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The search for groundwater has become a necessity because of the effects of climate change
and the resulting water shortages. In rural areas, such as the "Pampa del Guasmo" (Yaguachi-
Ecuador), freshwater is supplied by building shallow artisanal wells. Applying this practice
sets challenges to complement the technical-scientific knowledge of aquifers, opening up the
need to apply geophysical-hydrogeological techniques to characterize the terrain. The study
aimed to identify areas with water saturation at greater depths using geoelectrical methods to
determine suitable drilling sites that meet the community's water needs. The methodology
includes: i) analysis of cartographic base information, ii) execution of electrical resistivity
tomography (ERT) complemented with Multichannel Analysis of Surface Wave (MASW) +
Microtremor Array Measurements (MAM) surface wave tests and rotary drilling, iii)
preparation of geoelectrical profiles, correlation of geophysical-geoelectric and lithological
information for the determination of potential groundwater zones. The results showed that the
third layer with resistivities of 8.3-9.6 Q.m in profile ERT-L1 and 10-15 Q.m in profile ERT-
L2 represent a semi-confined aquifer consisting of clayey-silty sand with the presence of
gravel, located from 19 and 40 m depth, respectively. The application of geophysics is the key
to identifying the potential for groundwater use, as corroborated by the drilling performed.
Owing to the growing population in these sectors and the increased demand associated with
lowering levels in excavated wells, the applied geophysics process verifies the need for deeper
wells that must be managed concerning their use, environmental implications, and
sustainability.

1. INTRODUCTION

Human population growth and economic development have
increased the global demand for freshwater by approximately
1% annually [1, 2]. Approximately 2.5% of the Earth's water
is fresh, with groundwater accounting for 30.1% of the
available freshwater [3] and plays a critical role in water

resource management [4].

These underground reserves supply much of the world's
population, support irrigated agriculture, and contribute to

river baseflow, thereby maintaining aquatic ecosystems during
drought [1].

The integration of lithological records and geophysical
methods allows for the evaluation of the thickness and depth
of groundwater [2], facilitating the characterization and
description of the heterogeneity of surface and subsurface
sediments in aquifers [3]. Geophysical studies are relevant in
alluvial environments, where deposits can be identified by
substantial lateral and vertical variations associated with
fluvial dynamic processes [4]. Non-invasive geophysical
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techniques are easy to implement and represent an essential
tool in hydrogeological research [5, 6] facilitating the
identification of subsoil geological layers [7], which adds
quantitative and qualitative analysis to the geometry of
aquifers. One of the most widely used methods is electrical
resistivity tomography (ERT), a multi-electrode technique to
estimate subsoil geoelectrical properties that allows mapping
of the vertical and lateral resistivity variation of the subsoil [8,
9]. The scope of ERT investigation is conditioned by the
electrode configuration, electrode spacing, signal-to-noise
ratio, and algorithm used for inversion [10]. In addition, the
subsurface resistivity differs over a wide range and is
determined by factors such as water content and interstitial
spaces [11].

On the other hand, the Multichannel Analysis of Surface
Waves (MASW) method allows for obtaining the stiffness of
subsurface materials (i.e., cohesive or non-cohesive) based on
seismic shear wave velocities (Vs) [4, 12]. In coastal areas,
where sediments can be coarse and heterogeneous, MASW
helps characterize the base of the aquifer and the transition to
less permeable formations [13, 14].

In scientific literature, there are examples of combining
geophysical methods to improve the subsurface interpretation
because the ERT values depend on the type of material and its
saturation [15]. Geophysical studies need to be complemented
with additional information, such as data, to achieve a more
accurate interpretation [16], for example, in the Kosti
savannah (Sudan), which integrates electrical resistivity,
seismic refraction, and gravity methods for groundwater
projects [3]. Another case is the city of Adra in southern Spain,
where the aquifer geometry was defined using geological
information background and implementation of geophysical
techniques (MASW and Ground Penetrating Radar (GPR))
[17]. Therefore, geoelectrical and geophysical techniques are
adequate and reliable for conceptualizing a geological model
for groundwater modelling [18].

Water scarcity is challenging in many countries, including
Latin America [19]. In Ecuador, water is acquired from both
underground (53.4%) and surface sources (46.6%) [20]. In
rural communities, hydrogeological research facilitates the
identification of ideal locations for drilling wells and planning
strategies to ensure sustainable exploitation [21].

In rural areas, such as the "Pampa del Guasmo" (Yaguachi-
Ecuador), the dependence on shallow artisanal wells reflects a
lack of adequate hydrogeological studies and increases
vulnerability to increasing water demand. The research gap
lies in the absence of correlation and comparison of multiple
methods in rural contexts, which limits informed decision-
making.

Therefore, this study seeks to answer: How can integrated
geophysical methods improve the selection of groundwater
drilling sites in alluvial environments?

The main aim is to determine areas with greater water
saturation by applying ERT methods complemented with
MASW+MAM  (Microtremor  Array  Measurements)
information to establish feasible areas for drilling to meet the
rural community's water needs. This approach seeks to
contribute not only to the sustainable development of the
region but also to the generation of knowledge that supports
future research in similar contexts.

1.1 Study zone and hydrogeological setting

The study area is located on Ecuador's coast in the Yaguachi
canton, Guayas province (Figure 1). The climate is semi-
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humid tropical mega thermal [22], with temperatures varying
from 25 to 26°C. The average annual precipitation is between
800 and 1300 mm [23].

The "Pampa del Guasmo" area is bordered to the north by
the Chimbo River and to the south by the Mojahuevo estuary
and the Bulubulu River (Figure 1(b)). The surface currents of
these water bodies run from east to west and flow into the
Guayas River.
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Figure 1. Location map (a) Guayas Province, Ecuador; (b)
San Jacinto de Yaguachi canton; (c) Profile ERT-L1; (d)
Profile ERT-L2, MASW, MAM and exploratory well

The geological units of the area comprise a basement of
basaltic rocks corresponding to the Pifidn Formation, which
represents the ancient ocean floor. The Cretaceous Cayo
Formation overlies this unit, made up of sandstones,
graywackes, lutites, and, more commonly, argillites of gray,
green, or tan color [24]. Finally, on top of these units are
quaternary deposits that constitute the current soils [25]. These
alluvial deposits form flat and wavy levels with meanders and
abandoned channels composed of clays and silty clays. There
are also marine clays from an estuarine environment, which
have developed in flood zones typical of river system mouths,
creating deltas from the sedimentation of clayey, silty and
sandy materials [26].

2. MATERIALS AND METHODS

This study used geophysical techniques (geoelectric and
complemented with refraction seismic data) as quantitative
methods for exploring groundwater in a rural area. This
geophysical information was compared, correlated, and
interpreted qualitatively and quantitatively with the
watershed's geological data and natural conditions. The
procedure focuses on designing a correlation scheme that
systematically integrates the available information to identify
areas of interest for aquifers. The methodological process is
summarized in Figure 2.

2.1 Phase I: Planning primary exploration sites

Phase I includes reviewing topographic,
hydrological-hydrogeological, and

geological,
geomorphological



information available at the Military Geographic Institute
(IGM) [27], reports from public institutions of the canton [28,
29], and scientific works that allow us to understand the
context at a regional and local scale.

The data collected were corroborated in the field, leading to
the execution of proposals for preliminary geophysical survey
lines considering 1) accessibility, ii) length, and iii) orientation
to have a preferential direction towards the tributary rivers and
streams that discharge into the Taura and Babahoyo Rivers.
Once the preliminary geophysical prospecting lines were
selected, a geophysical exploration campaign was planned for
the points established in the study area (Table 1).

Planning primary
exploration sites

Identification
of potential areas for the
application of geophysical
methods

Review of
cartographic
information

Inspection of the study
area

Indirect methods

methods Analysis of Surface Waves (MASW)
Direct method —{ Lithological analysis by drilling

Elaboration of
geoelectrical profiles

Interpretation and
correlation of
methods

geophysical and
geoelectric
profiles

Determination of potential

Execution of
geophysical Microtremor Array Method (MAM) and Multichannel
groundwater zones }

‘ Development of

Figure 2. Methodological scheme applied for the
delimitation of potential groundwater zones

Table 1. Geographic coordinates of the ERT profiles

Length Spacing Coordinates

Profile

(m) (m) Initial Final
X:653563.0  X:653398.0
L1 200 5 v.o7520450 Y:9753064.1
L 250 6 X:6529604  X: 652776.7

Y:9752146.2 Y:9752298.0
Note: 1. X = east coordinate; 2. Y=north coordinate; 3. Datum=World
Geodetic System (WGS) 1984 Universal Transverse Mercator (UTM)-Zone
17S

2.2 Phase II: Execution of geophysical methods

2.2.1 Electrical resistivity tomography

The first ERT was the L1 profile with a SE-NW orientation,
200 m length, and 5 m spacing (Figure 1(c)). In the L1 profile,
the Schlumberger and Wenner configurations were selected.
Then, stainless steel electrodes were installed, verifying they
were buried a little more than 2/3. A 12V battery and ABEM
Terrameter LS equipment [30] were used. The L2 profile was
constructed 1 km south of the L1 profile (Figure 1(d)). It had
a SE-NW orientation, and the established electrode
configuration was Wenner and Gradient, with a length of 250
m and 6 m spacing.

The Schlumberger method was selected in this study
because it allows for better lateral resolution and greater
penetration [31]. This contrasts with other configurations,
such as the dipole-dipole array, where the signal is reduced
because its electrodes are further apart, decreasing the depth
capacity [32]. Additionally, the gradient array was applied for
a good vertical resolution [33] and helped quickly process a
higher data density [34]. The study also used the Wenner array
because it has a better signal-to-noise ratio [35]; it is highly
effective in horizontal structures and is a basis for all
arrangement configurations [36].
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2.2.2 MAM and MASW seismic methods

This study applied the MAM test, which allows the
acquisition of shear wave velocity data using various two-
dimensional instrumental arrangements, such as cross, L,
triangle, or circle [37]. The configuration consisted of 12
seismic receivers (geophones) geometrically arranged at a 90-
degree angle in an “L” shape (Figure 1(d)).

The MASW geophysical method used 12 linearly arranged
geophones, maintaining the exact initial coordinate of the
MAM test at one end of the geometrical array (Figure 1(d)).
The data obtained from both methods were processed and
combined using Seislmager software [38] and subsequently
placed in Excel for better visualization. The combination of
these MASW+MAM seismic methods allowed us to obtain S-
wave velocity (Vs) profile based on changes in the dynamic
properties of the materials [35]. The average evaluation depth
ranged from 50 to 80 m, indirectly determining the subsurface
stratigraphy at one point.

2.2.3 Lithological analysis by drilling

The absence of outcrops in the sector and the lack of
information generated the need to conduct a 15 m exploratory
drilling to correlate with the developed geophysical methods
(Figure 1(d)). A pool with drilling mud was designed for
circulation in the rods [39], favoring the lubrication of the drill
bit and rotation [40]. The drilling equipment had a trailer-type
machine with a 5 m chassis and an 8 m drilling tower, a 4.5 m
kelly, 3" by 3 m long drilling rod and a 7" fin-type drill bit.

To obtain the cuttings, a mark was made on the drill rod
every meter. These cuttings were then stored in plastic bags
labelled with the sample number and depth. This process was
repeated every meter for up to 15 m. The samples obtained
from the drilling test were extracted for subsequent
granulometric analysis. Although the ERT profile reaches
depths of approximately 50 m, the borehole depth was
strategically selected based on resistivity contrasts in the
layers (Layer 1 and 2), allowing the validation of lithological
transitions inferred from the ERT section and S-wave velocity
profile. A 15 m drilling also represents a cost-effective
solution that balances data quality and operational viability.

The first stage of granulometry was carried out based on the
American Society for Testing and Materials ASTM CI117
(2004) [41] standard, which determines the amount of fine
material that passes through a No. 200 sieve (0.075 mm) by
washing. The second stage was carried out based on the ASTM
C136 (2006) [42] standard to obtain the distribution and size
of the fine and coarse aggregates by sieving.

2.3 Phase III: Development of geophysical and geoelectric
profiles

The data obtained from wave velocities, depth, and density
are plotted in a table, and a graph of S-wave velocity in m/s vs.
depth was obtained. This graph constitutes an indirect
representation of the subsoil with stiffness values that vary
along the soil profile [43, 44] and facilitates the drilling
process's planning. To interpret the shear wave velocity vs.
depth graph, Technical Standard E.030 [45] was used as a
reference, classifying soil profiles into five types, as detailed
in Table 2.

AGI EarthImager™ 2D software [46] was used to invert the
apparent resistivity data of the ERTs. The results were
interpreted based on the resistivity range of Gunn et al. [47]
and Reynolds [48] (Figure 3). Additionally, the damped least-



squares inversion algorithm was used because it controls the
relation between the data fit (Root Mean Square (RMS)) and
the level of detail obtained in the profile [49].

Table 2. Description and type of each profile according to
the Technical Standard E0.30 (2016) [45]

Profile Type Description
Healthy rocks with Vs greater than
So Hard Rock 1500 m/s.
Rocks with different degrees of
S Very Rigid fracture, homogeneous massifs, and
1 Rocks or Soils very rigid soils with Vs values
between 500 m/s and 1500 m/s.
s Intermediate Moderately rigid soils with Vs
2 Soils values between 180 and 500 m/s.
. Flexible soil with Vs less than or
53 Soft Soils equal to 180 m/s.
Exceptionally flexible soils and sites
s, Do esbegmigelad
4 Conditions pograp

particularly unfavorable; a specific
study of the site is required.

Finally, the lithological and percentage particle size profile
were obtained using the Strater 5 software, and the results of
the geoelectrical pseudosections were correlated.

3. RESULTS AND DISCUSSION
3.1 Results of applied geophysics

3.1.1 Resistivity sections

The ERT-L1 profile reached a depth of 40 m. The
Schlumberger array obtained an RMS of 2.77%, and its
resistivity limits range from 1.4 Q.m to 70 Q.m. The Wenner
array presented an RMS of 2.08% with resistivity values from
3.5 Q.mto 56.9 Q.m (Figure 3).

In this profile, three layers were identified. The high
resistivity values (10.5-70 Q-'m) in the upper layer (Layer 1)
suggest the presence of sand lenses within a clayey sand

environment with low moisture content. Its lower boundary is
interpreted as the water table, located at approximately 9 m
depth. Layer 2 has low resistivity values (around 4 Q.m),
which is interpreted as saturated clayey material with an
inhomogeneous distribution. Its thickness was varied from 10
to 20 m. Layer 2 is associated with that observed in another
study [50] that established a 1-10 Q.m range for saturated clays.
Layer 3 exhibited 11 Q.m values associated with sandy
material interbedded with clayey sediments. Owing to the
overlying clay layer, it may be interpreted as a semi-confined
aquifer. This layer is situated at depths ranging from 19 to 29
m and thus presents a variable thickness.

The Schlumberger array was more sensitive to lateral
(horizontal) changes than the Wenner array. A comparison of
these arrays is evident near 103 m in the profile length, making
Layer 2 more noticeable. This agrees with the results of Basri
et al. [51], who mentioned that the Schlumberger distribution
is superior in detecting lateral resistivity inhomogeneity
compared with Wenner.

The ERT-L2 profile reached a depth of 50 m. The gradient
array obtained an RMS of 1.48%, and its resistivity limits
ranged from 1.0 Q.m to 841 Q.m. The Wenner array exhibited
an RMS of 4.42%, with resistivity values ranging from 2.1
Q.m to 991 Q.m (Figure 4).

In this profile, three layers similar to the ERT-L1 profile
were identified with variations in the thickness of the layers;
the high resistivity values (approximately between 150-990
Q.m) distributed along the upper layer (layer 1) are interpreted
as sand lenses in a sand clayey environment with low humidity,
and its lower limit is associated with the water table at a depth
of approximately 13 m (Figure 4A-B). Layer 2, with low
resistivities (1-4 Q.m), suggests a saturated clayey material
distributed in large clay bodies and its thickness varies from
20to 26 m. Layer 3, with values around 10 to 30 Q.m is located
at approximately 40 meters with an undefined thickness and is
probably made up of silty clay sand with gravel saturated with
fresh water, close to the values found by Galazoulas et al. [52]
who attributes a range of 15-40 Q.m for coarse-grained
sediments saturated with fresh water. Because of the clay layer
that covers it, it could be a semi-confined aquifer.
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Figure 3. ERT-L1 profile (A) Schlumberger array, (B) Wenner array
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Figure 4. ERT-L2 profile (A) Gradient array, (B) Wenner array

An investigation that sought to map the subsurface in an
alluvial fan [53] identified a similar pattern, showing a
gradation of resistivity that decreases with depth, with the
difference that it establishes the surface layer as boulders and
gravel (>100 Q.m), followed by sand lenses, and consequently
a thick layer with a high clay content.

3.1.2 Surface wave tests

Figure 5 shows the shear wave velocity profile. Four levels
were evident along a depth of 55 m, reaching values of 610
m/s. The gradation of the S-wave velocities varied from 300
to 610 m/s, indicating that the material progressed from soft to
very stiff soil, characteristic of a sedimentary environment.
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T
: Intermediate
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el -
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=
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Rock or Very
S1 Rigid Soils
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Figure 5. Shear wave velocity profile
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3.2 Interpretation and conceptual model of the aquifer
system

3.2.1 Granulometric analysis

Figure 6 shows the macroscopic description and particle
size distribution in each meter up to a depth of 15 m. In the
first few meters, silty sand was identified with a gradient from
dark to light brown; in the range from 4 to 7 m, the most
significant amount of sand was found with a transition from
fine to medium texture, where the highest peak was 96.32%
between 4 and 5 m. From 7 m to 13 m, a transition from
medium to coarse sand was evident with increased clay
content. Finally, in the last two meters, a more significant
proportion of clay was present with coarse sand, and the
percentage of gravel reached 9.15% at 14 m.

Particle Size
| Distribution (%)
o | . |

Depth
(m)

Macroscopic

Lithology description
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Dark brown silty sand.

o

@
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&

S

Dark gray medium sand with
brownish tones.

-

Gray medium sand with brownish
tones. Light brown clay.

Gray medium sand with brownish
tones. Gray and light brown clay.

©
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1; :'; sand E,"',_‘ silty sand

Legend (PSD %)
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Figure 6. Lithological profile based on granulometric
analysis and macroscopic description



3.2.2 Correlation of geophysics with drilling data

The resistivity sections obtained were compared with the
lithological information derived from drilling to validate the
geophysical results. It was observed that the resistivity
changes in the ERT-L1 and ERT-L2 profiles coincided with
the lithological transitions detected in the drilling, evidencing
the presence of a water table between 9 and 13 m depth.

The upper layer identified in the ERT profiles is
characterized by high resistivity values of 26-70 Q.m in profile
L1 (Schlumberger configuration) and 156-841 Q.m in profile
L2 (Gradient configuration), which correspond to sandy strata
detected in the first meters of the borehole. The intermediate
layer of low resistivity coincides with the area of high
proportion of clay identified in the borehole, confirming its
impermeable character. The third layer, with slightly higher
resistivity, is associated with gravel and silty clay sand,
suggesting the existence of a semi-confined aquifer.

The ERT-L2 profile showed a strong correlation with the
seismic methods and drilling because of the proximity of the

SE
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Clayey
deposit

"
2
<

139
1

studies (Figure 7). The MAM+MASW test showed a decrease
in shear wave velocities between 3 and 8 m, which presented
similarities in thickness and depth with the lithological profile
from 4 to 7 m and the ERT-L2A profile between 3 and 6 m.
The drop-in shear wave velocities (130 m/s) refer to soft soils
with low stiffness and a tendency to deform under external
loads. The lithological profile showed that in this depth range,
medium to fine, clean, loose sands were found; the ERT-L2A
profile showed resistivities of 213 to 991 Q.m, corresponding
to dry sandy soil. Based on the correlation of these methods, a
dry, clean sandy stratum was confirmed between depths of 3
and 8 m.

Furthermore, the Gradient electrode array performed better
than the Wenner array in superimposing the information,
coinciding with the other applied methods (Figure 7). Thus, it
is suggested that the gradient electrode configuration offers
higher spatial resolution and penetration depth than the
Wenner array [36].
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Figure 7. Correlation of applied methods

The selection and integration of the methods used validate
the results and highlight their importance for estimating
aquifer zones in an alluvial environment (Table 3). For
example, a study carried out in southwest Portugal [18]
integrated the MASW and ERT to define an alluvial aquifer,
obtaining favourable results when combining both methods.
These methods were used to conceptualize geological models
and model groundwater flow. This finding reinforces the
reliability of the techniques used, validating their application
in future studies of alluvial environments.

3.2.3 Conceptual diagram of the aquifer system

These results allowed us to define the two types of aquifers.
An aquitard (layer 2) located between 9 and 13 m depth
presents variable thicknesses and heterogeneous distribution,
possibly due to the action of water when infiltrating the ground,
washing the material from the first layer, and carrying the
clayey material to this layer in a process known as eluviation.
The semi-confined aquifer (layer 3) is located between 19 and
29 minthe ERT-L1 profile, and at 40 m in the ERT-L2 profile,
it presents a variable thickness and is interpreted as a sand
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clayey material (Figure 8).

Table 3. Comparison of the information obtained from the
methods used

Laver Depth Interpretation Drilling
y (m) ERT MASW/MAM _ Description
Silty sand
sand lenses .
in a sand ) and fine to
1 0-13 Soft Soils coarse sand
clayey i
. with some
environment
clay
Clay with
clayey- . coarse sand
2 13-40 saturated Interm_edlate and some
. Soils
material gravel (up
to 15 m)
silty clay
3 >40 sand with RO.Ck. or Very Not reached
gravel Rigid Soils
saturated

Note: The information for "ERT Interpretation™ was based on data obtained
from ERT-L2A.
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Figure 8. Conceptual diagram of the aquifer system

3.2.4 Limitations and future studies

This study allowed us to delimit aquifers in an alluvial
environment by combining geophysical-geological tools and
data validation with exploratory drilling, confirming the
effectiveness of the geophysical methods used to identify
potential groundwater zones. However, studies on water
quality [54], such as physicochemical and biological
parameters, are essential. These water analyses will allow us
to evaluate and compare the current regulations for domestic
and agricultural use.

In addition, it is recommended that 3D ERT modelling be
carried out by developing additional 2D ERTs in the study area
that allow detailed visualization of the aquifer's geometry,
location of critical or vulnerable points to overexploitation and
contamination, and delimitation of protection areas for its
recharge.

3.2.5 Social and environmental implications of groundwater
geophysical exploration

The drinking water supply in Ecuador covers 92% of the
population and sanitation covers 86%. However, in the rural
sector, the problem lies in the availability of this resource and
its quality assurance [55], an aspect that relates to the Sixth
Sustainable Development Goal which aims to ensure the
availability and sustainable management of water and
sanitation for all [56].

This study identified potential groundwater areas in the
rural areas of the Ecuadorian coast, promoting improved water
access to populations with significant needs for this resource.
Guaranteeing equitable access to water for all communities
[57] and providing water resource management and
conservation training is vital.

Geophysical exploration is a noninvasive method that
minimizes environmental impacts. Implementing strategies
that ensure biodiversity conservation and sustainable
management of water resources by applying available and
applicable geophysical techniques is the path to the water
sustainability.

4. CONCLUSIONS

This study identified water-saturated zones beginning at 9
m (ERT-L1) and 13 m (ERT-L2), overlying semi-confined
aquifers at greater depths. The first aquifer level constitutes the
water source for the rural community's artisanal wells. The
third layer of ERT-L1 suggests the presence of saturated sandy
clay deposits with freshwater at depths of approximately 18
and 28 m, considering thicker deposits feasible for future
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drilling.

The increase in resistivity gradation with depth suggests the
possibility of identifying an aquifer with better characteristics
at a depth of 50 m. These results confirm the importance of
integrating multiple methods to reduce uncertainty and
improve hydrogeological characterization. Therefore, this
methodology can be adapted to similar alluvial environments
for groundwater exploration.

In addition, this analysis recommends future drilling at a
depth of 26 m at 103 m of the ERT-L1 investigation line and
a depth of 60 m at 87 m of the ERT-L2 profile because of its
continuity towards the semi-confined aquifer and its avoidance
of excessively clayey soils. These findings contribute to the
planning of strategic drilling aimed at meeting the water needs
of rural communities in a sustainable and efficient manner.
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