazilian tropical porous aquifers. The results of this work, besides the rapid sampling and
low cost of performing vertical electrical sounding (VES), may justify the use of this geophysical
technique for preliminary porous aquifer characterization, especially in regions absent of or with
insufficient monitoring wells.

Keywords: electrical resistivity; hydraulic conductivity; transmissivity; Brazil

1. Introduction

The resolution of flow and transport problems in aquifers depends on information
about the hydraulic parameters, which influence the occurrence and movement of ground-
water. Considered the most important parameter in hydrogeological studies, hydraulic
conductivity (K) indicates the ability of aquifers to conduct water [1,2]. The amount of
water transmitted horizontally throughout the aquifer thickness (h) equals transmissivity
(T), generically represented as the product between K and h [1,3]. However, despite the
importance for groundwater assessment and management, information about K and T
values are scarce due to limitations in field data acquisition [2,4,5].

Traditionally, determining aquifer hydraulic parameters requires the use of field hy-
drogeological methods (e.g., pumping or slug test) characterized by a high demand for time
and financial resources [5–7]. As an alternative, geoelectric measurements from the soil
surface by DC (direct current) electric geophysical method, applied especially through the
vertical electrical sounding (VES) technique, enable a non-invasive and relatively inexpen-
sive hydrogeological characterization [2,8–14]. In addition to applications for identifying
soil moisture content, lithological structures, and water table level (WTL) [15–18], surface

Water 2021, 13, 170. https://doi.org/10.3390/w13020170 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-7779-1355
https://orcid.org/0000-0002-0424-5748
https://doi.org/10.3390/w13020170
https://doi.org/10.3390/w13020170
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13020170
https://www.mdpi.com/journal/water
https://www.mdpi.com/2073-4441/13/2/170?type=check_update&version=1


Water 2021, 13, 170 2 of 15

geoelectrical measurements have allowed indirect estimation of K and T, reducing the need
to drill boreholes [12–14,17,19–22].

Similarities between water flow and electrical current are the basic assumption
for establishing relationships between electrical and hydraulic behavior in a porous
medium [4,10,11,23]. Considering that both the electric current and the water follow the
path of least resistance, at the level of the pores the electrical path is similar to the hydraulic
path. Therefore, the electrical resistivity (ρ = 1/σ, σ = electrical conductivity) should reflect
an inverse relationship with K and T [4,6,18,19,21,24]. In this way, Heigold et al. [24] pro-
posed an inverse exponential relationship between aquifer resistivity (ρaquifer), identified
by VES, and K, determined by pumping and slug tests, which are widely used in current
studies for sand and gravel porous aquifers (also called granular aquifers) [12,25–27].

Besides that, aquifer properties have been estimated using geoelectric parameters
derived from ρ as the formation factor (F) and the Dar Zarrouk parameters (longitudinal
conductance, C, and transverse resistance, R). The formation factor (F) maintains a rela-
tionship with the hydraulic parameters because, according to Archie’s first law, it has an
inverse relationship with the porosity [10,20,23,28]. According to Mazac et al. [29], the
inverse regression model between F and K, as well as between ρ and K, predominates in ho-
mogeneous sediments, where K is dependent primarily on effective porosity [20,23,28,30].
Instead, direct relationship can occur if ρ changes, and consequently F changes, are con-
trolled by variations in soil percent clay [2,24,28,29,31].

Exploiting the Dar Zarrouk parameters (C = h/ρ = h × σ and R = h × ρ = h/σ) [11], several
empirical equations have been developed to convert C and R into transmissivity [2,14,32,33].
For instance, Hasan et al. [32], considering a directly proportional empirical relationship,
estimated T value from R data for an unconfined aquifer, composed of complex alluvial
material (sand, gravel with sand, clay with sand, and smaller clay) in Pakistan. However,
there are also inverse empirical relationships describing the relationship between T, C, and
R [33]. In addition to empirical models, Niwas and Singhal [8] established an analytical
relationship combining the transmissivity (T = K × h) and both Dar Zarrouk parameters.
By deduction, when K and ρ are inversely related, T and C are proportional; in cases where
K and ρ are directly related, T is proportional to R [2,8,14,34,35].

Even though there are consolidated models in the scientific literature, the estimation
of hydraulic parameters from geoelectrical measurements, especially based on empirical
relationships, can provide reliable predictions under specific conditions. Variations in the
percentage of saturation and in the constituent material between different aquifers can
result in uncertainties related to the significance and the predominant direction (direct
or reverse) of the empirical models [2,6,17,26,28]. Analytical models, as highlighted by
Niwas and Singha [8], are also elaborated for an area with a particular setting. Thus,
models proposed under specific hydrogeophysical features need validation before being
generalized [6,24,28,36].

Due to the limitations on generalizing the current empirical and analytical models
and the reduced availability of studies that consider applied geophysics to the estimation
of hydraulic parameters in Brazilian tropical soils [21,22], we compare geoelectrical and
hydraulic parameters calculated from VES and slug test, respectively, for an unconfined
granular aquifer. The objective of this study was to identify significant relationships
between K, T, and geoelectric measurements derived from VES (ρaquifer, F, and Dar Zarrouk
parameters), providing the indirect estimation of porous aquifer hydraulic parameters in
Central Brazil.

2. Materials and Methods
2.1. Study Area

The study area was the Fazenda Água Limpa (FAL), which is the University of Brasilia
experimental farm, located in the southern portion of the Distrito Federal, Brazil (8,229,000
to 8,238,000 UTM N and 180,000 to 190,000 UTM E, SIRGAS 2000 Datum) (Figure 1).
The climate in the study area is tropical Aw, defined by Koppen as typical of savannah,
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with monthly average temperature and evapotranspiration equal to 22 ◦C and 65 mm,
respectively, and annual precipitation of approximately 1500 mm distributed between
October and March [37,38].

The pedology is composed predominantly of red and red-yellow Oxisols, in addition
to Inceptisols and Entisols [39–41]. The geology features the Slate Unit, an expressive
set of purple, homogeneous, folded slates, with strong ardosian cleavage and occasional
quartzite lenses, and the Sandy Metarrithmite Unit, irregular intercalations of fine and
white quartzites with layers of metasiltstone [42]. In the FAL, there are intergranular or
porous aquifers (pores of soil and saprolite) and fractured aquifers (fractures and failures in
rock) [43]. In this study, we focus on the porous aquifer, which is essential for maintaining
the baseflow in drought and for the recharge of the deep fractured aquifer [43,44].
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Figure 1. Fazenda Água Limpa (FAL/UnB), highlighted in red in the south-central portion of the Distrito Federal (DF), 
Brazil. Vertical electrical sounding (VES) locations in different pedological and land cover conditions, classified 
according to Natural Resources Conservation Service (NRCS); United States Department of Agriculture (USDA) [45] and 
Oliveira et al. [46], respectively. Aerial photograph provided by Secretaria de Habitação, Regularização e 
Desenvolvimento Urbano (SEDHAB) [47]. 

Figure 1. Fazenda Água Limpa (FAL/UnB), highlighted in red in the south-central portion of the Distrito Federal (DF),
Brazil. Vertical electrical sounding (VES) locations in different pedological and land cover conditions, classified ac-
cording to Natural Resources Conservation Service (NRCS); United States Department of Agriculture (USDA) [45] and
Oliveira et al. [46], respectively. Aerial photograph provided by Secretaria de Habitação, Regularização e Desenvolvimento
Urbano (SEDHAB) [47].

2.2. Data Sets

Analyzing the relationship between hydraulic and geoelectric parameters required
data from vertical electrical sounding (VES), lithology, static water table level (WTL, m),
groundwater electrical resistivity (ρw, Ω m), and slug tests (Figure S1). We defined nine
VES stations close to groundwater monitoring wells (MW), encompassing different soils
and phytophysiognomies representative of the Brazilian savannah (Figure 1).
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VES data were obtained between November 2019 and January 2020 with Schlumberger
array, yielding the apparent electrical resistivity (ρa, Ω m) at different depths of the soil.
Maximum spacing between current electrodes (A and B) was equal to 200 m, and spacing
between potential electrodes (M and N) varied from 0.4 to 12 m.

The lithological data are from textural descriptions of the borehole core used for the
installation of eight MWs. For MW 9, installed before this study, lithological data were not
available. Visual and analytical interpretation of borehole samples allowed the definition
of the predominant textural soil classes (sandy clay, silty clay, loam, sandy loam, clay loam,
and silty loam) [48].

An electric sensor provided the measurement of the WTL, in all MWs simultaneously
with VES. We assumed that ρw was the inverse of electrical conductivity (ρw = σw

−1, σw
in Siemens) measured in groundwater samples collected in all MWs [24]. Recovery slug
test data [49], analyzed with R packages, provided the field values of the aquifer hydraulic
parameters (saturated hydraulic conductivity Kobs, m s−1, and transmissivity, Tobs, m2 s−1)
in seven MWs. MWs 3 and 8 were dry during the period of carrying out the slug tests, so
they do not present Kobs and Tobs data.

2.3. VES Interpretation

The ρa values plotted as a function of the AB/2 resulted in field curves for each VES
station. The identification of the real resistivity (ρaquifer, Ω m) and thickness (haquifer, m) of
the aquifer from the field curves required (i) inversion of the field data; (ii) elaboration of
the geoelectric models; and (iii) verification of the geoelectric models’ ability to represent
the saturated formation (Figure S1). We inverted VES data and elaborated on the geoelectric
models using IPI2Win, which is a software to solve the regularization of nonlinear inversion
problems by Tikhonov’s approach [50].

Initially, VES data were automatically inverted, using a variant of the Newton al-
gorithm [50] (Figure S1). This inversion provided the parameters for building the initial
geoelectric model (resistivity, ρ, and thickness, h, of the geoelectric layers) by fitting a
synthetic curve to the field curve. As the fit objective function, we inimized the Mean
Absolute Percentage Error (MAPE) (Equation (1)) between field (ρaobs) and synthetic (ρacal)
data [50,51].

MAPE (%) = 100 ×
∑n

i=1

(
ln
(

ρaobs,i
ρacal,i

)) 2

n
(1)

It is important to note that inverse problems can present non-unique solutions. As a
result, geoelectric models are subject to ambiguous interpretations that can cause inconsis-
tency in the analyses derived from the ρaquifer and haquifer data [24,52]. To overcome this
non-uniqueness problem, we associate available monitoring well (MW) data (lithology
and WTL) to optimize the configuration of the geoelectric layers in the subsurface [53,54].
Initially, we compare layer thickness of the models resulting from the automatic inversion
with lithological data.

To improve the representation of the subsurface layers, we inverted the VES data
again, but in a semi-automatic way, when geoelectric models were not consistent with
the lithological data and presented MAPE above 6% (Figure S1). In this case, from the
geoelectric model initially proposed, we adjust the parameters ρ and h based on the
lithological layers, resulting in geophysical-lithological models. In addition, WTL data
allowed us to assess the correspondence between the position of the aquifer geoelectric
layer and the real position of the aquifer in the subsurface. Lastly, we selected the saturated
layer with reduced resistivity and that matched the position of the WTL, to represent the
aquifer in each VES station (Figure S1).

2.4. Geoelectric Aquifer Parameters Selection

The results obtained from interpretations of the apparent resistivity field data (ρa)
yielded the thickness (h) and resistivity (ρ) of subsurface layers. As previously defined,
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among the geoelectric subsurface layers of each VES station, we selected the resistivity
and thickness data only from aquifer layer (ρaquifer and haquifer, respectively). Values of the
ρaquifer, haquifer, and ρw allowed the calculation of the formation factor (F, dimensionless,
also called intrinsic formation factor) and Dar Zarrouk parameters for porous aquifer in
this study (Figure S1).

According to Archie’s first law [10], beyond ρw, ρaquifer in porous formation depends
on F (dimensionless) (Equation (2)), which represents the influence of formation char-
acteristics, especially effective porosity percentage (Ø) and intrinsic permeability (k), in
the electrical flow in a porous medium (Equation (3)). Because it depends on poros-
ity and permeability, F has been inversely related to K in saturated porous formations
(Equation (2)) [2,4,12,19,24]. In addition, the F estimate considers the cementation (m)
and pore geometry (α) coefficients as characteristics of the medium that can influence
the electrical flow [10]. Despite variables, in general m and α are equivalent to 2 and 1,
respectively [10,24,36].

ρaquifer = F · ρw (2)

F =
ρaquifer

ρw
= α·Ø−m (3)

Archie’s first law applies mainly to clay-free mediums, because clay content involves
simultaneously permeability reduction and decrease in the resistivity of the medium, by
adding superficial and intrinsic electrical conductivity [10,23,36,55]. Therefore, for clay
formations, such as those that predominate in our study area, F (Equation (3)) can vary
with electrolyte concentration and would be more appropriately designated as apparent
formation factor (Fa), that considers the effect of clay conductivity [9,13,36]. However, in
tropical soils, high weathering and leaching reduce the cation exchange capacity (CEC) and,
consequently, limit the effect of surface electrical conductivity and make the soil structure
equivalent to the sand soil [36,56–58]. Thus, we calculate F using Archie’s Law in a similar
way to clay-free soils.

In addition to F, we estimated the Dar Zarrouk parameters, that is, transverse resistance
(R, Ω m2) and longitudinal conductance (C, Siemens) [11]. R indicates the electrical
transverse resistance perpendicular to the soil layers and C represents the conductance
offered to current lines parallel to the soil layers (Equations (4) and (5)). R and C can indicate
the protection capacity and transmissivity of the aquifer, respectively, and therefore are
commonly related to K and T in porous aquifers [8,17,34].

R = ρaquifer· haquifer (4)

C =
haquifer

ρaquifer
(5)

2.5. Relationship between Hydraulic and Geoelectric Aquifer Parameters

It is possible to relate aquifer geoelectric (ρaquifer, F, R, and C) and hydraulic parameters
(Kobs and Tobs) considering (i) that electric current and water flow through the path of least
resistance; and (ii) that in porous aquifers, this path is represented by the soil pores [4,6,8].
Based on these premises, we proposed empirical exponential regression models between
Kobs and ρaquifer, Kobs and F, Tobs and ρaquifer, and Tobs and R and C, according to Akhter
and Hasan, Khalil et al., Choo et al. and Diaz-Curiel et al. [2,6,20,23] (Figure S1). The nls
(nonlinear least squares) function, available in the R program [59], allowed the estimation
of the parameters of the exponential models by the nonlinear least squares method, which
minimizes the sum of squared residuals (error) (SSR) between the observed data and
the adjusted nonlinear function [60]. Relations that showed satisfactory adjustment (R2

greater than 0.5 and p-value less than 0.05) were used to estimate the hydraulic parameters
(hydraulic conductivity Kest, m s−1, and transmissivity, Test, m2 s−1).

T was also estimated as the product between haquifer and Kobs [24,34]. In addition to the
estimates obtained through the empirical relationships proposed in this study, we determined
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K (m s−1) and T (m2 s−1) according to Heigold et al. [24] (Equation (6)) and Niwas and Sing-
hal [8] (Equation (7)), respectively, which consist of models widely used in porous aquifers
(Figure S1). To estimate T, we used an average value of Kobs × ρaquifer [8,34], considered con-
stant for the same soil type (Entisol = 6.69 × 10−3 Ω m2 s−1, Oxisol = 7.53 × 10−3 Ω m2 s−1,
Inceptisol = 1.02 × 10−2 Ω m2 s−1), with Kobs in m s−1 and ρaquifer in Ω m, and a C (1/Ω
or Siemens) value for each VES station.

Then, the consolidated model results [8,24] were validated against the Kobs and Tobs,
determined in the field by means of a slug test. Considering that there is a significant
relationship (R2 greater than 0.5 and p-value less than 0.05), we defined Kobs’ according
to Heigold et al. [24] and Tobs’ according to Niwas and Singhal [8] as an approximation
of the field data, and we used them to verify the empirical relationships proposed in this
study. Match between Kobs’ and Kest values and Tobs’ and Test values was assessed by linear
regression models using lm function, available in the R program, [61] (R2 greater than 0.5
and p-value less than 0.05) (Figure S1). Besides that, due to the unavailability of K and T
data specific to the area of study, results obtained with the empirical models proposed in
this study were compared against the K and T values available in the scientific literature,
for similar hydrogeological conditions [41,62].

K = 386.40· ρaquifer
−0.93283 (6)

T = Kobs.ρaquifer· C (7)

3. Results and Discussion
3.1. Identification and Characterization of the Porous Aquifer

The analysis of the ρa data allowed the characterization of the subsurface, using the
values of ρ and h of the soil layers, and the identification of the porous aquifer in each
VES station. (Table 1, Figures 2 and 3). Synthetic curves (Figure 2) fitted to field data
(ρa at different depths of research), and the geophysical-lithological models derived from
them (Table 1), revealed geoelectric patterns between VES stations with the same soil type
(Figure 2).

There were similarities in the shape of the synthetic curves in VES 1, 2, 3, 6, and 8
(Figure 2A), characterized by the occurrence of Oxisols, and in VES 4, 5, and 9 (Figure
2B), located under Entisols. VES 7, positioned in an Inceptisol, presented a synthetic curve
different from the other VES stations (Figure 2B). The inversion of the VES data together
with lithological and WTL data resulted in geophysical-lithological models composed of
five geoelectric layers, with MAPE below 6% (Table 1, Figure 3).

Table 1. Results of the geoelectric model, with mean absolute percentage error (MAPE), and water table level (WTL) in the
VES stations of the study area.

VES
Stations

Latitude
(◦W)

Longitude
(◦S)

Electrical Resistivity (Ω m) Thickness (m) RMS
(%)

WTL
(m)ρ1 ρ2 ρ3 ρ4 ρ5 h1 h2 h3 h4

VES 1 188,426.06 8,232,711.67 9500 12,500 4300 * 22,000 7000 0.50 1.50 8.00 * 8.00 4.50 9.50
VES 2 187,797.23 8,233,971.49 3400 24,000 1600 1000 * 3200 0.50 1.00 12.00 7.00 * 4.80 13.95
VES 3 186,380.77 8,231,821.70 8000 18,500 4300 3100 * 7500 0.50 1.50 1.50 12.00 * 4.85 9.80
VES 4 185,514.40 8,231,319.81 18,000 13,180 * 31,400 3640 30,500 1.50 3.00* 3.50 6.00 5.95 2.00
VES 5 185,956.75 8,234,689.66 1700 800 2200 1000 * 3200 0.50 2.00 5.00 9.00 * 5.10 8.25
VES 6 187,132.65 8,237,119.06 7000 14,000 3200 1400 * 3500 0.50 2.00 9.50 8.00 * 5.95 12.40
VES 7 187,632.85 8,236,764.72 24,000 7500 4900 * 6500 2200 1.50 1.50 7.00 * 3.00 3.65 3.30
VES 8 190,328.84 8,232,909.53 9000 15,000 2500 1000 * 3500 0.50 2.00 4.50 6.50 * 4.20 -
VES 9 185,002.99 8,233,698.99 4500 3300 1900 * 5000 3800 1.00 4.00 5.00 * 10.00 4.25 9.25

ρ * and h * indicate ρaquifer and haquifer, respectively.
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Figure 2. Vertical electrical sounding (VES) field data (FD) and synthetic curves (SC). The similar pattern between (A) VES
sta-tions in an Oxisol (VES 1, 2, 3, 6, and 8) and (B) VES stations in an Entisol (VES 4, 5, and 9). VES 7, with Inceptisols,
presented a different curve shape than the other VES stations. AB/2 represents an estimate of the theoretical depth
of investigation.

AB/2, besides that representing the spacing between current electrodes (A and B),
indicated adequate values of the theoretical depth of investigation for VESs, in comparison
with field data (lithology and WTL) (Figures 2 and 3). Usually, AB/4 indicates the depth of
investigation resulting from the VES [63], however, this relationship can be changed when
there are field data that allow the evaluation and adjustment of the proposed geophysical
models [64].

VES 1, 2, 3, 6, and 8 showed reduced values of resistivity in the first 0.50 cm of depth,
followed by high values characteristic of the unsaturated zone of the soil, superimposed on
the least resistive zone, possibly associated with the occurrence of aquifers (Figures 2 and 3).
Finally, there was an increase in resistivity values, indicating a low permeability zone that
supports the aquifer. (Figures 2 and 3). VES 7 demonstrated decreasing resistivity behavior,
with an aquifer layer identified about 9 m deep (Table 1, Figures 2 and 3).

VES 4, 5, and 9 presented synthetic curves (Figure 2), and consequently, geophysical-
lithological models (Figure 3), with less expressive variations in resistivity along the soil
profile compared to other VES stations. It is possible to infer that the moisture present
in the soil profile, characteristic of Entisols, tends to standardize the resistivity values in
the subsurface.

However, we still verified the occurrence of zones of lower resistivity indicative of the
presence of an aquifer (Table 1). In VES 4 and 5 there were even two discontinuous
layers of low resistivity, which may indicate the presence of two aquifer formations,
the first associated with a suspended aquifer and the second representing a phreatic
or confined aquifer.

VES station with the occurrence of gravel and sand in the soil profile showed high
values of ρaquifer, as observed in VES 4, while low ρaquifer values were associated with the
presence of clay, as in VES 2 (Figure 3) [15]. Nascimento et al. [65] indicated a directly
proportional relationship between the clay and silt fraction and the moisture content. This
aspect can be explained by the fact that in soil with a finer texture, the pores have smaller
dimensions, and thus the moisture retention is more intense.

Regarding the identification of the aquifer, in VES 2, 4, 5, 6, and 7, the transition from
layers with a high resistivity value to layers with reduced resistivity was approximated to
the position of the water table (Figure 3). In the other vertical electrical sounding (VES)
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stations, although geophysical-lithological models does not indicate the exact depth of
groundwater, the WTL was placed in layers with reduced electrical resistivity (Figure 3).

According to Martins et al. [66], the behavior of the conductive layer indicates the
upper limit of the WTL, which can be interpreted as the transition between the soil cover
and the underlying rock. For the VES 9 aquifer, the electrical resistivity value was equal to
1000 Ω m. However, as the well remained dry during the rainy season, it was not possible
to identify whether there was a relationship between the less resistive geoelectric layer and
the aquifer formation in VES 9.
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3.2. Relationship between the Geoelectric and Hydraulic Parameters of the Aquifer

Geoelectric parameters of the porous aquifer, derived from the values of real ρaquifer
and haquifer, allowed us to propose significant empirical relationships to estimate hydraulic
parameters (K and T) through VES data (Figure 4, Table 2). Significant inverse relationships
between Kobs and ρaquifer (R2 = 0.90) and between Kobs and F (R2 = 0.79), as we identified in
this study, indicate porous media whose effective porosity equals soil water saturation [6,21]
(Figure 4A,B). This result reinforces the predominant inverse pattern in the relationship
between K and ρ and between K and F for fully saturated aquifers, as observed in the
scientific literature, making it possible to associate electrical and hydraulic conductivity in
a porous medium [6,22].

Differently from the pattern observed in clayey sedimentary aquifers in temperate
regions, the high concentration of clay, characteristic of granular aquifers in the study area,
did not demonstrate a significant influence on the electrical and hydraulic behavior of
the soil [9,30,36]. However, the non-unique relationship between K and ρ and between
K and F depends not only on the percentage of saturation and the concentration of clay
in the aquifer [6,23,28], but also on the cation exchange capacity and the particle size of
the soil [20,23,30]. Oxisols, predominant in the study area, present granular structure in
the homogeneous profiles, well developed, leached, and with reduced cation exchange
capacity [67,68]. These factors favor the increase in hydraulic conductivity and, by analogy,
electrical conductivity, similar to coarse-grained aquifers [20,56,58].

Our results show that the K can be reasonably estimated with the information of
surface geoelectric measurements. In this case, the reduced K values may be associated
with a reduction in effective porosity, causing a reduction in the volume of intrapore water
and, consequently, an increase in the ρaquifer [2,6,20,21]. It is important to note that the
effective porosity represents the volume of connected pores and disregards the portion of
the total porosity that remains isolated [1]. As a result, the effective porosity of the aquifer,
also called electrical porosity, determines the flow of water and electrical current in the
porous medium [23,28].

The relationship between Tobs and ρaquifer also resulted in a significant inverse expo-
nential model (R2 = 0.63). A significant inverse relationship between ρ and T was also
observed in a sandstone to limestone aquifer, located in the eastern desert of Egypt, being
associated with the aquifer’s high impedance to electric current, with increased resistiv-
ity due to the decrease in hydraulic conductivity and transmissivity [17]. Exponential
regression models between T and the parameters of Dar Zarrouk (R and C) resulted in
non-significant inverse relationships (R2 less than 0.3) and, therefore, were not presented.
It is possible that the high variability in the thickness of the aquifer layers for a reduced
MW sample did not allow adequate association of the relationship between Dar Zarrouk
parameters and T [29].

Both the hydraulic parameters determined by the slug test and estimated from the
geoelectric parameters were considered representative of the soils of the study area, in
comparison with the literature data [41,62]. We founded the highest Kobs and Tobs values in
Oxisols, followed by Inceptisol and Entisol (Table 2). Regarding the parameters estimated
by the relationships proposed in this study, Oxisols also showed higher K and T values
compared to other soil types (Table 2). Differences in texture, structure, and macroporosity
of these soils may explain variations observed in the values of the parameters [41]. In the
case of Entisol, reduced K values are associated with reduced drainage capacity of the soil
profile, which is permanently or seasonally soaked [62].

The verification of the results indicated a positive and significant linear relationship
between Kest (Figure 4E) and Test (Figure 4F) from the empirical models proposed in
this study and the results determined based on consolidated empirical models (Kobs’
and Tobs’) [8,24]. It is important to note that we previously evaluated the relationship
between hydraulic parameters observed in the field and those estimated according to
Heigold et al. [24] and Niwas and Singhal [8], and we obtained significant relationships
(R2 above 0.5, p -value < 0.05) in both cases (Figure 4C,D).
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and transmissivity (Tobs) values, obtained by slug test, as a function of the electrical resistivity values of the aquifer (ρaquifer).
(B) Kobs as a function of the aquifer formation factor (F). (C) Comparison between the estimated hydraulic conductivity
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(Test), according to Niwas e Singhal (1981) [8], and Tobs. (E) Comparison between the estimated hydraulic conductivity
values (Kobs’), according to Heigold et al. (1979) [24], and Kest with equations presented in Figure 4A,B. (F) Comparison
between the estimated transmissivity values (Tobs’), according to Niwas e Singhal (1981) [8], and Test by equation in
Figure 4A and Kobs × haquifer.
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Table 2. Porous aquifer hydraulic parameters determined in field (slug test) and estimated from the geoelectric parameters. Relationships presented by Heigold et al. (1979) [24] and Niwas and
Singhal (1981) [8] allowed the evaluation of estimates using empirical relationships proposed in this study.

VES
Station

Kobs (m s−1) Tobs (m2 s−1) ρw (Ω m) F

Dar Zarrouk Parameters Kest (m s−1) Test (m2 s−1)

C
(Siemens) R (Ω m2) Model K1 * Model K2 * Heigold et al.

(1979) Model T1 * Model T2 *
Niwas and

Singhal
(1981)

VES 1 3.56 × 10−6 2.65 × 10−5 1088.14 3.95 1.86 × 10−3 34,400 2.07 × 10−6 2.50 × 10−6 1.82 × 10−6 1.54 × 10−5 2.85 × 10−5 2.85 × 10−5

VES 2 3.58 × 10−6 1.84 × 10−5 1250.00 0.80 7.00 × 10−3 7000 4.01 × 10−6 4.24 × 10−6 7.11 × 10−6 2.14 × 10−5 2.51 × 10−5 3.50 × 10−5

VES 3 NA * NA 1540.83 2.01 3.87 × 10−3 37,200 2.63 × 10−6 3.46 × 10−6 2.48 × 10−6 1.74 × 10−5 NA NA
VES 4 6.25 × 10−7 2.89 × 10−6 1175.09 11.22 2.28 × 10−4 39,540 3.51 × 10−7 7.44 × 10−6 6.42 × 10−7 6.33 × 10−6 1.88 × 10−6 2.11 × 10−6

VES 5 NA NA 975.61 1.03 9.00 × 10−3 9000 4.01 × 10−6 4.08 × 10−6 7.11 × 10−6 2.14 × 10−5 NA NA
VES 6 4.80 × 10−6 3.33 × 10−5 954.20 1.47 5.71 × 10−3 11,200 3.70 × 10−6 3.79 × 10−6 5.20 × 10−6 2.06 × 10−5 3.84 × 10−5 2.85 × 10−5

VES 7 2.09 × 10−6 1.29 × 10−5 2801.12 1.75 1.43 × 10−3 34,300 1.84 × 10−6 3.62 × 10−6 1.62 × 10−6 1.45 × 10−5 1.47 × 10−5 1.32 × 10−5

VES 8 4.52 × 10−6 1.73 × 10−5 1464.13 0.68 6.50 × 10−3 6500 4.01 × 10−6 4.32 × 10−6 7.11 × 10−6 2.14 × 10−5 2.94 × 10−5 3.25 × 10−5

VES 9 2.71 × 10−6 1.05 × 10−5 378.79 5.02 2.63 × 10−3 9500 3.35 × 10−6 2.10 × 10−6 3.91 × 10−6 1.96 × 10−5 1.36 × 10−5 1.31 × 10−5

* NA = missing value; * Model K1: Kest = 0.42e−2×10(−4ρ)
; * Model K2: Kest = 0.42e−0.167F; * Model T1: Test = 2.04e−1×10(−4ρ)

; * Model T2: Test = Kobs × haquifer.



Water 2021, 13, 170 12 of 15

Empirical and analytical models developed under specific conditions cannot be con-
sidered valid for other regions without prior evaluation [8,24,28]. Having satisfied this
condition, we adopted the values derived from widely disseminated methods [8,24] as
a strategy to verify the results derived from the proposed empirical models, in order to
evaluate the representation of hydraulic parameters for local conditions.

Despite the uncertainties associated with the process of determining the aquifer
hydraulic parameters in the field, the collection and analysis of geophysical data, and
the absence of field data to verify the estimated results, we emphasize the possibility of
estimating hydraulic parameters in porous aquifers based on the geoelectric parameters,
obtained through VES. The limitations described above are recommendations for future
research, to improve the ability to indirectly estimate hydraulic parameters in porous
aquifers and thus provide useful information for the process of planning and managing
groundwater resources.

4. Conclusions

This study aimed to obtain indirect estimates of hydraulic parameters (K and T),
using VES in an intergranular aquifer. Significant exponential regression models showed
the possibility of using geoelectric parameters, obtained indirectly, to estimate hydraulic
parameters (K and T) in porous aquifers. It is also worth mentioning the capacity of VES
data for the delimitation of the porous aquifer. It is recommended that the proposed
models be validated with field data, overcoming the limitations of the comparison between
empirical models and methods in the literature adopted in this study. This study allowed
the verification of the applicability of consolidated empirical models and the identification
of appropriate empirical relationships for hydrogeological characterization in the Brazilian
tropical porous aquifers. Regardless, the rapid sampling and low cost of performing VES,
associated with the results obtained in this work, may justify the widespread use of this
geophysical technique for preliminary characterization of porous aquifers, especially in
regions absent of or with insufficient monitoring wells.
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