. water s

Article

CITESCORE
6.0

A Mass Abatement Scalable
System Through Managed Aquifer
Recharge: Increased Efficiency in
Extracting Mass from Polluted
Aquifers

Mario Alberto Garcia Torres, Alexandra Suhogusoff and Luiz Carlos Ferrari

Special Issue
Advances in Groundwater Resource Development: Innovative Methods and Technologies
Edited by

Dr. Zhuo Zhang and Dr. Adimalla Narsimha



https://www.mdpi.com/journal/water
https://www.scopus.com/sourceid/21100255400
https://www.mdpi.com/journal/water/stats
https://www.mdpi.com/journal/water/special_issues/81F81OU891
https://www.mdpi.com
https://doi.org/10.3390/w17152237

0 water
]

Article

A Mass Abatement Scalable System Through Managed Aquifer
Recharge: Increased Efficiency in Extracting Mass from
Polluted Aquifers

Mario Alberto Garcia Torres **, Alexandra Suhogusoff *

check for
updates

Academic Editor: Barry T. Hart

Received: 25 June 2025
Revised: 14 July 2025
Accepted: 23 July 2025
Published: 27 July 2025

Citation: Garcia Torres, M.A.;
Suhogusoff, A.; Ferrari, L.C. A Mass
Abatement Scalable System Through
Managed Aquifer Recharge: Increased

Efficiency in Extracting Mass from

Polluted Aquifers. Water 2025, 17,2237.

https:/ /doi.org/10.3390/w17152237

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Luiz Carlos Ferrari

CEPAS | USP Centro de Pesquisas de Aguas Subterraneas, Instituto de Geociéncias, Universidade de Sao Paulo,
Sao Paulo 05508-080, Brazil
* Correspondence: mario3garcia@gmail.com (M.A.G.T.); suhogusoff@usp.br (A.S.)

Abstract

A mass abatement scalable system through managed aquifer recharge (MAR-MASS) im-
proves mass extraction from groundwater with a variable-density flow. This method is
superior to conventional injection systems because it promotes uniform mass displacement,
reduces density gradients, and increases mass extraction efficiency over time. Simulations
of various scenarios involving hydrogeologic variables, including hydraulic conductivity,
vertical anisotropy, specific yield, mechanical dispersion, molecular diffusion, and mass
concentration in aquifers, have identified critical variables and parameters influencing
mass transport interactions to optimize the system. MAR-MASS is adaptable across hydro-
geologic conditions in aquifers that are 25-75 m thick, comprising unconsolidated materials
with hydraulic conductivities between 5 and 100 m/d. It is effective in scenarios near
coastal areas or in aquifers with variable-density flows within the continent, with mass
concentrations of salts or solutes ranging from 3.5 to 35 kg/m?. This system employs
a modular approach that offers scalable and adaptable solutions for mass extraction at
specific locations. The integration of programming tools, such as Python 3.13.2, along
with technological strategies utilizing parallelization techniques and high-performance
computing, has facilitated the development and validation of MAR-MASS in mass ex-
traction with remarkable efficiency. This study confirmed the utility of these tools for
performing calculations, analyzing information, and managing databases in hydrogeologic
models. Combining these technologies is critical for achieving precise and efficient results
that would not be achievable without them, emphasizing the importance of an advanced
technological approach in high-level hydrogeologic research. By enhancing groundwater
quality within a comparatively short time frame, expanding freshwater availability, and
supporting sustainable aquifer recharge practices, MAR-MASS is essential for improving
water resource management.

Keywords: saltwater intrusion; groundwater quality improvement; Python programming;
numerical modeling; hydraulic conductivity; specific yield

1. Introduction

Managed Aquifer Recharge (MAR) involves introducing water into aquifers for future
use, offering significant environmental benefits [1]. This technique enhances groundwater
supply and reinforces its role as a safeguard against fluctuations in surface water availability.
With their substantial storage capacity, aquifers are ideal for subsurface storage, efficiently
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reducing evaporation and minimizing contamination by requiring less land area than
surface reservoirs [1].

The successful implementation of MAR projects relies on factors such as site selection,
availability of quality water, aquifer capacity to store and treat water, social acceptance,
costs, and the necessary technical resources. Technologies such as Aquifer Storage and
Recovery (ASR) and Aquifer Storage Transfer and Recovery (ASTR) can help address some
of these challenges by enabling controlled recharge, which reduces the need for extensive
surface infrastructure and minimizes contamination risks [1].

Groundwater naturally contains dissolved constituents due to the weathering of sedi-
ments and rocks, with concentrations that depend on the water’s residence time. However,
human activities, such as agriculture and industry, have introduced additional compounds
into groundwater [2—4], exacerbating the salinization of aquifers. The overexploitation of
groundwater reduces freshwater recharge and increases the risk of saltwater intrusion [5].
Additionally, rock dissolution driven by geological conditions—raises salinity levels by
releasing ions like sodium and calcium into the groundwater [6].

Saltwater intrusion, a form of aquifer salinization, is often worsened by excessive
groundwater extraction, allowing saltwater to encroach into freshwater aquifers, partic-
ularly in coastal areas. To mitigate this intrusion, various solutions have been proposed
based on the theoretical behavior of aquifers with different water densities, including
positive, negative, mixed, and double-pumping hydraulic barriers [7].

The variability of the saltwater wedge within aquifers poses significant challenges
for remediation techniques due to its spatial and temporal nature. A modular approach
is proposed to effectively adapt the MAR system to each aquifer’s specific hydrodynamic
and hydrogeological conditions. This scalable method employs three-dimensional mod-
eling and a coupled injection and extraction module design. The effectiveness of the
system was evaluated by measuring salt mass extraction per unit time and the residual
salt mass concentration in the intervened area, considering factors such as salt concentra-
tion, hydraulic conductivity, vertical anisotropy, specific yield, mechanical dispersion, and
molecular diffusion. Different scenarios were compared under hydrogeological conditions
and hydrodynamic parameters to identify the most efficient configuration.

2. Materials and Methods
2.1. Conceptual Model

The methodological process began by creating a conceptual model of a prototype
aquifer and describing its main characteristics and processes in the context of aquifers with
an initial salt concentration. The resulting models combined different values within a range
of possible values according to the material for the various hydrodynamic parameters
analyzed, including hydraulic conductivity, vertical anisotropy, specific yield, mechanical
dispersion, and molecular diffusion. This approach facilitates understanding and analysis
by allowing simulations that combine different parameter values.

The implementation of the method aimed to analyze the behavior of mass transport
and extraction in a free, homogeneous aquifer, with a thickness ranging from 25 to 75 m,
composed of unconsolidated materials such as medium and coarse sand and a mixture
of sand and gravel, considering the vertical anisotropy of hydraulic conductivity in the
materials. A first-type boundary condition (Dirichlet) was imposed on the lateral surface
area of the domain to set the groundwater level and mass concentration entering the system.
Their values remained constant and were independent of inflow into the system. The center
of the domain was the test well(s) simulating the injection and extraction of water according
to the system configuration. The domain was cylindrical with a diameter of 7 km, ensuring
that the boundary conditions did not disturb or influence the flow and mass transport
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by the well or the set of wells in the center of the domain. The model had no boundary
conditions at its base or surface.

2.2. Modeling Approach

Identifying key variables led to the selection of specific numerical models suitable
for analyzing aquifers. These models must accurately simulate relevant hydrogeologic
processes, such as groundwater flow, mass transport, and the interaction between fresh-
water and saltwater. The selected numerical models defined parameters that significantly
influenced the simulations. The description should cover various hydraulic characteris-
tics of the aquifer, including hydraulic conductivity, vertical anisotropy of the hydraulic
conductivity, specific yield, mechanical dispersion, and molecular diffusion under varying
mass concentration values. The modeling scenarios defined these factors to evaluate the
behavior of the aquifer under different conditions. Analysts ran simulations to analyze the
behavior of an aquifer, after creating numerical models and outlining the parameters and
modeling scenarios. This process includes comparing different scenarios, evaluating the
effectiveness of the proposed strategies, and identifying possible areas of improvement in
configuring the injection and extraction systems to maximize the efficiency of the method.
The conceptual model provides the theoretical and conceptual basis for the modeling
approach, which determines the specific techniques used to translate the conceptual model
into a numerical model. This approach guides the selection of hydraulic parameters, the
number of scenarios that must be simulated, and temporal and spatial (mesh) discretization,
allowing adequate simulation of hydrogeologic system behavior.

2.2.1. Parameter Selection

Multiple scenarios were modeled to achieve optimal method efficiency. These in-
cluded aquifers with various hydraulic parameters and applied boundary conditions to the
prototype domain. The model included vertical anisotropy, specific storage, mechanical
dispersion, and molecular diffusion, representing different aquifers. Table 1 summarizes
the vital hydraulic parameters and initial conditions used in these scenarios, along with a
set of selected values intended to represent the behavior of the aquifer under the predeter-
mined hydrogeologic conditions. The values for hydraulic conductivity ranged from 5 to
100 m/d, vertical anisotropies ranged from 1 to 30, and aquifer initial salt concentrations
ranged from 3.5 to 35 kg/m?, with different coefficients being considered for the effects of
mechanical dispersion and molecular diffusion (Table 1).

Table 1. Parameters and initial conditions used in numerical simulations.

Parameter Units Set of Selected Values Description

Kh m/d 5, 10, 20, 40, 60, 80, 100 Horizontal conductivity

Kh/Kov dimensionless 1, 10, 20, 30 Vertical anisotropy

Ss 1/m 1x107° Specific storage

Sy dimensionless see Table 2 Specific yield

C kg/ m3 35,17.5,10.5,7,3.5 Initial concentration

a m 0,10, 20, 40 Lon'gltudma} dlsperswny in the
horizontal direction
Transverse dispersivity in the

A1 m 01,24 horizontal direction

ary m 0,0.1,02,04 Transverse dispersivity in the

vertical direction
Dy m?/d 0,0.5702, 1.269 Molecular diffusion coefficient
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Table 2 presents the specific yield (Sy) values based on hydraulic conductivity and
material classification, employing four to five scenarios for each hydraulic conductivity
value for a specific yield.

Table 2. Specific yield values (Sy) based on material type and hydraulic conductivity (K).

K Sy

Material (m/d) 0.15 0.20 0.25 0.30 0.35

Sand and gravel

Coarse Sand 60

5 °

Medium sand 10
20 °

40

80
100

Note: Adapted from [8,9]. The symbol “e” indicates combinations of K and Sy values used in the simulation.

2.2.2. Number of Scenarios

Table 1 provides the values for four levels of vertical anisotropy, five for the initial
concentration, and three for molecular diffusion, totaling 60 scenarios. Four mechanical
dispersion values were defined for each component: longitudinal dispersivity in the
horizontal direction, transverse dispersivity in the horizontal direction, and transverse
dispersivity in the vertical direction. These considerations yielded 240 scenarios. Data
from Table 2 provide an analysis of the hydraulic conductivity and specific yield, covering
29 scenarios ranging from 5 to 100 m/d; the multiplication of these 29 scenarios from
Table 2 with the 240 scenarios from Table 1 resulted in 6950 scenarios.

2.2.3. Temporal Discretization

The simulation time for the proposed scenarios was 3000 days, which was selected to
capture mass transport behavior across all scenarios. The temporal discretization at uniform
intervals of 30 days contributes to understanding mass propagation and movement within
the aquifer over time. The selected temporal discretization provided the desired precision
corresponding to mass extraction in tons per month. This preserved the balance between
the expected results and the computational time required for the calculations. Temporal
discretization was linked to spatial discretization by dividing the domain into elements to
calculate the flow and mass transport of each element during each time step.

2.2.4. Mesh Discretization

Mesh discretization involves dividing the aquifer domain into elements to better
represent the geometry and properties of a subsurface medium. This step solves the mathe-
matical equations describing aquifer water flow and mass transport. Vertical refinement
uses 1-m-thick mathematical layers, resulting in numerical layers equivalent to the domain
depth in meters. Horizontal refinement primarily utilizes triangular elements, whereas
rectangular elements are employed for the principal axes (X, Y), dividing the domain into
quadrants, as shown in Figure 1.

The circle representing the cylindrical section of the domain was divided into four
equal parts by refining it by 1 m in a cross concentric shape with the axes of the cylinder. The
cross-shaped refinement within the domain used 1-m-thick rectangles of varying lengths
based on their distance from the center. At the center of the refinement lies a square cell
with a lateral length of 1 m, where the central extraction well is located. The lengths of the
cells in the cross-shaped refinement created refinement arcs in the four circular sections into
which the domain was divided. This domain refinement allowed for a symmetrical control
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section, which was integrated perfectly into the numerical modeling software, focusing on
finite differences or elements. Figure 2 shows an enlarged view of the horizontal plane of
the domain, placed at the center of the surface, and illustrates mesh refinement.

X

Figure 1. Domain refinement using triangular and rectangular elements.

_ Central extraction well

[

Figure 2. Visualization of mesh refinement in the central area of the domain surface: enhanced view
in a horizontal plane.
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The distributed refinement implemented to adequately represent the numerical model
dynamics at the domain center did not follow a regular structure. Elements were subdi-
vided based on the arc length they formed as they moved away from the domain center,
enabling a moderate element size and number transition. The model mesh, composed of
42,269 elements per numerical layer of a 1 m thickness, varied according to the number of
layers corresponding to aquifer thickness, resulting in 1,056,725 elements for 25 m aquifers,
2,113,450 elements for 50 m aquifers, and 3,170,175 elements for 75 m aquifers. Figure 3
illustrates how this subdivision occurred in different sections as it moved away from the
domain center.

Figure 3. Gradual subdivision of elements from the center to the edge of the domain, highlighted in
orange: enhanced view in a horizontal plane.

2.3. Instruments and Tools

The preprocessing, modeling, and post-processing stages ensured the accuracy and
reliability of the simulations and were crucial components of the proposed methodology.
Preprocessing involved generating a high-quality mesh, assigning physical properties to
the mesh elements, specifying initial and boundary conditions, and selecting appropriate
mathematical models and parameters. This stage employed tools such as MODFLOW 6,
SEAWAT 4, and FEFLOW 10, along with their respective application programming in-
terfaces (APIs), including FloPy 3.9.3 for MODFLOW 6 and SEAWAT 4 and IFM 10 for
FEFLOW 10, to set up and prepare the data for simulation. Modeling utilized hydroge-
ologic simulation software to solve mathematical equations describing the behavior of
a system and required continuous monitoring and parameter adjustments for accuracy.
This stage extensively leveraged numerical modeling software, such as MODFLOW 6,
SEAWAT 4, and FEFLOW 10, by utilizing their APIs (FloPy and IFM) to facilitate model
runs and data integration. Post-processing included visualizing and analyzing the results
in detail, generating graphs and maps to interpret the data, and preparing comprehensive
reports. Python algorithms enhanced the efficiency and reliability of this process, man-
aged simulations, and achieved the established objectives. The availability of an API in
hydrogeologic modeling software streamlines data input and results processing, facilitating
method development. The results obtained through the API underwent post-processing
using Python algorithms, enabling new data input by adjusting the desired parameters and
continuing with an iterative process until the desired outcome was achieved. The APIs and
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Python algorithms were crucial in the preprocessing, modeling, and post-processing stages
to ensure the robustness and efficiency of the method.

Additionally, high-performance computing (HPC) resources were utilized, which is
crucial for efficiently validating the method, enabling task parallelization, and enhancing
workload performance on a massive scale compared to conventional computers. This
tool allowed all scenarios to be addressed through an iterative process until the goal was
reached, which would not have been possible on a conventional computer, even with
the best hardware characteristics. This study used HPC system resources at the “Centro
Nacional de Processamento de Alto Desempenho em Sao Paulo (CENAPAD-SP).” The
system configuration allocated for this project included six parallel nodes, each equipped
with 128 cores and 512 GB of memory per node.

2.4. Procedure

Mass displacement in an aquifer due to the density difference between fresh- and
saltwater is complex and multidimensional. This displacement is primarily influenced by
the interaction between these two water types and the formation of a saltwater wedge at
the base of the aquifer. In this transition zone, fresh- and saltwater gradually mix. The
boundary conditions and hydrodynamic properties of the aquifer determine the shape and
position of the wedge. Furthermore, the saltwater wedge is not static but shifts and spatially
varies due to changes in the hydraulic conditions of the aquifer. Mass displacement in an
aquifer, concerning the distribution and movement of dissolved components is directly
influenced by the dynamics of the saltwater wedge. Variations in the saltwater wedge can
significantly alter flow patterns and solute transport within the aquifer. This displacement
is complex in four dimensions because solutes can move horizontally and vertically through
the aquifer due to density gradients and differences in hydrodynamic parameters, such as
hydraulic conductivity, vertical anisotropy, specific yield, and mechanical dispersion. A
comprehensive two-step approach is necessary to address mass displacement in aquifers.
The first step was to delineate the spatiotemporal variations in the saltwater wedge and
their impact on the aquifer within the scenarios proposed for applying the method. The
second step was to optimize mass extraction based on the hydraulic conductivity of each
scenario. These steps aimed for homogeneous mass displacement throughout the aquifer’s
thickness in the shortest possible time, minimizing the saltwater wedge effect at the base of
the aquifer.

2.4.1. Spatiotemporal Delimitation of the System

The system design is explained as an evolution of stages, as illustrated in subsequent
figures. Figure 4 illustrates mass displacement in a 2-D representation of a vertical section
from a 3D numerical model of an aquifer 1800 days after implementing the method. This
model features a homogeneous isotropic aquifer with a hydraulic conductivity of 5m/d,
a homogeneous initial salt concentration of 35 kg/m?, and a fully penetrating freshwater
injection well with a constant flow rate of 1 L/s. Mass displacement through concentration
isolines ranged from 0.5 to 17.5 kg/m?>, excluding mechanical dispersion and molecular
diffusion effects. The angle between a specific point on a given concentration isoline and
the vertical direction (0) provides additional insight into mass transport dynamics. This
angle increases both with concentration and as the isoline approaches the surface. This
behavior describes mass displacement that generates a density gradient, where the mass
offers more resistance at greater depths and higher concentrations.

An injection well was introduced into the model shown in Figure 4 to enhance mass
displacement over time and extract it from the system, thereby boosting the velocity
gradient, improving displacement, and preventing concentration increases as the mass
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moves through the system. Continuing with the same aquifer, Figure 5 shows injection
and extraction wells, where the blue arrows indicate the uniform injection of freshwater
along the well, while the red arrows indicate uniform extraction. Concentration isolines
assess density gradient behavior. The angle between the concentration isolines and the
vertical direction (0) illustrates the resistance to mass displacement near the aquifer bottom
compared to the behavior closer to the surface in both extraction and injection wells.
However, the angle near the extraction well is notably lower than that close to the injection
well due to the combined action of the injection and extraction wells on mass displacement.

Aquifer Injection well
. thickness (m) Uniform flow rate
< | —>
<< |—>
10
<< |—>
< | —>
20
< |—>
<« | —>
30
< | —>
< |—>
40
< (—>
\ < | —>
50 . r T |
-100 0 100
Distance (m)

Concentration isoline (kg/m?’) 0.5 3.5 7 13 ; 175

Ls : Well screen length

6 :Angle of the concentration isoline relative to the vertical at a specific point
Figure 4. Density gradient in mass transport within aquifers: simulation example after 1800 days
post-method implementation for an aquifer with an initial salt concentration of 35 kg/m? and a fully
penetrating injection well. The arrows represent uniform flow.

Extending the solution to a 3D format involves inserting four injection wells sur-
rounding an extraction well, as illustrated in Figure 6. The central well is responsible for
extracting the combined flow rates injected by the peripheral wells. Injecting fresh water
into the peripheral wells induced mass displacement. Subsequently, the mass was attracted
toward the extraction central well, facilitating its movement. However, this displacement
only covered part of the area between the injection and extraction wells. After 1800 days of
simulation, the density gradient observed from the plan view at the model’s top produced
a distinct four-leaf clover pattern for the 17.5 kg/m> concentration isoline (Figure 6a).
At greater aquifer depths, the footprint lost its proportion due to the density difference
between fresh water and saltwater. Saltwater is denser than fresh water due to dissolved
salts, making it heavier per unit volume. This phenomenon caused the footprint to cover
more of the surface area and less of the area at the base of the aquifer (Figure 6b).
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Agquifer
thickness Extraction Injection well
(m) well Uniform flow rate

0

—_ < <« |—>

—> < — |—>»
10 —

—» 8 < < |—>
20+

—> << << |(—>

Ls

— < < —>
30 4

—> << — |—>

—> < < |—>
40 V‘;’

—> i < o

1
/AN
50 T T T T T
0 100
Distance (m)
Concentration isoline (kg/m?) 05 3.5 7 10.5 17.5

Ls : Well screen length
6 :Angle of the concentration iscline relative to the vertical at a specific point

Figure 5. Density gradient in mass transport within aquifers: simulation example after 1800 days for
an aquifer with an initial salt concentration of 35 kg/m? and fully penetrating injection and extraction
wells. The arrows represent uniform flow.

Legend (b)
0
@ Extraction well 10
@ Injection well
f Flow direction
80
60
3’500
,5100 K
Concen tratit_)n]( Kg/m?) Concentration (Kg/m?3)
<175 23 29 35 0.5 10 17.5

Figure 6. Mass displacement after 1800 simulation days: (a) in-plan view for the first numerical layer
and (b) in 3D view.
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Thus, establishing a broader configuration of the extraction and injection wells within
a salinized aquifer is possible. The layout of the system can adapt to any direction, consid-
ering that each extraction well draws four times the design flow rate (Q), and each injection
well introduces a flow rate into the system based on its position within the configuration,
following the rule of tributary flow contribution toward the extraction well, as shown in
Figure 7. The distribution of the extraction and injection flow rates ensured volumetric
compensation of the extracted water against the injected water by adding an equivalent
volume to the extracted mass. This method can be implemented in a closed system that
extracts water, eliminates contaminants through treatment systems, and continuously
injects treated water to avoid polluting effluent generation. The distance between the
wells (dw) was calculated in a manner similar to the design flow rate (Q). These variables
depend on the hydraulic conductivity, initial salt concentration of the aquifer, and optimal
operation time for homogeneous mass displacement throughout the aquifer thickness.
Figure 7 shows the well injection and extraction distribution configuration used to analyze
the MAR-MASS method.

1Q Symbols

@ Extractionwell

dw @ Injection well

dw Distance between well

2Q 4Q 2Q f Flow direction
Q&————® ®
dw Q Flow

1Q 40 Nifarg \L ﬁg df‘la 4Q Injection well
@&EZ—— e @ P> ® <= @ b—> ® @
aw é/ ﬂ \ M XA Extractionwell 1Q
Centralr
Extraction well Injection well
20 4Q 4Q 4Q 2Q
® ® 3 —3> @ ®

“ T\

© @ @
1Q
€]

Figure 7. Distribution of the injection and extraction wells implemented in the MAR-MASS method.
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The method implemented in the aquifer emphasizes its high scalability and adapt-
ability, facilitating its application to various target areas regardless of their geometry, as
depicted in Figure 8. The distribution of wells and the adjustment of the injection and
extraction flow rates according to site requirements ensure customization to maximize
mass extraction efficiency. The scalability of the method supports its use in different in-
tervention areas and under diverse hydrogeologic conditions, thereby meeting specific
case requirements.

@ @ Symbols

@ Extractionwell

@ Injection well

" Target area

Figure 8. Example of an injection and extraction well distribution in a target area.

2.4.2. Optimization of Mass Extraction from the System

The optimization process for mass extraction from the system aimed to achieve ho-
mogeneous mass displacement from the aquifer base to its surface. Initially, the flow rate
of water injected and extracted from an aquifer varied based on hydraulic conductivity
and aquifer thickness. Subsequently, three hypothetical flow distribution scenarios in
the injection and extraction wells were conceptualized. The third scenario targeted the
optimized system conditions, whereas the first scenario represented the traditional injection
or extraction flow rate and was uniformly distributed (Q) across the well screen, as shown
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in Figure 9. Scenario 2 assumed two injection zones: Zone 1 at the top of the well screen
and Zone 2 at the base of the aquifer, with a higher uniformly distributed flow rate than
that in Zone 1 to counteract the resistance to mass transport at the bottom of the aquifer.
Scenario 3 implied gradual injection in zones 1 and 2, following a parabolic pattern that
increased with the depth of the well screen, as measured from the top to the base. Figure 9
presents the simulated scenarios for a 50-m-thick aquifer with a hydraulic conductivity of
5m/d and a flow rate of 5.68 L/s.

Aquifer

thickness  njection Injection Ijtion

(o d well [ well [ well

0 - I | ¥

—]Well Casing | Well Casing | Well Casing

I |

10 - | | Zone 1 g_
I |
I | Zone 2 %

20 l ! Ls : Well screen length

i | Ls, | Ls,:Ls Zone 1 H

| | Ls,:Ls Zone 2

30 | [ H : Aquifer thickness
I | Flow rate
| | magnitude

40 | | representation
I | >
| Ls, | Ls,

50 | T T = | T T T T

0 0.1 0 0.2 0 0.2 0.4
| | Flow rate (L/s)
Scenario 1 Scenario 2 Scenario 3

Figure 9. Injection zones for scenarios 1, 2, and 3 in implementing the MAR-MASS method.

Aquifer hydraulic conductivity and thickness affected the total flow rate injected or
extracted by the well (cap Q). Furthermore, the flow rate distribution per linear meter on
the well screen (Q;) varied depending on the analyzed scenario and the well screen length
(Ls). Equations (1)—(4) represent the flow rates for scenarios 1 and 2.

_Q
Qi= Te 1)

For Scenario 2, the total flow rate in the well (Q;) is the sum of the flow rates assigned
to zones 1 (Qzone1) and 2 (Qzone2):

For Scenario 1:

Qt = onnel + onneZ‘ (2)

The flow rate per linear meter for each zone was as follows:

Qzonel

Qi—zone1 = ]i(:;e (3)
Qzone2

Qifzonez = Lz;r: . (4)

In Scenario 3, the flow rate in each zone gradually increased. This distribution was
simplified into two sectors. The first sector (A1) represents a percentage of the flow rate
applied uniformly to form a rectangular section on the well screen. The second sector
(A7) managed the remaining percentage of the flow rate in the zone, gradually following
a parabolic equation. Together, these sectors summed to 100% of the flow rate in the
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zone. The relationship (p) was used as a control measure or improvement parameter in
the methodology framework and adjusted through trial and error. This process involved
modifying the parameter to assess its effect, aimed at an optimal operating point. The rela-
tionship (p) varied depending on the zone and hydraulic conductivity of the aquifer, thus
establishing a connection with the constants of the equation. This relationship, identified
here as the distribution coefficient, governed the distribution of the injection or extraction
flow rates at the base of the studied zone. Figure 10 presents the details of the variables.

h : Well screen length
A, Rectangular area
A ,: Parabolic area

o and b : Constant
Az

DS — (Ratio of areas)
Aq

Where; Al=bh

A 3
! 1 and, A, =fc,.h2.dh - .aTh

Ao

2

b ash ah?+ b

Figure 10. Geometric and mathematical characterization of the injection zones in Scenario 3 of the
MAR-MASS implementation.

Taking p from Figure 10:

an®
= 0
Simplifying:
a-h?
3 (6)
Isolating b from Equation (6):
a-h?
b= TR (7)
Taking A and A, from Figure 10:
Al + A2 = Ay, (8)

where A represents 100% of the flow assigned to the zone, setto 1, and A; and A, represent
the proportion in the rectangular and parabolic sections, respectively. Substituting the
values of A1 and A; into Equation (7), the following expression is obtained:

a-h?

bh+ - =1 )

Substituting b from Equation (7), the resulting expression is:

a-h? a-h3
<3P> -h+ = = 1. (10)
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Simplifying:
ah®  ahd
3p + = = 1. (11)
Multiplying both sides by 3p:
a-h®+ a-h3-p = 3p. (12)
Isolating a from Equation (12):
3p
= _ 13
(p+1)-h 13)
Substituting (a) in Equation (7):
1
b= ———. 14
(p+1)h (14)

By considering variables (a) and (b) in Figure 10, an equation was derived to calculate
the flow rate within each meter of the well screen (Q;_ ) relative to the screen well length
and the flow rate of the zone (Qzone):

Qi—zone = (a'hz + b) *Qzone- (15)
Rewriting Equation (2) for Scenario 3:
Lsl Ls2
Qt = Qzone1 + Qzone2 = Z Qi—zone1 + 2 Qi—zone2- (16)
0 0

For each zone, Equation (15) applies, resulting in the following:

Lsl Ls2
Qi =Y (a1 + 1) -Quoner + L (a2 +b2) - Quomens a7
0 0

where Ls; is the length of the well screen in Zone 1 (m) and Ls, is the length of the well
screen in Zone 2 (m).

Equations (13) and (14) determine a3, by, a2, and by, leading to the calculation of the
flow rate per linear meter (Q;_,.y.) for zones 1 and 2, as described in Equation (17). This
results in the following expression:

‘ _ 3pl 5 1
Qi—zone1 = ((Pl n 1)-LS13 h* + 70)1 n 1)-L51> Qzonel » (18)
where 1 < h < Lsy;
o 32 2 1 :
szzons’Z - ((P2+ 1)~L523 h= + (p2+ 1)~L52> onnez ’ (19)

wherel <h < Lsy, hisinm, Q,one1 isin L/s, and Q;_,p,e1 isin L/s/m.

Optimizing mass extraction in Scenario 3 involved increasing the injection and extrac-
tion flow rates with depth, divided into two zones (Q;_-one1, Qi—zone2)- This flow rate is
a function of the total flow rate applied per zone (Q;_,one1, Qi—z0ne2), length of each zone
(Ls1, Lsy), well screen length (), and distribution coefficients that define the curvature
of the parabolic growth of the flow rate (p1, p2). The method evaluated 6960 scenarios,
considering each variable and estimating the flow rate for Q; ,o,.1 and Q;_,,,e2, based on
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hydraulic conductivity and aquifer thickness through trial and error, as well as determining
the specific well spacing (dw) and zone lengths (Lsy, Lsy), with Ls; and Ls; defined by
aquifer thickness. Subsequently, trial and error identified the distribution coefficients (p1,
p2) based on hydraulic conductivity. This approach aimed to achieve the best fit for a
uniform and efficient mass displacement over time. Figure 11 illustrates the variables
considered in the system optimization of the injection wells. For the extraction wells, the
values of Q;_one1 and Q;_,oner Were equal in magnitude, but with a negative sign. The
design flow rate values required multiplication by a factor that depended on their position
in the system, as shown in Figure 7.

0 Aquifer [ Injection well
thickness (m) Well casing
10 h : Well screen length
Ls1 : Length in Zone 1
Ls, : Length in Zone 2
H : Aquifer thickness
20 a
L~Zang] Flow rate
", magnitude Ls, H
representation
30
v
h ==
e —
40 £ A
L i §
i N
Q /f‘ '\\
i - Zone2 <« . L52
50 T T T T T T T T
0 0.2 0.4 Flow rate

Zone 1 %

L/
Zone 2 % =

Figure 11. Injection zones for Scenario 3 in implementing the MAR-MASS method.

3. Results
3.1. Spatiotemporal Optimization and Flow Rate Distribution in Aquifer Systems

Through an iterative process, the method aided in spatially and temporally delimiting
the system by varying the injection and extraction flow rates across distances between
wells ranging from 50 to 150 m for 6950 scenarios simulated over 3000 days. A distance of
100 m between wells emerged as the optimal choice from both technical and economic per-
spectives, aligning with the criteria for efficient mass displacement and decreasing density
gradients over time. The length of Zone 2 (Ls;) was determined iteratively, correlating this
length with the percentage of aquifer thickness. The analysis considered lengths ranging
from 8 to 16% of aquifer thickness, which varied between 25 and 75 m, identifying a size
equivalent to 12% to achieve adequate mass displacement at the base of the aquifer. Ls;
is the result of subtracting the length of Zone 2 (Ls;) and the well casing from the aquifer
thickness. The well casing is a tube without slots that guides the point at which injection
and extraction flows begin. The length was adjusted to 6 m through trial and error for
aquifers between 25 and 75 m, responding to changes in the water table in the simulated
scenarios. Empirical Equations (20) and (21) determine the values of Q;_ 461 and Q;—zone2,
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presented in Equations (18) and (19), respectively. These equations were derived by trial
and error and relate the flow injected and extracted in each zone to the thickness of the
aquifer and the hydraulic conductivity governing flow propagation in the system:

180 H
Qzonel = (15 - K+ 12) % and (20)
5890 H
onneZ - (30 - K-|-200) % (21)

where K is the horizontal hydraulic conductivity (m/d) and H is the aquifer thickness (m).
Substituting into Equation (2) yields the total flow applied throughout the well screen:

(22)

0 = <45_ 180 5890 ) H

K+12 K+200) 50

Empirical Equations (18) and (19) determine the values of pl and p2, presented in
Equations (23) and (24), respectively. These empirical equations were derived through
analysis and trial and error to determine the flow distribution coefficient for each zone. The
greater the coefficient value, the greater the magnitude of the flow distribution at the base of
the analyzed zone. An appropriate flow distribution allows for uniform mass displacement
throughout the aquifer thickness. The distribution coefficients remain constant for different
aquifer thicknesses, but are hydraulic conductivity functions:

pl = 0.003-K (23)
707
p="517 - s, (24)

Figure 12b provides a graphical representation of Equations (23) and (24) for the
calculated flow by zone for a 50-m-thick aquifer, along with the distribution coefficient
values per zone for any aquifer thickness. Figure 12a for Zone 1 shows that the flow
rate increases with a secant slope of 33% between points with hydraulic conductivities of
5-20 m/d. The curve has an inflection point at a conductivity of 30 m/d and ends with a
secant slope of 3% between points with conductivities of 40-80 m/d. The secant slope of
Zone 2 between points with hydraulic conductivities ranging from 5 to 100 m/d was 9.6%.
Regarding the distribution coefficient, the secant slopes between hydraulic conductivities
of 5 and 100 m/d for Zones 1 and 2 were 0.3% and 1.8%, respectively.

Figure 13 illustrates the flow distribution per linear meter (Q;_,,,.) based on
Equations (20) and (21), showing an increase in flow with increased hydraulic conductivity.
The analyses considered a 50-m-thick aquifer with a well casing of 6 m. Zones 1 and 2 had
lengths of 38 and 6 m, respectively.

3.2. Flow Adjustment and Mass Displacement Outcomes

Mass displacement through the injection and extraction wells implemented in the
MAR-MASS method created a boundary effect due to the radius of influence of each well
when applied to an area smaller than the remediation zone, as shown in Figure 14. To avoid
boundary effects, the well configuration must cover the area of interest; the peripheral
freshwater injection wells should form a hydraulic barrier to contain the mass volume to
be remediated, as illustrated in Figure 8. Figure 14 shows a plan view of the model with a
well spacing (dw) of 100 m. It presents the mass displacement outcome for a 50-m-thick
aquifer after an 1800-day simulation, with an initial uniform salt concentration of 35 kg/m?
and a hydraulic conductivity of 5 m/d. The design flow rate calculated using Equation (22)
was 5.68 L/s. Using this configuration, the total extraction flow was 36-fold that of the
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design value, as illustrated in Figure 7, resulting in a total of 204.48 L/s for both extraction

and injection.
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Figure 12. (a) Flow rate calculated by zone for a 50-m-thick aquifer. (b) Distribution coefficients

by zone.
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Figure 13. Flow injection or extraction per linear meter for each hydraulic conductivity of a

50-m-thick aquifer.
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Figure 14. Mass displacement after 1800 simulation days in the horizontal plane at the model’s top
using the MAR-MASS method. Image generated in FEFLOW.

Cross-section A between the central and peripheral injection wells showed a parabolic
injection and extraction pattern from the surface of the model to its base (Figure 15). The
inclination of the concentration isolines in the peripheral injection well suggests uniform
vertical mass displacement along the 0.5 kg/m? isoline. Figure 15 shows a smoother
inclination of the concentration isolines compared to those in Figure 5, prior to applying
the equations optimizing mass extraction.

3.3. Effectiveness of Mass Displacement

Simulations of 6950 scenarios with 3000 days of system operation were used to analyze
the different hydraulic parameters and boundary conditions with respect to the time
required to reach the target residual concentration. Hydraulic conductivity influences the
time required to achieve this goal, with a reduction in the number of days as hydraulic
conductivity increases, partly due to the increased extraction and injection flow rates with
increasing conductivity. However, this effect diminished at higher initial salt concentrations
and was negligible at 35 kg/m?, emphasizing the significant relationship between the initial
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aquifer salt concentrations and mass displacement, as shown in Figure 16. Analyzing the
maximum and minimum times for each concentration revealed a consistent behavioral
pattern when plotted on a logarithmic scale. Another aspect to highlight is that for specific
yields lower than 0.3, the relationship between different initial concentrations—such as the
5:1 ratio between 3.5 and 17.5 kg/m3—did not correspond proportionally to the number
of days required to reach the target concentration between these concentrations. In other
words, the time needed to reach the target concentration for 17.5 kg/m? was not five-fold
longer than that for 3.5 kg/m?. Regarding the specific yield, a linear behavior was observed
in a logarithmic scale for initial concentrations between 3.5 and 17.5 kg/m? as the specific
yield increased to a value of 0.3. With a specific yield of 0.35, the number of days decreased
significantly due to the rapid decrease in stored mass.

Aquifer

X Central Injection well Extraction well Injection well
thickness :
Extraction well
om
> | < <> > | < <>
> | < <> > || < <>
10
> | < <> > ||| < <>
> | <« <> > ||| < <>
20
—> | < <> —> ||| < <{>
—> | <— <> —> (| <— <>
30
—> | <— <> —> ||| <— <>
—> | «— <> —> ||| <— <>
40
—> | «— <« > —> ||| «<— <1
—> | — «—F> —ll\— <«—7F—>
50 T T T L T
0 100 200 300
Distance (m)
—>> Flow rate
Concentration isoline (kg/m3) _0-° 35 7 105 175 5 magnitude

representation

Figure 15. Cross-section A showing mass displacement through concentration isolines during
injection and extraction well operation under the MAR-MASS method.

The vertical anisotropy effect of hydraulic conductivity was not distinguishable when
analyzing the time required to reach the target residual salt concentration in the method, as
shown in Figure 17a. Molecular diffusion remained irrelevant within this analysis time-
frame, leaving only mechanical dispersion as a significant influential variable. Figure 17b
illustrates that higher initial salt concentrations highlight the relationship between lon-
gitudinal dispersivity, mechanical dispersion, and the time needed to achieve a residual
concentration of 0.5 kg/m?3. Observing Figure 17a,b on a logarithmic scale shows a linear
trend within the initial concentration ranges of 3.5 to 17.5 kg/m?3 for each specific yield. As
the initial concentration increased, the number of days required to reach the target residual
concentration also increased.
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Figure 16. Time necessary to reach a residual concentration equal to 0.5 kg/m3 versus the specific
yield (Sy), according to the initial concentration (color) and hydraulic conductivity (geometric shape).
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Figure 17. Time necessary to reach a residual concentration equal to 0.5 kg/m3 versus the specific
yield (Sy), according to the initial concentration (color): (a) vertical anisotropy (geometric shape) and
(b) longitudinal dispersivity (geometric shape).

Similarly, as shown in Figure 17b, a linear trend indicates an increase in specific yield
for initial concentrations of 35 kg/ m3 and longitudinal dispersivity values of 0, 10, 20,
and 40. Figures 16 and 17 show that for an initial concentration of 3.5 kg/ m3, the target
concentration was achieved within a maximum of 390 days; for 7 kg/ m?3, within 600 days;
for 10.5 kg/ m?3, within 840 days; and for 17.5 kg/ m?3, within 1920 days. At a concen-
tration of 35 kg/ m?3, 33% of the scenarios did not reach the target concentration within
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3000 days, ending with an average residual salt concentration of 0.64 kg/ m3. Moreover,
of the 6950 scenarios evaluated, 88% achieved the objective in less than 5 years, and 79%
within the first 2 years.

3.4. MAR-MASS vs. Conventional Injection Systems

Twenty random scenarios were selected from the 6950 simulations using the same well-
spacing configurations to compare the MAR-MASS method with conventional injection
systems that use a uniformly distributed flow on the well grid. Figure 18a shows four
scenarios for each initial concentration, with blue points representing the scenarios where
the MAR-MASS method was implemented. A noticeable contrast was observed in the
time required to reach the target residual concentration of 0.5 kg/ m3. Compared with
scenarios using the conventional injection method (orange points), Scenario 14 showed a
51% reduction in time using the proposed method compared with a conventional injection
system, with operation time decreasing from 37 to 19 months. Scenario 10 demonstrated a
10% reduction in operation time from 100 to 10 months. This time could be even shorter
because, after 100 days, the residual concentration did not reach the target value, resulting in
a concentration of 0.67 kg/m3. The average reduction was 28% in the comparative analysis
of 20 scenarios evaluated using the MAR-MASS method and a conventional injection
system. Figure 18b displays the maximum pressure in the system for each scenario. The
units are in meters of the water column, measured above the maximum hydraulic head
value, assigned as the boundary condition of the system. The maximum pressures in the
system ranged between 3 and 14 m in the water column when implementing the MAR-
MASS method, compared with 21 and 87 m when using the conventional system. This
behavior indicates that the MAR-MASS method allows for the better propagation of injected
water and consequently facilitates mass transport. The maximum values in Figure 18b
correspond to scenarios with hydraulic conductivities of 5 m/d, with values exceeding
85 m in the water column, which could limit the implementation of conventional injection
systems. This suggests that implementing the MAR-MASS method covers scenarios where
the operation could be feasible and efficient even with low hydraulic conductivities.
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Figure 18. (a) Time necessary to reach a residual concentration equal to 0.5 kg/m3 versus the initial
concentration. (b) Maximum system pressure versus the initial concentration.
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4. Discussion

A comparison between the results obtained in this study and the existing literature
reveals that the MAR-MASS system constitutes a significant advancement over conven-
tional managed aquifer recharge (MAR) methods, particularly under variable-density
flow conditions, such as seawater intrusion or the remediation of dense contaminants.
The literature categorizes hydraulic solutions for seawater intrusion control into positive,
negative, mixed, and double-pumping barriers, based on the constraints applied to the
affected aquifer [1,7,10]. Figure 19a illustrates positive barriers, where freshwater injection
forms a hydraulic crest. The effectiveness of this technique relies on placing the injection
point at the intersection between the seawater intrusion interface (SWI) and the aquifer
bottom [11,12]. However, performance remains constrained by the temporal variability of
the SWI [13,14]. Effective repulsion of saline water occurs only when water is injected pre-
cisely at the critical junction of freshwater, saltwater, and the aquifer base [11]. Figure 19b
shows negative barriers, which rely on water extraction to create low-pressure zones, but
typically remove more freshwater than saltwater and entail high energy consumption [15].
Figure 19¢,d present mixed and double-pumping barriers, which enhance control over
intrusion; however, their efficiency strongly depends on system design, aquifer geometry,
and the relative position of the wells [7,16,17].
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Figure 19. Hydraulic barriers, adapted from [7]. The red dashed lines represent saline intrusion prior
to the implementation of the hydraulic barriers. (a) Positive hydraulic barrier. (b) Negative hydraulic
barrier. (c) Mixed hydraulic barrier. (d) Double pumping barriers.

MAR-MASS provides a modular and adaptable solution that enhances the vertical
distribution of flow, overcoming key limitations observed in traditional approaches. A
major challenge in injection—extraction systems involves achieving homogeneous displace-
ment of the saline or contaminant mass throughout the full thickness of the aquifer [1,7],
particularly in media with high anisotropy or low hydraulic conductivity, where density
gradients tend to develop and reduce system efficiency [18,19]. Numerical results indicate
that, compared to conventional methods, MAR-MASS reduces recovery times by 90% to
50% across most simulated scenarios, aligning with efficiency improvement trends associ-
ated with the optimization of injection/extraction well pairs in coastal aquifers [16], while
also extending applicability to a broader range of geological conditions and contamination
types [5]. This enhanced hydraulic efficiency not only lowers operational and energy
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requirements but also directly contributes to carbon emission reduction by shortening the
time and energy needed to achieve remediation goals [20,21].

MAR-MASS emerges as a scalable and adaptable alternative for sustainable ground-
water management. Its modular design, featuring vertically differentiated flow distribution,
enhances hydraulic front control, reduces resistance in deeper zones, attenuates density
gradients, and promotes the advancement of fresh water—even in heterogeneous or low-
permeability media, where conventional approaches prove less effective. Comparative
analysis of maximum pressures indicates operational feasibility in conditions where tra-
ditional methods tend to generate excessive or unviable pressures, making MAR-MASS
particularly suitable for low-conductivity aquifers.

This capacity contrasts with the limitations of widely applied technologies such as
pump-and-treat systems, which, despite their extensive use, often underperform in hetero-
geneous settings. Contaminant stagnation, prolonged remediation times, and low recovery
efficiency are frequently reported under such conditions [22,23]. Field-scale dispersion and
aquifer heterogeneity further constrain effectiveness [24].

Despite the potential demonstrated in numerical simulations, large-scale implementa-
tion of MAR-MASS demands rigorous experimental validation and careful assessment of
site-specific hydrogeological and operational conditions. Such caution remains essential to
avoid uncritical adoption of methods whose simulated performance may be overestimated
when applied in real-world scenarios.

5. Conclusions

The MAR-MASS method demonstrated its effectiveness in extracting mass from
aquifers of different densities, substantially contributing to sustainable water resource
management by presenting significant advantages over conventional injection systems.
The proper distribution of injection and extraction wells and depth-varying flow pro-
mote uniform mass displacement throughout the aquifer, reducing density gradients and
increasing extraction efficiency over time. Simulating multiple scenarios with different
hydrogeologic variables, such as vertical anisotropy, specific yield, mechanical dispersion,
and molecular diffusion, provides valuable information for optimizing mass extraction
processes. MAR-MASS provides solutions to SWI or issues involving flows of different
densities within the continent due to masses originating from the dissolution of natural or
anthropogenic constituents, with mass concentrations ranging from 3.5 to 35 kg/m?.

The hydraulic conductivity and specific yield of an aquifer are pivotal parameters that
affect the duration required to achieve desired residual concentrations, with a decrease
in the timeframe as hydraulic conductivity increases and specific yield diminishes. These
findings further suggest that the time required to reach target residual concentrations varies
depending on the initial concentration of the aquifer, with mechanical dispersion exerting
a significant impact on this process. The proposed MAR-MASS injection and extraction
system effectively combats resistance and opposition to mass movement at greater aquifer
depths, enhancing the spread of injected water and facilitating mass transport. Simulations
demonstrated exceptional operational efficiency, enabling the attainment of the target
residual concentration in the intervened area within 50 to 10% of the time required by a
conventional injection system with equivalent water flow resources.

The MAR-MASS system has proven to be flexible and adaptable to various hydrogeo-
logic conditions across a range of conductivities and characteristic parameters in aquifers
with thicknesses between 25 and 75 m and comprising unconsolidated materials, such as
medium and coarse sand and a mixture of sand and gravel. The system'’s spatiotemporal
approach enabled the scalability of MAR-MASS, ensuring its adaptability to different target
areas and hydrogeologic conditions, thus guaranteeing its practical application in various
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contexts. Implementing a cyclic extraction, treatment, and injection system prevents pollut-
ing effluent generation. The findings of this study support the efficacy and relevance of
MAR-MASS in optimizing mass extraction in aquifers, emphasizing its potential to enhance
groundwater management and promote sustainable aquifer recharge practices.

Integrating programming tools, such as Python, with advanced technological strate-
gies, such as parallelization techniques and HPC, significantly improved the development
and validation of MAR-MASS. This study emphasizes the usefulness of these tools for
performing intricate calculations, analyzing extensive datasets, and managing databases
within hydrogeological models. The utilization of APIs, such as IFM in the FEFLOW numer-
ical modeling software and Flopy in MODFLOW, further highlights the sophistication and
accuracy of the method, enabling detailed simulations and optimizations. Combining these
technologies is crucial for achieving precise and efficient results that cannot be achieved
using traditional methods, highlighting the vital role of state-of-the-art technologies in
advanced hydrogeologic research.

Although the MAR-MASS method has shown significant potential within numerical
modeling analysis, future studies should perform field validation to confirm the method’s
applicability in diverse environments. Additionally, the application of the MAR-MASS
method in the remediation of contaminated areas can be explored, with the extraction of
masses of different contaminants.

MAR-MASS establishes a robust foundation for future research and practical applica-
tions in hydrogeology and water resource management, thereby benefiting the scientific
community and society.
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