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A B S T R A C T 

Karst systems aquifers are widely spread all over the world and are a major source of drinking water but are 

highly prompt to anthropogenic and natural impacts. In Yucatán, México, groundwater is the solely source 

of drinking water.  To better understand and protect the resources, tools like vulnerability diagnostic 

methodologies are widely used. Many tools have been developed and tested, but few include residence times 

as core parameter. So, this works relies on two main objectives: set up a groundwater model with best 

available approach that depicts as close as possible the groundwater behavior in the karst system and, using 

the groundwater solutions, set up a transport model than estimates the behavior of selected pollutants. 

Results obtain from this approach seems to suggest that particles and pollutants will have short residence 

times and most pollution will reach the coast – and specially the urban settlement of Progreso- within less 

than 3 years with high concentration records.  

1. Introduction

Karst aquifers are located all over the world. Nearly 25% of the global 

population water demands is with groundwater from karst aquifers 

(IGRAC, 2017) and the exploitation tendency is on the rise. The 

resources are both important and highly vulnerable, which makes the 

study even more relevant. Vulnerability of groundwater is the potential 

that a pollutant percolates from the surface to the water reservoir under 

natural conditions (Petelet-Giraud, Dörfliger and Crochet, 2000). The 

trademarks of any vulnerability approach are some degree of subjectivity 

and expert judgment. This study aims to contribute to the uprising 

Yucatán studies on pollution and numerical modelling with the purpose 

of shed light into the topic. Few studies have been made available related 

with numerical modelling on the region, and even fewer have tried to 

couple transport models and karstic specific code with groundwater 

solutions. When it comes to vulnerability research, more studies have 

been conducted and several publications point out to increasingly high 

vulnerability zones. Among these studies, the development of a regional 

index, specifically design for the area is one of them.  This paper is 

imbedded into a broader project call IKAV (Moreno-Gómez, 2017) 

directed by Junior Researcher at INOWAS research group, TU Dresden, 

a research that aims to develop an integral and comprehensive 

vulnerability methodology that accounts for Yucatán karst unique 

features, including residence time of pollutants. To do that, the main 

objective of this project was to 1) Set up a conceptual a numerical model; 

2) understand how external stressors affect the system (particularly 

recharge and pumping) and 3) estimate residence times using particle 

and transport processes.  We do not aim to design a new rating system 

for a vulnerability but to give some general grounds as to how the outputs 

of this work may be included with vulnerability studies as further steps. 

1.1. Study site 

Yucatán peninsula is located southeast of México (Fig. 1) and one of the 

biggest transboundary aquifers in the world –around 165 000 km2- 

shared by México, Guatemala and Belize (IGRAC, 2017) and it 

comprehends the Mexican states of Yucatán, Campeche and Quintana 

Roo.   Yucatan state in particular is an arising developing area (Villasuso 

and Méndez, 2000), a situation which places groundwater resources 

under special stress and, therefore, calls for strong protection policies. In 

fact, Yucatán host one Ramsar UNESCO protected location by 

international laws – wetland directives- because of the ecological 

relevance of the ecosystems (Bauer-Gottwein, et al., 2011). In the 

present study, we would focus exclusively on the Yucatán state and its 

related aquifer and particularly the Mérida Metropolitan Area (MMA) 
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located at inside the hydrogeological region known as the Inner Cenote 

Ring (ICR). Yucatán state has 106 municipalities while the ICR, also 

known as the Chixchulub sedimentary basin has around 66 out of those 

106 (Socki, Hughes and Socki, 2015), contains 64 municipalities, 6 of 

which form the Mérida metropolitan Area, among which is located 

Mérida municipality and the city, capital of the state, where at least 57% 

of the total state population is concentrated. It is divided into four 

hydrogeological areas (Fig. 2), being one of them the Inner Cenote Ring. 

The ICR is around 1680 km2 (Sanchez, 1999, 28pp), while our focus 

area, the MMA, is around 1680 km2. Coastal and inner ring area account 

for 6.8 and 20% of the state total area but concentrate more than 47% of 

the population which justifies both focus and attention to the sole 

metropolitan area.  

Noteworthy that the extraction for human consumption does not 

jeopardize the aquifer water availability. Around 7.5 million m3 of 

groundwater per year are pump out for human consumption just for the 

Yucatán state but are quickly recover through constant and rapid 

recharge processes. The current situation is a high availability of water 

per cápita, compared to the national average, with about  7600 

m3/person/year (Rojas Fabro et al., 2015).  

One of the main characteristics of the area is the flatness of the 

terrain, with an average slope of 1.5% and altitude of 28 m above sea 

level, except for a small area of the southeast of the inner ring. shows the 

different limestone karstification levels adapted according to literature 

and sinkhole density maps and the hydrogeological regions, relevant 

characteristics for this project. Most of the peninsula has limestone, 

dolomite, and anhydrite from the Mesozoic and Cenozoic period, where 

rocks have developed primary and secondary porosity, both in the rock 

matrix and due to cavernous fracture.  

Another important feature of soils is its thickness. Besides the 

physicochemical properties of the soils, the thickness will play an 

important role both in recharge rates and pollution buffering. This 

topographical feature accounts for the prevalence of diffuse infiltration 

pattern that dominates recharge processes. Most of the area would have 

diffuse infiltration instead of concentrated one, which also explains the 

lack of perennial streams or surface run off. Although the existence of 

karstic features increases vulnerability, the study area its located within 

relatively new sedimentary basin with a low level of karstification 

development but slightly fractured. 

While the Chixchulub formation explain high density of sinkholes 

(Fig. 3), it also explains why the degree of karstification and fracture in 

most inner ring area is quite low, comparatively speaking with the outer 

areas or the ones close to the cost. Most of the peninsula has limestone, 

dolomite and anhydrite from the Mesozoic and Cenozoic period, where 

rocks have developed primary and secondary porosity, both in the rock 

matrix and due to cavernous fracture (Socki, Hughes and Socki, 2015).  

 

 

Yucatán is characterized by a tropical weather with a widespread 

precipitation regime than can fluctuate between 200-400mm along the 

coastal area to 1000- 1200mm (Delgado et al., 2010), with two 

distinctive periods: dry, from November to April and wet, from May to 

October (Fig. 4). Karst systems have heterogenic dynamics when it 

comes to the recharge process.  

The working assumption of the model that would be designed is that 

recharge is the main driven of any transport process of pollutants from 

the surface towards the unconfined free aquifer of the study area. 

Therefore, a depth understanding of4all the related process is needed. It 

is highly accepted that water table depth is mainly driven by the recharge 

processes along the whole aquifer and especially susceptible high 

precipitation events.  

Local studies have assessed both the presence and the possible 

vulnerability implications of nitrate pollution in the Yucatán aquifer 

(Pacheco A. and Cabrera S., 1997; Pacheco et al., 2002; Pérez Ceballos, 

2003; Gonzalez-Herrera et al., 2014; Torres et al., 2014; Rojas Fabro et 

Fig.2- Karstification, fracture and fissure development in Yucatán  

Fig. 3- Current actualized sinkhole distribution in the study area. 

The Chixchulub ring is a singular alienation of sinkholes 

Fig. 1- Yucatán peninsula located at the south of México and the MMA 

were our focus area is located. Source: Moreno-Gómez, 2018 
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al., 2015) and most of them conclude that the some areas have already 

exceed the permissible concentrations within human consumption water 

quality standards.  

 

Moreover, most urban pollution is concentrated in the metropolitan area 

due to the current lack of proper sewage system (Arcega-Cabrera et al., 

2014). Furthermore, it is widely know how in most of the state there is 

no sewage or rainwater system that properly disposes the generated 

wastewater and in general terms (Fig. 5), waste water gets either 

infiltrated to the aquifer via septic tanks or injection wells towards the 

saline water lens (Sanchez, 1999). Most pollution that reaches the aquifer 

would come from diffusion infiltration from septic tanks that eventually 

leak or even by using injection wells that take the waste water and place 

it in the saline interface of the aquifer (Marin et al., 2000).   

 

To assess the pollution input to the area, we would state the following 

assumptions: 

• From the total amount of supply water, 40% gets lost due to 

pipe leakage (table 6 already includes the actual amount of 

water that reaches households after accounting for the system 

loses). Mérida city will be simulated as an infiltration basin 

apart from the recharge process itself. This stands from the 

fact that most city impervious due to the urbanization 

process.  
• 80% of the supply water that reaches households from the 

supply network, will leave as wastewater and most of it will 

not be treated although pollutants concentration would be 

buffer by the artisanal septic tanks all over the city as natural 

attenuation occurs in the septic tanks.  
• Given that there is not enough data to assess the real 

concentration that water from septic tanks enters the natural 

system when leaking or the residence time of the water in 

them, we will assume as initial concentration the inlet 

standard concentrations of any water treatment plant when 

available or the detected nitrated concentration for the field 

campaign reported by Pacheco (1999) Although pollutants 

suffer from degradation when in the septic tanks, for this 

work, we will use the same concentration as the inflow water 

in the treatment plants. 
• The location of the municipalities will be defined as a 

recharge point [4] with a specific nitrate concentration as 

initial value to run the model, except for the Merida case, that 

would be simulated a 2D object as infiltration basin.  Table 1 

shows the values that were consider for each transport point 

and recharge rate for the model.  
 

Using ArcGIS Tools, we build a spatial distribution map of Nitrates as 

visual aid (Fig. 6). Given the expected heterogeneity and anisotropy of 

the area, interpolation tools are not the best approach to estimate known 

concentration (COST 620), but with the available data, we wanted to 

shade some light with regard the pollutants spatial distribution and its 

possible correlation with human activities. 

 

2. Methodology 

2.1. Modeling approach 

The core problem is that Darcy laws do not completely describe 

flow where turbulent and not laminar conditions exist. The code package 

created to solve this problem is known as Conduit Flow Process (CFP) 

package (Shoemaker et al., 2005) and is part of MODFLOW codes for 

groundwater modelling. One of the disadvantages when it comes to 

Fig. 4- Precipitation patterns in the study site Recharge estimations 

using APLIS methodology (Andreo, et.al. 2012 and Navarro, et.al. 

2010). 

Fig. 6- Pollution scenario in the MMA and some 

explored spatial distribution interpolation 

Fig. 5- Current situation related to 

pollution plume below Mérida City. 
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modelling targeting pollution studies is that CFP package is still not 

compatible with MT3DMS. Therefore, when computing time, two 

approaches were used:  

 
• CFP was just developed with particle tracking, with gives us 

a general idea of the residence time of any particle in the 

aquifer, without considering transport processes 

• EPM was then run and adjusted with the CFP parameters to 

run MT3DMS and nitrate data to have pollution plumes 

within the study area.  

 

Some other assumptions were made for the model design: The 

saline intrusion that occurs inland at around 110km from the coast 

towards the cenote has been decide not to have a great impact in the fresh 

water lens behavior and therefore, the saline interactions with not be 

taken into consideration in the first run, both because the water authority 

studies in the area seem to suggest that (CONAGUA, 2002; CONAGUA 

and C.V., 2004; CONAGUA and Costera-IC, 2009, 2010; CONAGUA 

and Betsco Consultants, 2011) and, so far, there is no model derived 

from CFP flow solutions that can be coupled with sea water intrusion 

process(Xu and Hu, 2016). As the CFP approach has at least 2 different 

ways to solve the conduits problems, it has been decided to use the 

simplest: layers of turbulent flow imbedded with laminar flow zones. 

Some studies suggest that there are at least three different preferential 

flow paths located at various depths of the aquifer, being those between 

11 to 12, 15 to 16 and 29 to 32 meters depth (Sanchez, 1999). Given the 

available information, it can be possible to assume that at least one of 

those paths exists, and that can be modelled as a layer in the CFP. The 

data would be provided in the respective section.  

 

2.2. Conceptual model  

The current aquifer conceptualization model is given, among others, 

by Gonzalez et.al. (2002). Most of the aquifer is an unconfined aquifer 

of a fresh water lens floating above a saline water lens and most 

approaches do not consider the saline lens as highly influencing the fresh 

lens behavior rather than the recharge process being the main driver of 

the water table level (Fig. 7). The exception to the unconfined aquifer 

being the hydrological area along the coast that is classified as an 

aquitard with low conductivity rates and low recharge rates, 

simplification purposes, would not be included in the model. Hydraulic 

gradient is quite low, between 7 to 10 mm/km (Marin et al., 2000). 

 

Most of the aquifer, including the focus area is an unconfined 

aquifer of a fresh water lens floating above a saline water lens (Figure 4) 

and most approaches do not consider the saline lens as highly influencing 

the fresh lens behavior rather than the recharge process being the main 

driver of the water table level (Source, CONAGUA), except towards the 

coast, where tides do have a higher influence than recharge. 

It was decided to run the model in steady state condition for 13 

stress periods, each one of them of 8600 seconds length for each month 

to address recharge rates impacts and 13 to address long term transport 

simulation. The grid discretization and the modelled objects can be seen 

in figures. The steady state conditions are justified by the constant 

behavior of the available heads.  

2.3. Assumptions  

The final model in 2D and 3D is set up in figures 8 and 9.  The layer 

discretization and the programmed objects can be seen also in those 

figures and following explanations are contain in the further sections.  

 

• Temperature and density remain constant through the 

whole system (CONAGUA, 2002).  

• The aquifer can be simulated using the EPM approach for 

transport given is in a young sedimentary basin that has 

not develop lots karstic features such sinkholes.  

• Steady was assumed given the low variability in water 

table time series.  

• Recharge is assumed to be instantaneous, thus not 

modelling process that occur within the unsaturated zone. 

  

Available data was spatially gather, organized and use to build data sets 

need to build input files for the model, like precipitation, head 

observations, nitrate time series and concentration spots. Data like 

recharge was computed using a new GIS-based methodology call APLIS 

that takes into consideration in situ characteristics. We decided to use 

this methodology because it allows to compute monthly recharge rate 

that other data sets did not, although is highly possible that recharge is 

overestimated, so a calibration of recharge may also be needed.  

We decided that a four-model layer would be appropriate to simulate 

the epikarst, a small change zone between unsaturated and saturated area, 

the preferential path as part of the CFP approach -which constitutes a 

saturated zone- and the rest of the aquifer, given that some studies 

identify more than one preferential flow layer (Fig. 9). In the model, the 

discretization has been achieved by importing a DEM ASCII file created 

in GIS software and interpolating the cell using fitted surface in model 

Fig.7- Current conceptualization of the study area 

Fig. 8- 3D model created, based on the current conceptual 

model of the area, with simplifications. 
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muse to get model top elevation and then defining the thickness of each 

layer as it can be seen in figure 5. The final depth was defined as 80 m. 

Below Mérida city, some studies have estimated that the saline interface 

may be located at around 58m depth and given that the focus of the work 

has been placed in the metropolitan area, this depth may be 

representative enough. The hydraulic conductivity, K, was the same used 

by González et.al. (2002) and Pérez Ceballos (2003).  

The hydraulic conductivity was estimated from previous flow 

models of the groundwater flow in the area, by assuming EPM behavior. 

The CFP package requires to define the void diameter of the flow layer, 

which was set in 0.9 as well as critical Reynolds numbers.  

 

This numbers were maintained in 2000 and 4000 as the default 

settings in the program. For CFP package, critical Reynolds numbers are 

the ones that the code defines to make the shift between laminar and 

turbulent flow. For both CFP and EPM, the same input files were used, 

most of them shape or ASCII files created using ArcGIS software. 

2.4. Packages  

Common packages run for CFP and EPM were: CHB, Recharge and 

well, each one of them run separately to assess the impact and weight of 

stressors in the model. For calibration purposes, HOB was implemented. 

Constant head at the coastal area: Constant head boundaries were 

defined both at the south and the north of the model. North, towards the 

coast, constant head of 0m, which is sea level at the coastal area. The 

discharge area towards the sea has different thickness along the coast and 

a deepness that ranges between 5 to 18m (source). There is no conclusive 

data for its definition, so we decided to run the first model defining the 

thickness by the formula stated in table 7. The deepest point, according 

to the layer definition, would be at 10m, what a variable discharge area, 

depending mostly on the elevation terrain. Constant head of inner area: 

for the metropolitan area, the constant head at the south, towards the 

cenote ring, was set using an ASCII file obtain from an existing raster of 

average heads in the area, which ranges from 0 to 5m over sea level. This 

file may have some small divergence from the real situation, given that 

was estimated using a relationship between some water levels and the 

DEM of the area. For the initial MODFLOW head a different ASCII file 

was used, this one computed using iDW tool and the most reliable 

observations given by the water authority, an available time series from 

2002 to 2015 with recordings, on average, every 4 months. This is 

because, when running with averages heads from 0 to 5 meters, the 

solver never could meet convergence and the water budget was never 

satisfactory.  

Recharge was computed using the recharge rates estimated with the 

APLIS methodology month by month and running the model using 12 

stress periods, each one of them of 1 day (84600 seconds), as a 

representation of each month in steady state condition Then, for transport 

model, a whole stress period of time of 60 years was run in transient 

mode, using an average recharge package computed out of the 12 stress 

individual periods, so no local adjustments were made.  

Every simulation was run in steady state given the fact that: i) the 

aquifers recover within hours according to many local studies () and ii) 

the storage does not change on average for a hydrological year, as stated 

in the water table behavior section. Therefore, time discretization was 

solely defined as one day duration of the 12 months, just to assess the 

impact of the recharge per month.  

Two places were defined as the origin of the particles:  the constant 

head at the south of the MMA, where the CHD boundary conditions was 

set and the whole Mérida infiltration shape. The first one was selected to 

see the time it would take for some particles to reach the coast and to 

assess the effects of the pumping well fields into the particle paths. CHD 

as the initial place for particles also helps to evaluate if the preferential 

flow path (layer 3) has a higher particle density, because that would point 

out to the influence of the karstic characteristics. The second one was 

defined since most pollution would come out of the metropolitan area 

and travel, thus following the groundwater paths. This would also 

indicate which proximate areas to the city are most vulnerable when it 

comes to the diffuse pollution generated in the city itself. 

All the default values for transport were used and the activated 

packages for MT3MS were: BTN, ADV, DSP, SSM and GCG. Even 

thou unit of the model were use in grams, when used in the model the 

output would be in g/m3 or mg/L. The species particle was nitrate, the 

selected solver was a hybrid MOC and the only change was the 

maximum number of particles allow, which went from 75000 to 150000. 

Transport model was simulated under two different settings:  Long 

term transport model was run in the 13th stress period, as the only one 

transient, over a period of 60 years, discretized as stated in table 11, with 

some output modifications to account for various periods of time and we 

used an average annual recharge computed out of the 12 recharge input 

files. At the beginning of the transport simulation, plumes are 

constrained to the near areas where the point and diffuse infiltration takes 

place. These simulations are not considering an increasing NO3 trend 

concentration which will come as more as economic and population 

grows. 

Every calibration process, being automatic of manual, has the same 

objective: to adjust the input parameters in order to fit the observed data 

(Gallegos, 2011). When using model muse and the HOB package, it is 

possible for the software to compare simulated heads with observed 

heads. The criteria we used to stop calibration was RMSE value. There 

are not uniform criteria to define what constitutes a good RMSE, so we 

define a threshold of 0.2500 to stop calibrating.  Observed heads are the 

average of the time series available on the coastal piezometric network 

from 2002 to 2015 for given periods of time. Figure X shows the location 

of the HOB points.  

To calibrate our model, we selected two parameters that may be 

adjusted along the process: hydraulic conductivity (first Kx and then Kz, 

if the vertical infiltration is higher) and recharge rates. After some trial 

and errors runs, it was evident that the modifications in the Kz magnitude 

were not significant enough, so the only parameter left for trial was Kx. 

We decided to not go above the suggested values of Kx found in 

literature given that they are already quite high even for karst standards 

according to Marín (2000).  Given that the hydraulic conductivity is 

already high according to literature review authors, we stop at the best 

Fig. 9- 2D view of the model, con special emphasis 
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root value without going beyond the suggested values of 1.115m/s even 

thou a slight improvement in the RMSR (root mean square residual). 

Calibration is not only about the numerical values, but also to select 

values that are possible within the hydrological settings. Calibration was 

stop at RMRE= 0.2221 and the tracking particle model was then set up. 

The best fit CFP parameters achieve by manual calibration are showed 

in table 2.  Values for Kz were all fixed as 1.115 m/s.  

 

Table 1: Calibrated parameters and its final values 

Parameter Value Comments 

Recharge 

rate (m/s) 

Coastal area= 2.5 times the 

original input file. 

 

 

 

 

 

 

 

 

Metropolitan area 

(not including Mérida) = 

0.2 times 

 

 

Rest of the area= 0.0025 

This calibration is numerical, 

but it would have to be further 

analyzed. We know that most 

of the coastal area has lower 

hydraulic conductivities and 

an important part of acts as a 

semi-unconfined aquifer, thus 

a higher recharge rate in this 

area is not quite compatible 

with the knowledge that we 

have. 

 

 

This adjustment demonstrated 

that recharge rates were both 

underestimated and 

overestimated with the GIS 

methodology. 

 

Hydraulic 

conductivity 

Layer 1 

Kx = 1 m/s 

Layer 2 

Kx= 0.5 m/s 

Layer 3 

Kx= 1.115 m/s 

Layer 4 

Kx= 1 m/s 

 

 

A better RMSE was showed 

with Kx for layer 1 and 2 In 

reverse order. Nevertheless, 

we consider that this 

configuration did not depict 

the initial assumptions about 

layer 1, epikarst formation. 

 

Recharge process plays a fundamental roll in the water budget of 

the study area, with at least 30% of the contribution to the final 

discharge. So, even thou the main input is the flow coming from the 

constant heads, the recharge will be a driven hydraulic process when it 

comes to the aquifer behavior. Fig. 7 shows the impact of the recharge 

in the final discharge rates, with averages discrepancies of the model 

lower than 0.003. If we look at the inputs and outputs of the model, when 

recharge increases so does the discharge at the constant head in the 

ocean. The data seems close to some discharge data reported by 

CONAGUA (2015). 

 For recharge, table 1 states the values officially reported by the 

water authority per year. In table 14 we compare those values with the 

modelled data, taking into consideration that recharge for table 1 is a 

comprehensive study of the whole aquifer, while our data balance 

corresponds to the MMA, we have an average recharge of 0.18Mm3/km2 

versus a modelled recharge of 0.23 Mm3/km2, which indicates that the 

model settings tends to overestimate recharge.  

As expected, lower recharges rates are found in the dry months 

while higher recharge rates in wet months (Fig. 10). Interesting to note 

how different recharge rates are among each other. This difference in 

recharge can also be used as a differentiation vulnerability parameter. 

Given transport pollutant may be influence by higher recharge, months 

with higher rates may need different and special measures. This is also 

true when dealing with extraordinary natural events, such as hurricanes, 

that imply high recharge rates in shorter time frames.  

 

3. Results. Particle tracking and transport model  

Particle tracking reveals that given the current pumping rate, no huge 

effects are caused by the well fields that supply Mérida, except from the 

well field No. 4, located west of the city. Particle tracking suggest that 

there is already a cone in this area and the particles get delay due to the 

pumping and take more time to reach further closer to the coast. Now, 

when we change the particle tracking origin to Mérida City, we want to 

assess the possible impact of the pollution that is been generated in the 

City towards the metropolitan area, regardless of the concentration or the 

specific pollutant. Preliminary results indicate that it would take 4 years 

for any particle coming from Mérida to reach the coastal area, 

particularly Progreso city (Fig. 11). The main outcome for the particle 

tracking is the pathway itself. Given the hydraulic gradient and the 

preferential flow paths, the particle movement follows a distinctive path 

places north of the MMA and the center of Progreso municipality at its 

direct direction.  

 

 

Figure 10: Water budget rates for each stress period 

Fig.11- Particle tracking from Mérida City 
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By the end of the simulation, the pollution plume coming 

from Mérida city has reached Progreso City and two of the pumping well 

fields that supply drinking water to the city (Figure 12). This does not 

mean that currently polluted water is been pumped, but suggested that, 

from the 4 well fields, JAPAY IV and I are the most vulnerable ones 

because they are reached by the plume. The result is consistent with the 

tracking particle model. The pollution plume also travels downwards and 

reaches the bottom of the aquifer, even the area from where the drinking 

weather gets extracted although the concentration graphs do not show a 

significant increase of NO3 in the pumping fields of the thicker layer. 

Figure 13 shows bigger concentrations in the layer 1 to 3 and how the 

plume has reached JAPAY fields 4 and 1, with more pollution travelling 

towards JAPAY 4. 

If we look at the concentration curves, we can see that it takes less 

than a year for the pollutants to reach the wells at detectable 

concentrations -around 300 days- from the moment the pollutant gets 

release from any of the two potential pollution sources (Mérida city and 

Umán).Overall, it seems that given the general groundwater path, the 

wells may never reflect high concentrations of NO3 unless the 

concentration in the City increases significantly. The pollutant moves 

through the system in the horizontal direction mainly through layers 2 

and 3 -unsaturated- saturated area and the preferential path, but it cannot 

be seen a preferential path for pollution within the preferential path. We 

would expect higher concentrations along the horizontal direction and 

mainly in the third layer given the high hydraulic conductivity, but it 

seems the transport related process influence the most the pollution 

plume. Layer 2 is the one that reflects the higher concentrations, given 

that vertical conductivity is higher than the horizontal one.  

 

After 60 years simulation, high concentrations of NO3, coming 

from Mérida, with maximum values of 11 mg/L without considering the 

synergetic effect of the pollution already been release in the city. The 

travel transport model does not account for the synergetic effect of 

pollution coming from both Progreso and Mérida together explicitly. 

Nevertheless, according to concentration curves, it would be after 3 years 

that increasingly high concentration would be estimated in the area and 

mainly coming from layer 2 and 3.  

Recharge process has also an interesting influence in the 

concentration patter of the nitrates along the layers. Figure 44 shows a 

comparison between simulated concentrations in Progreso city -

currently the highest nitrate concentration recorded- and the layers. First, 

concentration increases with recharge from July to November but also 

shows an upwards tendency from January to April. This phenomenon 

backs up the hypothesis that recharge dynamics will play a high role in 

the increasing pollution of the aquifer but will need to be carefully 

analyzed. For instance, if we look at the behavior on a seasonal scale, 

from May to September, nitrate concentration increases while from 

November to April decreases. Nevertheless, the circular path would 

seem to suggest a flush effect that is more visible within the wet season. 

Figure 14 shows this tendency.  

Moreover, the influence of the recharge process is restricted to the 

top layer 2, where the interface between the water table and the 

unsaturated area is. More than that, the NO3 concentration remains 

constant trough the simulation.  This graph may also show the reaction 

of the recharge program to the constant input in the model. To asses if 

the unsaturated area and if that one impacts the concentration, more 

programs would have to be set up. Another possible explanation for the 

behavior of the pollutant towards the layers is related to the changes in 

the water table. It is a necessity when running MT3DMS that the layer 

has a no dry cell. When dry, transport model is not activated because it 

assumes no water to carry on with transport processes. When recharge 

increases, so does concentration because water table also increases 

within the cell.  

 

 

 

 

Fig. 14- Behaviour of pollution plume under Mérida City. The 

pollution travels towards the coast and at the north of the city, 

increasing its concentration in layer 2 and 3. 

Fig.12- Transport simulation 

Fig. 13- Pollution plume on the East west direction 
Fig.15- Relationship between recharge, precipitation and nitrate 

concentration in Progreso City.  
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The behavior of the plume within the city has also some relevant 

characteristics. the pollution plume below the city concentrates mainly 

between layer 2 and 3 -layer 1 only when it has water table level, given 

the transport model starts only when water exist in the model. This 

means that most of the north of the city has higher concentration of 

pollutant than towards the south, which means that southern well fields 

may not be reach at all by pollution coming from the basin. The hydraulic 

gradient and the groundwater general path drags pollution to the north of 

the city and towards coastal area and has its higher concentrations 

(Figure 15). As it can be seen, most pollution follows the hydraulic 

gradient and travels faster towards the coast than in the west east 

direction. This fact may be helpful when defining vulnerability zones in 

further studies. 

Table 2 shows the times we ponder most relevant to start including 

residence time within any vulnerability approach.  

Table 2: Relevant times for vulnerability purposes. 

Source 

Vulnerability 

Minimum 

estimated time 

Maximum 

Concentration 

Well Fields 

JAPAY 1 

JAPAY 4 

Less than 1 year, with 

low concentrations 

On a 60 years simulation, 

the maximum 

concentration is 

0.01mg/L from an initial 

concentration in Mérida 

of 28 mg/L 

Progreso City 

2 years for lowest 

recorded concentration 

and 4 years for 

concentrations higher 

than 5 mg/L without 

considering local 

pollution  

On a 60 years simulation, 

maximum concentration 

is 11.8 NO3 from the 

pollution coming from 

Mérida City 

Mérida City 

Most pollution travels 

north towards the 

coast, away from 

drinking wells fields 2 

and 3  

Maximum concentration 

remains the same as input 

if no changes are model 

Observation wells 

cells (HBO) along 

Mérida Progreso 

transect (direction 

Mérida-Progreso) 

FIUADY ~ 150 days  

Komchen ~365 days 

PREDECO ~ 730 days 

Contenedores ~ 1095 

days 

Layer dependent  

 

This times are then consider in the vulnerability assessment 

approach as a way to prioritize which areas need to be further studied in 

order to clearly defined how the specific karstic features actually impact 

on the overall local conditions.  

4. Discussion  

The main questions to ask here is how estimating residence times 

within the aquifer can help to delineate a much better and comprehensive 

vulnerability index. As part of the study project conducted also at TU 

Dresden, we assess 4 existing vulnerability methodologies and applied 

them for the Karst at Yucatán. These methodologies are:  EPIK, 

Slovenne approach based on COP, DRISTPi and KARSTIC -based on 

DRASTIC method-. Most methods came together when defining high 

and very high vulnerability zones, mainly because they would consider, 

in a way or another the karstic features specific to the areas. The question 

remains. How can we couple our estimated time with methodologies that 

were mainly modified to assess intrinsic resource vulnerability? We 

postulate that when considering times, vulnerability becomes a relative 

parameter, because it will be dependent on two sites: a supply target, 

such a drinking well, a river, a field of pumping wells or even a city, and 

a release point, where pollution originates, so, any relevant time will 

relate those two points (Fig. 16).  

The spatial distribution of the pollution plume suggested that most 

pollution will be carry out by the groundwater general paths, that seem 

to diverge from the drinking water supply fields. This may mean that it 

is possible that drinking water wells that are being used to supply the city 

do not get affected, at least the ones located at the south of the city. 

Nevertheless, there are many small communities that can be found 

scatter between Mérida and Progreso, which seems to be one of the 

major pollution paths. Those communities have shallow and artisanal 

pumping wells to supply drinking water. This communities may be in 

the path of the pollution and be susceptible to drinking pollutant water 

in a nearby future, assuming NO3 concentration have not increase 

already.  

There are elements to suggested that pollution has spread, and more 

sampling point data are needing to assess the current situation.  We do 

not aim to design a new rating system for a vulnerability index, but to 

give some general notions as to how can it be done, and which elements 

may result useful for it; for instance, although pollution moves towards 

the coast with a similar velocity, there is a distinctive high concentration 

path that moves exactly towards Progreso city.  

We would suggest rate vulnerability one of the most important 

criteria to use would be all the areas that are within the pollution plume 

path and, within it, the ones that reached higher concentrations. The 

plume reaches all the coast, but with concentration smaller, close to 0, 

while concentration near Progreso city reach up to 11 mg/L, meaning 

that within 10 years the concentration at the coastal area is at least 50% 

of the initial concentration in the city. The definition of higher would 

depend on each tool. For instance, in México, the drinking water 

standards allow for a sample to have up to 45 mg/L of NO3. This also 

helps to answer one of the secondary questions of the model regarding 

what the high and lower residence time within the boundaries of the 

model would be.  

 

5. Final remarks, limitations and outlook of the project 

Finally, some limitations must be cleared. To the best of our 

knowledge, no other groundwater model with a CFP approach have been 

done for the region, which meant creating model files from scratch, so 

the model is as good as the input data and is subject to be perfected and 

tune according to new available data all the time. Given the specifics of 

the CFP package, transport model does not fully depict karstic features, 

Fig.16- Concentrated pollution path after 60 years of simulation 
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which can show a less accurate picture of the pollution plume. To 

overcome these issues, model would have to be further developed to be 

couple with Non- linear flow package (Mayaud, 2015).  

 Manual calibration is still one of the preferred calibration process, 

although is time consuming. Calibrating the model manually means trial 

and error approach.  The advantage of this method is the congruence 

between the calibrated values and the real conditions, meaning than 

sometimes automatically calibration can lead to good numerical fit 

values that are too high or not coherent with the data we know about any 

systems. 

 Nevertheless, manual calibration has a major disadvantage not 

only the time-consuming process, but the fact that the amount of possible 

combinations tried may not be comprehensive enough of the all possible 

optimal solutions. The main limitation in this project is the 

incompatibility of CFP 2 (preferential flow paths), with MT3DMS. We 

believe the results in EPM approach would not complete reflect the karst 

features but, by assigning high conductivity values, we aim to 

compensate the lack of transport model in CFP 2. The fact that the ICR 

is a sedimentary basin might generally resemble a EPM model. might 

generally resemble a EPM model. Among other limitations, we found 

the conceptual model itself – although conceptualization is a dynamic 

task though any modelling path-, the conceptual model oversimplifies 

the dynamics in the unsaturated area assuming an immediate infiltration 

and not accounting for the many delay process occurring within the 

unsaturated area. 

Further steps to improve the model include:  

• Set up the newly developed Non-Linear Flow Package 

(Mayaud et al., 2015) to simulate transport in karst and 

closely model  

• Implement UZF package to evaluate unsaturated 

phenomena. The first step is construction ETV data that 

is not available for the region.  

• Using GHB at the coast to try and simulate tides 

dependency changes in coastal heads.  

• Build a saline model to evaluate how does the saline 

intrusion interacts with the heads and the pollution.  
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