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Abstract: In this research, a hydraulic characterization of a 14 km segment of the San Pedro River,
flowing through the center of the Aguascalientes Valley, was conducted. More than 50 years of
flow measurement records were processed to obtain daily flows during dry and rainy seasons.
Through geospatial analysis, areas with hydraulic retention, influenced by the region’s topography
and sediment accumulation during the flood season, were identified. Similarly, the digital map
of geological surface features revealed that some of these structures spatially coincide with these
retention areas. Later, potential hydraulic connectivity between the surface and the aquifer were
evaluated in the identified hydraulic stagnation areas (HSAs) using vertical electrical soundings
(VESs). Finally, through an experimental process in which water collected from the San Pedro River
flowed through a device filled with surface soil taken from the retention areas, the potential retention
of pollutants by the local soil was evaluated based on toxicity tests using the monogonont rotifer
Lecane papuana. The findings suggest the presence of three hydraulic stagnation areas (HSAs) in the
examined section of the river, with one of them intersected by a surface discontinuity. According to
the results of the VES, the water table beneath the HSA varies between 70 and 90 m in depth. Further
analysis of the vertical electrical sounding (VES) results suggests the presence of vertical hydraulic
connectivity between the San Pedro River and the local aquifer in the hydraulic stagnation areas
(HSA). This is indicated by the identification of low-resistivity strata associated with highly saturated
soil above the water table, as measured in the adjacent pumping wells. Additionally, the experiments
involving the device filled with soil showed a reduction in water toxicity (ranging from 12 to 40%)
as the San Pedro River water flowed through a 1 m column of local near-surface soil. The results of
this experimental work suggest that the soil acts as a natural filter for contaminant transport under
conditions in time and space similar to those of the experiment. However, there is still a significant
research niche in conducting an experimental campaign in terms of hydrogeochemistry to obtain
more specific results.

Keywords: vertical hydraulic connectivity; vadose zone; vertical electrical soundings (VES); toxicity
tests
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1. Introduction

In recent years, in many areas around the world, the transport of pollutants through
the vertical connectivity between surface water and aquifers as a consequence of human
activities has become a critical issue. This is due to the increase in population, industry, agri-
culture, and livestock [1-3]. Indeed, some phenomena serve as continuous warnings about
the deterioration resulting from the improper use of water and other natural resources,
although certain issues may necessitate more in-depth investigation for their detection. In
the majority of instances, the adverse effects of pollution on both surface and underground
hydrological systems are primarily attributed to urbanization processes [4-7]; this is be-
cause the incursion of infrastructure modifies the natural hydrological conditions of a river,
for instance, with the construction of dams, spillways, sewage discharges, or dikes, among
others [8-10].

The hydrological and environmental characteristics of rivers and streams are integrally
linked to their respective hydrographic basins; therefore, potential disruptions may have
negative direct impacts on runoff not only in the magnitude of the flow but also in the
duration of its occurrence as well as the quality of the flowing water. Naturally, these
parameters are controlled by the volume and intensity of the precipitation, the infiltration
into the subsoil, and evaporation and plant transpiration [11-13].

In this regard, to study the vertical connectivity between natural surface currents and
aquifers, there exist several investigations, such as those on vertical aquifer recharge, for
instance, Hernandez-Marin and collaborators [14] who in 2018 analyzed the spatial and
temporal distribution of recharge of the semi-arid Valley of Aguascalientes, and the role
played by the surface drainage network of rivers and streams, among other factors. On
the other hand, to analyze the current problems of contamination in underground water
resources, modeling the flow regime of the aquifer system is one of the most recurrent
processes, since its results permit the evaluation of the dynamic behavior of water in
different scenarios, especially at a regional scale. In this regard, Guzman-Colis et al. [15]
evaluated the spatio-temporal variation of concentrations of organic matter, nutrients,
organic toxins and coliform organisms, and heavy metals in the San Pedro River, state of
Aguascalientes; this was carried out by performing a geochemical characterization of a river
section of approximately 90 km. This section of the river receives the hydraulic contribution
of 24 tributary streams and close to 96% of the treated and raw wastewater generated by
the various productive sectors. On the other hand, Hernandez-Marin et al. [14] investigated
the transit flow times through the vadose zone of the Aguascalientes Valley using the
Richards equation. In that work, the estimated transit times of flow were presented as
a map of isocurves of recharge time, analyzing lithological, geological, and geophysical
information [16,17] Recently, other studies related to the exploration of vertical connectivity
such as Pacheco-Guerrero et al. [18] coupled hydrological and hydraulic models in a 2D
numerical model to estimate hydraulic losses due to infiltration in a river, which belongs to
Walnut Guch Watershed in the states of Sonora Mexico and Arizona U.S.A.

Most of the previous studies focus on the analysis of surface variables of infiltration
losses and characterization of surface water; therefore, it is important to understand the
hydraulic response of the subsoil and its role in the process of transporting polluting fluids.
Thus, the main objective of this work is to contribute to the understanding of the hydraulic
relationship between surface water and aquifer interaction through the vadose zone on
the Aguascalientes Valley since groundwater is the main source of supplying water in the
valley. The main tools of this study are applying hydraulic modeling and vertical electrical
soundings on the banks of a natural river.

2. Materials and Methods
2.1. Characteristics of the Study Area (Aguascalientes; Mexico)

The study area is located in a suburban region adjacent to a tributary of the San Pedro
River, within the Lerma-Santiago hydrological region, which covers several states in west-
ern Mexico. The river originates in the Sierra de San Pedro, Zacatecas State, and primarily
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flows from north to south through the State of Aguascalientes [15]. It serves as a seasonal
natural watercourse within the heart of the Aguascalientes Valley. For our research, we
chose a 14 km stretch of the river, which partially irrigates approximately 50 communities
and six municipalities, including the city of Aguascalientes (see Figure 1). This section
plays a vital role, benefiting up to 80% of the state’s population and serving as a critical
resource for various industries, including textiles, clothing, food processing, automotive,
and electronics [19]. The substantial extraction of groundwater from the Aguascalientes
Valley aquifer, which underlies the San Pedro River, has resulted in fissures associated
with subsidence [20-24], elevating the risk of groundwater contamination through direct
infiltration of surface water through these ground discontinuities. Furthermore, various
studies [25,26] have indicated the absence of a base flow in the river, with approximately
96% of the city’s wastewater discharged into it. As a result, the river is contaminated with
pollutants such as organic matter, total phosphorus (Pt), total nitrogen (Nt), detergents
(SAAM), and heavy metals (Al, Cd, Cr, Fe, Hg, Pb, and Zn). It also exhibits high toxicity in
approximately 60% of the water samples.
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Figure 1. Description of study area inside the state of Aguascalientes, in central Mexico. (A) It is
the general map of Mexico, (B) is the map of the state of Aguascalientes, located in the center of the
country, where, in addition to showing urban areas, elevations are indicated, and there is zoning
of the most relevant urban localities. (C) is the city of Aguascalientes with its natural drainage
network, highlighting the San Pedro River, (D) shows the delineation of the river characterized in
the methodology.

2.2. Methodology

The activities conducted to fulfill the scope of this research were categorized into
four main stages, each comprising various methods and techniques, as described below.
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1. Geospatial stage: We selected the analyzed stretch of the river and its hydrologically
influenced area due to the presence of disturbances associated with the aforementioned
human activities. During this stage, we employed geospatial analysis conducted within the
QGIS software, v 3.32.1 utilizing digital elevation models and their vector-geoprocessing
tools. The primary features identified in this stage encompass the drainage area, the
slope of the main river, vegetation cover, land use, and the locations of climatological and
hydrometric stations, among others.

2. Hydraulic stage: The adjustment of hydrometric data was conducted using the
methodology of Hydrological Alteration Indicators (IHAs), as described by The Nature
Conservancy [27,28]. This methodology proved particularly valuable in obtaining daily
flows, enabling us to estimate the base flows occurring in seasonal streams like the San
Pedro River [29]. It is worth noting that, while this river is classified as seasonal under
natural conditions, it maintains a perennial flow due to wastewater discharge, as previously
mentioned. To determine the baseflow, we utilized the database from the Niagara Dam
hydrometric station, situated downstream of the study area. We processed the topography
of the study area, and with the hydraulic measurements obtained, we delineated a section
of the analyzed river to conduct a one-dimensional model of the average monthly flow. This
allowed us to identify the hypothesized hydraulic stagnation areas (HSAs)—surface areas
with a higher likelihood of hydraulic vertical connectivity with the aquifer. To accomplish
this, we used the HEC-RAS v.5.0.7 program in conjunction with the RiverGIS plugin in
QGIS v 3.32.1, employing 2D modeling. The result is presented in Figure 2.
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Figure 2. Description of the study area and the San Pedro River in Aguascalientes city. The river
branch colored in green in the figure corresponds to the approximately 14 km long portion analyzed
in HEC-RAS, which includes cutlines, stream centerlines, and upstream and downstream points.
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3. Geophysical stage: This stage involved conducting vertical electrical soundings
within the hydraulic stagnation areas (HSAs) to establish a stratigraphy, supported by
lithological records obtained from nearby pumping wells, from the static water level
extraction database of the Veolia operating entity in Aguascalientes, supplemented with
records from wells directly owned by the National Water Commission (CNA) [30] in Mexico.
To achieve this, the Schlumberger arrangement was employed, offering the advantage
of greater electrode spacing, as illustrated in Figure 3. Terrain resistivity models in 1D
were generated from the field data through direct modeling using the IPI2ZWIN v. 3.0.1.
software [31,32].

A M N B
———
MN/2 MN/2
AB/2 ’ AB/2

Figure 3. Descriptive scheme of the VES methodology such as that applied in this study. The
arrangement of the VES consists of four electrodes arranged in an A, M, N, B sequence, in which
readings of resistivity are taken by moving the A and B electrodes to a certain distance that changes
according to the desired depth to be explored, while M and N remain fixed.

Following the identification of the primary hydraulic stagnation area (HSA) in the
hydraulic stage, various vertical electrical soundings (VESs) were conducted in this area
to examine potential vertical subsurface flow patterns. The Schlumberger arrangement
was employed with AB/2 spacing of 2, 4, 10, 20, 30, 50, 70, 100, 150, 200, and 300 m. This
specific arrangement was necessary to reach a depth of at least 100 m, where the water
table is typically located, as mentioned earlier. All VES field data were modeled with the
minimum number of strata until the error did not exceed 10%.

4. Hydrogeochemical stage: Soil samples were collected from points adjacent to
the hydraulic stagnation area (HSA), and the general soil type was determined using
the sieve technique. These samples were then incorporated into a device, as depicted
in Figure 4, to conduct toxicity tests. These tests were carried out using the test species
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Lecane papuana (Rotifera: Monogononta) [33]. The toxicity tests on water samples aimed
to assess the concentration and exposure time of chemical substances that have adverse
effects on aquatic organisms, providing valuable data for risk assessment. Approximately
nine water samples were obtained from the San Pedro River within the HSA, with each
sample containing roughly 10 L of water. These samples were introduced into the device
to evaluate the local soil’s capacity to retain or transmit toxicity from the water. This
evaluation involved estimating the difference in water toxicity before and after passing
through the device filled with soil. While these tests may not offer conclusive evidence
regarding the soil’s ability to retain toxicity, they do provide insights into the pollution
process from the San Pedro River to the aquifer.

Water tank, which works by gravity

\

Observation Points

Soil column, 4" diameter
acrylic pipe

Tank inlet for pump operation

Figure 4. Scheme of the experimental device for toxicity tests.

3. Results

The results of the four stages developed in this work are mentioned below.

3.1. Geospatial Stage

This stage involved the analysis of data from the basin and sub-basin of the study
area, along with data concerning the flow of the San Pedro River. The sub-basin that
encompasses the study area is referred to as the San Pedro River sub-basin and covers an
approximate area of 198 km?. Base daily flows were determined for both dry and rainy
seasons by processing more than 50 years of flow records from the “El Niagara” dam
hydrometric station. This analysis yielded daily flow rates ranging from 156.8 m>/s to
364.4 m3/s, with an average annual flow of 232.7 m3/s.

3.2. Hydraulic Stage

During this stage, the hydraulic stagnation area (HSA) and the sediment accumulation
associated with the flood season were identified. A numerical model was developed for all
the months within the hydrological year (January—December). Additionally, the locations
of discontinuities such as faults and cracks intersecting the river’s flow in areas close to
the HSA were recognized. It is in these intersections that hydraulic connectivity between
the surface and the aquifer is more likely, as the zone affected by an active discontinuity
appears to be more permeable compared to unaffected areas [34-36]. Figure 5 illustrates
these intersections, with at least one discontinuity intersecting the river close to the HSA,
identified as 1 and 2, particularly in the case of 2.
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Figure 5. Distribution of HSA in the river segment of the study. The surface discontinuities (faults
and fissures) are also indicated.

To complement the cartographic analysis and identify potential areas for contamina-
tion through the flow network, groundwater level data from local wells were processed.
This information was used to generate equipotential curves using the inverse distance
weighting (IDW) method, as shown in Figure 6. This analysis revealed the presence of
various drawdown cones within the valley. Based on this assessment, it was observed that
groundwater flow exhibited a preferential direction toward natural underground discharge
zones. In this context, these discharge zones include rivers and streams with static levels
ranging between 90 and 110 m in depth.
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Figure 6. Map with isolines of water-level decline in the study area with varying contour intervals.
The numbers adjacent to the lines indicate the depth of the groundwater levels in meters.

3.3. Geophysical Stage

Following the identification of the primary hydraulic stagnation area (HSA) in the
hydraulic stage, a series of vertical electrical soundings (VESs) were conducted to pinpoint
zones with low resistivity at depth. These zones were then correlated with areas with a
potentially high water content, ultimately associating them with a possible hydraulic con-
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nection between the San Pedro River and the aquifer. To achieve this, VESs were performed
for each HSA using the Schlumberger arrangement with the following AB/2 spacings: 2, 4,
10, 20, 30, 50, 70, 100, 150, 200, and 300 m. This specific arrangement was essential to reach
a depth of at least 100 m, where the water table had been observed in nearby pumping
wells. The locations of the VESs are depicted in Figures 6 and 7, while the results of their
analysis can be seen in Figures 8 and 9.
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Figure 7. Cont.
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Figure 7. VES processing. The blue line represents the different strata correlated with the resistivity
curve (ohm/m) of adjustment that is observed in the red line. The interpretation of the graphs can be
visualized in Figure 10.
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Figure 8. Vertical electrical profile along the San Pedro River, based on the resulting information of
the four VESs.
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Figure 9. Correlation of VES results with the stratigraphy described in the nearest pumping well.

Notice that the scale of depth in the lithologic column is also logarithmic.
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A-A’ and B-B’ represent cross-sections shown in Figure 11, which is presented later. Extraction levels

are in meters, represented with the same color as the isopiestic lines.
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(A) 098A San Pedro River PO64
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Figure 11. Schematic profile of the process of hydraulic connectivity of the San Pedro River and
the local aquifer. The water table configuration is idealized according to the resistivity results.
(A) Schematic profile A-A’ from well 098A to 064. (B) Schematic profile B-B’ from well 051A to P101.
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The graphs of Figure 8 show a tendency to reduce the resistivity values with depth;
in fact, in all cases, the layer with the lowest resistivity appears between 50 and 72 m. If
these results are compared with the water table depth reported in the neighboring wells
and considering the difference in surface elevation between those wells and the VES zones,
which is less than 25 m, then the observed results suggest that the hydrostratigraphic
layer with low resistivity may represent the hydraulic contact between the HSA with
the saturated zone. Based on the information provided by Lowrie and Fitchner [37], the
hydrostratigraphy below the position of VES 03 and 04 is made up as follows: alluvium
on the uppermost sequence from 0 to 30m, an alternation for sands and clays from 30 to
70 m, and then a very low resistivity strata that may indicate saturated medium. This
hydrostratigraphy is consistent with those found in lithologic records of wells such as those
shown in Figure 10, in which, as depicted, sediments with a relatively high proportion of
fine particles are found close to the 30 m depth. Then, a layer of fractured rock is reported
from 30 to 70 m and the water table was observed close to the 100 m depth.

3.4. Hydrogeochemical Stage

The results in this stage are mainly based on the outcomes from the experimental
device filled with local near-surface soil from the HSA, which after primary tests with
sieves, it was determined that the type of soil collected corresponds to sandy silt. The
differences in toxicity obtained from water before and after passing through the soil device
were very significant, since the level of toxicity decreased after the process, as shown in
Table 1.

Table 1. Determination of lethal concentration (LC) at different levels of probability (1, 10, and 50%
of the total population) toward Lecane papuana (Rotifera: Monogononta).

HAS Influent (%) Effluent * (%)
20.43
LCmn (15.57-25.28) >
30.49
1 (one) LCyp (26.90-34.08) >0
44.01
LCso (41.51-46.52) ~10
30.57
LCo (23.74-37.39) >
40.80
2 (two) LCyp (35.69-45.92) ~10
53.17
LCso (50.14-56.19) >0
5.94
LCo (1.95-9.93) -
3 i 18.19
(three) LCyg (13.34-23.04) 710
LC50 50.74 >100

(33.65-67.82)

Notes: Numbers between parenthesis represent the confidence interval (p < 0.05). * Lethal median concentration
(LC50) was not estimated in the effluent because the mortality of the test organisms was not significant in
comparison to the controls (<5%). Lethal concentrations were estimated with the aid of the package drc in R for
Windows (v4.1.2).

4. Discussion

The methodology and results presented in this study provide valuable insights into the
potential hazards posed by anthropic activities to natural resources, both in terms of surface
and subsurface water quality and connectivity. Furthermore, as demonstrated in this
research, the hydraulic modeling tool used to identify hydraulic stagnation areas (HSAs) in
intermittent rivers proves advantageous in assessing the connection between flood zones
and the process of potential vertical hydraulic connectivity with the local aquifer.



Water 2024, 16, 222

14 of 17

Vertical Connectivity Zones Located between Vertical Electrical Soundings Data and
Hydraulic Modeling

The results from the geophysical stage strongly suggest the existence of vertical
hydraulic connectivity in the San Pedro River area between its HSA and the aquifer. These
findings align with previous investigations [18], which indicated hydraulic losses through
infiltration, where the volume of infiltration depended on the physical conditions of the
soil. In that study, a similar technique was employed to demonstrate hydraulic connectivity
between the surface stream and the aquifer, particularly at depths of 70 to 90 m. With the
information obtained, a correlation was established between areas of low resistivity and
the static water levels recorded in nearby wells. This suggests that the natural drainage
network can serve as a source for aquifer recharge, and vertical connectivity between
surface water and the local aquifer likely occurs in the study area. Table 2 outlines the
main characteristics of the consulted pumping wells used in the creation of Figure 10,
while Figure 11 provides a schematic representation of the hydraulic connectivity process
discussed in this work.

Table 2. Characteristics of the pumping wells in proximity to the study area include their geographical
location, distance to the center of the river, and the topographic difference between the wellhead and
the riverbed at its nearest point.

Distance to San Pedro Topographic Difference between

Well ID X-Coordinates (m) Y-Coordinates (m) River (m) Wellhead and River Bed (m)
002 777,406.524 2,422,221.559 747 .34 12
PO46A 777,550.769 2,425,089.548 742.84 24
PO51A 775,819.371 2,421,726.304 752.45 18
054 777,455.599 2,424 441.877 564.081 21
P057 777,465.116 2,424,075.273 722.02 18
P064 777,114.378 2,425,269.177 505.68 17
066 777,128.345 2,423,937.525 761.82 11
PO66A 776,054.894 2,423,090.543 366.27 6
P067 777,277.225 2,423,465.874 959.28 18
P070A 775,622.989 2,418,917.316 512.16 7
P075 777,136.953 2,418,821.750 993.37 15
P076 776,951.95 2,419,347.070 154.99 8
P079 776,449.643 2,420,869.657 401.01 8
P081 776,287.210 2,427,283.600 420.6 24
P097A 774,914.191 2,423,233.058 576.15 25
P098 775,439.328 2,426,695.966 653.65 18
P0O9SA 775,658.942 2,426,077.059 814.09 10
P101 777,228.210 2,420,943.063 375.5 8
P102 777,600.264 2,423,000.040 917.34 16
P106A 775,682.549 2,419,836.920 540.35 21
P107 775,547.258 2,419,586.371 672.8 25
P113 777,175.527 2,426,679.710 722.4 23
P119A 776,307.278 2,427,673.988 900.3 22
P155 776,677.957 2,420,381.110 154.5 3
P184 775,129.701 2,418,642.189 722.12 23

Table 2 shows the UTM Zone 13N coordinates of the wells that are no closer than
one kilometer, in addition to showing the difference in levels in meters above sea level of
the river axis with respect to the elevation of the well curb. Figure 10 shows that most of
the riverbed section presents a static level close to a 100 m depth, except in the southeast
part, probably due to the lack in wells and records of the nearby wells.

It is worth noting that the equipotential curves suggest the presence of a water table
in close proximity to the areas of low resistivity identified in the geophysical tests, at least
within the study area. Therefore, it is essential to conduct further water quality tests in the
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pumping wells near the natural channels to assess vertical connectivity in other regions of
the Aguascalientes Valley.

5. Conclusions

The results of this research are relevant both locally and globally; the first is due to the
information generated about the potential risk by contamination of groundwater, which is
the main source of supply for the city of Aguascalientes (1.2 million inhabitants), while for
the second, the case study has methodological value that is worth publishing due to the
application of different tools, such as geophysics, water toxicology, and underground and
surface hydrology whose results are integrated in interpretation that provides resolutions
for a complex problem. On the other hand, this research indeed uses techniques that
could be considered routine to obtain data, but both their design, and knowing where and
when and how to apply them is what makes this work go beyond the scope of a simple
technical report.

Moreover, vertical hydraulic connectivity between intermittent rivers and aquifer
systems is plausible at subsurface levels, as evidenced by geophysical tests conducted
in the study area. These tests revealed the presence of low-resistivity strata at a depth
of approximately 70 m. When compared to the observed water level depths in nearby
pumping wells, this suggests the potential for hydraulic contact between the surface and
the aquifer. This hydraulic connectivity was established in all four hydraulic stagnation
areas (HSAs) identified through numerical modeling.

These HSAs contain soil with a high concentration of fine particles, especially silt,
within the first few meters of depth. This characteristic has been confirmed through
lithological records from pumping wells and with the VES method, which identified strata
with low electrical resistivity associated with alternating layers of saturated soil, including
sands, silts, and, to a lesser extent, clays.
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