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Abstract: This study investigates the relationships between surface deformations and
groundwater management in the Metropolitan Region of Guatemala (MRG), a geologi-
cally complex area subjected to different types of ground deformation, integrating five
municipalities around Guatemala City. Deformation patterns were characterized through
Multi-Temporal Interferometric Synthetic Aperture Radar (MT-InSAR) and compared with
groundwater piezometric data. The MT-InSAR technique allowed the identification of
the main deformation areas in the MRG. Previously reported maximum subsidence rates
ranged from —60 mm/year to —20 mm/year, with local maxima fitting with the extraction
well fields of Villanueva and Petapa, in the South basin. Subsidence bowl or depression
cone deformation areas were identified and located, similar to those described in the lit-
erature for other urban areas, such as Jakarta, Semarang, and Mexico City, among others.
This study contextualizes these findings within the detailed hydrogeological framework
of the region, highlighting the long-standing generalized exploitation of groundwater
resources for urban, agricultural, and industrial uses. Historical data on water wells, piezo-
metric levels, and groundwater flow patterns indicate that groundwater extraction has
surpassed the natural recharge rates, particularly in the southern and eastern hydrologi-
cal basins in the study area. This research identifies a critical need for sustainable water
management, emphasizing the importance of integrating MT-InSAR into groundwater
monitoring schemes.

Keywords: SAR; aquifers; hydrogeology; ground deformation; geological risk; Central
America; Sentinel-1

1. Introduction
1.1. Ground Deformation Dynamics in the MRG

The Metropolitan Region of Guatemala (MRG), characterized by a diverse and active
geological framework [1,2], has historically recorded recurrent earthquakes, landslides, and
local subsidence phenomena [3-5]. Garcia-Lanchares et al. [4] applied the MT-InNSAR SNAP
StaMPS algorithm to detect and characterize these processes in 22 zones of the capital and
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4 municipalities, identifying the main deformation areas and proposing a more in-depth
analysis of their causes. (see Figure 1).
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Figure 1. Study area and administrative units in the metropolitan region of Guatemala (MRG).
Geographical reference system WGS84.

Several precedents suggest that one of the causes of these phenomena in Guatemala
City may be the intense extraction of water to supply the increasing population. The
identification of subsidence bowl patterns in basins through the MT-InSAR technique [4,5]
suggests a relationship with the extraction of groundwater, a phenomenon globally rec-
ognized and evidenced in metropolises like Jakarta [6,7], Mexico [8,9], and Beijing [10].
Previous reports on the hydrogeology of Guatemala City, its management, and monitoring
were reviewed as part of this research [11-16]. These studies emphasize the need for
continuous monitoring in response to the strong demand and the need for sustainable
urban development.

The demographic growth in Guatemala, particularly in its metropolitan areas, has led
to a considerable increase in the demand for natural resources. According to Bahri [17],
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technological advancements have contributed to an exponential increase in industrial and
agricultural production, as well as extensive urbanization, predominantly in large cities.
This phenomenon is directly linked to increased use of water resources, as described by
Bahri [17].

The XII Population Census and VII Housing Census indicate that the population
of Guatemala stands at 14,901,286 individuals [18], with an annual growth rate of 1.8%
between 2002 and 2018. The Department of Guatemala, encompassing Guatemala City and
16 additional municipalities, hosts the largest percentage of the country’s population, ac-
counting for 20.2% of the total. This growth has led to increased infrastructure development
and the exploitation of resources such as groundwater.

In terms of water resources, there is a diversity of sources for domestic use in and
around Guatemala City, encompassing rivers, groundwater, lakes, and springs. These are
vital for supplying potable water and fulfilling other domestic and industrial requirements
of the population. The dependence on these resources emphasizes the crucial need for
integrated and sustainable management of urban water to tackle the challenges arising
from urban sprawl and population increase [19]. Persistent groundwater depletion or
overexploitation can result when groundwater extraction surpasses its recharge capacity
across large areas and over extended periods [20,21].

1.2. Previous Hydrogeological Studies

Documented investigations into the hydrogeological framework and utilization of
wells in Guatemala City have been undertaken [1] and, subsequently, in the report by
the Japan International Cooperation Agency JICA [13]. These initial studies, centered on
tracking aquifer levels, prompted the drilling of wells that would eventually see widespread
use. Additional studies in this field have been carried out by Jacqueline Imelda Morales [14],
and Herrera and his team [11,12].

In the context of the metropolitan aquifer, the research by Morales [14] provides crucial
data to enhance water extraction systems and to develop management and prevention
strategies. This study focused on determining the piezometric level of 32 wells, evaluating
their spatial and temporal variation along with the annual extraction rate, and identifying
critical wells in various sectors.

Herrera underscores the significance of managing aquifers sustainably, alerting us
to the effects of overexploiting them. Despite efforts to monitor the situation, Guatemala
lacks comprehensive hydrogeological maps, which are essential for the effective utilization
of groundwater. Moreover, the study undertaken by Herrera [12] highlights the diverse
geological and climatic conditions in Guatemala, noting a lack of in-depth hydrogeolog-
ical research. The key reference is a manual by IARNA-URL [22] which addresses the
management of water resources in Guatemala City, providing a basis for their utilization.

Additionally, within the context of piezometric analysis, Funcagua et al. [15] undertook
a general analysis of flow networks in the municipalities that make up the ‘Mancomunidad
Gran Ciudad Sur’, comprising Amatitlan, Ciudad de Guatemala, Mixco, San Miguel Petapa,
Santa Catarina Pinula, Villa Canales, and Villa Nueva. This coalition of municipalities
aims to coordinate legislative actions with regard to water management. One of the most
significant outcomes of the present study is the provision of spatial information on the
variation in equipotential piezometric surfaces of the groundwater level and the directions
of the main groundwater flows. Figure 2 presents a simplification of the main emission
and reception zones of water flows for the year 2018.
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Figure 2. Study area showing the three main basins, underground flow directions, and equipotential
surfaces for each season (wet and dry). Geographical reference system WGS84 elaborated from
Funcagua et al. [15].

The evolution of the groundwater level can be observed as a representative well
within each basin in Figure 3. All three of them show constant depletion of the water level.
Historical series records for the east basin are only available from the year 2000, since this
was the last area to be settled and therefore the area where natural resource consumption is
most recent.

The publication of the study “Water security strategy for the municipalities of the
Greater Ciudad del Sur Union, compatible with sustainable exploitation of the Guatemala
City valley aquifer” [23] carried out by Empagua, AECID, Mancomunidad Gran Ciudad
del Sur, and UICN 2023, provided valuable data over the period 2020-2023, which were
crucial for this research.
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Figure 3. Historical series of piezometric levels for the reference wells for each of the basins (Elabo-
rated from Morales and Funcagua et al. [14,15]).

1.3. MT-InSAR for Groundwater Monitoring

Various spatial remote sensing techniques can be utilized to study the overexploitation
of groundwater and its consequences for human settlements without the need to rely on
extensive field data campaigns. These techniques include photogrammetry, LIDAR, GNSS,
radar, and gravimetry. Among these, MT-INSAR [24] has proven effective in studying the
response of aquifers to over-pumping [25] and its impact on urban infrastructures [26].

According to research by Galloway et al. [25], Bru et al. [26], and Castellazzi et al. [27],
MT-InSAR has proven effective in studying the response of aquifers to overexploitation
and its consequences on urban infrastructures. For example, in Ezquerro et al. [28], the
correlation analysis conducted between displacement and piezometric time series provides
a correlation coefficient of over 85% for all wells, demonstrating its efficacy in such ap-
plications. Despite its usefulness, it has been observed that MT-InNSAR does not detect
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deformation dynamics equally in all soil structures or for every depth [29], showing a
strong relationship with the distribution and properties of compressible sediments [27]. For
example, F. Chen et al. [30] show that Quaternary sediments are highly related to significant
displacements (primarily at a rate of —15 to 15 mm/yr), although the characterization
of other significant geological structures is recommended, such as buried faults, horsts,
grabens, and volcanic cones. The same authors suggest that different sediments with
different porosities can show uneven displacement trends, which should be considered
in city planning. Navarro-Herndndez et al. [31] point to the direct relationship between
InSAR displacements and soft soil thickness, highlighting aquitard layer compaction due
to groundwater withdrawal and piezometric head depletion as the primary causes of land
subsidence. However, the specific impact of soil types on the capabilities of MT-InSAR
requires further investigation.

In the case of Guatemala City, periodic measurements have been conducted at the
same wells along with other hydrological factors, with methods corroborated by various
studies [1,11-14,22,23,29,32,33].

1.4. Aims and Scope

This study focuses on assessing the extent to which water extraction can be monitored
via remote sensing tools, a technology that is increasingly in demand given the urgent need
for cost-effective and globally applicable techniques to study groundwater depletion and
its impacts, as highlighted by Famiglietti [33] and Castellazzi et al. [27]. This endeavor
is supported by the literature explaining the correlation between hydrogeology and MT-
InSAR analyses, as seen in studies by Castellazzi et al. [27], Galloway and Hoffmann
et al. [25], Chaussard et al. [34], Cigna et al. [35] and Ezquerro Martin [36].

The growing interaction between urban development and hydrogeological dynamics
in Guatemala City raises significant challenges and critical research questions. Given the
intensification of water resource usage and the subsidence of certain areas due to water
extraction, it is crucial to explore how underground characteristics impact and are impacted
by such extraction. In this context, the question arises of whether there is a correlation
between the velocities detected by MT-InSAR and specific soil characteristics. Moreover,
this study aims to understand whether there are particular features that make the soil more
prone to subsidence and whether it is possible to identify areas that are less vulnerable to
subsidence due to water extraction.

The goal of this study is to analyze and explain the piezometric evolution in the
MRG utilizing the MT-InSAR time series of deformation. This research will focus on
hydrogeological characterization and ground deformation dynamics. Despite limitations
due to the sample size and the scale of the cartographic and hydrogeological data, the aim is
to shed light on underground dynamics. The relationship between piezometric differences
and deformation rates observed through MT-InSAR is examined, with a particular focus
on characterizing water wells based on their location, depth, and lithological features.
Additionally, potential areas for intensive monitoring will be identified, where further
piezometric measurements could more accurately reflect the actual state of the aquifer. This
comprehensive approach seeks to provide a deeper understanding of how water resource
management and urban design can adapt to the complex geological and hydrological
conditions of the region, thereby contributing to the long-term sustainability of Guatemala
City and its surroundings. Hence, the main questions addressed in this study are the
following, Q1: “Is there a relationship between deformation rates detected through MT-
InSAR and the piezometric measurements?”, Q2: “What is the influence of the specific
geological characteristics on the subsidence patterns?” and Q3: “Which are the geological
types that show deformation patterns most closely related to aquifer variations?”.
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2. Materials and Methods

To address the above-mentioned questions and goals, an overview of the analyses
conducted is provided. This includes a statistical analysis aimed at examining the rela-
tionships between MT-InNSAR data and piezometric information. As highlighted in the
introduction, the hydrogeological characterization was given significant attention. There-
fore, the data were categorized based on this characterization. Owing to the constraints of
the available data, this environmental characterization was estimated by drawing on prior
studies undertaken in the same study area.

2.1. Study Area

The study area encompasses three basins that comprise the urban area, consisting of
Guatemala City and adjacent municipalities. These basins are typically referred to as east,
north, and south basins (Figure 2).

The hydrogeological framework of the area under study is determined by both regional
and local tectonic events, as described by JICA et al. [13]. This is marked by a system of
blocks that undergo subsidence and uplift (horst and graben structure), interconnected
through hydrogeological processes, primarily through open fractures perpendicular to
fault planes and horizontal joints. Active zones for water storage and circulation are
present in the subsided blocks, which exhibit regional continuity. These subsided blocks are
recharged by water coming from the uplifted blocks, with this recharge being transmitted
via a network of lateral cracks and fractures. This network facilitates the direct connection
of porous materials with the fracture system, thus aiding the movement and distribution of
groundwater in the studied area [13].

The composition of blocks includes various types of strata or aquifers, which may
be interconnected. These aquifers can be categorized based on origin, behavior, or, most
commonly, location. There are two main types of aquifers distinguished by their vertical
location and differentiation: the lower and upper aquifers. The thickness and composition
of these aquifers vary depending on their specific location.

e  Upper alluvial aquifer: The study area is extensively overlain with volcanic ash, py-
roclastic materials, and alluvial deposits, with the latter being nearer to the surface.
According to JICA [13], these volcanic sediments have been shaped by river erosion,
creating deep, branched gullies with depths varying from 150 to 250 m. Superficial
aquifers are located within these sediment layers. The alluvium constitutes a notably
shallow aquifer, generally under 50 m deep, with the extracted water primarily desig-
nated for non-potable uses. These aquifers are situated in valley beds and colluvial
deposits formed from Quaternary erosion on the slopes. Given the significant reduc-
tion in flow during droughts and hydraulic connection to rivers, these aquifers are
not regarded as viable for hydrogeological exploitation, owing to their depletion risk.
Additionally, they lack both vertical and horizontal continuity [37].

e  Upper Pyroclastic Aquifer: The aquifer, composed of pyroclasts and volcanic fillings,
can extend to depths ranging from 200 to 400 m. Its transmissivity depends on the
material’s porosity. There can be transmissivity between different basin pyroclastic
aquifers, one in the northern basin and one in the southern basin. Therefore, rain
falling in the northern aquifer could end up in the southern basin pyroclastic aquifer.

The zone of hydrogeological significance is defined in a vertical extent, beginning at
an elevation of 1100 m above sea level, encompassing a layer of about 400 m in thickness.
The stratigraphy of this zone varies depending on geographic location and is primarily
made up of volcanic tuffs, lava flows, and ignimbrites from the base upwards. The presence
of these materials plays a crucial role in shaping the hydrogeological properties of the
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region, affecting both the availability and the dynamics of the groundwater movement in
the area [15].

Andesitic and basaltic lava formations, due to their nature, exhibit depositional struc-
tures, consolidation processes, and a notable tendency to develop open fractures.
These features, along with their hardness, render them effective aquifer materials. This
aspect is conducive to aquifer system development, with their efficiency reliant on
connections to broad recharge zones that support the renewal and preservation of
subterranean water resources [13].

Lower Andesitic Lava Aquifer: Found at deeper levels, this aquifer is composed of
hard, impermeable material derived from old volcanic flows. Its water storage is
confined to areas that are fractured or have significant structural discontinuities, such
as faults. Water recharge occurs not only from infiltration from the overlying strata
but also from surface outcrops [13].

Lower Limestone Aquifer: Comprising ancient, isolated limestone, this aquifer system
operates distinctly due to its reliance on conduits rather than pore spaces [13]. The
intrinsic porosity of the limestone varies, and its secondary permeability in carbonate
aquifers results from the dissolution of bedding planes, fractures, and faults, rendering
them highly anisotropic and heterogeneous [12].

2.2. Characterization of Each Hydrological Basin

A detailed examination of the various types of aquifers present in each basin was

conducted. Along with the explanation of each of the basins, Figures 4 and 5 provide
insights into the hydrogeologic structure.
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Figure 4. Location of lithologic profiles used for the characterization of basins and wells elaborated
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Herrera Ibafiez and Barrientos [11,12,23,37].
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Figure 5. Longitudinal geological profiles used for the characterization of basins and wells elaborated
from Herrera Ibafiez and Barrientos [11,12,37].

Northern basin: corresponding to the Las Vacas River basin, which is fed by the
Chinautla and El Zapote rivers. Geologically, this area is marked by the uplift of
the Cretaceous carbonate basement. Here, Tertiary volcanic rocks to the south with
thicknesses of 500 m and Quaternary pumice pyroclasts with thicknesses of 40 to
120 m can be observed. The limestones outcrop in the middle part of the basin and
reach thicknesses of 600 m. Water circulation is limited, with values of 3 L/second,
and the environment is highly fractured. In the northern basin of Guatemala City,
two aquifers are identified: one of limestones in the central and northern parts, and
another volcanic aquifer formed by tuffs and volcanic lavas, both exhibiting secondary
permeability due to fracturing [12]. Moreover, while there used to be approximately
150 drilled wells [1], it is now estimated that there are around 1000 drilled wells, both
municipal and privately owned [12].
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Transmissivity values in limestone aquifers depend on the degree of fracturing, rang-
ing from 10 to 5000 m?/day [37]. The transmissivity of volcanic aquifers falls within a
range of 10 to 285 m?/day [1,12]

- Southern basin: As detailed by [38], the hydrogeological units in this area are illus-
trated in Figure 5. This area encompasses fractured volcanic formations, pumice
pyroclastic deposits, and the alluvial materials of the Villalobos River. The volcanic
components, made up of dacites, andesites, and Tertiary welded tuffs with thick-
nesses exceeding 500 m, form the saturated zone and a fissured environment or a
rock formation with fractures. In contrast, the unsaturated zone primarily consists of
Quaternary pumice Pyroclasts. In the southern section near the Villalobos River, the
river’s fluvio-lacustrine sediments and alluvium are saturated and make up a phreatic
upper aquifer. It is estimated that there are currently more than 500 wells in the basin,
according to JARNA-URL and TNC [22].

The transmissivity of the alluvial aquifer ranges from 150 to 2000 m? /day, specifically
in the Rio Villalobos area [11]. For the pyroclastic aquifer, the range varies between 50
and 750 m?/day [11]. In the upper part of the basins, the transmissivity of the volcanic
aquifer ranges from 500 to 800 m?/day, covering areas from San Lucas to Barcenas, El
Trébol, Ciudad Real, and from Santa Catarina Pinula to Boca del Monte. In contrast, there
is significant variation in transmissivity in the lower basins: from 500 to 5000 m?/day in
Villanueva, the surroundings of Ojo de Agua, Petapa, and Villa Canales; 22 to 1300 m?/day
in the El Diamante area; and 1600 to 9500 m? /day in Ojo de Agua [38].

- Eastern basin: The hydrogeological structure of this basin is characterized by fractured
volcanic rocks from the Tertiary period. These include vitric welded tuffs and basaltic
andesitic lavas, which are over 500 m thick, creating a saturated zone that extends
beyond a depth of 200 m. Additionally, the unsaturated zone is primarily made up of
Quaternary pyroclastic deposits, with thicknesses of between 80 and 120 m observed
in the northern and southern regions of the basin. Although 60 wells have been
documented in this area, the estimated total number of wells was believed to be over
100 in 2016 [38].

Information in the literature on transmissivity for volcanic aquifers establishes a
distinction between two locations: Santa Catarina Pinula (high basin area), with a value of
70 m?/day, and Poblado de Los Ocotes (middle basin), with values ranging from 1190 to
1222 m?/day [38].

2.3. MT-InSAR Processing and Analysis

MT-InSAR deformation time series were derived from Sentinel-1 A /B images spanning
from January 2020 to December 2021. This period was selected to cover the available
piezometric field data campaigns, which were conducted in January and November 2021,
providing representative snapshots of groundwater conditions at the end of the wet season.
While the deformation trends were analyzed for the entire processed MT-InSAR period
(January 2020-December 2021), a temporal subset of MT-INSAR time series was selected
for the comparison with piezometric data, fitted to the time range covered by the field
campaigns. All analyses were executed using R (vers 3.6.) statistical software.

A total of 218 Sentinel-1 A and B images were processed in two stacks: 107 ascending
images from orbit 136, and 111 descending images from orbit 26. All processed images
were TOPSAR data in Single Look Complex (SLC) format, acquired in Interferometric Wide
(IW) mode with VV polarization, spanning from January 2020 to December 2021 (Table 1).
The integrated SNAP-StaMPS processing for Sentinel-1 PSI employed version 9.0.0 of the
Sentinel Application Platform (SNAP), developed by the European Space Agency (ESA), in
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conjunction with snap2stamps and the Stanford Method for Persistent Scatterers (StaMPS)
software vers 4 (Stanford University, Stanford, CA, USA) [39].

Table 1. Sentinel-1 image characteristics.

. First Last . o Mean Inc. Heading
Satellite Image Image Geometry Orbit Images Polarization Angle Angle
S1A&B 11 January 2020 13 December 2021 Asc 136 107 \'A% 39.2 349.3
S1A&B 9 January 2020 17 December 2021 Desc 26 111 \AY% 36.5 190.6

The MT-InSAR deformation series from ascending and descending geometries was
decomposed to obtain the vertical and horizontal (E-W) deformation time series [4]. SNAP
and StaMPS were used in an integrated approach for Sentinel-1 PSI processing. The StaMPS
parameters significantly influence the final results, as the characteristics of the analyzed
movements directly impact the processing outcome. Therefore, selecting appropriate
parameter values is essential. In our case, using the default values resulted in an irregular
stepped trend in several PS time series. To address this issue, parameters related to
atmospheric filtering, phase unwrapping, and the estimation of the Spatially Correlated
Look Angle (SCLA) error were adjusted according to the values proposed by Balbi et al. [40].

The decomposed time series (vertical and horizontal) were rasterized using kriging
techniques and analyzed at the scale of the Metropolitan Region of Guatemala. Main Areas
of Interest (AOIs) were delineated and characterized, following the criteria proposed by [4],
specifically: contiguous subsiding areas larger than 50 hectares with vertical subsidence
velocities greater than —10 mm/yr. The identified AOIs were represented as simplified
circles, numbered and described accordingly.

2.4. Hydrogeological Characterization

Piezometric data were measured in the field in 89 wells within the study region (refer
to Figure 4), utilizing a piezometric probe [23]. Data were gathered in two field campaigns:
the first of these in January 2021 and the second in November 2021. For computational
purposes, 30 January and 15 November were chosen as median dates within each data
collection range. The location and altitude relative to sea level and the piezometry of each
well were recorded. This information was translated into well depth relative to the surface
by considering the discrepancy with the Alos Palsar-1 digital terrain model [41], which
has a resolution of 12.5 m. The final dataset for the analysis represents the variation in the
depth of each well, calculated by subtracting the first measurement of the water level in
each well on the first date from the water level on the second date, thus determining the
change over the two periods (piezometric difference).

2.4.1. Definition of Deformation Area of Influence per Well

Previous studies highlight a strong link between hydrogeology and ground deforma-
tion, and potentially with MT-InSAR data, depending on the soil conditions and properties.
For this reason, we undertook a characterization of the wells using the available geological
and hydrogeological data. These data are leveraged to group wells so as to elucidate similar
patterns between the two variables constituting the statistical analysis. There is a lack of
reference information regarding the size of the area that mirrors the extraction behavior
of a given well, or whether this area is even consistent or circular. For this purpose, we
repeated the statistical analyses with varying radius. The minimum radius of influence
was determined as 50 m, with the goal of obtaining a statistically representative sample of
wells with Persistent Scatterers (PS) in the defined buffer. Wells without representative PSs
within their circled buffers were excluded from the analysis.
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2.4.2. Assigning a Lithologic Information Column to Each Well

The geological information used to characterize the wells was obtained from [11,12,37],
which compiles information from various drilling companies. These surveys indicate that
in the study area, where the wells are located, there are four types of geologies, both
horizontally and in depth, which can independently form aquifers: Alluvial, Pyroclastic,
Andesitic Lavas, and Limestone Rocks. We applied a method for assigning a lithologic
column to each well, based on two criteria: (a) selection of the lithologic column of the
nearest prospected well, and (b) it is in the same physiographic unit [42]. To characterize
the physiography of each well and lithologic column, a GIS analysis is conducted using
a spatial join tool between the wells layer and the geological information provided by
Herrera and Orozco [11,12,37], as well as slopes derived from JAXA’s 12 m resolution MDT
layer, classified according to FAO [43] standards (Table 2). Finally, the well allocations were
reviewed to ensure that the physiographic units had been appropriately classified: slope,
summit, or valley (Figure 6).

Table 2. Slope factor classification: groups and quantitative ranges [43].

Slope (°)
Type Range Group

Flat-swiftly sloped [0-3.9) 1

Sloped [4-6.9) 2

Moderately sloped [7-7.9) 3

Steeped [8-16.9) 4

Strongly steeped [17-30) 5
i 1
: Task Assignment of lithological column to each well :
1

Each wellis assigned the closer available lithological column located in the same

1
i
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R |
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Figure 6. The logic scheme of the process followed to characterize and assign a lithological column to
each well is illustrated with an example.

2.5. Correlation Analysis

Pearson correlation [44] was utilized to evaluate the linear correlation between the
deformation rate throughout the entire study period (mm/year) and the piezometric
difference within each categorized group, with the aim of understanding the relationship
of these variables in distinct hydrogeological and geographical settings. A comprehensive
statistical analysis was executed to explore the connections among different geological and
geophysical variables. Key variables of this study encompassed the rate of deformation



Remote Sens. 2025, 17, 1496

13 of 25

(mm/year) and the piezometric difference between the two monitored dates. The R
statistical software (vers 3.6.) was employed for all analyses. Two types of well groupings
were defined for the statistical analyses described. Firstly, wells were grouped based on
lithological characteristics identified in the previous step:

e  Surface Geology according to Applied Lithologic Column: Geology associated with
each well at the surface layer.

e  Geology coinciding with the Mean Water Table Level of Measurements: Geology asso-
ciated with each well that matches the average of the two piezometric measurements.

e Lithologic Column Models: Considering the types of aquifers in each column and
their spatial arrangement, typical column models were established.

e Additionally, three more classifications were considered based on spatial analyses
derived from other relevant products:

e Hydrological Basin: Using hydrological basin cartography. The basins described in the
introduction were delimited based on the 12.5 m resolution Digital Terrestrial Model
(DTM) [41].

For each defined group, the relationship between deformation rate and piezometric
difference was explored by calculating the Pearson correlation coefficient [44]. This ap-
proach replaced the fitting of a linear model, focusing instead on measuring the linear
association between variables. Scatter plots were used to visualize the relationship between
deformation rate and piezometric difference in each group. These plots helped illustrate the
data distribution and provided a clear representation of variability in the measurements.

3. Results

This section presents significant findings on the hydrogeological dynamics in relation
to the urban growth of the Guatemala Metropolitan Region, based on MT-InNSAR SNAP-
StaMPS data.

The results from our study are compared with those of previous studies, followed by
an analysis of the congruencies between aquifer descriptions and geological composition.
Finally, we explore the relationship between piezometric difference, deformation rates, and
the historical evolution of the water table. These results are essential for understanding the
interactions between water usage and the geological stability of the region.

This summary highlights the multi-faceted approach taken in this study, combining
advanced satellite data analysis with geological and hydrogeological insights. By corre-
lating these diverse datasets, the research provides a comprehensive view of how urban
expansion impacts the underlying hydrological and geological frameworks, which is crucial
for informed urban planning and resource management in Guatemala City.

3.1. Relation of Ground Deformation and Hydrogeological Data

In the analysis of groundwater dynamics and ground deformations in the MRG, three
studies stand out for their significant contributions. Funcagua et al. [15] provide a detailed
municipal analysis of piezometric levels, including profiles and flow lines for each climatic
season, and present equipotential curves crucial for understanding underground flow
networks. Kim et al. [5] contributed to the analysis of land deformation between 2015 and
2018. Sentinel 1 data were processed using the SNAP-S5taMPS algorithm for a subset of the
studied area, focused on the center of Guatemala City. More recently, Garcia-Lanchares
etal. [4] analyzed a larger area encompassing the Metropolitan Region of Guatemala (MRG),
as in the present study, covering the period from 2017 to 2021. The current study focuses
on trends during the 2020-2021 period and builds upon these previous works to provide
an updated and comprehensive perspective on the deformation phenomenon.
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The related maps seen in Figure 2 for the dry and wet seasons reflect the observations
from these studies, showing a notable consistency in the location of equipotential surfaces
and areas of deformation. The zones of depression cones, primarily identified in Mixco and
the extensive areas of Villanueva and Petapa, are consistent with the underground flow
directions reported by Funcagua et al. [15].

A total of 495,791 Persistent Scatterers (PS) were identified following their decompo-
sition into the vertical component. This resulted in a point density of 986 PS per square
kilometer for the urban surface within the study area (Figure 7). Based on the Global
Human Settlement Built-up area product [45], most of the PSs are found in constructed
zones, as dense vegetation impedes the acquisition of PSs derived from C band data; this
can be observed in the subset shown in Figure 7.
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Figure 7. Subsidence and planimetric MT-INSAR deformation trends in the Metropolitan Region
of Guatemala (MRG). Pink circles (referred as 1 to 10) indicate active areas with subsidence rates
exceeding —10 mm/year during 2020-2021. Blue circles (referred as A to D) represent active areas
identified visually by Kim et al. [5] for the period 2015-2018. Coordinate reference system: WGS84.

Ten main Areas of Interest (AOIs) were identified, circled, and numbered (1-10) in the
Metropolitan Region of Guatemala (Figure 7) (Table 3). Eight of these areas correspond to
the areas of interest defined in Garcfa-Lanchares et al. [4]. Since the present study focuses
on a shorter period (2020-2021), MT-InSAR provides a higher density of PS, enabling
the identification of three additional AOIs (8, 9, and 10) that meet the criteria (more than
50 hectares with subsidence velocities greater than —10 mm/yr).

One of the most active areas in 20202021 is located in the municipality of Mixco and
Zone 19 of Guatemala City, encompassing AOIs 1, 2, and 3 in the North Basin, with average
subsidence velocities exceeding 9 mm/yr and maximum values around 30 mm/yr. The
largest and most active area is AOI-6, located in the South Basin, in Villanueva and Petapa,
with subsidence velocities reaching 62 mm/yr and exhibiting a depression cone pattern.
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Table 3. Characterization of average and maximum subsidence rates (mm/yr) for the identified
circular AOIs during the period 2020-2021. Detected subsidence bowl] patterns are marked with an
asterisk (*).

AOI 1 2 3* 4 5 6 * 7* 8 9 10
Basin North North North North-East North South East-South South North East
Santa Santa
Zones Villa Catarina Catarina de
Location W Mixco Zone 19 E Mixco 16-17-24 Mixco Nueva- de Pinula, Zones 3-7 Zone 24
Petapa Pinula Zones
10-14-15
Average -9.1 —10.0 —-104 —10.9 -7.0 -89 —-8.0 —6.1 —7.6 —11.6
Maximum -31 —28.6 -30.7 —52.9 —20.4 —62.0 —23.2 —22.2 —294 —21.5

AOQIs 4 and 10 are located to the east of Guatemala City, in Zones 16, 17, and 24,
showing average subsidence rates exceeding 7 mm/yr, whereas AOI-7 is located in Santa
Catarina Pinula, with average subsidence exceeding 8 mm/yr during the period 2020-2021,
exhibiting a subsidence bowl pattern.

Previously reported active areas by Kim et al. [5] for the period 2015-2018 were re-
assessed and evaluated for the present study period (2020-2021). Two of the areas (A and
D) identified visually by Kim et al. [5] met the AOI criteria during the studied period,
corresponding to AOIs 4 and 8, respectively. Areas B and C also exhibited significant
deformations, with average subsidence velocities of —4.5 and —4.0 mm/yr, respectively,
in 2020-2021. The metrics for zones B and C align with observed patterns, but are gen-
erally lower than those reported by Kim et al. [5], suggesting a potential deceleration of
subsidence, with signs of attenuation relative to the 2015-2018 period (Table 4). Neverthe-
less, areas B and C showed maximum subsidence rates of -23 mm/yr and —20.2 mm/yr,
within the range of maximum point deformations calculated by Kim et al. [5] for the
2015-2018 period.

Table 4. Average and maximum subsidence rates (mm/yr) for the period 2020-2021 for the circular
areas identified by Kim et al. [5] in the period 2015-2018.

Area A B C D
Basin South North North North
Santa
Location Catarina de Zone 5 Zones 1-5-6 Zone 16
Pinula, Zones 10-14-15
Average -7.3 —4.5 —-4.0 -9.5
Maximum —-22.2 —-23.0 -17.8 —-20.2

The integrated maps shown in Figures 8-10 compare deformation AOIs with hydroge-
ological flowlines and equipotential areas for both the dry and wet seasons. These maps
corroborate the observations from previous hydrogeological studies, revealing a notable
consistency in the location of equipotential surfaces and deformation zones. The identified
depression cones, especially in Mixco (Figure 8, AOI-3) and across the expansive areas
of Villanueva and Petapa (Figure 10, AOI-6), are in accordance with the subsurface flow
dynamics, fitting with equipotential areas, as documented by Funcagua et al. [15] (see
Figure 2).
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Figure 8. Main subsidence areas and wells are located in the North basin, with equipotential areas
for both wet and dry seasons [4,5,15,23]. Geographical reference system WGS84.
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Figure 9. Main subsidence areas and wells are located in the East basin, with equipotential areas for
both wet and dry seasons [4,5,15,23]. Geographical reference system WGS84.

In the South basin, aquifer extraction areas at Villanueva and Petapa overlap with
deformation zone 6 (Figure 10) [1]. In this area, there are different levels with varying
degrees of fracturing within the lower aquifer, especially in the extraction area of Ojo de
Agua, in the municipality of Villanueva, near the borders with Petapa and Zone 22, within
AOI-6 (Figure 10).

In the East basin, deformation zones AOI-4 and 10, as detailed by Garcia-Lanchares
et al. [4], and deformation zone D, as identified by Kim et al. [5], show subsidence rates
affected by the decrease in water level in wells since 2000 to the present. For example, the
depth of the water table in well H-2 has increased by 142 m in this period.



Remote Sens. 2025, 17, 1496

17 of 25

-90.6
1

-905

-‘-1/ Zan N’ 33&1.9(»4;5 -

/C’ |

e VILquDS 1)
/" ezzr,m r’

--- Equipotential surface (Wet season)
— Underground water flow direction
(Wet season)
Equipotential surface (Dry season)
» Underground water flow direction
(Dry season)
(2] Deformation areas May 2015-Apr 2018
(Kim et al. 2019)

] Hydrological basin
Wells position and horizontal geol

©

@ Aluvium
Pyroclasts
Andesitic lava

@ Limestone

Pizometric
geology

) Deformation areas Jan 2020- Dec 2021

Surface geology

146

Lyl

ELCAFEJ’AL
NS /(mm) -

\
SALOHON »
S @ssm)

(187 m_) 7
P stcwaw 1 i
SANMIG El.lrcmG mmgme [N 7om.) Aol =

140 m.) (65 m.)

ogy

-90.6

-90.5

Figure 10. Main subsidence areas and wells are located in the South basin, with equipotential areas
for both wet and dry seasons [4,5,15,23]. Geographical reference system WGS84.

3.2. Analysis of the Lithological Columns of the Wells

As we further explore the subterranean characteristics of the MRG, the methodology
employed has facilitated the application of a lithological column to the 89 wells provided
by Empagua et al. [23]. These longitudinal profiles, detailed in Figure 4, are essential for
understanding the subsurface stratification and its impact on groundwater dynamics. Data
from this sample are crucial to illustrate the general distribution of typical lithological
columns. Results will subsequently be presented, which give a clear view of these data,
providing a solid foundation for geological interpretation and water resource management.
As the lithological column applied to its corresponding well depends firstly on them having
similar physiography, the distances will vary as shown in Figure 5, with most of the wells
being between 0 and 6000 m.

The study identified seven different lithological column configurations (refer to
Figures 8-10 and distribution in Figure 11d), encompassing four types of aquifer strata.
Each well was characterized with one of these configurations based on approximate data
on the depths of the aquifers. The diagram schematically displays these classifications, and
although it does not show the exact dimensions of the underground layers, it highlights a
noticeable predominance of the column type that features pyroclastics in the upper stratum
and andesitic lavas in the lower stratum, indicative of the upper and lower aquifers. It can
also be seen that most wells are located between depths of 100 and 300 m, which extract
from a volcanic aquifer.

As regards the wells of the South basin, the literature refers to the piezometric level
dynamics at the Ojo de Agua area, which is the main destination point for groundwater
flows according to Funcagua et al. [15] in both dry and wet periods (Figure 10). This
description aligns with that of JICA [13], which mentions a water level at about 100 m, and
the existence of wells in both the upper aquifer (alluvial or pyroclastic stratum) and the
lower aquifer. The groundwater level in the southern sector has a depth of less than 100 m
in the most superficial wells, and depths of between 150 and 180 m in the deepest ones.
Therefore, it can be concluded that in this sector there are both upper and lower aquifers, as
well as shallow wells, less than 100 m deep, which extract from the alluvial and pyroclastic
aquifers [13]. Only one of the wells, Diamante IX (In the southern basin, Figure 10), is
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shallow (65 m) and extracts from a volcanic aquifer. There are also wells that extract from
the upper aquifer in the alluvial or pyroclastic stratum (Figure 10).
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Figure 11. Distribution of wells by (a) geology at the piezometric level, (b) depth ranges of piezometric
level, (c) surface geology, and (d) lithologic column model.

3.3. Statistical Analysis of the Relationship Between Deformation and Piezometric Difference

Statistical analyses showed that each of the aquifers presents different behaviors; they
also presented variations depending on the basin.

e  Alluvial aquifer: Figure 12a shows a strong correlation between deformation and
piezometric dynamics with a Pearson coefficient of 0.988, despite being based on a
small sample of only three measurement points within a 150 m buffer from the center
of the wells. This strong relationship indicates a significant connection between piezo-
metric difference and deformation rate in areas identified by Funcagua et al. [15]. As
concentrations of regional groundwater flows. Furthermore, these points correspond
to areas with the highest rates of deformation, reaching up to —60 mm/year according
to Garcia-Lanchares et al. [4], and are also the zones where the highest levels of water
extraction are recorded [13].

This phenomenon is observed in other alluvial basins; studies from around the world
have suggested that there is a direct relationship between significant subsidence and
groundwater extraction. For example, Castellazzi et al. [27] observed high rates of subsi-
dence in Aguascalientes and Toluca (up to 10 cm/year), while Celaya and Morelia presented
lower rates (from 2 to 5 cm/year). Furthermore, a thesis by Ezquerro Martin [36] suggests
that a combination of common factors, such as flat, densely populated areas, along with
strong accumulations of sedimentary materials in river basins and coastal plains, are re-
lated to the appearance of this type of problem. Moreover, Brunori et al. [46] and Coda
et al. [47] explain that the reduction in the pressure of pore water causes an increase in the
overburden stress, leading to an immediate compaction of the soil which, if it exceeds the
preconsolidation stress of the sediments, results in irreversible deformation caused by the
non-reversible reorganization of the sediment grains.
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Figure 12. Correlation analysis between deformation rates and piezometric level differences (January
2023-November 2023) for wells with a (a) alluvial piezometric level (n = 3), (b) pyroclasts piezometric
level (n = 11), (c) pure andesitic column (model 6) (n = 7) and (d) all East basin wells (n = 13).

Navarro-Herndndez et al. [31] investigated land subsidence in the Alasehir- Sarigol
graben in Turkey, an area known for its graben structure and intensive water extraction
for agriculture and industry. Utilizing Sentinel-1 images for an MT-InSAR analysis, they
found that areas with the thickest, soft soil layers (ranging from 50 to 100 m) displayed
the most significant subsidence, with rates reaching up to —4 cm/year. These findings
underscore the critical influence of graben fill sediment thickness on land subsidence rates,
a phenomenon that aligns closely with the characteristics observed in the case study due to
the presence of a graben, substantial subsidence over thick alluvial deposits, and extensive
water extraction practices.

e  Pyroclasts aquifer: Figure 12b reveals a significant positive correlation, with a Pearson
coefficient of 0.869, between the piezometric difference and the deformation rate for
wells with a water table in pyroclastic geology. This reflects the fact that an increase
in the piezometric difference, measured within a 50 m buffer from the center of the
wells, is associated with an increase in the rate of ground deformation. These wells are
distributed throughout the North and South basin areas.

Referring to Figure 12, the data, represented by scattered points, align around a blue
trend line with a slope of 2.3, and the gray shadow indicates the confidence interval for this
linear estimation. This correlation implies that variations in groundwater level may be due
to the hydrogeological factor as opposed to seismic structures.

e Andesitic aquifer: Analysis shows that there is no correlation between piezometric
level and surface deformation for the wells with piezometric level in andesites for the
whole study area, that is, the wells at the three basins. However, the correlation found
specifically for the wells (with piezometric level in andesitic aquifer) of the East basin,
for the selected buffer of 150 m, is 0.796, suggesting a direct relationship between
the rate of deformation and piezometry between the two dates and a meaningful
difference among the basins, which could be related to water extraction or structural
differences. (Figure 12d).

The absence of a general pattern of correlation for andesitic aquifers indicates a
high variability among the wells characterized by this geology at the piezometric level.
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This dispersion may be due to differences in the degree of fracturing and, therefore, in
transmissivity. In the southern basin, Andretti [1] reports different degrees of fracturing
within the lower aquifer. The variability in thickness and continuity of the layer of andesitic
lavas is another source of variation. The depth range of 0-50 m usually corresponds to
pyroclastic materials or tuffs, with a high probability of being saturated with groundwater.
In the rest of the basins, however, the piezometric level is deeper and therefore the soil
is more compact. The lower aquifer is also under free and semi-confined conditions, as
compact pumice pyroclasts and, to a lesser extent, alluvial sediments, which have a lower
permeability than the fractured lavas of the aquifer, lie above this aquifer [1]. The depth
range of 100 m or more is associated with limestone from the Cretaceous period [13].

e Limestone Aquifer: The scarce data from the limestone aquifer reveal no strong
direct relationship between piezometric difference and deformation, which could be
attributed to a lack of understanding of the internal structures resulting in a wide
diversity of transmissivity. Given the limited sample size of only n = 5 wells, the
data from the limestone aquifers show no correlation with the observed piezometric
dynamics. The highly anisotropic and heterogeneous nature of carbonate aquifers, as
reported by Herrera et al. [12], leads to differences in transmissivity measurements,
ranging from 10 to 80 m?/day in poorly fractured rocks. This great variability in
transmissivity reflects the difficulty in establishing solid statistics for these aquifers.

4. Discussion

The results from our study are compared with those of previous studies, followed by
an analysis of the congruencies between aquifer descriptions and geological composition.
Finally, we explore the relationship between piezometric difference, deformation rates, and
the historical evolution of the water table.

4.1. Relationship Between Ground Deformation and Hydrogeological Data

The comparative maps shown in Figures 8-10 for both the dry and wet seasons
corroborate the observations from hydrogeological studies, revealing a notable consistency
in the location of equipotential surfaces and deformation zones. The identified depression
cones, especially those in Mixco and across the expansive areas of Villanueva and Petapa,
coincide with the subsurface flow directions documented by Funcagua (see Figure 2). The
fractures are open and present good intercommunication, as proven by the drilling of wells.
Within the lower aquifer, there are different levels with varying degrees of fracturing.

An overarching pattern identified in our study is the underground water flow direction,
originating from the western edge of the northern basin (refer to Figures 8 and 9), with
piezometric levels ranging from 1500 to 1300 m above sea level (m.a.s.l.) during the dry
season, and from 1900 to 1300 m.a.s.l. in the wet season. Within our specific area of study,
the water predominantly tends to head southward (see Figures 9 and 10), moving towards
or down to 1200 m.a.s.l. This is particularly significant for understanding the subsurface
dynamics within pivotal regions, such as Mixco, where equipotential surfaces overlap with
deformation zones AOI-2 (between the Rositas and El Zapote Rivers), AOI-3 (between
Zone 19 and the Chinautla River), and AOI-5 (between the Chinautla River and El Zapote)
(Figure 8). The South Basin Villanueva and Petapa extraction area (Villalobos River Basin)
coincides with the deformation zone AOI-6 (Figure 10). The aforementioned AQIs align
with identified active zones during the period 2017-2021 [4].

Additionally, AOIs 4 and 10 (between the Santa Rosita and Monjitas Rivers), as
detailed by Garcia-Lanchares et al. [4], and deformation zone D, as identified by Kim
et al. [5], correspond to wells, which water level have decreased between the year 2000 [14]
and the present measurements. For example, the depth of well H-2 has increased by 142 m.
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Areas B and C from Kim et al. [5] show attenuation during the studied period (2021-
2021). In Area B, there were no significant piezometric changes in this studied period,
namely —2 m for “Digecam” and 0 m for “Mateo 10 Avenida” wells. This is consistent
with the time series analysis in Kim et al. [5], which shows a stabilization of the average
deformation velocity, approaching 0 between April 2017 and February 2018.

4.2. Statistical Analysis of the Relationship Between Deformation and Piezometric Change

In the case of the alluvial aquifer, the strong relationship indicates a significant connec-
tion between piezometric difference and deformation rate in areas identified by Funcagua
et al. [15] as concentrations of groundwater flows. Furthermore, these points correspond
to areas with the highest rates of deformation, reaching up to —60 mm/year according to
Garcia-Lanchares et al. [4], and are also the zones where the highest water extraction is
recorded, according to JICA [13].

This phenomenon is observed in other alluvial basins, with studies from around
the world suggesting that there is a direct relationship between significant subsidence
and groundwater extraction. For example, Castellazzi et al. [27] observed high rates of
subsidence in Aguascalientes and Toluca (up to 10 cm/year), while Celaya and Morelia
presented lower rates (from 2 to 5 cm/year). Furthermore, a thesis by Ezquerro Martin [36]
suggests that a combination of common factors, such as flat, densely populated areas, along
with strong accumulations of sedimentary materials in river basins and coastal plains,
seems to favor the emergence of this type of problem.

Navarro-Herndndez et al. [31] investigated land subsidence in the Alasehir-Sarigol
graben in Turkey, an area known for its graben structure and intensive water extraction
for agriculture and industry. Utilizing Sentinel-1 images for an MT-InSAR analysis, they
found that areas with the thickest, soft soil layers (ranging from 50 to 100 m) presented
the most significant subsidence, with rates reaching up to —4 cm/year. These findings
underscore the critical influence of graben fill sediment thickness on land subsidence rates,
a phenomenon that aligns closely with the characteristics observed in the case study due to
the presence of a graben, substantial subsidence over thick alluvial deposits, and extensive
water extraction practices.

As regards the pyroclasts aquifer, statistical results reflect the fact that an increase in
the piezometric difference, measured within a 50 m buffer from the center of the wells, is
associated with an increase in the rate of ground deformation. These wells are distributed
throughout the North and South basin areas.

Referring to Figure 12, the data, represented by scattered points, align around a blue
trend line with a slope of 2.3, and the gray shadow indicates the confidence interval for this
linear estimation. This correlation implies that variations in groundwater level, possibly
due to hydrological factors, are closely linked to changes in ground deformation rates.

In the case of andesitic aquifer, the fact that tests suggest a direct relationship between
the rate of deformation and piezometry between the two dates suggests that there is some
type of variability among the wells with piezometric geology in the rest of the basins: firstly,
this may be due to a difference in fracturing and therefore in transmissivity in the rest of
the basins. At least in the southern area, Andretti et al. [1] suggest that within the lower
aquifer, different levels or degrees of fracturing exist. It could also be because the layer
of andesitic lavas is more superficial or does not appear in combination with alluvial or
pyroclastic strata: The range of 50 m or less corresponds to pyroclastic materials or tuffs,
where it may be saturated with groundwater. In the rest of the basins, however, it is deeper
and therefore more compact.

In the case of the andesitic aquifer, the scarce data reveal no strong direct relationship,
which could be attributed to a lack of understanding of the internal structures resulting
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in a wide diversity of transmissivity. Given the limited sample size of only n = 5, the data
from the limestone aquifer show no correlation with the observed piezometric dynamics.
The highly anisotropic and heterogeneous nature of carbonate aquifers, as reported by
Herrera et al. [12], results from secondary permeability created by dissolution processes in
stratification planes, fractures, and faults. This leads to variable porosity in limestone and
significant differences in transmissivity measurements, ranging from 10 to 80 m/day in
poorly fractured rocks, from 250 to 500 m/day in moderately fractured limestones, to 1000
to 5000 m/day in highly fractured limestones. This great variability in transmissivity means
that it is difficult to establish solid statistics for these aquifers; the correlation between
piezometric variation and deformation, as indicated by Persistent Scatterers (PSs), does
not appear to be meaningful within the studied buffer distances, which range from 50 to
200 m. Across these distances, the sample size varies between 16 and 19, ensuring a robust
dataset for analysis. However, the correlation coefficient remains within a narrow range of
0.17 to —0.19, regardless of the buffer radius. This suggests that the relationship between
piezometric variation and deformation is weak and shows little significant variation across
different spatial scales.

5. Conclusions

The research on hydrogeological dynamics and land deformation in the MRG, utilizing
the MT-InSAR SNAP-5taMPS technique, has provided significant insights into how ground-
water management influences the observed subsidence. Through comparative analysis
with previous studies and a detailed evaluation of the relationship between aquifer descrip-
tions and geological composition, this work has identified key patterns and correlations
essential to understanding the region’s geological stability.

The methodology allowed for the characterization of 89 wells, with a classification
based on lithological columns integrating different aquifer strata. The identification of
seven distinct lithological column configurations was crucial to understanding subsurface
stratification and its impact on groundwater dynamics.

The correlation between piezometric difference and ground deformation rate, espe-
cially in alluvial and pyroclastic aquifers, reveals a significant connection with regional
groundwater flow concentrations as previously identified by Funcagua et al. [15]. More-
over, the observed relationship in the East basin, showing a positive correlation between
these variables for wells with piezometric geology of andesitic lavas or limestone, suggests
variability in transmissivity and fracturing conditions of these aquifers.

The main subsidence areas affecting the MRG identified in previous studies were
related to groundwater management, the conclusion being that most of them are posi-
tively correlated, especially in pyroclastic and andesitic aquifers. This implies that water
extraction can be an important factor in the deformation dynamics.

This study also highlights the influence of groundwater extraction on land subsidence,
a globally recognized phenomenon observed in other metropolises. The research under-
scores the need for sustainable water resource management and continuous monitoring to
mitigate negative impacts on urban infrastructure and ground stability.

In conclusion, this work significantly contributes to understanding the complex in-
teractions between groundwater usage and geological stability in Guatemala City. The
findings emphasize the importance of integrating hydrogeological characterization and
land deformation monitoring into urban planning and water resource management to
promote sustainable development in metropolitan areas.
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