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ABSTRACT

The development of a deep injection well in a karst environment was carried out to establish an underground
storage system in Galeria Los Elizondo, México, aimed at mitigating drought impacts and strengthening regional
water supply resilience. The research was designed as an applied study integrating topographic surveying, geo-
logical and geotechnical characterization, geophysical investigations, hydrological analysis, and hydrogeological
evaluation to support the conceptual design of the recharge well. The site defined a surface catchment area of 15
x 30 m (450 m?; 0.045 ha) determined through relief and runoff assessment. Geophysical characterization using
magnetotelluric and transient electromagnetic methods identified resistivities ranging from 23 to 270 Q-m within
the upper hundreds of meters, as well as zones with values on the order of approximately 1,000 Q-m associated
with lithological variations typical of karst environments. The hydrogeological assessment considered two strata
with thicknesses of 20 m (K = 100 m/day) and 90 m (K = 10 m/day), parameters used to estimate the conceptual
hydraulic behavior of the system. Piezometric monitoring at four points recorded average static levels of 625.167,
625.017, 620.946, and 612.897 masl (meters above sea level), with an overall mean elevation of 621.007 masl.
Hydrological analysis estimated a maximum surface runoff discharge of 105 L/s and, using adopted temporal
parameters (T = 5.00 min; Tp = 5.24 min), a total event volume of 370.41 m* and an effective transient storage
volume of 40.58 m?. Critical volumes on the order of —4.51 m?® were identified, with an estimated filling time be-
tween 15 and 45 minutes. The integrated process enabled the sequential articulation of the technical components
required to structure a systematic procedure for managed recharge in heterogeneous karst aquifers under complex
geological conditions.

Keywords: aquifer recharge, karst aquifer, injection well, electrical resistivity, hydrological analysis.

INTRODUCTION

The metropolitan area of Monterrey has expe-
rienced recurrent drought episodes during the last
decade that have reduced the availability of surface
water and intensified pressure on regional ground-
water resources. Declining reservoir storage, ir-
regular precipitation patterns, and sustained urban
growth have revealed structural vulnerabilities in
the regional water supply system (Neri & Magana,
2016). Dependence on surface sources exposed to
climatic variability has generated periods of criti-
cal shortage and has renewed interest in alternative

strategies capable of improving water storage and
long-term supply stability. Galeria Los Elizondo is
located within this regional context and faces simi-
lar limitations regarding water availability, regula-
tion capacity, and storage of the resource.

Arid and semi-arid climatic conditions
dominate northeastern México and restrict natu-
ral groundwater recharge. Recharge processes
depend largely on short-duration precipitation
events that generate rapid runoff and irregular
infiltration contributions (Palma et al., 2022).
Increasing domestic and urban demand has pro-
gressively reduced the margin between water
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availability and water consumption. Periods of
drought therefore expose the absence of mecha-
nisms capable of storing water during periods of
greater availability and regulating its use during
deficit conditions. Technical alternatives support-
ed by hydrological and hydrogeological analyses
are required to address this imbalance (Cruz-Aya-
la and Megdal, 2020).

The geological framework of the region cor-
responds to a heterogeneous karst environment
composed primarily of carbonate formations af-
fected by dissolution processes. Karst aquifers are
characterized by fractures, bedding planes, dis-
solution cavities, and preferential conduits that
control groundwater circulation (Cristiano et al.,
2017). The evolution of karst systems produces
complex networks of interconnected voids whose
spatial distribution is highly irregular. Hydraulic
conductivity may vary by several orders of magni-
tude over short distances depending on the degree
of fracturing and conduit development (Hartmann
et al., 2014). Such structural heterogeneity intro-
duces significant uncertainty in the interpretation
of groundwater flow and storage capacity. Local-
ized storage zones and hydraulic anisotropy com-
plicate predictions of aquifer response to recharge
interventions and require careful evaluation of sub-
surface conditions (Goldscheider et al., 2020).

Deep injection recharge has been proposed
as a technical alternative capable of increasing
groundwater storage under controlled conditions,
particularly in structurally complex aquifers. Its
application in karst environments requires de-
tailed characterization of the receiving medium
and the integration of multiple sources of infor-
mation. Surface catchment areas must be defined
through topographic analysis and runoff dynam-
ics. Geological and geotechnical investigations
provide information about lithology, structural
continuity, and ground stability. Geophysical
exploration, particularly magnetotelluric and
transient electromagnetic methods, allows the
identification of resistivity contrasts associated
with lithological changes and structural discon-
tinuities in the subsurface (Binley et al., 2015).
These analyses provide an initial interpretation of
subsurface conditions prior to drilling operations.

Galeria Los Elizondo forms part of the hydro-
logical system that supplies the metropolitan re-
gion of Monterrey, where increasing groundwater
demand and limited recharge conditions have in-
tensified the need for alternative storage strategies
(Stefan and Ansems, 2018). The heterogeneous
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karst structure of the aquifer introduces substan-
tial uncertainty in predicting hydraulic behavior.
Fractures, dissolution features, and preferential
conduits strongly influence groundwater circula-
tion in karst aquifers, making rigorous technical
evaluation necessary before implementing re-
charge interventions (Famiglietti, 2014).

The development of groundwater storage
through deep injection therefore requires deter-
mining whether geological structure, hydrologi-
cal inputs, and hydraulic characteristics of the
karst aquifer allow the implementation of a tech-
nically viable recharge scheme. Such evaluation
involves the analysis of topographic configura-
tion, geological structure, geotechnical condi-
tions, geophysical information, and hydrological
behavior in order to identify suitable recharge
locations and estimate aquifer response. In het-
erogeneous karst environments, where subsurface
flow is controlled by fractures and preferential
conduits, the integration of geophysical charac-
terization with hydrological and hydrogeological
analyses becomes essential to reduce uncertainty
in recharge system performance.

The present research evaluates the conceptual
feasibility of deep injection as an underground
storage alternative in a heterogeneous karst aqui-
fer located in Galeria Los Elizondo under the hy-
drological conditions of the Monterrey metropol-
itan region (Binley et al., 2015). The study pro-
poses an integrated methodological framework
that combines topographic analysis, geophysical
investigation, hydrogeological characterization,
hydrological modeling, and volumetric verifica-
tion of system performance under extreme pre-
cipitation conditions.

MATERIALS AND METHODS

Study area

Galeria Los Elizondo is located within the met-
ropolitan region of Monterrey in the state of Nuevo
Leodn, northeastern México. The area forms part of
a semi-arid hydrological environment character-
ized by high interannual variability in precipitation
and recurrent drought events that affect the avail-
ability of both surface and groundwater resources.
Mean annual precipitation ranges between 500
and 700 mm, with rainfall concentrated primarily
during short-duration convective storms occurring
during the summer and early autumn months.
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The study site is geographically referenced us-
ing Universal Transverse Mercator (UTM) coordi-
nates X=371,283.686 mand Y =2,830,383.684 m,
within a mountainous sector influenced by the
structural geology of the Sierra Madre Orien-
tal. The local relief is characterized by moderate
slopes and carbonate lithologies typical of folded
sedimentary sequences. Surface runoff occurs
episodically during high-intensity precipitation
events, generating concentrated flows along pref-
erential drainage pathways controlled by the local
terrain configuration (Eguiluz y de Antufiano and
Chavez-Cabello, 2022).

The geographic location of the study area
within the metropolitan region of Monterrey,
northeastern México, together with its regional
spatial context, is presented in Figure 1.

From a geological perspective, the region
is dominated by carbonate formations com-
posed primarily of limestone and dolomite,
which have undergone extensive karstification
through dissolution processes. The resulting
subsurface structure contains fractures, bed-
ding planes, conduits, and cavities that create
a heterogeneous hydraulic medium. This struc-
tural complexity produces strong spatial varia-
tions in hydraulic conductivity and storage ca-
pacity within relatively short distances (Moran-
Ramirez et al., 2018).
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Hydrogeologically, the system corresponds to
an unconfined karst aquifer influenced by local re-
charge processes and regional hydraulic gradients.
Groundwater circulation is controlled by fracture
networks and dissolution features that generate
preferential flow paths and zones of enhanced per-
meability. The water table is relatively shallow in
some sectors and deeper in others, reflecting the
structural variability typical of karst systems.

The hydrological regime of the basin is strong-
ly influenced by intense rainfall events associated
with tropical storms and convective precipita-
tion. These events generate rapid surface runoff
that can be temporarily captured and directed to-
ward infiltration systems. Such conditions make
the area suitable for evaluating the feasibility of
managed aquifer recharge through deep injection
wells as a mechanism for enhancing groundwater
storage under drought-prone climatic conditions.

The study was conceived as applied research
aimed at the technical evaluation of an artificial
recharge system through a deep injection well in
a karst environment. It was developed as a single
case study, considering Galeria Los Elizondo as
the unit of analysis, where the structural hetero-
geneity of the subsurface controls the hydraulic
behavior of the aquifer.

The delineation of the area of influence was
carried out through high precision topographic

Legend

- Study area

—— Natural surface runoff

E

N

Figure 1. Geographic location of the Galeria Los Elizondo study area within the metropolitan region
of Monterrey, Nuevo Ledn, northeastern México
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surveying. Surface slopes, runoff pathways, and
effective catchment area were defined. Based on
these data, a digital elevation model was gener-
ated, allowing the establishment of the initial ge-
ometry of the system and the evaluation of sur-
face drainage conditions. The site topography is
presented in Figure 2.

For deep subsurface characterization, an ex-
ploratory sounding was executed to a depth of
800 m. This procedure made it possible to iden-
tify the stratigraphic sequence and estimate pre-
liminary hydraulic parameters. In a complemen-
tary manner, magnetotelluric (MT) and transient
electromagnetic time domain (TEM) studies were
conducted. The records were processed through
numerical inversion to obtain the distribution of
resistivities as a function of depth, which made it
possible to identify lithological contrasts and pos-
sible zones of greater hydraulic connectivity. The
resistivity results obtained from the MT and TEM
surveys are presented in Figure 3.

Hydrogeological characterization included
the estimation of hydraulic conductivity and
transmissivity by strata. Piezometric control
points were installed and static levels were re-
corded over time to establish baseline condi-
tions of the unconfined aquifer, as shown in
Table 1 and Figure 4. In parallel, a preliminary
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hydrogeochemical analysis was conducted to ver-
ify compatibility between the recharge water and
the receiving medium.

Within the hydrological component, pluvio-
graphic records from stations located near the
site. were compiled. The representative station
was selected considering the distance to the ba-
sin centroid and the historical consistency of the
record; subsequently, an analysis was carried out
to obtain the discharges of the study basin. Fig-
ure 5 presents the results from the climatological
station showing the maximum annual precipita-
tion accumulated over 24 hours, in millimeters,
for the study basin.

Extreme precipitation was analyzed using a
GEV-MAX distribution with L-moments imple-
mented in the Hydrognomon software. Table 2
shows the Kolmogorov—Smirnov test results, in-
dicating that this distribution provides the best fit.
Based on this probabilistic adjustment, height—
duration—return period (HP-D-TR) and intensi-
ty—duration—return period (I-D-TR) curves were
generated and used to define the rainfall intensity
corresponding to the adopted return period in the
hydraulic design (Courty et al., 2019), as shown
in Figure 6 and Figure 7.

The HP-D-TR and [-D-TR curves were
developed according to the proposals of Dick
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Figure 2. Site topography
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Figure 3. Electrical resistivity curves and 1D inversion model derived from MT and TEM surveys

Table 1. Location and elevation of monitoring wells (UTM coordinates)

Well Easting (m) Northing (m) Elevation (masl)
P-1 371091.18 2830506.66 632
P-2 371294.04 2830376.64 626
P-3 371428.55 2830265.81 623
P-4 371640.34 2830348.12 616
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Figure 4. Location of monitoring wells

Peschke (Grundmann et al., 2019), which rep-
resent the rainfall depth—duration—return period
and intensity—duration—return period relation-
ships. It is important to note that this approach
is suitable for rainfall durations of less than one
hour. The equation used for its application is
presented in Equation 1.

0.25

m) (1)

Pp = Pyap X (
where: Pd—total rainfall depth (mm), d — duration
(min), P24h — maximum 24-hour rainfall
(mm), intensity is obtained by dividing
the precipitation Pd by the duration.
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The maximum design discharge was estimated
using the Rational Method, integrating runoff coef-
ficient, rainfall intensity, and effective catchment
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Figure 5. Maximum annual precipitation accumulated over 24 hours at the site

Table 2. Kolmogorov-Smirnov test results

Time (vears)

area. Based on this discharge, a hyetograph was
constructed using the Alternating Block method
with uniform temporal discretization, shown in

Distribution a=1% a=5% a=10% Attained a DMax
Normal ACCEPT REJECT REJECT 1.10% 0.18627
Normal (L-moments) REJECT REJECT REJECT 0.44% 0.20203
LogNormal ACCEPT ACCEPT ACCEPT 26.59% 0.11591
Galton ACCEPT ACCEPT ACCEPT 21.38% 0.12206
Exponential ACCEPT ACCEPT ACCEPT 12.17% 0.1366
Exponential (L-moments) ACCEPT ACCEPT ACCEPT 26.38% 0.11614
Gamma ACCEPT ACCEPT REJECT 6.63% 0.1507
Pearson Il ACCEPT ACCEPT ACCEPT 12.34% 0.13626
Log Pearson llI ACCEPT ACCEPT ACCEPT 76.24% 0.07722
EV1-Max (Gumbel) ACCEPT ACCEPT ACCEPT 12.11% 0.13672
EV2-Max ACCEPT ACCEPT ACCEPT 12.63% 0.1357
EV1-Min (Gumbel) REJECT REJECT REJECT 0.01% 0.25614
EV3-Min (Weibull) ACCEPT REJECT REJECT 3.83% 0.16238
GEV-Max ACCEPT ACCEPT ACCEPT 25.59% 0.11702
GEV-Min ACCEPT ACCEPT ACCEPT 12.38% 0.13618
Pareto ACCEPT REJECT REJECT 4.12% 0.16086
GEV-Max (L-moments) ACCEPT ACCEPT ACCEPT 92.49% 0.06327
GEV-Min (L-moments) ACCEPT ACCEPT ACCEPT 44.65% 0.0996
EV1-Max (Gumbel, L-moments) ACCEPT ACCEPT REJECT 9.21% 0.14324
EV2-Max (L-moments) ACCEPT ACCEPT ACCEPT 99.22% 0.04986
EV1-Min (Gumbel, L-moments) REJECT REJECT REJECT 0.01% 0.26238
EV3-Min (Weibull, L-moments) ACCEPT ACCEPT REJECT 8.93% 0.14973
Pareto (L-moments) REJECT REJECT REJECT - 0.41721
GEV-Max (kappa specified) ACCEPT ACCEPT ACCEPT 38.70% 0.10441
GEV-Min (kappa specified) REJECT REJECT REJECT 0.17% 0.21716
GEV-Max (kappa specified, L-moments) ACCEPT ACCEPT ACCEPT 33.34% 0.10914
GEV-Min (kappa specified, L-moments) REJECT REJECT REJECT 0.09% 0.22669
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Figure 6. HP-D-TR curves
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Figure 7. I-D-TR curves

Figure 8, from which the hydrograph was derived.
Temporal integration made it possible to estimate
the total volume associated with the design event.

The hydraulic sizing of the catchment sys-
tem considered the calculation of the maximum
head over the grate, the determination of the re-
quired effective area, and the conveyance capac-
ity using the Manning equation for gravity flow.
The pipe diameter was selected according to the
estimated maximum discharge and the anticipat-
ed operating conditions.

From a geotechnical perspective, the physi-
cal and mechanical properties of the ground were
evaluated to ensure the structural stability of the
well and its associated components. Support con-
ditions and soil behavior under drilling and infil-
tration processes were analyzed.

The structural design of the well included
internal diameter, effective depth, and the se-
lection of materials compatible with the aquifer
chemistry. A safety factor was incorporated in the
estimation of the effective internal area, and the

hydraulically active length and effective transient
storage volume were determined.

Hydraulic performance verification was car-
ried out through a volume-time balance dis-
cretized into uniform intervals. A cumulative
table of inflow volumes, infiltrated volumes, and
associated times was prepared to identify the
point of maximum system demand. Piezometric
records were evaluated using analysis of variance
(ANOVA) in order to verify the statistical consis-
tency of the observed behavior.

Field implementation

Experimental methods were oriented toward
controlled technical procedures suitable for drill-
ing recharge wells in deep aquifers located within
heterogeneous karst environments. In the con-
struction of recharge wells for groundwater sys-
tems, drilling techniques must be adapted to site
conditions in order to ensure operational stability
and long-term functionality of the system.
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Figure 8. Hyetograph by the alternating block method

For drilling operations, a rotary drilling meth-
od was applied, in which drill bits rotate continu-
ously and progressively penetrate the ground. This
drilling technique allows the controlled advance-
ment of the borehole while enabling the removal of
material and the recovery of lithological samples
as depth increases. Rotary drilling is commonly
employed in groundwater exploration because it
allows effective penetration through fractured car-
bonate formations typical of karst environments.

During the drilling process, obstructions en-
countered within the subsurface were removed
through mechanical means that facilitate excava-
tion and maintain drilling continuity. The sound-
ing was carried out progressively in stages, fol-
lowing procedures designed to prevent structural
instability, particularly in fractured zones or sec-
tors where the geological material presents vari-
able mechanical resistance.

Well stability depends on maintaining con-
trolled drilling progression and ensuring that
borehole walls remain structurally stable during
advancement. The rate of drilling progress and
the final depth reached depend primarily on the
lithological characteristics of the carbonate for-
mations encountered and the structural conditions
present in the subsurface.

Throughout the drilling process, geological
material obtained during advancement was ex-
amined in order to verify the stratigraphic inter-
pretation previously inferred from geophysical
surveys. Continuous monitoring of borehole con-
ditions and drilling progression was carried out
to ensure operational safety and to guarantee the
technical feasibility of the recharge well installa-
tion within the karst aquifer system.
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Once drilling reached the required depth, the
borehole was conditioned to allow the instal-
lation of the recharge well components and to
ensure adequate hydraulic interaction with the
receiving aquifer. These procedures included
the stabilization of the borehole walls and the
preparation of the internal structure necessary
for the operation of the recharge system under
the hydrogeological conditions identified during
the site characterization stage.

Instrumentation

The equipment used in this study included
drilling machinery, surveying instruments, and
computer software required for fieldwork, data
acquisition, and technical design. The deep injec-
tion well was drilled using a B-50 mobile drilling
rig, which is suitable for operation in areas with
difficult access and under variable subsurface
conditions, while allowing geological samples to
be recovered as drilling progresses.

Georeferencing of the study area and acqui-
sition of spatial data were carried out using a
Magellan Promark 3 GPS receiver with a dual
GPS receiver and integrated antenna, enabling
the collection of high-precision coordinates for
topographic surveying and site delineation. Topo-
graphic measurements were performed with a
Nikon DTM-322 electronic distance measure-
ment (EDM) total station, which allows distance
measurements of up to 2,000 m with a prism, re-
cords horizontal and vertical angles in accordance
with DIN 18723 standards, and stores up to 25,000
points. Data can be transferred through an RS-
232C connection or by wireless communication.
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Computer software was used for technical
drafting, data processing, and report prepara-
tion. AutoCAD was employed to produce two-
dimensional drawings and technical representa-
tions required for the design of the deep injection
system. Microsoft Office was used for document
preparation, data processing, and the organiza-
tion of project-related reports. Hydrological data
processing and analysis were conducted using
Hydrognomon, which supports time-series man-
agement and calculations related to water balance
and rainfall analysis.

RESULTS

The system was defined at the UTM coordi-
nates X=371,283.686 mand Y =2,830,383.684 m,
integrating with the existing infrastructure within
the study area. The effective catchment area was
established as a 15 x 30 m rectangle, equivalent
to 450 m? (0.045 ha), with a 1% surface slope to
ensure gravitational runoff toward the convey-
ance system as shown in Figure 9.

Y=2,830,400 +

Electrical resistivity measurements obtained
through magnetotelluric (MT) and transient elec-
tromagnetic (TEM) methods ranged from 23 to
270 Q'm within the first few hundred meters,
and resistivities close to 1,000 Q-m at approxi-
mate depths of 600 m. These results confirm the
structural heterogeneity of the carbonate medium
and support the adopted hydraulic stratification
(Diaz-Bravo et al., 2022).

The hydrogeological characterization allowed
the definition of differentiated hydraulic conduc-
tivity and thickness parameters. For the shallow
aquifer, two units were considered (b =20 m, K =
100 m/day; b =90 m, K =10 m/day). For the deep
aquifer, four strata were adopted (b =20 m, K =
10 m/day; b =30 m, K =10 m/day; b =100 m, K
=10 m/day; b =55 m, K= 0.1 m/day).

The piezometric monitoring conducted at
points P-1, P-2, P-3, and P-4 recorded groundwa-
ter elevations of 625.167, 625.017, 620.946, and
612.897 masl, respectively, resulting in an overall
average elevation of 621.007 masl. The results
are shown in Table 3.
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Figure 9. Location of the precipitation recharge well
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Considering a wellhead elevation of approxi-
mately 628 masl, the average depth to the shallow
water table was approximately 6.99 m, obtained
as the difference between the ground surface el-
evation and the mean piezometric level.

ANOVA shown in Tables 4, 5, and 6 revealed
highly significant differences among the recorded
groundwater levels (F = 8967.97; p < 0.001; a =
0.05), with an adjusted coefficient of determina-
tion of R? = 99.66% (Table 6). These results in-
dicate that the observed variability is primarily
associated with systematic differences among the
monitoring points rather than random variation.
The high R? value confirms the strong explana-
tory capacity of the statistical model and reflects
the spatial differentiation of groundwater levels
within the monitored aquifer system (Kim, 2017).

Tukey’s multiple comparison test (Montgom-
ery, 2019) showed that P-1 and P-2 belong to the
same statistical group, whereas P-3 and P-4 ex-
hibit significantly greater declines (Table 7).

Temporal analysis using polynomial regres-
sion revealed statistically significant behavior at

Table 3. Monitoring well measurements

monitoring points P-1 (F = 122.95; p < 0.001;
R? = 92.48%), P-2 (F = 53.73; p < 0.001; R? =
84.31%), P-3 (F =4.27; p = 0.028; R? = 29.94%),
and P-4 (F =17.30; p < 0.001; R*> = 63.37%), as
presented in Table 8 and Figure 10.

For a 50-year return period event, applica-
tion of the rational method (C = 0.90; I = 937.05
mm/h; duration = 5 min) resulted in an estimated
peak discharge of 105 L/s. The rainfall intensity
was derived from the intensity—duration—return
period (I-D-TR) curve obtained from the ex-
treme rainfall analysis. The equation used to cal-
culate the maximum discharge is presented below
in Equation 2.

Qmax = 0.00278CI A 2)

where: Onax — maximum design discharge (m?/s),
C — runoff coefficient (dimensionless),
I —rainfall intensity (mm/h), 4 — contrib-
uting drainage area (ha), and 0.00278 —
conversion factor that ensures dimension-
al consistency in the International System
of Units (SI).

Piezometric level (masl)

Date P-1 P-3 P-4
02/08/2021 625.32 625.21 621.33 613.74
06/09/2021 625.29 625.20 621.33 613.72
04/10/2021 625.30 625.16 621.36 613.78
01/11/2021 625.24 625.08 621.32 613.52
06/12/2021 625.22 625.04 621.13 613.31
03/01/2022 625.21 625.03 620.80 612.98
07/02/2022 625.23 625.06 620.75 612.92
07/03/2022 625.20 625.07 620.58 612.76
04/04/2022 625.18 625.08 620.55 612.63
02/05/2022 625.19 625.09 620.66 612.84
06/06/2022 625.17 625.07 620.78 612.97
04/07/2022 625.12 625.06 620.85 612.48
01/08/2022 625.13 625.02 620.90 612.95
05/09/2022 625.11 624.96 621.05 613.20
03/10/2022 625.12 624.95 621.18 613.07
07/11/2022 625.09 624.92 621.22 613.02
05/12/2022 625.08 624.90 621.10 612.52
02/01/2023 625.08 624.89 620.85 612.42
06/02/2023 625.07 624.90 620.80 611.97
06/03/2023 625.09 624.92 620.76 612.02
03/04/2023 625.12 624.93 620.73 612.19
01/05/2023 625.13 624.91 620.78 612.65
05/06/2023 625.15 624.93 620.95 612.98
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Table 4. Factor information

Factor Levels Values

Monitoring point 4 P-1, P-2, P-3, P-4

Substituting the design parameters into Equa-
tion 2 yields:

Qmax = 0.00278- 0.9 - 937.05 - 0.045

3)
Qmax = 105 L/s

The runoff response of the basin was rep-
resented through the unit hydrograph derived
from the design storm event. This hydrograph
characterizes the temporal distribution of sur-
face runoff generated within the contributing
drainage area and provides an estimate of the
dynamic response of the basin to intense precip-
itation. The shape of the hydrograph reflects the
concentration of runoff toward the outlet, where
the rising limb corresponds to the rapid accumu-
lation of flow generated by the rainfall excess.

Table 5. Analysis of variance

The peak discharge reached approximately 105
L/s, occurring shortly after the time to peak es-
timated for the basin. Following the peak, the
recession limb shows the progressive reduction
in discharge as infiltration and storage processes
within the basin attenuate the flow. The result-
ing hydrograph describing the temporal evolu-
tion of discharge during the design storm event
is presented in Figure 11.

The hydraulic design of the intake structure
resulted in a maximum flow depth of 0.142 m and
a required effective inlet area of 0.299 m?, which
was resolved using a 0.50 m? grate module.

Conveyance toward the injection well was
designed under gravity flow conditions using the
Manning equation (Chanson, 2014), selecting a
commercial pipe diameter of 14 inches.

The injection well was defined with an inter-
nal diameter of 24 inches and an approximately
400 m hydraulically active length, providing an
effective temporary storage volume of 40.58 m>.
A schematic representation of the proposed

Source GL SC adjusted MC adjusted F value P value
Factor 3 2280.47 760.157 8967.97 < 0.001
Error 88 7.46 0.085
Total 91 2287.93
Table 6. Model summary
S R-square R-square adjusted R-square pred.
0.291142 99.67% 99.66% 99.64%
Table 7. Tukey’s comparison
Factor N Average Grouping
P-1 23 625.167 A
pP-2 23 625.017 A
P-3 23 620.946 B
P-4 23 612.897 C
Table 8. R-square results
Factor S R-square R-square adjusted
P-1 0.0213576 92.48% 91.73%
P-2 0.0406993 84.31% 82.74%
P-3 0.222628 29.94% 22.94%
P-4 0.323443 63.37% 59.71%
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(@)

(b)

P-2

(©)

P-3

(d)

P-4

Figure 10. Temporal regression analysis of groundwater levels at monitoring points: (a) P-1, (b) P-2, (c) P-3, (d) P-4
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Figure 11. Unit hydrograph obtained for the study basin showing the temporal evolution of discharge
during the design storm event (Qmax =~ 105 L/s)

recharge well supplied by stormwater runoff is
presented below in Figure 12 and Figure 13.

The volume-time analysis discretized into
5-minute intervals identified a minimum storage
margin of —4.51 m? around minutes 25-35 of the
design storm event, indicating that the cumula-
tive inflow temporarily exceeded the effective
storage capacity of the well during a single in-
terval. Subsequently, the system recovered stor-
age capacity as the hydrological input decreased
and infiltration into the aquifer continued. The
infiltration capacity of the system was estimated
from the hydraulic response observed during the

Valve

% Well

cover

| - ‘_!‘ |

mortar
layer

Treatment
prior to
infiltration _ 7\

4D

3.00,

3.00 m
protective layer

Gravel pack

Uz

volume—time balance of the design storm event.
Considering the effective storage volume of the
well and the hydraulic response during the infil-
tration process, an equivalent infiltration rate of
approximately 125.539 mm/h was obtained. This
value represents the hydraulic dissipation capac-
ity of the system toward the aquifer through the
direct interaction between the well structure and
the fractured carbonate formations present in the
study area. Such infiltration rates are consistent
with the hydraulic behavior commonly observed
in karst aquifers, where fractures, dissolution
conduits, and preferential flow paths significantly

/\\//\\ v,
N4

TN,
&

0.02 mm slot from
the bottom to the
water table

Figure 12. Schematic representation of the proposed recharge well supplied by stormwater runoff
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Figure 13. Surface structure of the recharge well used for stormwater injection at the Galeria Los Elizondo site

enhance groundwater infiltration compared with
porous media aquifers. The results are presented
below in Table 9.

DISCUSSION

The geophysical characterization of the sub-
surface using magnetotelluric (MT) and tran-
sient electromagnetic (TEM) methods identi-
fied resistivity contrasts ranging from 23 to 270
Q-m within the first few hundred meters, and
values approaching 1000 Q-m at greater depths.
This distribution confirms the structural hetero-
geneity of the carbonate medium and supports
the hydraulic stratification adopted in the con-
ceptual model. In karst environments, where
secondary porosity and hydraulic anisotropy
govern effective transmissivity, the integration
of geophysical data reduces uncertainty asso-
ciated with subsurface flow behavior and pre-
vents the assumption of medium homogeneity
(Stevanovi¢, 2019).

From a hydrogeological perspective, the dif-
ferentiated hydraulic conductivity parameters as-
signed to individual strata indicate a system com-
posed of highly connected units superimposed
over sectors of lower transmissivity. This config-
uration explains the spatial variability observed
in piezometric levels and is consistent with the
statistical results obtained from the ANOVA,
which revealed significant differences among
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monitoring points. Polynomial regression analy-
ses confirmed differentiated temporal trends, con-
sistent with an unconfined aquifer influenced by
climatic variability and local hydraulic gradients.

Within the hydrological component, the 50-
year return period design event generated an es-
timated total runoff volume of 370.41 m?. The
effective temporary storage capacity of the injec-
tion well was calculated at 40.58 m?, establishing
a structurally asymmetric relationship between
inflow volume and instantaneous storage capac-
ity. This relationship demonstrates that the sys-
tem was not conceived as a reservoir intended to
fully retain the extreme event volume, but rather
as a temporary hydraulic attenuation mechanism
whose performance depends on progressive infil-
tration into the aquifer (Maliva, 2020).

The discretized volume-time balance using
S-minute intervals identified a minimum volu-
metric margin of —4.51 m? during the peak con-
centration segment of the hydrograph, indicat-
ing a transient exceedance of effective capacity
within a single critical interval. This behavior is
characteristic of capture and injection systems in
which surface storage acts as a regulating volume
while infiltration progressively compensates for
the excess inflow. The subsequent system recov-
ery confirms that the infiltration rate is sufficient
to restore hydraulic equilibrium once the event
peak has passed.

The difference between the extreme event
volume and the system’s effective storage
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Table 9. Results of stormwater recharge filling time analysis

Time | Interval | Precipitation | Intensity | Infiltration Vi cum\ljla;tive cummiative V\?ic;:liﬂlljjll‘:t tii\ilee' Margin
min min mm mm/hr mm/hr m? m? m? m? m?
0 0 0.000 0.000 125.539 0.000 | 0.000 0.000 0.000 0.000 40.585
5 5 78.088 937.053 125.539 | 31.626 | 8.016 | 31.626 8.016 23.610 16.975
10 5 92.862 557.175 125,539 | 18.805 | 8.016 | 50.430 16.031 34.399 6.186
15 5 102.769 411.077 125539 | 13.874 | 8.016 | 64.304 24.047 40.257 0.328
20 5 110.433 331.298 125,539 | 11.181 | 8.016 | 75.485 32.062 43.423 -2.838
25 5 116.768 280.244 125.539 9458 | 8.016 | 84.944 40.078 44.866 -4.281
30 5 122.214 244.428 125.539 8.249 | 8.016 | 93.193 48.094 45.099 -4.514
35 5 127.016 217.741 125.539 7.349 | 8.016 | 100.542 56.109 44.433 -3.848
40 5 131.327 196.991 125.539 6.648 | 8.016 | 107.190 64.125 43.065 -2.480
45 5 135.252 180.336 125.539 6.086 | 8.016 | 113.277 72.140 41.136 -0.551
50 5 138.862 166.634 125.539 5.624 | 8.016 | 118.900 80.156 38.744 1.841
55 5 142.210 155.138 125.539 5.236 | 8.016 | 124.136 88.172 35.965 4.620
60 5 145.338 145.338 125.539 4905 |8.016 | 129.042 96.187 32.854 7.731
65 5 148.275 136.869 125.539 4619 |8.016 | 133.661 104.203 29.458 11.127
70 5 151.048 129.470 125.539 4370 |8.016 | 138.030 112.218 25.812 14.773
75 5 153.676 122.941 125.539 4149 | 8.016 | 142.180 | 120.234 21.946 18.639
80 5 156.175 117.132 125.539 3.953 |8.016 | 146.133 | 128.250 17.883 22.702
85 5 158.560 111.925 125.539 3.777 | 8.016 | 149.910 | 136.265 13.645 26.940
90 5 160.843 107.228 125.539 3.619 | 8.016 | 153.529 | 144.281 9.249 31.336
95 5 163.031 102.967 125.539 3.475 | 8.016 | 157.004 | 152.296 4.708 35.877
100 5 165.135 99.081 125.539 3.344 | 8.016 | 160.348 | 160.312 0.036 40.549
105 5 167.162 95.521 125.539 3.224 | 8.016 | 163.572 | 168.328 -4.755 45.340
110 5 169.117 92.246 125.539 3.113 | 8.016 | 166.686 | 176.343 -9.658 50.243
115 5 171.007 89.221 125.539 3.011 8.016 | 169.697 | 184.359 -14.662 55.247
120 5 172.837 86.418 125.539 2917 |8.016 | 172.613 | 192.374 -19.761 60.346

capacity indicates that approximately 89% of
the inflow does not rely on static storage. In-
stead, system behavior depends primarily on
infiltration dynamics during hydrograph de-
velopment. Consequently, system performance
depends primarily on the transmission capacity
of the receiving medium rather than on well ge-
ometry alone (Pyne, 2014). This behavior high-
lights the importance of integrating geophysical
characterization, extreme rainfall hydrological
analysis, and discretized volume—time verifica-
tion in the evaluation of recharge systems in het-
erogeneous karst aquifers. The sequential com-
bination of topographic analysis, geophysical
exploration, hydrogeological characterization,
hydrological modeling, and hydraulic verifica-
tion provides a coherent methodological frame-
work for assessing the technical performance of
managed aquifer recharge systems under com-
plex geological conditions.

In heterogeneous karst environments, where
fractures and preferential conduits may signifi-
cantly alter hydraulic response, discretized volu-
metric control constitutes a fundamental verifica-
tion criterion. The explicit identification of the
critical interval and maximum demand margin
enables quantification of the operational thresh-
old under extreme conditions and provides an ob-
jective parameter for evaluating additional safety
factors or potential design adjustments.

Overall, the results demonstrate that integrat-
ing geophysical characterization, extreme-event
hydrological analysis, and discretized volume-—
time verification allows system behavior to be
interpreted consistently with the structural nature
of the aquifer. The adopted model incorporates
subsurface heterogeneity within a quantitatively
verifiable framework that defines operational lim-
its, temporal response, and attenuation capacity
under design conditions.
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CONCLUSIONS

The integration of geophysical, hydrogeo-
logical, hydrological, and hydraulic information
enabled a quantitative characterization of the
deep injection recharge system operating within
a heterogeneous karst environment. Resistivity
contrasts obtained through magnetotelluric and
transient electromagnetic methods revealed a
stratified structure with significant variations in
connectivity and transmissivity, consistent with
the differentiated hydraulic behavior observed in
piezometric monitoring.

Statistical analysis confirmed the presence of
significant differences among groundwater levels
recorded at the monitoring points. The ANOVA
yielded significance values below 0.05, while
Tukey’s multiple comparisons identified distinct
groupings, indicating a spatially non-uniform
response within the shallow aquifer. Polynomial
regression models revealed temporal trends con-
sistent with regional hydrological variability.

The hydrological scenario corresponding to a
50-year return period event produced a total run-
off volume of 370.41 m?, derived from applica-
tion of the rational method and hydrograph con-
struction using the alternating block method. The
effective well storage volume was quantified at
40.58 m?, and the discretized 5-minute volume—
time analysis identified a transient volumetric ex-
ceedance during a single critical interval, with a
maximum deficit of —4.51 m? at peak hydrograph
concentration.

This behavior indicates that, under the ex-
treme design event considered, the system ex-
periences a momentary volumetric exceedance
that is subsequently compensated by progres-
sive infiltration into the aquifer. The estimated
filling time ranged between 15 and 45 minutes,
reflecting a transient storage dynamic with a re-
duced operational margin under maximum pre-
cipitation conditions.

The findings indicate that system evaluation
must adopt an integrated framework incorporat-
ing structural characterization of the receiving
medium, extreme-event hydrological analysis,
and discretized volumetric verification. Ex-
plicit identification of the maximum hydraulic
demand point provides a technical basis for
adjusting safety factors, optimizing design pa-
rameters, or implementing flow control strate-
gies under future operational scenarios. This
methodological framework may serve as a
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practical reference for the technical design and
evaluation of managed aquifer recharge systems
in heterogeneous karst environments subject to
extreme hydrological variability.
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