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Abstract. Groundwater vulnerability maps are important de-
cision support tools for water resource protection against
pollution and helpful in minimizing environmental damage.
However, these tools carry a high subjectivity along the mul-
tiple steps taken for the development of such maps. Addition-
ally, the theoretical model on which they are based does not
consider other important parameters, such as pollutant con-
centration or pollutant residence time in a given section of
the aquifer, solely focusing on the theoretical travel time of a
pollutant particle from a release point towards a target. In this
work, an integrated methodology for the evaluation of poten-
tial (intrinsic) and actual vulnerability is presented. This inte-
grated method, named Integrated Karst Aquifer Vulnerabil-
ity (IKAV), was developed after the analysis of several study
cases around the world and the application of multiple in-
trinsic groundwater vulnerability methods in a selected study
area. Also, a solute transport model served as the basis to de-
fine additional parameters for vulnerability analysis for areas
severely affected by anthropogenic practices. However, the
focus of the transport model must not be mistaken to be haz-
ards and risk mapping. A defined workflow and several crite-
ria for parameters and attributes selection, rating and weight-
ing, and vulnerability classification are presented here. The
first application of the IKAV method was carried out in the
Yucatdn karst, demonstrating to be a reliable method for vul-
nerability estimation. Results demonstrated the scope of the
IKAV method in highlighting important regional conditions,

minimizing the subjectivity, and expanding the analysis of
vulnerability.

1 Introduction

Since the introduction of the groundwater vulnerability con-
cept by Albinet (1970), several redefinitions and subclassi-
fications for this concept have been continuously proposed.
The current groundwater vulnerability conceptual model
evaluates the geological, hydrological, and hydrogeological
characteristics of a given area by their ability to transport a
pollutant particle from a release point towards a specific lo-
cation in the aquifer (Zwahlen, 2003). The general process
to estimate this sectional aquifer vulnerability then follows
a release—pathway—target model (Goldscheider, 2005). With
focus on the natural characteristics along the pathway, such
as soils, vegetation, lithology, and slope, among others, the
travel time of a theoretical and immutable pollutant particle
is estimated. This “intrinsic” (natural) vulnerability does not
consider the possible changes that a pollutant particle can
experience along the pathway; when such changes are also
evaluated, the vulnerability analysis is then referred to as
“specific” (Vrba and ZaporoZec, 1994). However, the exten-
sive cost to obtain data and carry out fieldwork to evaluate
the possible changes of a given pollutant along the pathway
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make specific vulnerability analysis less applicable in com-
parison with intrinsic-vulnerability maps.

Given the high heterogeneity and anisotropy of Kkarst,
groundwater vulnerability methods for porous aquifers are
not efficient in estimating karst aquifer vulnerability. Ac-
cording to the literature, EPIK is the first proposed method
to evaluate the vulnerability of karst aquifers with the aim
to define protection areas and to fulfil Swiss water regula-
tions (Dorfliger et al., 1999). The EPIK, the DRASTIC (Aller
et al., 1987), and the European framework (Zwahlen, 2003)
are the basis for multiple vulnerability methods for karst that
have arisen during the last 2 decades (Ivan and Madl-Szényi,
2017; Parise et al., 2018). The recurrent appearance of new
methods and/or adaptations to estimate groundwater vulner-
ability in karst exhibits the complexity of such systems. The
existence of multiple methodologies following the same pur-
pose complicates the selection of an appropriate method to be
applied for a given karst area. Application of several meth-
ods over the same region usually displays a considerable mis-
match among final vulnerability classifications (Gogu et al.,
2003; Ravbar and Goldscheider, 2009; Marin et al., 2012;
Stevanovié, 2015; Kavousi et al., 2018). However, recent
studies have demonstrated that, under some regional condi-
tions, outcomes from multiple vulnerability methods can dis-
play a remarkable agreement in vulnerability classification;
nevertheless, a high correlation among methods must never
be taken as a confirmation of reliability (Moreno-Gémez,
2021).

In general, two main problems are directly related to cur-
rent methodologies in estimating intrinsic vulnerability: the
high subjectivity and the uncertainty of the current concep-
tual model. For the former, several factors influence the high
subjectivity along the steps to estimate vulnerability such as
personal interpretations, the use of dissimilar standards, in-
consistent parameters and attributes, and discretional rates
and weights (Fig. 1). Regarding the latter, the sole evalua-
tion of the theoretical travel time of an immutable pollutant
particle can severely mislead the vulnerability analysis and
decisions based on it; this problematic has been pointed out
by the COST Action 620 (European Cooperation in Science
and Technology) final report (Zwahlen, 2003). Therefore, the
reliability of the intrinsic-vulnerability analysis is arguable
for karst aquifers that are already affected by anthropogenic
activities.

Given the high heterogeneity of karst, either locally, re-
gionally, or continentally, the standardization of parameters
(including attributes, rates, and weights) utilized to estimate
intrinsic groundwater vulnerability is a very complex task
(Ford and Williams, 2007; Parise et al., 2015). However, a
standardized process can help to minimize the subjectivity
of the current conceptual model. From previous studies with
the aim to develop an Integrated Karst Aquifer Vulnerabil-
ity approach, important considerations have been highlighted
for map selection, parameter filtering, attribute discretiza-
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tion, and rating schemes (Moreno-Gémez et al., 2018, 2019;
Martinez-Salvador et al., 2019; Moreno-Gomez, 2021).

Nowadays, the anthropogenic stress that karst aquifers
around the world are experiencing is undeniable. Pollution
generated by agricultural practices, cattle raising, wastewa-
ter disposal, and dumping sites, among others, have already
affected karst groundwater quality in some regions (Parise
et al., 2004; Pronk et al., 2007; Ravbar and Kovacic, 2015).
On the other hand, large well fields, with considerable wa-
ter extraction volumes, can diverge groundwater flow from
its natural course. This increases the uncertainty of current
intrinsic-vulnerability methods (either for source or resource
estimations) with regard to their application on already an-
thropogenically affected karst areas. In order to evaluate cur-
rent vulnerability scenarios, solute transport models can be
beneficial additional criteria to enhance the role of vulner-
ability maps as decision support tools (Martinez-Salvador,
2018; Martinez-Salvador et al., 2019).

With the aim of solving the aforementioned problems and
enhancing the scope of groundwater vulnerability as a deci-
sion support tool, the Integrated Karst Aquifer Vulnerability
(IKAV) method is presented here as the groundwork for fur-
ther vulnerability studies. This integrated strategy was devel-
oped based on three research steps: (1) the detailed and crit-
ical analysis of numerous applications of current intrinsic-
vulnerability methods around the world, (2) the application
and comparison of eight selected methods on a karst study
area, (3) the application and evaluation of a transport model
in a severely polluted karst region to determine additional
criteria for vulnerability estimation. The state of Yucatdn,
an important karst region located in Mexico, was selected
to carry out steps 2 and 3. The IKAV method demonstrates
the necessity to expand the vulnerability analysis beyond the
two-dimensional intrinsic scheme and the importance of con-
sidering the current vulnerability scenario of the evaluated
aquifer. This work presents the first application of IKAV; the
study area is the Mexican state of Yucatan.

2 Study area

The state of Yucatan (39 500 kmz) is located in the north-
ern part of the Yucatdn Peninsula, a transboundary lime-
stone platform (approximately 160000km?) covering parts
of Mexico, Guatemala, and Belize (Fig. 2a). According
to Weidie (1985), the peninsula is formed by limestone,
dolomites, and evaporites with thicknesses reaching up to
1500 m. Rocks at the surface correspond to northward se-
quences from the Upper Cretaceous (Paleogene period)
to Holocene (Quaternary period) epochs (Butterlin, 1958;
Bonet and Butterlin, 1962; Lépez-Ramos, 1975). The Yu-
catdn Peninsula is classified as a well-developed karst given
the existence of systems of solutional conduits of consider-
able diameter in the subsurface, extending in the range of
kilometres (Bauer-Gottwein et al., 2011). The state of Yu-
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Figure 1. Steps subject to discrepancy from the point count system method (PCSM) evaluating vulnerability.
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Figure 2. The Yucatin Peninsula’s characteristics. (a) The peninsula’s limits, geology, and regional faults. (b) Yucatdn’s elevation and doline
location. (c) A cross section of Yucatan displaying the nearly flat topography.

catan (hereinafter Yucatdn) has four hydrogeological regions:
Coastal Area, Inner Cenote Ring, Central Plain, and Valleys
and Hills. Yucatdn presents interesting characteristics such
as areas of high doline (cenote) density, regional faults, and
a nearly flat topography for most of the state (Fig. 2b); other
important characteristics of Yucatdn, such as the shallow wa-
ter table, soil distribution, spatial precipitation pattern, and
lithology are visually displayed in Appendix A.

The nearly flat topography and the considerable secondary
porosity do not allow surface streams to generate, making
diffuse infiltration dominant in Yucatdn (Fig. 2¢). For more
detailed information regarding the characteristics of Yucatan,
the works of Bonet and Butterlin (1962), Doehring and But-
ler (1974), Lesser (1976), Pope et al. (1991, 1993), Hilde-
brand et al. (1995), and Lugo-Hubp and Garcia (1999) are

highly recommended.

Yucatdn is divided into 106 municipalities of variable
extension and population density (Fig. 3a). An important
area in Yucatdn is the Mérida metropolitan area (MMA),
located in the Inner Cenote Ring region and composed of
six municipalities (Fig. 3b). This highly urbanized area with
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around 1.1 million inhabitants (approximately 52 % of Yu-
catan’s population) presents several environmental problems
related to fast urbanization and the practices derived from it
(Pacheco and Cabrera, 1997; Marin et al., 2000; Pacheco et
al., 2002; Gonzélez-Herrera et al., 2014; Rojas-Fabro et al.,
2015). It is estimated that more than 55 % of the water ex-
traction for human consumption in Yucatin takes place in
the MMA (Fig. 3c). Wastewater volumes are estimated from
75 % to 80 % of the extracted water for human consump-
tion. With approximately 80 % of the population of the MMA
utilizing artisanal septic tanks, which are permeable, a pol-
Iution plume has been generated from the continuous leak-
ing of wastewater towards the aquifer (Graniel et al., 1999;
Marin et al., 2000). The pollution plume has made the upper
20m of the aquifer below the city of Mérida unsuitable for
human consumption (Luis Marin, personal communication,

July 2017).

The continuous disposal of untreated wastewater into the
aquifer, the use of nitrogen-rich fertilizers used in agricul-
ture, and large-scale pig farming has put Yucatdn under a
severe nitrate (NO3 ™) pollution scenario (Pacheco and Cabr-
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Figure 3. Administrative and anthropogenic characteristics in Yucatan. (a) The hydrogeological division and population density by mu-
nicipality (inh: inhabitant). (b) The MMA and the main urban areas. (¢) Comparison of water consumption for the MMA and the rest of

Yucatan.

era, 1997; Pacheco et al., 2001, 2002; Drucker et al., 2003;
Pacheco-Avila et al., 2004b; Delgado et al., 2010). Given that
intrinsic vulnerability solely evaluates the probable advection
of a theoretical pollutant, no other characteristics reflecting
the current vulnerable state of the aquifer (or water extrac-
tion wells) are analysed. In the Yucatan karst, as well as many
other already affected karst areas, the inclusion of additional
parameters for vulnerability estimation is critical.

3 The IKAV method

The proposed IKAV method aims to minimize the subjec-
tivity of the current process in order to estimate intrinsic
resource vulnerability and to provide additional parameters,
such as pollutant concentration from solute transport, in or-
der to enhance the vulnerability analysis. Given that in-
trinsic vulnerability evaluates an “IF” condition (vulnera-
bility under an incidental pollution scenario), while solute
transport aims to simulate a current vulnerable scenario,
IKAV is presented as a complementary analysis of these
two conditions: potential-vulnerability (IKAV-P) and actual-
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vulnerability (IKAV-A) maps are proposed. IKAV is based
on three interconnected principles to be fulfilled: infiltration
distinction, regionalization, and representative activity/pollu-
tant (Fig. 4).

For the infiltration distinction principle, the objective is to
define the goal of the analysis, settling either a point infil-
tration or diffuse infiltration condition; this selection dictates

https://doi.org/10.5194/nhess-22-1591-2022
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how some parameters will be evaluated. For example, if a
point infiltration scenario is going to be investigated, high
slopes and fine-textured soils will represent a more vulner-
able condition due to their runoff generation capacity; how-
ever, these intrinsic characteristics will have an opposite role
in vulnerability for diffuse infiltration conditions.

Regionalization settles the individual ranges for the se-
lected parameters; here it is critical how the rates will be
assigned to attributes in congruence with the criteria from
the infiltration distinction procedure. This step aims to eval-
uate vulnerability according to existing conditions in a given
study area, avoiding the indirect evaluation of external char-
acteristics proposed by current methodologies but not present
in the area of interest. The link of this principle to the infiltra-
tion distinction principle relies on the rating scheme of some
parameters and their further influence to be represented by
weights.

The representative-pollution principle defines the contam-
inant to be evaluated in correspondence with anthropogenic
activities carried out in a given study area. The representative
pollutant or the activity from which it is derived is directly
linked to the infiltration condition. For example, the use of
fertilizer in hillside farming could represent a more vulnera-
ble condition for a swallow hole catchment than sewage leak-
age occurring in the same area.

In addition to these principles, a group of multiple crite-
ria is proposed in order to minimize the high subjectivity and
the discretional definition of vulnerability classes for IKAV-
P. This additional criterion is also beneficial for the estab-
lishment of vulnerability classes for IKAV-A, according to
the permissible maximum of the studied pollutant or the pur-
pose of the extracted water at a given point of the aquifer
(e.g. human consumption or irrigation).

IKAV-P is proposed as a multi-criteria decision analysis
(MCDA) following a rating—weighting system. As proposed
by several authors, this type of analysis must evaluate at-
tributes following certain characteristics for their classifica-
tion (Carver, 1991; Heywood et al., 1995; Malczewski, 1999,
2006). Therefore, with a focus on karst vulnerability, the at-
tributes must be the following.

— Measurable. Given the fact that it is challenging to mea-
sure some attributes in karst areas, such as the degree of
karstification, statistical tools can help to better define
notable differences in the study area.

— Non-redundant. According to current intrinsic-
vulnerability methods, some parameters can be defined
as utilizing the same basemap (e.g. karstification
and epikarst development from karst surface features
according to EPIK). The inclusion of multiple pa-
rameters derived from the same evaluation process
must be avoided to prevent over-/underestimations of
vulnerability.

https://doi.org/10.5194/nhess-22-1591-2022

— Minimal. Considering that some degree of subjectivity
is inherently attached to each evaluated characteristic,
the use of an extensive number of parameters can com-
plicate the process. Therefore, the number of evaluated
parameters must be kept to a minimum, only consider-
ing the relevant ones to characterize and evaluate spe-
cific karst features.

— Available. The objective must be achieved with the
available data from the region. Under conditions of low-
resolution data, such data must be excluded, even if this
has a significant influence on the objective.

From the analysis of multiple study cases around the world
and the application of eight intrinsic groundwater vulnerabil-
ity methodologies in the Yucatan karst (see Moreno-Gémez
etal., 2018, 2019), it was possible to analyse and redefine ad-
ditional criteria to be added to the previous aspects. In order
to improve the intrinsic-vulnerability analysis with IKAV-P,
the following attributes’ criteria must also be considered.

— Variable. Given that the goal of potential intrinsic vul-
nerability (or any other MCDA) is to provide a range
of conditions to evaluate their relevance for a given ob-
jective, a map layer displaying homogeneity will have
no purpose for the research. Although a homogeneous
map layer could be useful when comparing vulnerabil-
ity maps of different areas, homogeneous layers must be
excluded from the analysis to achieve a regionalization
principle.

— Unambiguous. The objective must be clear and well de-
fined. Either for point or for diffuse infiltration, the char-
acteristics influencing such processes must be consid-
ered separately, i.e. assessing the performance of an in-
dividual analysis for each scenario and avoiding the use
of “rest-of-the-area” conditions.

— Distinctive. The influence of some parameters is differ-
ent for point and diffuse infiltration; therefore, rates and
weights assigned to individual parameters must be eval-
uated according to the objective. This is clear for slope
and soil texture, the influence of which must be evalu-
ated as oppositional for each scenario.

— Territorial. The number of attributes, their evaluation,
and their rating must be solely dependent upon the lo-
cal or regional characteristics but follow a rating pat-
tern linked to the objective. Attributes proposed by
other methods but not present in the study area must
be avoided as vulnerability indicators.

IKAV-A is proposed based on solute transport modelling
to represent an approximation of a current pollution scenario.
By taking the most influential anthropogenic activities, a rep-
resentative pollutant can be utilized for a better interpretation

Nat. Hazards Earth Syst. Sci., 22, 1591-1608, 2022
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of resource (or source) vulnerability by pollution levels (per-
missible maximum). Activities affecting groundwater quality
in karst areas are variable, as well as the pollutants derived
from such activities. Therefore, several IKAV-A maps can be
produced according to the regional anthropogenic activities.
The definition of actual-vulnerability rates will depend on the
type of pollutant, regional regulations, and the purpose of a
given extraction well. Having defined the three principles of
IKAV and a general criterion for map layer selection (includ-
ing rating and discretization), a workflow is presented as the
groundwork to evaluate an integrated groundwater vulnera-
bility (Fig. 5).

The process is considered an improved guideline to obtain
a potential (intrinsic) groundwater vulnerability map with the
addition of an actual-vulnerability map from solute transport
based on the regional anthropogenic activities. For IKAV-P,
the data utilized to generate the necessary map layers were
obtained from public sources (see Appendix B). For IKAV-A,
a solute transport model of the MMA, presented by Martinez-
Salvador et al. (2019), was utilized with slight modifications.

4 Application of IKAV
4.1 IKAV-P

Following the previously presented criteria in order to fulfil
the IKAV principles, IKAV-P was tested in Yucatidn. Given
the Yucatdn hydrogeological characteristics, the infiltration
scenario was regionally defined as diffuse due to the low re-
lief of the area and the high fissuring conditions not allow-
ing for surface streams to generate. Therefore, the vulnera-
bility analysis and the rating of attributes strictly followed a
vertical-advection point of view. A filtering process for the
available data, according to the attribute’s selection criteria,
helped to exclude parameters not contributing to the anal-
ysis. Yucatdn’s lithology is considered to be homogeneous
(limestone) at a regional scale; since no significant differ-
ences can be evaluated for our purposes, the lithology map
was excluded from the process. Having defined a regionally
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diffuse infiltration condition, high slopes represent the most
protective attribute from the topographic parameter. Never-
theless, given the low variability displayed by the slope map
(see Appendix A) the slope parameter was also excluded.
Vegetation is commonly associated with infiltration condi-
tions and its influence on runoff generation (see EPIK, COP,
PI, and the Slovene approach). Having defined a diffuse in-
filtration condition for our study area, vegetation maps were
excluded from the analysis. Similarly, due to the lack of data
regarding the spatial distribution of recharge, this parameter
was also excluded from IKAV-P but included as a boundary
condition in IKAV-A.

Given the lack of indirect data in Yucatdn, such as spring
flow, doline density maps can be used as representative of
karstification, epikarst, or aquifer development. However,
given the fact that the use of three map layers derived from
doline density could lead to over-/underestimations, doline
density was selected to generally represent a karstification
map (Fig. 6a); fissuring density maps were excluded from
the analysis due to their similar discretization with those
from doline density (see Appendix A). Given the contrast-
ing depths at which groundwater can be found in Yucatdn,
the thickness of the unsaturated zone was selected as a vul-
nerability parameter. The attribute discretization of this pa-
rameter was carried out to highlight the shallowness of the
water table in the flat plain and its deeper location in the Val-
leys and Hills region (Fig. 6b). Soils were evaluated based
on clay content percentage for the relationship between hy-
draulic conductivity (K) and fine particles content in soils
(Fig. 6¢). This evaluation of soils as a vulnerability parameter
is more sensible and serves to avoid the subjectivity derived
from the multiple standards commonly applied to classify
vulnerability from soil texture. For this work, it was decided
not to include soil thickness as part of the analysis given the
extension of the study area and the low spatial resolution of
data from boreholes. Arbitrarily, an inverse relationship was
defined for rating purposes: the lower the rating, the higher
the vulnerability.

https://doi.org/10.5194/nhess-22-1591-2022
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Table 1. Selected map layers after the criteria-filtering process proposed by IKAV.

Map layers Parameters | Attributes
Karstification (K)  Doline density Range (per square kilometre) | >4 2-4 <2 -
Rating 1 2 3 -
Vadose zone (VZ) Depth to Range (metres) <20 21-30 31-100 > 100
groundwater Rating 1 2 3 4
Soils (§) Clay content Range (percent) <15 1630 31-40 > 40
Rating 1 2 3 4

In total, three parameters, representing a notable vari-
ability, were selected from the data-filtering step to repre-
sent karstification, vadose zone, and soils. In order to avoid
misrepresentations from the usually applied discretional ap-
proach and to fulfil the regionalization rule, the attribute clas-
sification was performed statistically. The Jenks classifica-
tion method (natural breaks) was utilized for this purpose;
this method minimizes the variance within a given attribute
and maximizes the variance between them (Jenks, 1967). Pa-
rameters’ attributes were rated solely in reference to vertical
advection (infiltration distinction rule), allowing pollutants
to migrate from the surface to the water table. The ranges
assigned by the Jenks classification are intended to fulfil the
regionalization rule; hence, these ranges are only applicable
for our study area (Table 1).

Regionally, the most vulnerable attributes are areas of high
doline density, a shallow water table, and soils with low clay

https://doi.org/10.5194/nhess-22-1591-2022

content. Previous tests of IKAV-P indicate that a correlative
rating system is beneficial for a statistical classification of
the vulnerability index and the determination of vulnerabil-
ity classes. After the classification of attributes and the as-
signment of rates, a procedure to define the importance of
each map layer was carried out. The analytical hierarchy pro-
cess presented by Saaty (2008), one of the several methods
utilized for MCDA, was selected to determine the ranking
or importance of each parameter for IKAV-P. After the stan-
dardization of the pairwise comparison matrix, the eigenval-
ues (priority) were obtained (Table 2).

With the consistency index (CI) being lower than the ran-
dom index (RI), the weights were accepted. The final vul-
nerability index for the Yucatdn case was then defined by

Eq. (1):

Index = (K x 0.480) + (VZ x 0.405) + (S x 0.115), (1

Nat. Hazards Earth Syst. Sci., 22, 1591-1608, 2022
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Table 2. Analytical hierarchy process (AHP) and eigenvalues for
the selected map layers.

IKAV-P AHP

K vz S

K 1 1 5

VZ 1 1 3

N 02 033 1

Sum 22 233 9

IKAV-P AHP normalized

K VZ S Priority
(weight)
K 0.455 0429 0.556 0.480
VZ 0.455 0429 0.333 0.405

S 0.091 0.142 0.111 0.115

Sum 1.00 1.00 1.00 1.00

where K, VZ, and S correspond to the karstification, va-
dose zone, and soil map layers, respectively; numbers inside
brackets are the weights calculated from the AHP.

4.2 IKAV-A

For the development of IKAV-A, a previously presented so-
lute transport model was slightly modified. The conceptual
model’s setup defines the main urban area from each mu-
nicipality as an infiltration basin for pollution (Martinez-
Salvador et al., 2019). Four large well fields (JAPAY I to IV;
Junta de Agua Potable y Alcantarillado de Yucatdn) sup-
plying water for the city of Mérida were defined as stres-
sors of the aquifer. Piezometric data were obtained from
six monitoring wells from the metropolitan monitoring net-
work to serve for the calibration process. Precipitation val-
ues for monthly and yearly averages were obtained from his-
toric datasets publicly available from the CLICOM (CLImate
COMputing) CICESE (Centro de Investigacién Cientifica y
de Educacién Superior de Ensenada) website (SMN, 2017).
As boundary conditions, recharge was estimated from pre-
cipitation by the application of the APLIS (altitud, pendi-
ente, litologfa, infiltracién y suelo; altitude, slope, lithology,
infiltration, and soils) methodology (see Martinez-Salvador,
2018); recharge was subdivided as coastal, metropolitan, and
rest of the area. Neumann conditions were settled for east-
ern and western boundaries, and Dirichlet conditions were
settled for the southern and northern (sea level) boundaries
(Fig. 7).

The subsurface was defined with four layers, one of them
representing a preferential flow layer; this was defined ac-
cording to drilling works for monitoring wells indicating
cavities (Fig. 8). The model was run in MODFLOW-2005
(Harbaugh, 2005) utilizing the graphical user interface (GUI)
ModelMuse version 3.10.0.0 (Winston, 2009).
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Figure 7. Conceptual model of the MMA.

In order to simulate the turbulent conditions of the pref-
erential layer, the Conduit Flow Process (CFP) package for
MODFLOW-2005 was utilized in mode 2 (Shoemaker et
al., 2008). After calibration, horizontal hydraulic conductiv-
ities (K and K) were defined as 1, 0.5, 1.115, and Ims~!
for the up to bottom layers; vertical hydraulic conductivity
(K.) was defined homogeneously as 1.115ms™!. The Modu-
lar 3-Dimensional Transport model with multi-Species struc-
ture (MT3DMS) was utilized to simulate advection and dis-
persion (Zheng and Wang, 1999); given the anthropogenic
impact in the MMA, NO3 ™~ was selected as the species. The
initial NO3~ concentration was settled as 80 mgL~! in or-
der to approximate previously reported concentrations in the
Mérida subsurface (Pacheco—Avila et al., 2004a; Rojas-Fabro
et al., 2015). The contaminant load was settled as continuous
for the major urban settlements of the MMA in an attempt to
study the effect of the constant leaking of wastewater from
septic tanks that actually occurs in the MMA.

Additionally, 130 extraction wells were included solely as
representative given the lack of data regarding their extrac-
tion volumes and operational times. For more detailed infor-
mation regarding the model setup, considerations, and cali-
bration, the work of Martinez-Salvador et al. (2019) is rec-
ommended.

In order to define degrees of vulnerability, the permis-
sible maximum of NO3~ for drinking water was used as
a base; according to Mexican standards, this value is set-
tled as 45 mgL’1 (Diario Oficial de la Federacién, 2000).
Taking this as a base to determine highly vulnerable water
sources, the subsequent vulnerability classes were defined
according to previous water quality monitoring campaigns
performed in Yucatan (Pacheco and Cabrera, 1997; Pacheco,
2003; Pacheco-Avila et al., 2004b; Pérez-Ceballos, 2004
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Figure 8. Layer discretization for the MMA subsurface. Modified after Martinez-Salvador et al. (2019).

Table 3. Proposed classification for IKAV-A in the MMA case.

Nitrate concentration classification

mg L! Actual vulnerability
0* Very low

1t09 Low

10to 22 Moderate

23 to 45 High

> 45 Very high

* Indicates no influence of the pollution source.

Rojas-Fabro et al., 2015). Given that NO3~ concentrations
can occur naturally, concentrations below 9 mgL~! were de-
fined as a low vulnerable condition (Table 3). Although the
natural occurrence of NO3 ™~ is dependent on characteristics
such as geology and soils, the proposed value for low vulner-
ability approximates the estimates for non-inhabited areas in
Yucatén as presented by Pacheco and Cabrera (1997).

5 Results and discussion
5.1 IKAV-P

The IKAV-P map indicates that areas of high doline den-
sity, suggesting advanced karstification, are the most vul-
nerable under an incidental pollution scenario in agreement
with European methods previously tested in Yucatdn (see
Moreno-Gomez et al., 2018, 2019). However, IKAV-P also
classifies the near coastal areas for very high vulnerability
(VHV) where very shallow water tables, fissuring, and sands
are present. Despite karstification representing the most in-
fluential characteristic, given its assigned weight, a distinc-
tive arrangement of some characteristics (coarse soils and a
shallow water table) also indicates a VHV regional condi-
tion (Fig. 9). A vulnerability reduction pattern, from high
vulnerability (HV) to moderate vulnerability (MV), is dis-
played in relation to an increment of the vadose zone in the
Inner Cenote Ring and the Central Plain areas; in the Valleys
and Hills region, the considerable depth of the unsaturated

https://doi.org/10.5194/nhess-22-1591-2022
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Figure 9. The IKAV-P map.

zone promoted a class of low vulnerability (LV). This mani-
fests a consistent interpretation of this coastal aquifer in rela-
tion to the contrasting conditions with respect to the flat-plain
and the southern-hill area; both are important regional con-
ditions that were not highlighted by the previously applied
intrinsic groundwater vulnerability methods in Yucatdn (see
Appendix C).

Despite the weight assigned to the soil map being the low-
est, it exhibits an important role under different conditions.
Soils are depicted as protective when their clay content is
above 30 %. In the southern area of the Inner Cenote Ring,
a clay-rich soil promotes said area for moderate vulnerabil-
ity, despite the shallow water table and fissuring. Similarly,
in the south-eastern Central Plain, clay-rich soils provide
some protection in areas were karstification is at its maxi-
mum. Soils are the main promotor for very low vulnerability
(VLV) in the Valleys and Hills area where karstification is
low and the water table is found at its deepest. In general, re-
sults from IKAV-P display percentual vulnerability classes as
30.5, 32.1,27.2, 7, and 3.3 for VHV, HV, MV, LV, and VLV,
respectively.
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Figure 10. IKAV-A source vulnerability maps for a 60-year simulation (13th stress period). IKAV-A for the (a) lower epikarst, (b) preferen-
tial, and (c) rest of the aquifer layers. (d) The combined IKAV-P (resource) and IKAV-A (source) for the MMA.

5.2 IKAV-A

Results from the solute transport model indicate that pollu-
tion moves northward, following the regional groundwater
flow. Due to the fact that the city of Mérida is the most pop-
ulated urban area, representing an elevated number of septic
tanks leaking wastewater into the aquifer, the effect of the
plume in the northern area of the city is more pronounced
in comparison with other urban areas. Model layers 1 and 2
(upper and lower epikarst) present similarities regarding the
spatial distribution of NO3 ™ concentration; however, model
layer 2 is more representative of the IKAV-A source vulner-

Nat. Hazards Earth Syst. Sci., 22, 1591-1608, 2022

ability given the large number of extraction wells located
at this depth (Fig. 10a). The constant leaking of wastewater
from septic tanks has already affected the underlying aquifer
in the MMA; however, results indicate that NO3~ concen-
trations decrease with depth, not representing an immedi-
ate threat for extraction wells fields located at these depths
(Fig. 10b and ¢).

Comparing results from IKAV-P for the MMA, it is can be
clearly seen that no further discretization of vulnerability is
possible from the intrinsic characteristics of Yucatdn and the
data spatial resolution (Fig. 10d). Nevertheless, IKAV-A pro-
vides important insights and an additional parameter (pollu-
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Table 4. Actual vulnerability of extraction wells for water supply.

Actual vulnerability (source)

Vulnerability class Wells  Percentage
Very high vulnerability 14 6.8
High vulnerability 10 4.8
Moderate vulnerability 6 2.8
Low vulnerability 109 52.4
Very low vulnerability 69 33.2

tant concentration) to expand the analysis in order to improve
decisions regarding protection and corrective strategies (Ta-
ble 4).

Although approximately 85 % of the extraction wells are
classified as low vulnerable, 11 % could be severely affected
by NO3™ concentrations higher than the permissible maxi-
mum for drinking water. According to the estimated number
of inhabitants who receive water supply from these highly
vulnerable wells, approximately 10 % of the MMA popu-
lation (~ 100000 inhabitants) can be considered under risk
given the simulated NO3™ concentrations at these extraction
points.

Due to the lack of tracer test data, IKAV-P was compared
by spatial correlation with the regional intrinsic-vulnerability
method IVAKY (indice de la vulnerabilidad del acuifero
karstico yucateco; Aguilar-Duarte et al., 2016). Given that
IVAKY categorizes vulnerability into six classes, including
the additional class “extreme vulnerability”, this class was
merged with the VHV category for comparative purposes
(Fig. 11a). Despite the considerable differences in the num-
ber of used parameters, attributes, rating schemes, and as-
signed weights, IKAV-P and IVAKY show a very similar
percentual tendency to classify vulnerability in the Yucatan
karst (Fig. 11b). The percentual similarity is not a definitive
indication of spatial relationship; therefore, to investigate the
spatial correlation in vulnerability classes between IVAKY
and IKAV-P, an overlapping process was carried out utilizing
ArcGIS tools. A remarkable total correlation, above 50 %,
is displayed by IKAV-P and IVAKY; this correspondence in
the assignation of vulnerabilities is outstanding given the fact
that the best correlated European methods displayed less than
30 % of agreement with the IVAKYY method (see maps in Ap-
pendix C). With these results, the plausibility of the IKAV-P
method to display potential vulnerability in accordance with
the principles of regionalization and infiltration scenario was
demonstrated.

Unfortunately, no water quality data were available to val-
idate outcomes from IKAV-A; however, results are consis-
tent with previous studies and water sampling campaigns that
took place in Mérida and peripheral shallow wells. Outcomes
from IKAV-A are, to some degree, consistent with the previ-
ous studies (see among others Pacheco et al., 2001; Pacheco-
Avila et al., 2004a; Pacheco, 2004; and Rojas-Fabro et al.,
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2015). In general, the Mérida subsurface experiences a con-
tinuous pollution condition, in which the upper aquifer layers
seem to have a permanently high NO3™ concentration. The
pollution plume generated in Mérida moves northward ac-
cording to the natural groundwater flow, temporarily increas-
ing NO3™ levels in northern areas during the high-rainfall
season. In the case of other cities, the pollution seems to
be locally generated, with highly transient NO3 ™~ concentra-
tion levels; the temporal NO3 ™ variability, reported by pre-
ceding water sampling campaigns, is also demonstrated by
the model. The increment of NO3 ™~ levels can be associated
with a flush effect, incrementing the pollution in the north of
Mérida; therefore, the seasonal variations of the representa-
tive pollutant should also be considered in further protection
strategies.

The empirical interpretation of IKAV-P showed a better
approximation of the natural conditions in the Yucatdn karst
when compared with results from well-established European
methodologies previously applied in the same area. By fol-
lowing the steps proposed by the IKAV method, it was pos-
sible to obtain a representative potential-vulnerability map,
highlighting the regional characteristics and their influence
on the migration of accidental pollution from the surface to
the water table. Regionally, a combination of sands, shallow
water table, and fracturing also represent a VHV condition,
despite the infiltration scenario in Yucatédn settled as diffuse.
On the other hand, the most protective natural characteristics
in the region are those found in the Valleys and Hills area,
where soils with a high clay content, the deepest ground-
water table, and a low fracturing, are the dominant natural
characteristics. It is important to note that these contrasting
conditions were not highlighted by any of the previous Euro-
pean methods applied in Yucatdn.

IKAV provides a general guideline to estimate groundwa-
ter vulnerability from a regional point of view but allows
for necessary flexibility to fulfil the principles and the cri-
teria presented previously. Flexibility is always necessary,
since interpretations can vary according to data, infiltration
scenario, pollutant type, and objective. The combined eval-
uation of potential and actual vulnerability is demonstrated
to be necessary for vulnerability as a decision support tool
for karst areas already affected by anthropogenic practices.
Therefore, IKAV can provide an enhanced analysis, benefi-
cial for decision support and the development of strategies
for protective, preventative, and corrective measures.

6 Conclusions

Given the necessity to minimize the subjectivity of cur-
rent intrinsic karst groundwater vulnerability methods and
to expand the analysis of vulnerability including the anthro-
pogenic influence, the IKAV method is proposed. Following
a defined criterion for map layer selection and filtering, a cor-
relative rating system, and a set of principles to be fulfilled,

Nat. Hazards Earth Syst. Sci., 22, 1591-1608, 2022
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Figure 11. Validation of IKAV-P. (a) The intrinsic groundwater vulnerability map from the IVAKY method, digitalized from Aguilar-Duarte
etal. (2016). (b) Comparison of stacked vulnerability percentages with IKAV-P and European methods previously applied in Yucatan. (c¢) The
cumulative spatial correlation of vulnerability from IKAV-P and other methods previously applied in Yucatdn.

a potential (intrinsic) vulnerability map can be obtained; this
procedure aims to minimize the subjectivity and to present
a vulnerability map in accordance with the characteristics of
the region being evaluated. By quantifying solute transport
emerging from anthropogenic activities, the actual vulnera-
bility of the aquifer (or water sources) can be estimated, ex-
panding the decision scope of vulnerability maps as a deci-
sion support tool. Some important contributions of IKAV for
vulnerability studies are understood to be as follows.

— The over-/underestimation of the vulnerability out-
comes is reduced by performing individual analyses for
point and diffuse infiltration conditions (infiltration dis-
tinction principle).

— Independent of the number of parameters or attributes,
a correlative rating system is favourable for further vul-
nerability classification.

— The vulnerability index partition is not discretional but
dependent on statistical distribution, allowing for a bet-
ter representation of the study area’s characteristics (re-
gionalization principle).

Nat. Hazards Earth Syst. Sci., 22, 1591-1608, 2022

— Vulnerability results are more consistent with regional
characteristics when the attributes display a pronounced
variability (regionalization principle).

— The evaluation of the anthropogenic influence via so-
lute transport enhances the vulnerability analysis, de-
picting conditions not displayed by intrinsic methods
(representative-pollutant principle).

— Actual-vulnerability maps can represent individual
aquifer layers, providing additional criteria for cost—
benefit judgements.

— The IKAV method is not only a vulnerability indicator,
but it is also capable of revealing possible solutions for
endangered water sources.

In conclusion, the IKAV method is an improved scheme to
estimate potential groundwater vulnerability, integrating so-
lute transport to evaluate an aquifer’s current state of vulner-
ability. The IKAV method reduces the inevitable subjectivity
of other vulnerability methods by proposing a workflow with
well-defined principles, rules, and systemic attribute evalu-
ation criteria. The IKAV-P map provides decisive insights

https://doi.org/10.5194/nhess-22-1591-2022
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for protective—preventive procedures, and the IKAV-A map
focuses on presently vulnerable sections of the aquifer in
order to implement corrective actions and maintain optimal
groundwater quality. IKAV was developed considering how
parameters, attributes, and values can be assigned to high-
light regional intrinsic differences according to infiltration
scenarios (regionalization and infiltration distinction rules).
IKAV could be applied for different karst areas inasmuch as
the proposed steps and considerations to develop vulnerabil-
ity maps are followed. This integrated methodology can be
taken as the groundwork to expand further vulnerability stud-
ies and their role as decision support tools.
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Figure Al. Regional characteristics of the Yucatan karst. (a) Major fissures. (b) The nearly flat conditions of the central plain. (¢) The shallow
water tables for most of the state. (d) The spatial variability in precipitation. Fissuring map generated from geological datasets from INEGI
(1984). Slope map generated from the digital elevation model ASTER GDEM (Advanced Spaceborne Thermal Emission and Reflection
Radiometer Global Digital Elevation Model) version 3, at a resolution of 30 m, from NASA, METI, AIST, Japan Spacesystems and US/Japan
ASTER Science Team (2019). Water table elevation map generated from digitalized contour maps from SARH (1989). Precipitation map
generated from precipitation data from the CLICOM web platform (SMN, 2017).
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Table B1. Data gathered for the development of previous vulnerability maps in Yucatdn. Reproduced from Moreno-Gémez et al. (2019).

Map layers DRISTPI KARSTIC RISKE SA PaPRIKa COP PI EPIK Basedata

Soil thickness X X X X X X Borehole data?

Soil texture X X X X X X X Borehole data?;
edaphology maps?

Lithology X X X X X X X Lithology maps?

Fracturing X Fissure map?

Unsaturated zone X X X X X X DEMb;

(depth) water table?

Epikarst X X X X Doline map?

Confinement X X Literature review

Slope X X X X X X X X DEMP

Vegetation X X X X Land use and
vegetation maps?®

Karstification X X X X X X X Doline and fissure
maps?

Rainfall volume X X 25-year historic
data®

Rainfall intensity X X 25-year historic
data®

Recharge X X X Precipitation®

Surface features X Doline and fissure
maps?

Effective field X Settled with minimum

capacity values

Hydraulic X Borehole data?,

conductivity (soil) Saxton equations

Hydraulic X Not applicable

conductivity

(aquifer)

Rock reservoir X X X Not applicable

2 Data publicly available at https://www.inegi.org.mx/app/mapa/espacioydatos/default.aspx (last access: 6 September 2018) (vector maps at 1 : 50 000 scale). b
Digital elevation model (ASTER GDEM, 30 m resolution) from https://earthexplorer.usgs.gov/ (last access: 6 September 2018). ¢ Data publicly available at
http://clicom-mex.cicese.mx/ (last access: 6 September 2018).
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Figure C1. Vulnerability maps from methods previously applied in Yucatan: (a) EPIK, (b) PI, (¢) DRISTPI, (d) KARSTIC, (e) RISKE, and
(f) the Slovene approach (SA). Maps reproduced from Moreno-Gémez (2021).
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