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ABSTRACT

Systems for assessing groundwater vulnerability are designed to protect groundwater
resources from pollution. The DRASTIC method is a well-known approach for
determining groundwater susceptibility. One drawback of the DRASTIC method is that
it relies on expert judgment to rank parameters, which introduces uncertainty. This
study used a new generation of Fuzzy Logic (FL), called the Z-number theory, to
estimate the specific vulnerability of aquifers and address this uncertainty. The specific
vulnerability of the Ardabil and Qorveh-Dehgolan aquifers was estimated using two
scenarios: the DRASTIC parameters as inputs and nitrate concentration values as
output. The vulnerability of the aquifer was also evaluated by comparing the results of
the proposed models with those of the DRASTIC model, which served as a benchmark.
The analysis showed that the Z-number Based Modeling (ZBM), which considered data
reliability and weighted the rules appropriately, produced higher-quality results than

the classic FL. In the Ardabil plain, the ZBM vyielded results that were 53% better (using
seven inputs) and 184% better (using four inputs) compared to the classic FL. In the
Qorveh-Dehgolan Plain (QDP), the ZBM produced results that were 127% better (using
seven inputs) and 311% better (using four inputs) than the classic FL. The irregularity
and non-linearity of the data, such as the high coefficient of variation (CV) in the
Ardabil plain compared to the QDP, may contribute to the high CV value in the plains.
Therefore, in plains with high CV, the quality of the extracted Z-number-based rules
may be lower.
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Introduction

In most of the world's semi-arid regions, groundwater is an important and primary source of fresh water.
Sustainable management of groundwater resources necessitates an efficient monitoring approach.
Groundwater vulnerability assessment is one of the most effective and realistic methods for preventing
groundwater contamination (Panagopoulos et al., 2006). As a measure of an aquifer's capacity to draw
contaminants from the earth and disperse them throughout the groundwater system, vulnerability is a relative,
dimensionless, and unpredictable property (Babiker et al., 2005). Conceptually, aquifer vulnerability is
separated into intrinsic and specific vulnerabilities (Gogu & Dassargue, 2000). The term "intrinsic
vulnerability" describes the potential for contamination in any area without taking specific contaminants into
account (Almasri, 2008). However, specific vulnerability emphasizes the susceptibility of groundwater to
particular pollutants, such as nitrate pollution (Stigter et al., 2006). Using the DRASTIC model in the GIS,
the vulnerability of the aquifers in the Ardabil Plain and the Qorveh-Dehgolan Plain (QDP) was initially
assessed in this study. Then, the proposed method was developed to assess groundwater-specific vulnerability
(nitrate concentration) using the classic Fuzzy Logic (FL) and the novel Z-number-Based Modeling (ZBM)
method. Finally, the suggested method's performance was assessed using evaluation criteria. The outcomes
were then compared to those of the DRASTIC model, which served as the benchmark model.

Methodology

The proposed approach in this study was applied to two plains to evaluate its capability in two different
conditions. In this paper, the first and second study areas were the QDP and the Ardabil plain, which are
respectively located in western and northwestern of Iran.

Various approaches have been put forth globally to assess the vulnerability of groundwater. The Point Count
System Model (PCSM) is employed by the majority of studies. For assessing groundwater susceptibility, the
most popular PCSM is the DRASTIC method (Aller et al., 1985). Because expert judgment is used to
determine the weights of the variables, assessing groundwater vulnerability using weighting and overlapping
methods may increase the uncertainty of the final vulnerability estimations. Consequently, the partial ability
of FL methods to reflect such uncertainty makes them a potentially better option than conventional methods.
However, such uncertainty can only be partially reflected by the conventional FL, which only provides
constraints and lacks reliability. Due to their dependence on constraints and information reliability, Z-numbers
can offer important insights into the uncertainty of experts in engineering problems (Akbarian Saravi et al.,
2019). This study used the DRASTIC model in the GIS to assess the vulnerability of aquifers in the Ardabil
Plain and the QDP. Then, the proposed method was developed to assess groundwater vulnerability using the
classic FL and the novel ZBM method in two scenarios. In the first scenario, all seven DRASTIC model
parameters were used as inputs, compared to only four parameters used in the second one. In both cases, the
model's output was the nitrate concentration, which might be an accurate indicator of the plain's real pollution.
The evaluation results of the proposed method were then compared with those from the DRASTIC model.

Results and Discussion

The findings indicated that, the DRASTIC vulnerability index ranged from 63 to 160 for the Ardabil plain,
wasversus that of 39 and 146 for the QDP. Based on the QDP's pollution risk map, the western sections of the
plain have a higher risk of pollution, while the majority of the plain (85%) has a low risk of pollution.
Moreover, most parts of the Ardabil plain have low pollution risk covering 72% of the plain area. The
accuracy of the DRASTIC model in predicting vulnerability classes was verified by calculating the Total
Accuracy (TA) and Heidke Skill Score (HSS) criteria based on nitrate concentrations in wells and comparing
the predicted vulnerability index with the proposed model results. The findings show that only 26% and 17%,
respectively, of the vulnerability index classes predicted by the DRASTIC model match the nitrate
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concentration classes in the Ardabil Plain and the QDP. The evaluation of the results also indicated that the
ZBM could improve the results by 53% (for the first scenario), 184% (for the second scenario) in the Ardabil
Plain, and 127% (for the first scenario), 311% (for the second scenario) in the QDP compared to the classic
fuzzy method. Therefore, the ZBM is a reliable approach for estimation due to its ability to take data reliability
into account. As expected, the vulnerability assessment results from the proposed model were significantly
better, given that the DRASTIC model is unsupervised, and that using expert opinions to rank parameters
may reduce the accuracy of vulnerability prediction.

Conclusions

Aquifer vulnerability estimation is a complex and uncertain natural threat. The use of expert opinions in
weighting and ranking parameters makes traditional overlapping models, such as the DRASTIC model,
unable to control this uncertainty. Therefore, it is crucial to develop models that can manage this uncertainty,
especially for arid to semiarid regions such as Iran. Since aquifers play a vital role in the hydro-climatic cycle
of the Ardabil Plain and QDP, this study utilized DRASTIC parameters to create a model that could estimate
the classified specific vulnerability (nitrate contamination) of these aquifers. Due to the inadequate
performance of point predictions in these cases, an approach was developed for the class prediction of
vulnerability in both plains using the concept of Z-numbers. Based on the obtained results, and the
determination of estimation reliability, the ZBM outperformed the conventional FL approach. Furthermore,
the ZBM can accurately estimate the specific vulnerability of aquifers even with fewer input parameters, as
demonstrated in the outcomes of the second scenario of the proposed model. It is recommended to model
additional quality parameters, such as phosphate, due to the reliable results of the Z-number application for
aquifer vulnerability modeling. This method is also applicable in other engineering domains to improve the
overall performance of engineering models by considering the reliability of the event.
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Table (2): Data classification of the Ardabil plain.
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Figure (4): The codebook includes linguistic terms related to the values of the input, output, and degree of reliability in the Ardabil

media, (d) Soil media, (€) Topography, (f) Impact of the vadose zone, (g) plain: (a) Depth to water level, (b) Recharge, (c) Aquifer
Hydraulic conductivity and (h) NO3 concentration.
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Table (3): Data classification of the QDP.
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Figure (5): The codebook includes linguistic terms related to the values of the input, output, and degree of reliability in the QDP: (a)
media, (d) Soil media, (e) Topography, (f) Impact of the vadose zone, (g) Hydraulic Depth to water level, (b) Recharge, (c) Aquifer
conductivity and (h) NO3 concentration.
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Table (4): HSS values and TA percentage for the ZBM and conventional FL.
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Figure (6): Nitrate distribution map using the proposed methodology: (a) the Ardabil plain (first scenario), (b) the Ardabil plain

(second scenario), (c) the QDP (first scenario), (d) the QDP (second scenario).
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