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Abstract

Groundwater is a vital resource for human water supply, which makes studying well capture zones
critical, particularly for anthropogenic water sources and water quality management. Capture zones,
also known as wellhead protection areas, are influenced by numerous factors, including pumping rate,
hydraulic conductivity, groundwater gradient, and other hydrogeological parameters. Various methods exist
for calculating capture zones, ranging from analytical approaches to advanced numerical models, and
these methods continue to evolve. This research introduces, for the first time, the application of a Fuzzy
Inference System (FIS) to predict both the size and elongation of capture zones. Key input parameters
include annual well discharge (measured in million cubic meters, MCM), hydraulic conductivity,
groundwater gradient, and aquifer thickness. Results from the WhAEM software were used as target
values to validate the FIS predictions. The findings reveal strong correlations between the FIS predictions
and the WhAEM results, with correlation coefficients (R) of 0.92 for capture zone size and 0.73 for
elongation coefficient. These results underscore the effectiveness of fuzzy logic in accurately predicting
critical hydrogeological parameters, offering a robust alternative method for capture zone analysis.
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Introduction

The water table is a critical component of groundwater systems, playing a pivotal role in
environmental dynamics and resource management, particularly concerning water quantity and
quality (Goodarzi & Eslamian, 2019). Its intricate influence on various environmental
phenomena underscores the importance of understanding and modeling groundwater systems.
To this end, a wide range of methodologies has been developed, with groundwater modeling
emerging as an indispensable tool.

Protecting drinking water sourced from groundwater is also a significant issue. Groundwater
protection strategies are typically implemented in two forms: first, by safeguarding
groundwater pumping areas, and second, by controlling source areas (Siarkos and Latinopoulos,
2012). Effective modeling of the water table is foundational to comprehending groundwater
dynamics and their interactions with the surrounding environment. By examining the complex
mechanisms governing groundwater flow and distribution, modeling facilitates in- formed
decision-making for resource optimization and sustainable management. The dynamic nature of
the water table-shaped by factors such as recharge rates, anthropogenic activities, and climatic
variations-necessitates the development of accurate and robust modeling approaches.

In recent years, fuzzy logic has emerged as a versatile and powerful tool across diverse
scientific domains, including artificial intelligence, aerospace, automotive, defense, electronics,
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and hydrology (Gupta, 2021). Its application in water table modeling and groundwater quality
analysis has demonstrated significant potential. For instance, Javadi et al. (2022) introduced a
novel approach to clustering groundwater pollution using fuzzy logic techniques, underscoring
the importance of advanced analytical methods in addressing groundwater contamination
complexities. By incorporating expert knowledge and accommodating inherent uncertainties,
fuzzy logic provides a nuanced framework for data analysis and decision-making. The
integration of fuzzification, fuzzy rule bases, fuzzy inference, and defuzzification within fuzzy
inference systems facilitates the transformation of complex, imprecise inputs into actionable
insights (Fukuda et al., 1993). This process enriches the interpretability of modeling outcomes,
blending qualitative reasoning with quantitative analysis.

Fuzzy logic is particularly well-suited to managing uncertainty in hydrological studies. For
example, Adaptive Neuro-Fuzzy Inference Systems (ANFIS) have been employed to predict
lake water levels with high accuracy and reliability (Pham et al., 2023; Chen et al., 2017; Esbati
etal., 2018). Moreover, fuzzy logic has been utilized to calculate well losses and compare them
with the Rorabaugh technique, showcasing its ability to minimize error margins (Altunkaynak,
2010). Similarly, hydrological time series forecasting using ANFIS has demonstrated superior
accuracy and reliability (Firat and Gungdr, 2008). In another study, flow prediction methods
combining ANFIS and stochastic hydrological models have proven effective in modeling
complex hydrological systems (Keskin et al., 2006).

Further advancements include integrating fuzzy logic with data mining techniques to assess
groundwater vulnerability using the DRASTIC model. This approach has been shown to
enhance reliability and practicality in vulnerability assessments (Nourani et al., 2024).
Additionally, the impact of dams on aquifers has been quantified using fuzzy logic, emphasizing
its utility in capturing intricate hydrological interactions (Moradi Nazarpoor et al., 2024).

While several methods exist for calculating capture zones, fuzzy logic stands out as a
particularly promising approach. However, a significant research gap remains in incorporating
slope and water table elevation into fuzzy logic frameworks for capture zone calculation. This
study aims to address this gap by developing a novel methodology that integrates fuzzy logic
with key hydrogeological parameters, such as hydraulic conductivity, aquifer thickness,
groundwater gradient, and related factors. This comprehensive approach is expected to provide
more accurate and actionable insights for groundwater resource management.

Materials and method
Area of Study

The Abarkhooh Plain is looked in the center of Iran, in the Yazed province. It covers an area of

929Km? an lies between 52°58  Nto31°14 Nand31°14  Wt030°50  W. This plain
is surrounded by the Shoor River in the northern part of the area and the Abarkhooh Desert to the
east.Investigation of the iso-potential map shows that the main groundwater flow direction is from
west to east of the plain. Therefore, the main recharge zone for Abarkhooh is the eastern elevation
of the plain. The main discharge from the Abarkhooh aquifer occurs through well exploitation for
agriculture.Overall, there are 575 wells in the Abarkhooh Aquifer, which are extracting
approximately 99 million cubic meters (MCM) of water from the aquifer (Fig. 1).

Methodology

To gain appropriate insight and comprehensive understanding of all processes, several
methodological frameworks are proposed. Specifically, three steps are involved, which are outlined
as follows: Step 1: Inputting data Step 2: Fuzzy inference system Step 3: Interpreting results (Fig. 2).
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Data collection and analysis are crucial components of this research. The study employs multiple
layers, including annual well discharge in million cubic meters (MCM), hydraulic conductivity,
groundwater gradient, aquifer thickness, and area of the capture zone, to recalculate the capture
zone. These layers were adapted from Jafari et al. (2023) who attempted to delineate the capture
zone using the WhAEM model. For the application of fuzzy logic, all data mentioned were
obtained for 540 wells using ArcGIS.



To apply fuzzy logic, it is necessary to identify the dependent and independent variables. In
this study, the size and elongation of the capture zone are the dependent variables, (Altunkaynak,
2010; Firat & GungoTr, 2008) million cubic meters (MCA), hydraulic conductivity,
groundwater gradient, and aquifer thickness serve as the independent variables.

Calculating the elongation coefficient of oval is the ratio of the major axis to the minor axis
Eq.1. As the elongation coefficient approaches 1, the shape becomes more circular. When this
value deviates from 1, the shape becomes increasingly elongated confession (EC).

EC = Ma j or L/Minor L (1)

In which MajorL and MinorL are Major axis length and minor axis length respectively. In this
study, the capture zone was assumed to be oval-shaped for measuring the elongation coefficient.
Subsequently, the elongation coefficient was calculated for 540 samples (Fig.3).

Step2: Fuzzy Inference System (FIS)

A fundamental component of fuzzy logic is the membership function, which defines the degree
of input and output elements. This function can also represent the imprecise relationship
between input and output variables. The fuzzy inference system (FIS) operates on nonlinear
algorithms for complex systems (Nourani et al., 2024). Additionally, Sugeno introduced a new
type of FIS, complementing existing approaches (Sugeno, 1985) which used in this study. In
the next step, Using the Adaptive Neuro-Fuzzy Inference System (ANFIS), 80% of the wells
were designated as the training set and 20% as the testing set. This division was used to develop
and evaluate the model. Through this process, the optimal membership function was identified,
allowing for an accurate determination of the relationship between the input variables and the
corresponding outputs. For the Abarkooh aquifer, the relationship between inputs and outputs
is characterized by a Membership Function.(i.e., capture zone Fig. 4 and Elongation coefficient
Fig. 5). This membership function is designed based on the best and most ideal predictions.
Next, so that predictions of the elongation coefficient for the capture zone area, all input
variables were recalculated.

Results and Discussion

In fact, the results of the WhAEM software in this case study depend on various input
parameters, including groundwater head gradient, hydraulic conductivity, aquifer thickness,
and discharge rate. The outcomes of the WhAEM analysis are illustrated in the accompanying
figure 6 and also it’s descriptive statistics in the table 1.

Minor axis length

Major axis length Capture Zone

Figure 3. The conceptual form of capture zones and ovals



Table 1. Descriptive Statistics

N Range Minimum Maximum Mean Std. Deviation Skewness Kurtosis

Statistic Statistic Statistic ~ Statistic ~ Statistic Statistic ~ Statistic Std. ErrorStatistic Std. Error
MCA 540 0.471 0.002 0473 0.12 0.088 1.13 0.10 121 021
Area (mz) 540 409362 7991 4173535 216205 90554 -0.12 0.10 -0.68 021
Length (m) 540 1622 261 1884 804 354 0.47 0.10 -0.62 0.21
Width (m) 540 602 17 620 283 97 0.17 0.10 1.14 021
Hydraulic Conductivity 540 8.36 3.36 11.73 7.53 1.66 -0.13 0.10 -0.33 021
Gradient 540 0.17 0.003 0.17 0.06 0.03 0.60 0.10 -0.36 0.21
Aquifer Thickness 540  385.29 359 421.2 128 83 1.73 0.10 1.9 0.21
Elongation 540 48 1 49 3.64 3.59 5.6 0.10 55 021
Valid N (listwise) 540
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Figure 4. Membership Function Plot for Input Variable of calculating Capture zone area

1F 1r |
)5 1 & 4
o L L Il L 1 1 1 L L 0 L L 1 1 l 1 1 l
0.05 0.1 0.15 0.2 025 03 035 04 045 0.02 0.04 0.06 0.08 0.1 012 0.14 0.16
Input Variable “MCA” Input Variable “Groundwater Gradient”
1 1
5 415 -
i N N N 14 N N T L N T n n n T N
3 4 o " 7 " o 10 o~ 50 100 150 200 250 300 350 400
Input Variable “Hydraulic Conductivity” Input Variable “Aquifer Thickness”

Figure 5. Membership Function Plot for Input Variable of calculating Elonation Coefficient
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Figure 6. The capture zone of the wells, as determined by WhAEM software

Therefore, Different types of capture zones exist across various areas. Actually, These
outcomes, which include million cubic meters (MCM) of water, hydraulic conductivity,

groundwater gradient, and aquifer thickness, serve as the independent variables.

Figures 7 and 8 display the calculated capture zone area and elongation (WhAEM) versus the
predicted values from the Fuzzy logic method. Therefore, There is an acceptable similarity
between the calculated and predicted values. The B sections of the graphs clearly illustrate the
characteristics of the 540 capture zones. Turning to the details of the graphs Fig 7B and 8B, the
amplitudes of the predicted capture zone and elongation are remarkably similar to the calculated
cases. Table 1 illustrates the descriptive statistics of input data for 540 wells in the Fuzzy
Inference System (FIS). Overall, it can be observed that the range of the area calculated by
WhAEM is between 7,991 m® and 4,173,535 m=, with a mean of 21,620 m=, while the

elongation coefficient values range from a minimum of 1 to a maximum of 49.

For example, the mean capture zone area (0.216 km?) and the mean elongation coefficient
(3.46) are used to calculate the major and minor axes. Based on Equation 2, the calculated minor

and major axes are 8.7 meters and 31.40 meters, respectively.



In the following equation, ’a’ represents the length of the semi-major axis, and ’b’ represents
the length of the semi-minor axis.
Area of Oval =mXaXxXb

1) 216 =n(3.6b)b
2) 216 = 3.6mh?
3) b2 =22
36m_
4) b = |26 @)
3.6m
5 b ~ 4.36meters
6) a = 3.6b = 15.70meters
Minoraxis = 2b = 8.72meters
Majoraxis = 2a = 31.40meters

A strong correlation exists between the target values calculated by WhAEM software and the
predicted output areas. Regarding the predicted capture zone area, the correlation between target
and output is notably high, with a correlation coefficient of approximately R=0.92. In contrast,
the correlation for the elongation coefficient is lower, at around R=0.73.
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Conclusion

One of the most important problems in hydrogeology is calculating the capture zone area, which
can be obtained through various methods such as numerical modeling and analytical equations.
However, a rapid and practical method is desirable. The aim of this research is to recalculate
capture zones for 540 wells in the Abarkooh aquifer. To achieve this, it was used the results
from the WhAEM software for capture area and elongation coefficient.

Input data included annual well discharge in million cubic meters (MCM), hydraulic
conductivity, groundwater gradient, and aquifer thickness. A fuzzy inference system (FIS) was
used to predict capture zones. The results show a strong correlation (R = 0.93) for the size of
the capture zone. While the correlation for the elongation coefficient is lower, it still
demonstrates a relatively strong correlation (R = 0.73).

These results indicate that FIS can be a useful and easier method to recalculate capture
zones with a high degree of accuracy. With these findings, it is possible to recalculate capture
zones using the shape of the elongation coefficient.
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