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Abstract: In this work, electrical resistivity tomography was carried out together with physical hydro-
geology techniques to evaluate the karst aquifer in the northwest region of the Yucatán Peninsula in a
study area near the western edge of the Ring of Cenotes of the Chicxulub Crater. In addition, based on
a systematic compilation of open-access data of water levels reported for the peninsular aquifer, maps
of groundwater isolines and groundwater flows were generated using IDW interpolation, Empirical
Bayesian Kriging, and the Flow Net method. From these results, a shallow aquifer is observed,
with the presence of heterogeneities such as possible dissolution conduits and/or flooded caverns,
approximately 20 m below ground level, formed by the dissolution processes of limestone rocks. On
a regional scale, the geomorphological influence of the Ring of Cenotes on groundwater flows was ob-
served. In general, the flow directions observed from these maps coincide with those conceptualized
for this region of the peninsular aquifer. Nevertheless, some differences were observed depending
on the interpolation method used. Our results contribute to hydrogeological studies carried out in
the periphery of this ring, where the vulnerability of the aquifer to anthropogenic contamination has
been highlighted due to the intrinsic features of the karst environment.

Keywords: karst aquifer; hydrogeophysics; electrical resistivity tomography; groundwater flows

1. Introduction

The only source of freshwater in the Yucatán Peninsula (YP), México, is obtained
through groundwater extraction from a mature karstic aquifer, considered one of the largest
in the world. Due to its importance as a source of water for human consumption, all water-
consuming activities, and the environment, it is said that the ecosystems and biodiversity
of the YP are systems dependent on groundwater. Unfortunately, this aquifer system has
a high vulnerability to anthropogenic contamination due to several factors such as the
high permeability of the bedrock and the shallow water table with respect to ground level,
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among many others [1–4]. In addition, this aquifer is susceptible to salinization due to its
marked interaction with seawater [5,6].

Although intense research activity has been carried out during the last three decades,
related to the detection of contaminants in the aquifer and their effects and implications on
the environment and human health [7–10], a lot of research is still needed to understand
how these contaminants spread within the aquifer [11]. The lack of research on this topic is
mainly due to the complexity of the karstic aquifer, which presents a high heterogeneity
and anisotropy throughout its extension, so it has been classified by Perry et al. [12] into
six hydrogeochemical/physiographic regions that result from a tectonic classification, rock
type, sedimentation patterns, and rainfall. These regions are (1) the Chicxulub sedimentary
basin, (2) the Ring of Cenotes (RC), (3) the Pockmarked Terrain, (4) the Ticul fault zone,
(5) the Holbox Fracture Zone–Xel Ha Zone, and (6) the Evaporite Region [12].

Due to this high heterogeneity and anisotropy, any evaluation that involves the study
of the fate and transport of contaminants first requires the development of a conceptual
hydrogeological model [13], either at a local and/or regional scale, so it is important to
generate cutting-edge scientific knowledge that contributes to the development of concep-
tual models capable of explaining the complex dynamic behavior of this aquifer system.
An invaluable tool to achieve this goal is through the joint application of geophysical and
hydrogeological techniques.

Geophysical techniques have been implemented in hydrological research for decades;
however, in the last two or three, new methods have been developed that allow for a better
characterization of hydrogeological parameters, taking advantage of their relationships
with observable geophysical properties [14]. The application of geophysical methods to-
gether with hydrogeological techniques, to map features below the surface, has been called
hydrogeophysics, which emerges as an interdisciplinary field focused on improving the un-
derstanding of hydrological processes using geophysical observations [15]. Although many
geophysical techniques can be used, they depend on the depth of the aquifer with respect
to the surface. In the case of shallow aquifers, an ideal near-surface geophysics technique is
electrical resistivity tomography (ERT), which has already been implemented with success
in various areas of the YP [16–19].

Hydrogeophysical studies constitute a basis for subsequent studies that allow us
to understand the transport and dispersion of contaminants in the natural environment.
Therefore, to contribute to the hydrogeological studies of the YP karst aquifer, in this work,
we present the results of a hydrogeophysical evaluation carried out in a study area near the
western periphery of the RC of the Chicxulub Crater, an area of high permeability, with a
high density of sinkholes (known locally as cenotes), fractures, and flooded dissolution
conduits, around which numerous productive activities (rearing livestock, tourism, etc.)
and domestic activities are carried out. These activities generate waste that can infiltrate
the aquifer to a greater or lesser extent, altering the quality of groundwater [20,21].

Although numerous studies have been carried out to understand the structure of the
RC [22,23], near-surface geophysics studies are scarce, so we hope that our work contributes
to the knowledge of the aquifer in this region of the YP and to the conservation efforts of
areas on the periphery of the RC.

1.1. Study Area

The study area is located at the geographical coordinates 20◦49′32.24′′ N and 90◦9′2.08′′ W,
in the municipality of Maxcanú Yucatán, in the northwest region of the YP, approximately
55 km to the west of Mérida city and 25 km to the east of Celestún, as can be seen in Figure 1.
In the same figure, the geophysical transects of ERT are shown.
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Figure 1. (a) Location of the hydrogeophysical study site in the northwestern region of the YP,
(b) close-up of the study site, and (c) real orientations of ERT transects.

1.2. Geological and Hydrogeological Settings

The geological composition of the region consists of coquinoidal limestones belonging
to the Carrillo Puerto formation (TmplCz-Cq), made up of Upper Miocene–Pliocene rocks,
as can be seen in Figure 2a,b. In the upper part of this formation, there is a layer of healthy
and massive white limestone, with an estimated thickness of several hundred meters and an
abundance of macrofossils. This formation has high permeability and secondary porosity
due to the high fracturing of the rock matrix and also due to the abundance of cavities and
dissolution conduits favored by the dissolution of carbonate rocks [24,25].

The Carrillo Puerto formation, as can be seen in Figure 2b, is considered the most
important hydrogeological unit in the YP due to its geological characteristics, its large
surface area, and also due to the shallowness of the groundwater with respect to the ground
level [26]. There is an unconfined karstic aquifer, except for a thin strip parallel to the coast,
where there is a semiconfined aquifer developed on unconsolidated Quaternary deposits
formed by calcareous sands that can alternate with compacted silty clay deposits (in the
wetland area) which overlay a well-consolidated clastic limestone [27,28]. The confined
aquifer presents a marked interaction with hydrological forcings such as astronomical and
storm tides, and with the effects of precipitation recharge and pumping for groundwater
extraction [6]. There is some evidence of the presence of clay lenses in certain areas of
the aquifer, but they tend to be local in extension and therefore do not act as significant
aquitards [29,30]. The conceptual model of the regional aquifer considers a freshwater lens
of variable thickness embedded in a carbonate matrix, floating on top of denser saltwater
due to interactions with the sea. The thickness of the freshwater lens varies from a few
meters near the coast to approximately 120 m at 90 km inland [30,31]. Several structural and
tectonic features influence its regional hydrogeological characteristics, the most important
in the study region being the Chicxulub sedimentary basin, the RC, and the Ticul fault [5,12].
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Figure 2. (a) Classification of the geological formations of the Yucatán Peninsula. (b) Map of surface
geology and conceptual regional groundwater flows of the YP. Image modified from [5]. The colors
between both figures indicate the respective geological formations. The geological information was
obtained from the SGM (01 of 12 of 2007); State Geological-Mining Chart, Campeche, Quintana Roo,
Yucatán, SC. 1:500,000.

As mentioned before, the study site is located on the western periphery of the RC,
a regional geomorphological structure that has a high density of cenotes and water bodies
called aguadas, which are a product of the dissolution and collapse of carbonate rocks.
This ring is approximately 5 km wide and 90 km in radius and has been suggested to
be a surface manifestation of the Chicxulub Crater, a deep-buried structure formed by
the impact of a meteorite 66 million years ago [22,23]. Superficially, the RC demarcates a
boundary between the unfractured limestone inside the ring and the fractured limestone
outside [32]. The Mexican Geological Service (SGM) reports a series of fractures in the area
formed by its periphery, which together with the great density of sinkholes, make up a very
complex network of caverns and dissolution conduits that act as conduction paths for large
masses of water.

The RC has been conceptualized as a preferential flow zone, where regional ground-
water flows occur due to its geomorphological features. Other indicative characteristics of
regional flows have been obtained from hydrogeochemical [33,34] and geophysical stud-
ies [16,17], among many others. Then, due to its intrinsic characteristics, groundwater flows
that arrive from outside the ring are redirected toward the coastal areas of Celestún (to
the west) and Dzilam de Bravo (to the east), which suggests an important hydrogeological
feature around the Chicxulub sedimentary basin. Some authors have suggested the hydro-
geological isolation of this basin from the rest of the YP [28,35–37] while others indicate
that there may be flows that cross the RC toward the interior of the sedimentary basin, so
the RC would not be an efficient drainage that leads groundwater around its periphery
toward discharge points in coastal areas [38]. Figure 2b shows the groundwater flow
directions, which were compiled by the Amigos de Sian Ka’an association based on various
studies carried out along the YP aquifer by the Universidad Nacional Autónoma de Mexico
(UNAM), the National Water Commission (CNA or CONAGUA), and by Perry et al. [12],
among many others. A more detailed analysis of this compilation can be consulted in the
work of Bauer-Gottwein et al. [5].

Although the origin of sinkholes in the YP is due to the geomorphological process
called karstification, several hypotheses would explain the initial formation of the RC,
related to the tectonic activity of the Cenozoic carbonates deposited after the impact. Some
of these formation hypotheses are the faulting reactivated by the post-Eocene–mid-Miocene
basin loading [29], the collapse of breccias caused by the consolidation or solution of
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evaporite components [29], or due to the post-impact hydrothermal activity [39,40]. An ex-
isting model considers the presence of geothermal gradients that generated a convective
circulation in the sequences of deposited carbonates, which would explain the hypogenic
formation (from bottom to top) of the deep sinkholes located in the periphery of the ring [41].
However, as mentioned by Monroy-Ríos [41], despite the widely documented influence of
the RC on regional groundwater flows, the influence of the deep crater structure on shallow
groundwater flows is unclear.

2. Materials and Methods
2.1. ERT Measurements

Two ERT surveys were obtained using a SuperSting R1/IP AGI resistivity meter (Ad-
vances Geosciences Inc., Austin, TX, USA). For each transect, 36 stainless steel electrodes
with a spacing of 5 m were used, covering a total distance of 175 m. The ERT 1 profile,
corresponding to the first transect, was made with an approximate north–south orientation,
while the ERT 2 profile, corresponding to the second, was carried out with an approximate
east–west orientation. Two independent measurements were made on each transect using
dipole–dipole (DD) and Wenner (W) electrode arrays. The dipole–dipole array is particu-
larly sensitive to deep variations in lateral resistivity, making it suitable for detecting vertical
structures, while the Wenner array has a high vertical resolution, making it suitable for
detecting horizontal structures [42]. Before proceeding with the resistivity measurements,
contact resistance tests were performed following the criteria established by Advances
Geosciences Inc [43] to determine poorly placed electrodes or problems related to the
DC current injection. Figure 1c shows the location and real orientation of these transects,
which were carried out in February 2022, close to the driest period of the year (from March
to April).

2.2. Inverse Modeling of Pseudosections

The real resistivity (2D inverted resistivity) sections of the aquifer were determined
from the data of the apparent resistivity sections (pseudosections) measured in the fieldwork
through the application of inverse modeling, a standard procedure in many areas of science
that consists of determining the value or variation in a physical property by comparing their
measurements with predictions of a proposed model [44,45]. Inverse problems present a
particularly difficult challenge: no solution is guaranteed to be unique or stable, so different
methodologies have been proposed to find an optimal solution to a given problem [46].
In the area of earth sciences, there is a wide variety of software, mostly commercial, that
performs data inversion depending on the geophysical method implemented.

In this work, EarthImager 2D “https://www.agiusa.com/agi-earthimager-2d (ac-
cessed on 13 July 2024)” was used to invert the results of the apparent resistivity sections.
Before proceeding with the inversion process, a data quality analysis was performed follow-
ing the criteria established by Advances Geosciences Inc. [47] to filter or remove spurious
and noisy data. The inversion parameters were those used in a karstic zone of the YP by
Zamora-Luria et al. [18], which demonstrated effectiveness in understanding how the frac-
turing system is related to local hydrogeology. A more detailed description of the inversion
process is given in Appendix A.1. It was not necessary to incorporate the topography in
the numerical inversion process since the terrain where the measurements were made was
flat. Additionally, the depth of investigation of each transect was determined from the
inversion process based on the measurements themselves. To compare the quality between
the measured and inverted data, different indicators were used: (1) the root mean square or
RMS, (2) the L2 norm, and (3) the convergence curve of the numerical inversion process.

To perform the interpretation of real resistivity sections to identify several hetero-
geneities of the karst aquifer including (a) geological structures such as flooded caverns,
dissolution conduits, and fractured limestone matrices; (b) the thicknesses of the vadose
or unsaturated zone; (c) the thicknesses of the freshwater lens; and (d) the depth of saline
interface, it was necessary to determine resistivity ranges associated with limestones satu-

https://www.agiusa.com/agi-earthimager-2d
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rated with freshwater, brackish water, and saltwater. For this purpose, the resistivity values
reported in several ERT geophysical surveys in the YP were taken [16–19]. Table 1 presents
a summary of the resistivity ranges of limestones that were used for the interpretation
of the inverted resistivity sections. It is important to mention that these ranges should
not be taken in a literal sense but only as a support guide, since in general they can vary
depending on the study area due to the intrinsic petrophysical characteristics of carbonate
rocks and the hydrochemical characteristics that define the type of groundwater [48].

Table 1. Approximate values of the electrical resistivity for limestone rocks.

Rock Type Resistivity Values (Ωm)

Unsaturated limestone ≥1000
Fractured limestone saturated with freshwater 20–1000
Fractured limestone saturated with brackish water 10–20
Fractured limestone saturated with saltwater ≤10
Caverns or conduits saturated with freshwater ≥5
Caverns or conduits saturated with saltwater ≤5

2.3. Estimation of Effective Porosity by Archie’s Law

The electrical conductivity (inverse of electrical resistivity) of karst aquifers is con-
trolled by the water that saturates the volume of the interconnected pores (interstitial space)
as well as by the structure and pore connectivity since in general the resistivity associated
with carbonate rocks is too high [49]. In the case of the YP aquifer system, the carbonate
rocks below the water table are saturated with freshwater, brackish water, or saltwater,
depending on how deep they are from this level, while the rocks above it are found with
different grades of saturation, from partially saturated to completely dry. Furthermore,
groundwater can be classified into different types of water, which have different concentra-
tions of salts and minerals that change their general properties, including their electrical
properties such as their conductivity and resistivity. For this reason, electrical characteriza-
tion methods such as ERT yield a broad range of resistivity values, so it is essential to know
those associated with the different types of rocks that make up the aquifer system, as was
mentioned in the previous section.

Archie [50] was a pioneer in the study of the electrical resistivity of saturated rocks and
found an empirical relationship between the in situ electrical resistivity and the porosity of
porous rock, with the resistivity of the fluid saturating the pore space. This relationship is
called Archie’s Law and can be written in terms of resistivity as follows: ρr = aρwϕ−mS−n,
where ρr, ρw, and ϕ are the effective resistivity of the rock, the resistivity of the fluid that
saturates the rock, and the effective porosity of the rock sample, respectively. The param-
eters m and n are the cementation exponent and the tortuosity coefficient, respectively,
which depend on the type of rock and its texture, and S is the grade of saturation of the
fluid [51,52].

Archie’s Law has been widely used to estimate the porosities of several types of soils
and aquifers [53–56]. In formations where the rocks are completely saturated, S = 1, then,
solving for ϕ, the following expression is obtained: ϕ = (aρw/ρs)

1/m. As can be observed,
knowing the resistivity of both the rock and the saturation fluid, as well as the parameters
m and a, which characterize the rock sample, it is possible to obtain its effective porosity.

In this work, the previous equation was used to estimate the effective porosity sections
of the aquifer along the measured transects, in the saturation zone, i.e., below the water table.
In situ rock resistivity was obtained from ERT surveys, while groundwater conductivity
was determined in places with access to groundwater using CastAway-CTD equipment
(SonTek Xylem, San Diego, CA, USA) with a salinity accuracy of 0.1 PSU and resolution
depth of 0.01 m. It is important to mention that in some sites, it is possible to measure
vertical profiles of groundwater electrical conductivity (EC), for example in some deep
sinkholes, so porosity estimates can take into account the stratification of water masses with
depth. However, in this work, only the average groundwater resistivity was considered due
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to the lack of deep sinkholes within the study site. For m and a, the values associated with
carbonate rocks of high permeability from a coastal area of the YP aquifer were used [57].

2.4. Hydrogeology Evaluation

The generation of maps of groundwater isolines from water level data is important
in many disciplines, mainly in hydrogeology. There are many classical, deterministic,
and geostatistical interpolation methods that have been implemented, some with greater
precision than others [58]. In this work, water levels along the YP aquifer system were
compiled from the scientific literature and the National Water Commission (CONAGUA)
databases, and maps of groundwater isolines were calculated using two methods: Inverse
Distance Weighting Interpolation (IDW), which is a deterministic method that has been
widely used for many years, and Empirical Bayesian Kriging (EBK), which is a relatively
recent method, which has been successfully implemented to evaluate the interannual water
table evolution of Guanajuato aquifers [59].

In the IDW method, the water levels reported at different sampling sites are weighted
according to the distance to the point where the value of the water table is to be estimated.
For this purpose, the following equation is used: wj =

(
∑n

i=1{wi/(dij)
p}
)
/
(
∑n

i=1{1/(dij)
p}
)
,

where wi is the average water level at the sampling site i, n is the number of points used in
the interpolation process, dij is the distance between the i and j sites, and p is a weighting
exponent that controls how the weight decreases with the separation distance. To perform
the IDW interpolation, the QGIS software version 3.16.10 was used, with a recommended
value of p = 2.

On the other hand, EBK is an improvement on classical geostatistical kriging devel-
oped by Krivoruchko and Gribov [60] within the ArcGis—ESRI® software environment
“https://www.arcgis.com/index.html (accessed on 13 July 2024)”. The difference with
classical kriging methods is that the latter estimates a variogram that is considered the
true variogram of the observed data, so they do not explicitly consider the uncertainty of
the choice, and as a consequence, they tend to underestimate the standard errors of the
predictions. In contrast, EBK creates a spectrum of variograms, so its process accounts
for the error introduced by estimating a variogram model in the first place. One of the
advantages of this method is that it allows for moderate local and large non-stationarity in
the data.

Additionally, from the interpolations of the water levels, maps of regional ground-
water flows were generated using the Flow Net method [61], using Surfer® version 16.3.408
from Golden Software, LLC “www.goldensoftware.com (accessed on 13 July 2024)”, and
the QGIS version 3.34.5 software.

3. Results and Discussion
3.1. Inverted True Resistivity 2D Sections

Table 2 shows the indicators obtained from the inversion process of the apparent
resistivity data for each electrode configuration in each transect using the EarthImager 2D
version 2.4.0 software. It also shows the indicators of the inversion process considering the
joint data of the dipole–dipole and Wenner arrays. All reported values are similar and are
within the accepted values for a good-quality inversion [47].

Because all inverted sections presented similar characteristics, only the two sections
(T1 DD-W and T2 DD-W) where the joint geophysical arrangements were used are shown,
as they provide a better definition of the heterogeneity of the karst aquifer, both laterally
and vertically.

Figure 3a shows the real resistivity section or ERT 1 profile for the transects with a
north–south orientation (T1). The images are presented using the resistivity values on a
logarithmic scale, associated with a palette of 64 colors.

We can identify three different zones within this profile. The first zone (from orange to
red, between the black dotted lines) represents the layer with the highest resistivity, with an
approximate thickness of 4 m, and it is interpreted as a section of fractured limestone that

https://www.arcgis.com/index.html
www.goldensoftware.com
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corresponds to the outcrop seen in the field. This outcrop, of extreme hardness, is known
locally as laja and is considered a product of the lithification of the original sediments [62].
They could also be attributed to the presence of calcarenites, which may contain silt compact
layers that could be confining the aquifer near the surface. Within the same area, regions
with yellow and green tones can be interpreted as areas with a highly fractured rock
matrix. Therefore, there is a greater infiltration of water into surface sediments when it
rains and a major retention of water by capillarity effects, increasing the moisture content
in the pore space above the water table [63]. This fact explains the decrease in electrical
resistivity values in some places near the surface. The water table for the ERT 1 profile is
approximately one meter deep from the surface (the solid black line in Figure 3a), so the
rock formation below this level is completely saturated and is related to the different water
bodies present in the area.

Table 2. Number of iterations, RMS, and L2 norm values of the inversion process with EarthIm-
ager 2D.

Profile Iteration RMS L2

T1 DD 4 5.09% 0.66
T1 W 2 1.91% 0.41
T1 DD-W 3 5.10% 0.99
T2 DD 8 5.23% 3.15
T2 W 3 2.17% 0.52
T2 DD-W 8 5.32% 3.15

Figure 3. (a) Interpretation of the real 2D resistivity profiles for transect T1 with a north–south
orientation (ERT 1). (b) Interpretation of the real 2D resistivity profiles for transect T2 with an
east–west orientation (ERT 2).

The second zone (between the green dotted lines) has a resistivity range between 80 and
250 Ωm and can be interpreted as the same fractured limestone with a higher effective
porosity, i.e., there is a higher percentage of connected pores completely saturated with
freshwater, which explains the decrease in the resistivity values. Unlike the first zone,
in this zone, there is no defined thickness, since in some sections along the direction of the
transect there are thicknesses of 10 m, while in other sections there are thicknesses of up to
25 m.

The last zone delimited is the one found at the greatest depth (between the white dotted
lines). It is easy to identify it since it is distinguished by having a very low resistivity range
(15–80 Ωm). In this zone, there is a high percentage of porosity due to karst dissolution,
which causes the water content in the pores to be higher, notably decreasing the real
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resistivity values. According to Table 1, resistivities between 10 and 20 Ωm can be correlated
to limestone saturated with brackish water, but in this case, due to the depth at which they
occur, they are most likely associated with the presence of caves or dissolution conduits
saturated with freshwater, which also tend to lower the effective resistivity. In fact, low
resistivity anomalies associated with these possible structures can be identified in this
figure. Additionally, this zone also has a variable thickness along the length of the transect.

On the other hand, Figure 3b shows the inverted resistivity section or ERT 2 profile
for the transect with an east–west orientation (T2). Three zones with different resistivity
ranges along this profile are also identified. The first zone (from orange to red, between the
black dotted lines) presents a resistivity range between 350 and 700 Ωm. This layer is the
same as that found in the first profile, which is associated with the fractured limestones
that outcrop on the surface. Some sections with a high fracturing grade near the surface
are also identified, which leads to a greater infiltration of meteoric water. The water table
is also located at a depth of 1 m with respect to the surface, so the subsoil is completely
saturated below this depth.

The second zone (between the green dotted lines) has a resistivity range between
80 and 350 Ωm. There are irregularities in its thickness due to the effects of karst dissolution,
ranging from 3.4 m in its narrowest part to 30 m in its widest part.

The third delimited zone (from black to blue, between the white dotted lines) presents
a low resistivity in a range between 15 and 80 Ωm. Several resistivity discontinuities are
observed along this profile, identifying sections of low resistivity isolated from each other.
The first of these sections can be observed between 25 and 50 m along the transect and at
a depth between 9 and 27 m with respect to the surface and presents a resistivity range
between 15 and 20 Ωm. The second section is observed between 70 and 90 m along the
transect and at a depth between 15 and 25 m and presents a resistivity range between 25
and 60 Ωm. A third section can also be observed between 110 and 150 m along the transect,
with a resistivity range similar to that of the first two sections. However, it is not clear if
this last section is connected to the second or is isolated from it. The anomalies with the
lowest resistivity are found within these sections, as can be seen in the figure.

A possible explanation for these resistivity anomalies is due to the presence of disso-
lution conduits oriented perpendicularly (or almost perpendicularly) to the direction of
the east–west transect, so the ERT would be identifying their cross-sections. This would
also explain the continuity of the third zone in the ERT 1 profile since T1 would be oriented
parallel or almost parallel to these possible conduits. They could also be due to the presence
of flooded caverns. However, if this were the case, a similar behavior would be observed
in both profiles regardless of the direction. This reinforces the interpretation of possible
dissolution conduits with orientations close to the north–south direction.

Notably, both inverted resistivity sections present typical characteristics reported for
the YP karst aquifer. Given the proximity of the study site to the RC, these characteristics
are similar to those obtained by Andrade-Gómez et al. [17], who conducted ERT surveys
along the perimeter of the RC. The differences in resistivity between the different zones
identified in the ERT1 and ERT2 profiles can be associated with the different resistivity
units identified by these authors.

Regarding the thickness of the freshwater lens, it was not possible to determine it
through vertical profiles of the groundwater EC due to the lack of deep sinkholes within the
study site. However, it was possible to make a moderate estimate from ERT measurements.
These were achieved due to two reasons. First, the collection of electrical resistivity values
from ERT reported for caves and dissolution conduits flooded with freshwater along the
YP aquifer [16–19,64]. Second, reports from CONAGUA monitoring wells in sites to the
west of the RC, toward the Celestún area (thicknesses between 17 and 25 m) and within the
Chicxulub sedimentary basin (thicknesses of up to 30 m) [65]. See Appendix A.3 for some
of these sites. In general, the thicknesses decrease as the distance from the coast decreases
and increases in the opposite directions. Based on the values reported for the thickness of
the freshwater lens, and the resistivity values obtained from our ERT profiles, in which the
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presence of the saline intrusion is not observed up to the measured depths, we estimate a
minimum thickness of the freshwater lens of 30 m, which is consistent with the estimated
values from other geophysical measurements along the RC [17].

3.2. Effective Porosity Sections

The effective porosity sections were obtained by applying Archie’s Law to the inverted
resistivity sections, at depths below the water table (where S = 1), using a cementation
exponent and a tortuosity coefficient of m = 1.95 and a = 1 [57], respectively. The ground-
water EC was measured with the CastAway probe in two small disused quarries, which
were permanently flooded due to their connection with the aquifer, and in a sinkhole; all
the sites near the transects and with depths of the water column less than 2 m. The average
groundwater resistivity ρw (inverse of the average electrical conductivity) was 4.93 Ωm.

Figure 4 shows the effective porosity sections for both transects (T1 and T2). As can be
seen, the porosity varies in a range between 0.1 (10%) and 0.60 (60%), typical of carbonate
rocks with a high grade of karstification [66]. Only subsections close to the possible flooded
caverns or dissolution conduits are presented in the image; that is, from 40 to 140 m for the
first transect and from 30 to 145 m for the second transect.

Figure 4. Effective porosity sections obtained from profiles (a) ERT-1 and (b) ERT-2.

The porosity section corresponding to the ERT 1 profile, with a north–south orientation,
clearly presents three zones. The first zone (delimited by the white dotted line) presents
the lowest porosity values, in a range from 10% to 30%. The second zone (delimited by
the red dotted line) presents higher porosities than the first zone, from 30% to 40%, due
to the limestone-dissolution processes. On the other hand, the third zone (color from
orange to black, with intermediate red) represents the highest porosity zone of the profile,
with values ranging from 40% to 60%. In these areas, some anomalies are identified as
possible dissolution conduits or flooded caverns (the area delimited by the black dotted
line) with porosities greater than 60% and at a depth of approximately 20 m. The third zone
is the one with the highest grade of karstification or carbonate dissolution.

On the other hand, the porosity section corresponding to the ERT 2 profile, with an
east–west orientation, also presents three zones. The first zone (delimited by the white
dotted line) has a porosity range between 10% and 30%. This area is associated with the
surface layer that can be seen in the first porosity section. A second zone is also identified
(delimited by the red dotted line), which presents a porosity range between 30% and 45%.
Finally, a third zone with porosities greater than 45% is identified. This zone of high
porosity can be associated with limestone rocks with a high grade of karstification, in which
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the presence of dissolution conduits or flooded caverns is observed (the area delimited by
the black dotted line).

Additionally, from both images, it can be seen how the effective porosity gradually
changes with depth, presenting highly karstified zones along each profile, mainly around
the resistivity anomalies. Despite the complicated correlations between porosity and per-
meability in limestones [67], changes in porosity can be related to the development of
permeability, which in carbonate aquifers is due to the variation in groundwater velocity
with depth [68]. That is, permeability develops through water circulation and rock dissolu-
tion, so in areas where groundwater presents the highest velocities, the highest porosities
can occur, e.g., in areas with the presence of caves and/or flooded dissolution conduits.
Therefore, saturated zones where there is a higher level of karstification could represent
zones or horizons of favored flow due to greater permeability [69].

3.3. Groundwater Flows

Measurements of water levels in the referenced sites were collected from reports in
the scientific literature and open-access databases. These measurements cover the entire
area of the RC and the northwestern section of the peninsular aquifer, from the Sierrita de
Ticul to the north coast of the YP. The measurement sites were collected from the following
sources: 10 monitoring sites reported by Canul-Macario et al. [70], with 12 measurements
per site taken during the period from March 2013 to December 2015 (in rainy and dry
periods); 63 sites in shallow wells reported by Sánchez y Pinto [71], with approximately
4 measurements per site, taken from October 1988 to April 1990; 32 sites registered in
the CONAGUA’s Metropolitan Network with 11 measurements per site taken during the
period from December 2013 to September 2018; and 70 sites registered in the CONAGUA’s
Peninsular Piezometric Network with variable periods and variable measurements per
site. It is important to mention that in the absence of information on the measurement
sites, we refer generically to water levels for water table measurements in the free aquifer
or possible piezometric heights in the semiconfined aquifer of the coastal strip. This last
point is not trivial since measurements of hydraulic heads with piezometers in coastal
areas can present great uncertainty due to large variations in groundwater density due to
a dynamic groundwater environment, with a halocline that can move with the tides [72].
In this case, it is often necessary to convert the water level measured in coastal wells to
pressure expressed as an equivalent freshwater head [72]. In our case, we omitted these
corrections due to the lack of information from the reported monitoring sites.

The information in the water level database was cleaned and filtered to avoid the
duplication of information and to eliminate sites outside the study area. Sites with a separa-
tion distance of less than 500 m were averaged due to the low hydraulic gradients reported
for the north of the aquifer, which according to some reports present a range between
7 and 10 mm/km [35], while in others present a range between 17 and 25 mm/km [28],
depending on the aquifer zone. The total number of sites selected after the filtering process
was 129.

Maps of the groundwater isolines were estimated using the average value of the water
level for the final 129 sites, following the procedure indicated in Section 2.4, through IDW
and EBK interpolation. At this point, the generation of these maps deserves clarification.
Strictly speaking, the water levels are representative of the period in which they were
measured, so it is not entirely correct to combine data from all sites given the temporality
of the sampling. The justification for combining them as a single data set lies in the fact
that there is evidence that groundwater levels in the YP aquifer system remain relatively
stable for long periods of time [28,73], i.e., they have an almost steady-state behavior.
Furthermore, some large aquifers exhibit a steady-state behavior or are very close to it after
a given period of time [74,75]. This means that there is a balance of the inflow and outflow
of water to the system and therefore the long-term average state of the aquifer system is
known. In aquifers with high permeability (and therefore high transmissibility), such as
the YP karst aquifer, the transient response to a hydraulic disturbance, e.g., a pumping test,
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can occur so quickly that the aquifer returns to its stable state after a short period of time.
In the case of extreme weather events such as hurricanes or cyclones, water levels may rise,
and in some cases, extreme values may occur. [5,76]. However, after a period of resilience,
these values tend to return to their steady-state values. Indeed, the estimated recovery time
for typical recharge events in the YP karst aquifer can be a few days [30], while for atypical
recharge events, it can be a few weeks or a few months [77,78].

Regarding temporal variations in groundwater levels, fluctuations of less than 1 m,
associated with prolonged periods of drought, have been reported at distances of 10 km
from the north coast of the YP in the Dzilam de Bravo town [79]. Similar variations have
also been reported for the northeastern aquifer of the YP, in the Quintana Roo state, where
the highest rainfall on the peninsula occurs [80]. On the other hand, the maximum standard
deviation of the data reported by Canul-Macario et al. [70] is 1.12 m at the site called
Observatorio, located approximately 32 km from the north coast of the YP, while Sánchez
y Pinto [71] reports variations of up to 4 m after a period of intense storms. Based on the
analysis of the water level data available per site, and the temporal window of the database,
it can be inferred that fluctuations in water levels occur within the same order of magnitude
or less in all reported sites and that these levels have remained stable.

The steady-state approximation has already been used in the YP aquifer system as a
suitable approximation to numerically model the residence times of contaminants and
nitrates in the aquifer from Mérida to Progreso [11], and to simulate groundwater flows in
the states of Yucatan [38] and Quintana Roo [80]. This approach, of course, does not take
into account anthropogenic effects, which can cause irreversible changes in aquifer behavior
due to excessive pumping, nor climate change, which causes changes in temperature and
rainfall patterns [81,82].

For the above reasons, and due to the lack of long-term monitoring data in the north-
west of the YP aquifer, it was considered as a first approximation that the average water
level for selected sites is representative of their behavior in a steady state. Therefore, to un-
derstand its regional hydrogeology, the average values at these sites were used (regardless
of the time window of each site) to generate the maps of groundwater isolines and to
estimate the groundwater flow directions. However, the importance of having groundwa-
ter levels statistically representative of the long-term average state of the aquifer system
is highlighted.

Maps with the location and average groundwater levels for all selected sites are
presented in Figure 5, showing groundwater isolines for both IDW and EBK interpolation
methods (see Appendix A.2 for additional information). The sites are indicated with
orange, white, and green points for each reference, respectively, whereas water levels are
indicated in meters above mean sea level (m a.s.l.). From this figure, it can be seen how
the magnitude of the isolines decreases with proximity to the coast. It is also observed
that, for the region south of the Sierrita de Ticul, and only for the IDW map, there is
a slight variation in their magnitudes over short distances. For the area to the west of
the RC, near the study site, a slight deformation of the isolines can be observed. This
deformation presents small variations between rainy and dry periods, which has been
previously indicated by CONAGUA [65]. This suggests a permanent character in their
deformation, which can be associated with the geomorphological influence of the RC.

In the same figure, it can be observed how the coastal areas present water levels below
1 m and how these levels increase as the distance from the coast increases. For the IDW map,
some inland zones can be observed where these values drop, which could represent local
discharge zones, or it could be an artificial effect due to the interpolation method. In general,
many differences can be observed in the groundwater level isolines due to the interpolation
process used to generate them. It is important to mention that the EBK method is more
precise since it considers the spatial correlation of water level data. However, given the low
density of sampling sites in some areas outside the RC, and the inherent heterogeneity of
the karst aquifer, the groundwater levels and groundwater flow directions in these areas
should be taken with caution. The behavior of the water level isolines obtained with the
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EBK method, within the Chicxulub sedimentary basin and around the RC, resemble those
obtained in numerical simulations by González-Herrera et al. [38].

Figure 5. Groundwater levels for the northwest aquifer of the Yucatán Peninsula considering a
steady-state approximation. (a) IDW interpolation with p = 2 and (b) Empirical Bayesian Kriging.

On the other hand, maps with groundwater flow directions, generated from both inter-
polation methods, can be seen in Figure 6. It is important to mention some considerations
made for the preparation of these maps using the Flow Net method [61]. The development
of a Flow Net requires the implicit assumption that the flow is perpendicular to the isolines
of the water level, i.e., the porous medium is isotropic, with flow in the direction of de-
creasing water levels. For an anisotropic medium, the flow lines intersect the isolines at an
angle that depends on the degree of anisotropy in the flow plane and the orientation of the
hydraulic conductivity tensor. Due to the lack of information on the degree of anisotropy
of the karst bedrock, we consider as a first approximation for the analysis of groundwater
flow directions that the porous medium is isotropic.
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Figure 6. Groundwater flows on a regional scale for the northwest aquifer of the Yucatán Peninsula
considering a steady-state approximation and an isotropic porous medium. (a) IDW interpolation
with p = 2 and (b) Empirical Bayesian Kriging.

Under the isotropic medium assumption, groundwater flow directions are concep-
tualized perpendicular to the water level isolines and coincide with the directions of the
negative hydraulic gradients, which helps a lot for a first hydrogeological interpretation.
In fact, it has been reported that in some areas of the YP aquifer, regional hydraulic gradi-
ents coincide with the high-permeability directions, which suggests a direct relationship
between hydraulic gradients and fracture orientations; in these same areas, groundwater
flows have been assumed parallel to hydraulic gradients [30]. However, it must be kept in
mind that this is not the general case and that the real groundwater directions can differ
significantly when the anisotropy of the medium is taken into account.

The size of the flow vectors shown in Figure 6a,b is proportional to the magnitude
of the hydraulic gradient. Then, since it is known that high-permeability areas of the YP
karst aquifer have low hydraulic gradients [28,36], the areas of greatest permeability are
characterized by having smaller flow vectors. Similarly, high hydraulic gradients may
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occur in areas where there are sudden changes in permeability along the terrain, or where
there are wells close to each other, which may be penetrating different subsystems of
the aquifer; so, they can be represented by having larger flow vectors. However, high
hydraulic gradients may also occur around recharge areas, or due to abrupt topographic
changes. Therefore, in areas with a low land slope or with almost uniform precipitation,
high hydraulic gradients are more likely to be due to changes in permeability, e.g., a zone
with low permeability in the YP aquifer was observed by Steinich et al. [83] in the vicinity
of the town of Abalá near the Sierrita de Ticul, where there is no rain recharge to justify
the high water levels measured, so these were necessarily associated with a decrease in the
bedrock permeability.

The effect of topography and permeability on the behavior of groundwater flows is an
effect well known from the studies carried out by Töth [84] and Freeze and Witherspoon [85].
However, given that large regions of the YP have a relatively flat topography with low
slopes, where the aquifer recharge areas do not necessarily coincide with the higher-altitude
zones [80], the flow behavior in these regions can be expected to be controlled primarily by
the groundwater levels of the recharge areas and by the permeability of the bedrock [85].
Therefore, the topography high of the YP, mainly the Sierrita de Ticul, does not have a
dominant influence on the groundwater pattern in the region, as has been pointed out
by Back and Hanshaw [86]. The latter can be seen in the map in Figures 5b and 6b, where it
is not seen that topography alters appreciably the water level isolines or the flow pattern.

On the western periphery of the RC, a groundwater flow direction toward the north-
west of the state following the directions of high fracturing along the edge of the RC (more
visible in the EBK map) can be observed. This is consistent with the water level isolines cut-
ting almost perpendicular to the west side of the RC, indicating flows along the perimeter.
Groundwater flows can also be observed crossing in the southeastern section of the RC,
which is also indicated by the contour isolines from Figure 5a,b. But, in this case, the flow
directions change depending on the interpolation method used, which may be a real or
an artificial effect due to the low density of the sampling sites used in both interpolation
methods for this aquifer’s area. On the other hand, both interpolation methods produce
groundwater flows similar to those inside the Chicxulub sedimentary basin. It is possible
to observe the presence of parallel flows toward the coasts in some areas of the basin but
with smaller hydraulic gradients, which suggests a high permeability [36] that increases as
the distance from the coast decreases.

Inland zones where groundwater flows converge can also be identified from both maps
in Figure 6. One of these zones corresponds to the city of Mérida. In this case, the flows
converge due to the high demand for water resources to meet the needs of a growing
population, which altered the direction of groundwater flows [7,30]. The other regional
discharge zones are located to the south and southeast of the RC, in areas with a high
density of fractures, as can be seen near the city of Ticul. These inland discharge zones could
have a geomorphological origin; that is, they could be caused by geological depressions
due to the collapse of carbonate rocks by the underground dissolution processes [30]. In the
southern part of the RC, and to the north of the Sierrita de Ticul, the groundwater divide
can be observed near the Abalá town, as indicated by Steinich et al. [83].

On the other hand, as can be seen from the ERT profiles and porosity sections, anoma-
lies are identified that can be associated with possible dissolution conduits with orientations
close to the north–south direction, which coincides with the groundwater flow direction
that occurs to the north of the study site, as can be seen in both maps in Figure 6. This
coincidence is not entirely by chance, since it has been observed that dissolution conduits
tend to develop mainly in the direction of groundwater flows, where the permeability
structure has evolved as a consequence of the dissolution of carbonates by the continuous
flow of groundwater [30,71,87]. In fact, based on the analysis of well logs, Buckley et al. [69]
described the presence of zones of preferential flows at different depths in some areas of
the YP aquifer, related to different horizons where a high grade of karstification occurs.
However, a confirmation of the real orientations of dissolution conduits would require



Water 2024, 16, 2021 16 of 25

further geophysical surveys, which is outside the scope of this work, so in this case, it is
left only as a real possibility.

It is important to mention that although groundwater flows at a regional scale follow
the directions shown in Figure 6, at a local scale, their behavior can be more complicated.
This is due to local geological heterogeneities that can modify the flow directions in oppo-
sition to those indicated at regional scales, as has been reported in some areas of the YP
aquifer [18,30]. Unfortunately, it was not possible to evaluate groundwater flows at a local
scale due to the inaccessibility (private land) of the majority of water bodies around the
study site. Regarding the groundwater flows, analyzing their directions based on maps
created from a water-level-interpolation process is not enough, since these directions can
differ significantly from those resulting from groundwater simulation models calibrated
with field data, as has been highlighted by Escobedo-Cen [80] for the northeastern aquifer
of the state of Quintana Roo. However, they provide a fairly general idea of the behavior of
groundwater flow systems.

Finally, although some efforts have already been made to model the northwestern
aquifer of the YP [35,38,71], more research is required to generate accurate models that
explicitly include geological heterogeneities at different scales, as well as hydrodynamic
parameters that change over time due to the evolution of the karst system, e.g., the hydraulic
conductivity. This last point is of fundamental importance since the geomorphology and
geology of the aquifer are not enough to establish its hydrodynamic behavior, as was
pointed out by Kovács [88], who mentions that it is necessary to evaluate the temporal
evolution of the aquifer system due to the dissolution of carbonate rocks, which modifies
its hydrogeological properties over time.

4. Conclusions

In the study area, there is a shallow aquifer where the water table is approximately
one meter deep from the surface. From the interpretation of the real resistivity sections,
obtained from the ERT measurements, no indications of the saline intrusion phenomenon
were identified, so the freshwater lens has an estimated thickness of at least 30 m.

Similarly, from the ERT measurements, the heterogeneities present in the aquifer were
identified. Three units with different ranges of resistivity were observed, which presented
different ranges of effective porosity, as can be observed when applying Archie’s Law
to the real resistivity 2D sections. The porosities found range from 10% to 60%, which
indicates a high grade of fracturing and/or karstification of the bedrock. The presence of
possible flooded dissolution conduits with orientations close to the north–south direction
was also discussed.

Maps of groundwater flow directions along the northwest section of the YP karst
aquifer were estimated from water levels interpolated by two methods, IDW interpolation
and EBK. Despite the differences between both methods and the data quality and density of
the monitoring sites used to generate the maps, these reproduce qualitatively the conceptual
behavior that exists for groundwater flows in some areas of this section of the peninsular
aquifer. In particular, it was possible to observe the influence of the RC on the behavior
of these flows on a regional scale. The presence of flows that apparently cross the ring
in its eastern and southeastern sections was also observed. In addition, in the Chicxulub
sedimentary basin, a decrease in the magnitude of the hydraulic gradients is observed as the
distance from the coast decreases, indicating regions with limestones of high permeability.
There are also areas of discharge inland, possibly associated with excessive pumping or the
collapse of limestones, although they could also be due to an interpolation problem due
to the low density of points in some areas. In general, groundwater flows are controlled
primarily by the water levels and permeability of the karst medium.

Finally, a possible relationship is discussed between the direction of the dissolution
conduits near the RC with the direction of the development of permeability, which can be
inferred from the ERT, the porosity sections, and the directions of groundwater flows at a
regional scale.
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Appendix A

Appendix A.1. Details of the Numerical Inversion of Apparent Resistivity Sections

To carry out the inversion process with the EarthImager 2D software, the following
parameters recommended by [18] were used: As initial adjustments, voltage values lower
than 0.2 mV were discarded, and apparent resistivity values in a range between 0.1 and
105 Ωm were considered. For the direct simulation, the finite element method and the
Cholesky decomposition with Dirichlet-type boundary conditions were used. The apparent
resistivity pseudosection was used as the initial resistivity model. For the inversion stage,
a maximum number of 15 iterations and an RMS of 5% were considered.

There are other commercial and/or free software that can numerically invert the
resistivity results obtained in the field, which, in principle, should give similar results.
For example, Figure A1 shows the results for transects T1 and T2 using ZondRes2D
“http://zond-geo.com/english/zond-software/ert-and-ves/zondres2d/ (accessed on 13
July 2024)” and Res2DInv “https://www.geotomosoft.com/downloads.php (accessed on
13 July 2024)” commercial software. For the inversion with them, parameters similar to
those used with EarthImager were used. As can be seen from this figure, the results are
similar to those described in Section 3.1.

In addition, with the ZondRes2D software, the Levenberg–Marquardt algorithm was
selected, which is an inversion algorithm that uses the damped least-squares (DLS) method.
In this case, only apparent resistivity values between 0.1 and 104 Ωm were considered.
The average of the apparent resistivity values was used as the initial resistivity model.
For the inversion stage, a maximum number of 10 iterations and an RMS value of 5% were
considered, with an error reduction of 5%. The main use of this last parameter is to avoid
overfitting the data, so the inversion stops if the RMS no longer changes significantly from
the previous result. For the direct simulation, the program uses the finite element method.

For the Res2DInv, apparent resistivity measurements between 0.2 and 104 Ωm were
considered. The software’s inversion algorithm is based on the smoothness-constrained
least-squares method, and the equations are solved using the Gauss–Newton method.
Similarly, a maximum number of 10 iterations and an RMS value of 5% were considered,
with an error reduction of 5%. As with the ZondRes2D software, the average of the apparent
resistivity values is considered as the initial resistivity model. For the direct simulation,
the finite element method was used.

http://zond-geo.com/english/zond-software/ert-and-ves/zondres2d/
https://www.geotomosoft.com/downloads.php
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Figure A1. (a,b) Interpretation of the real 2D resistivity profiles for transect T1 with a north–south
orientation (ERT 1) using ZondRes2D and Res2DInv software, respectively. (c,d) Interpretation of the
real 2D resistivity profiles for transect T2 with an east–west orientation (ERT 2) using ZondRes2D
and Res2DInv, respectively.

Appendix A.2. Additional Information on Interpolation Methods

Figure A2 shows the groundwater isoline images obtained for the cases p = 1 and
p = 1.5, while Figure A3 shows the respective groundwater flow directions. For IDW
interpolation, a recommended value of the weight exponent p = 2 was used to compare
with the EBK method. As the value of p increases, the weights of distant points decrease
rapidly. If the p value is very high, only the immediate surrounding points will influence
the prediction. There is no particular reason to prefer this value; however, the effect of
changing the p value must be evaluated for each study case through a statistical cross-
validation analysis and by previewing the results. In our case, since the EBK method was
statistically validated with field data [59], and is more reliable for estimating water levels,
the IDW image was chosen with the parameter p that best approximated the EBK image to
the naked eye.

In the case of interpolation with the EBK method, it is important to mention that the
model residuals pass the Kolmogorov–Smirnov Normality Test (0.088 with a p-value = 0.28).
Table A1 shows the calibrated parameters for the final variogram, while Figure A4 presents
the cross-validation data and the respective QQ plot of the data.
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Figure A2. Groundwater levels for the northwest aquifer of the Yucatán Peninsula considering
a steady-state approximation. (a) IDW interpolation with p = 1 and (b) IDW interpolation with
p = 1.5.
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Figure A3. Groundwater flows on a regional scale for the northwest aquifer of the Yucatán Peninsula
considering a steady-state approximation and an isotropic porous medium. (a) IDW interpolation
with p = 1 and (b) IDW interpolation with p = 1.5.
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Table A1. Calibrated parameters for the final semivariogram using the EBK method.

Subset size 23
Overlap factor 1
Number of simulations 100
Output surface type Prediction
Transformation Empirical
Semivariogram type K-Bessel Detrended
Neighborhood type Standard Circular
Maximum neighbors 15
Minimum neighbors 10
Sector type 1
Angles 0
Radius 10,000

Figure A4. (a) Cross-validation between observed and predicted water levels and (b) QQ plot of
the data.

Appendix A.3. CONAGUA Monitoring Wells

Figure A5 presents a map with the location of three sites with Conagua monitoring
wells with the salinity profiles of each one.

Figure A5. Location of some sites with CONAGUA monitoring wells. (a) Map of the zone, indicating
the study site, and the well sites; (b–d) salinity profiles for wells P1, P4, and P6, respectively.

It can be seen that the thickness of the freshwater lens in these sites is between 20 and
25 m. Given that large masses of groundwater flow on the periphery of the RC, the thickness
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of the freshwater lens at our study site should be slightly greater than those reported by
CONAGUA, which is consistent with our estimated value of 30 m.

However, it is important to note that despite the widely known behavior of the
thickness of the freshwater lens, which decreases with distance from the coast and increases
inland, CONAGUA detected sites that do not comply with this pattern, as can be seen in
profile P6, near the town of Tamchén, south of the town of Kinchil. At this site, the thickness
of the freshwater lens is less than at other sites near the coast, and since the halocline is
thicker, it would be an indication of hydrogeological heterogeneity at a local scale [89].
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