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Abstract 21 

In arid and semi-arid regions such as Iran, groundwater is more important for humans and ecosystems than surface 22 

water.Different models of groundwater vulnerability assessment can be used to better manage water resources. The 23 

purpose of this study is to evaluate the qualitative vulnerability of groundwater resources in the Birjand Plain aquifer 24 

using the DRASTIC model and 7 hydrogeological components. DRASTIC model was also modified by adding 25 

aland use component (MDRASTIC) based on Analytical Hierarchy Process (AHP) and Fuzzy Analytic Hierarchy 26 

Process (FAHP) methods. After calculating the vulnerability index, the vulnerability of each method was 27 

mappedand the final index obtained from each method was classified into 4 different categories. Nitrate 28 

concentrationwas used to confirm the results and to analyze the sensitivity of a single parameter. Sensitivity analysis 29 

showed that the groundwater vulnerability is mainly affected by water depth and land use.To validate each of the 30 

models, their correlation with nitrate concentration was calculated and compared. To determine the correlation 31 

coefficient, simple linear regression method was performed and the Pearson and Spearmanmethods were used. 32 

According to the obtained Pearson correlation results, the DRASTIC, MDRASTIC, MDRASTIC-AHP, and 33 
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MDRASTIC-FAHP models resulted in values of 0.550, 0.680, 0.778, and 0.794respectively. The results show a 34 

good correlation between the modified DRASTIC-FAHP model and nitrate concentration as an indicator of 35 

groundwater pollution.  36 

 37 

Keywords: Vulnerability, Groundwater, Modified DRASTIC, Fuzzy-AHP, Nitrate contamination, Iran 38 

 39 

1. Introduction 40 

All communities need a clean and plentiful source of water for drinking, health, agriculture, industry, and energy 41 

production (Maqsoom et al., 2020). In arid and semi-arid areas where surface water is less available, groundwater 42 

can be the main source of water supply due to its large volume and less vulnerabilityto pollution. Iran is a country 43 

where most of its area is made up of arid and semi-arid regions. Both qualitatively and quantitatively, water 44 

pollution problems have been worsening. Due to rapid and widespread increase in population, irregular planning, 45 

urban sprawl, different land use classification patterns and system, impropersewage disposal systems including 46 

sewage from industry, agriculture, and urban areas, water pollution problems have been alarming. (Singha et al., 47 

2017; Kumar et al., 2018). Groundwater pollution treatment methods are very complex and it is also difficult to 48 

determine the level of pollution on a regional scale (Bai et al., 2012). Groundwater vulnerability assessment methods 49 

divide an area into different sub-areas in terms of susceptibility to pollution (Guo et al., 2006). Using this 50 

information, protective measures can be prioritized to the most vulnerable.Various models to assess aquifer 51 

vulnerabilities are available including DRASTIC (Aller and Robert, 1985), AVI (Stempvoort et al., 1993), 52 

SINTACS (Vrba et al., 1994), EPIK (Doerfliger and Zwahlen, 1997), and GODS (Foster et al., 2002). Of all the 53 

above models, DRASTIC, due to its simplicity and flexibility, has been used more than other models to assess 54 

groundwater pollution(Pacheco et al., 2015; Tiwari et al., 2016; Neshat and Pradhan, 2017). This model was 55 

developed by the United States Environmental Protection Agency (USEPA).Karami Shahmaleki et al. (2013) 56 

showed that the Analytical Hierarchy Process (AHP) method is more accurate than the combined logistic regression 57 

and modified DRASTIC methods for assessing aquifer vulnerability in the Dezful-Andimeshk. Shirazi et al. (2013) 58 

assessed the sensitivity to groundwater in Malacca state in Malaysia using GIS and DRASTIC methods and 59 

prepared a map to assess groundwater sensitivity based on land use. Mahmoudzadeh et al. (2013) studied the 60 

vulnerability of Isfahan-Meimeh Aquifer also in Iran using three methods including, DRASTIC, GODS, and AVI. 61 

The results of this study indicate the completeness of the DRASTIC methods for aquifer vulnerability. Sener and 62 

Sener (2015) used fuzzy-AHP DRASTIC to prepare a vulnerability map presenting DRASTIC characteristic 63 

coefficients calculated using FAHP and the value of the vulnerability index of the region. Sinha et al. (2016) 64 

Investigated the vulnerability of the Kharun Basin using a modified DRASTIC model. The final results showed a 65 

vulnerability index between 86 and 191. Also, using sensitivity analysis, water depth, land use, and topography 66 

parameters were selected as the most effective parameters. Hussain et al. (2017) evaluated a stressedaquifer in the 67 

Kut Do area in the Punjab Plain in India using DRASTIC model. This area is of environmental concern due to the 68 

increase of uncontrolled agriculture and source of non-point pollution and salinity. Jesiya and Gopinath (2019) 69 

considered regional vulnerability using Fuzzy AHP DRASTIC-L method based on GIS in southern India. Modified 70 
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DRASTIC factors were rated using FAHP and finally the information was integrated by GIS tool and areas with 71 

high to very high vulnerabilities were identified. Maqsoom et al. (2020) studied the vulnerability of groundwater in 72 

the Gilgit area of Baltistan in northern Pakistan. Due to urban sprawl, groundwater resources in this area are 73 

declining. In this study, the GIS-based DRASTIC model was used and also because of the importance of human 74 

activities in the DRASTIC model they combined the effects of the human factor as a parameter (DRASTIC-A). 75 

Finally, comparison of the result with nitrate dispersion showed that the DRASTIC-A model has better results than 76 

DRASTIC.  77 

For this aim, four GIS-based methods including, DRASTIC, modified DRASTIC, AHP, and FAHP were applied to 78 

map groundwater vulnerability in the research area. Also, for validation, the results obtained from four different 79 

methods were examined with nitrate concentration. 80 

 81 

 82 

 83 

2. Materials and methods 84 

2.1. Study area 85 

The study area is Birjand Plain, which is located in the northern part of Bagheran highlands (latitudes 32° 34' to 33° 86 

8' N and longitudes 58° 41' to 59° 44' E) in Iran. The total area of Birjand Watershed is 3,425 square kilometers, of 87 

which about 980 square kilometers is composed of plain sand the rest is composed of mountains (Fig. 1). This plain 88 

is elongated and is surrounded by highlands and the central part consists of an alluvial aquifer (Eftekhari et al., 89 

2019). It is bounded on the east by the Momenabad and Sistanhighlands, on the south by the Bagheran and Rech 90 

mountains, on the north by the Mol, Markuhhighlands, and on the west by the Karang and Chenghighlands. The 91 

Birjand plain is considered as an arid region according to climatic classifications. Annual rainfall is 177 mm and the 92 

altitude above sea level is 1,240 m (Aryafar et al., 2020). 93 

Fig. 1. 94 

 95 

2.2. DRASTIC model 96 

DRASTIC is an acronym made up of the hydrogeologic parameters controlling groundwater pollution. These 97 

parameters include: depths to water (D), net recharge (R), aquifer media (A), soil media (S), topography (T), impact 98 

of vadose zone (I), and hydraulic conductivity (C) of aquifer. The DRASTIC model calculates a vulnerability index 99 

that is used to study groundwater pollution by hydrogeological parameters in different regions.The DRASTIC model 100 

results are calculated analytically and then processed using GIS. In the past few years, the DRASTIC model has 101 

been modified according to the characteristics of specificstudy areasby adding or removing various parameters (Lee, 102 

2003; Wang et al., 2007; Simsek et al., 2006; Umar et al., 2009; Awawdeh and Jaradat, 2010; Martinez-Bastida et 103 

al., 2010; Şener and Şener, 2015; Jesiya and Gopinath, 2019; Maqsoom et al., 2020).The classification range for 104 

each parameter—between 1 and 10-indicates the impact of each parameter on aquifer vulnerability. Weights from 1 105 

to 5 are then assigned to the seven DRASTIC parameters toindicate their relative importance (Table 1). Weights and 106 
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ratings were generated by Aller and Robert (1985) using the Delphi method.The DRASTIC index is calculated using 107 

Eq. (1):  108 

DI= DrDw + RrRw +ArAw + SrSw + TrTw +IrIw + CrCw (1) 

 109 

where, r are the ratings allocated to each parameter and w are the weights allocated to each parameter.  110 

Higher DRASTIC index values indicate higher vulnerability and lower DRASTIC index values indicate lower 111 

region vulnerability.  112 

Table 1 113 

 114 

2.2.1. Depth to water table 115 

Depth to water table is the depth that a pollutant must pass to reach groundwater so greater depth to water indicates 116 

less vulnerability. For areas with deeper water, more time is also available for pollution to decrease due to 117 

transformation or degradation of contaminants (Maqsoom et al., 2020). The classification of the depth to water table 118 

was 1 (minimum impact) to 10 (maximum impact) for input into DRASTIC.In general, deeper values correspond 119 

with lower DRASTIC rank values (Abdelmadjid and Omar, 2013; Natraj and Katyal, 2014; Ghosh et al., 2015; 120 

Tomer et al., 2019).To prepare this layer, data related to 18 piezometers, located in different places of the plain, 121 

were collected through the regional water of southern-Khorasan Province, in a one-year period from October 2017 122 

to September 2018.ArcGIS 10.6 and interpolated using Kriging interpolation method in Spatial Analyst extension 123 

(Eftekhari et al., 2019; Tomer et al., 2019) (Fig. 2A). 124 

 125 

2.2.2. Net recharge  126 

Net recharge is the amount of water that infiltrates the surface and reaches the water table. This factor causes the 127 

vertical transfer of pollution to the water surface and its horizontal movement inside the aquifer (Maqsoom et 128 

al.,2020). The Piscopo method according to Equation 2 (Piscopo, 2001) was used to prepare the net recharge 129 

consisting of a total of three factors: slope, rainfall, and soil permeability. Rainfall maps were obtained using 130 

average annual rainfall data for years 2017 and 2018 prepared from theBirjand Meteorological Department.A slope 131 

map was obtained from Topographic map and digital elevation model, the detailed map resolution is 1:25000. Data 132 

and information related to soil permeability of Jihad Agricultural Office were also used to prepare the permeability 133 

map.Table 2 shows the classification and evaluation of net recharge and a net recharge map is shown in Fig. 2B. 134 

 135 

Net recharge= soil permeability + rainfall + slope (%) (2) 

 136 

Table 2 137 

2.2.3. Aquifer media 138 

Aquifer media indicates the hydrogeology of the groundwater system and affects groundwater recharging, 139 

contaminant displacement, etc. (Remesan and Panda, 2008,Jesiya and Gopinath, 2019). To prepare the aquifer 140 

media zoning map, observation and operation well logs were used in the study area, obtained fromthe Regional 141 
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water Department of southern Khorasan Province. Inverse Distance Weighting (IDW), in the ArcGIS Spatial 142 

Analyst extension, was used to prepare the aquifer map inthe ArcGIS 10.6 (Fig. 2C). This method was used because 143 

it has the lesserror than Kriging. 144 

 145 

2.2.4. Soil media  146 

Soil media refers toall the materials inthe upper part of the unsaturated area, dominated plants root infiltration and 147 

soil biological activities, which has a great impact on the rate of groundwater recharge (Baghapour et al., 2014; 148 

Noori et al., 2019). Soil properties such as permeability and soil texture can enablecontamination in the aquifer (Kim 149 

and Hamm, 1999). The soil map of the Birjandaquifer, scaled at 1:50000, was obtainedfrom the Jihad Agriculture 150 

Office of southern Khorasan. The map was scanned, digitized, rasterized and classified (Fig. 2D). 151 

 152 

2.2.5. Topography 153 

Topography refers to the slope of an area. Water is more likely to infiltrate in low-slope areas. In these areas, runoff 154 

is less, and the possibility of pollutant infiltration increases. Areas with steep slopes have less infiltration and large 155 

amounts of runoff and are therefore lessvulnerable to groundwater pollution (Tomer et al., 2019). A slope map was 156 

prepared using DEM with a spatial resolution of 30 meters in ArcGIS 10.6 (Fig. 2E) (Eftekhari et al., 2019). 157 

 158 

2.2.6. Impact of vadose zone 159 

The impact of vadose zone on aquifer pollution is similar to soil media and depends on the permeability of the 160 

constituents and the characteristics of the unsaturated zone. To prepare this layer, logs of observation and operation 161 

of 22 wells obtained from the Regional Water Department of southern Khorasan Province, were interpolated using 162 

theIDW method in the ArcGIS 10.6 (Fig. 2F). 163 

 164 

2.2.7. Hydraulic conductivity 165 

Hydraulic conductivity refers to the ability of the aquifer to control the transfer of material. Aquifers with the 166 

highest hydraulic conductivity are most at risk of contamination (Tomer et al., 2019). To prepare this layer, 167 

Transmissivity data and information frompumping tests were obtainedfrom the Regional Water Department of 168 

southern Khorasan Province. Then, according to the Transmissivity parameter measured in experiment and dividing 169 

it by the saturation thickness of the aquifer, hydraulic conductivity is obtained (Pathak et al., 2009). Finally, 170 

hydraulic conductivity mapping was prepared using IDW method (Fig. 2G). 171 

 172 

Fig. 2.  173 

 174 

2.3. Modified DRASTIC 175 

Addinga land use parameter to the DRASTIC model is the modified DRASTIC (MDRASTIC) model. The land use 176 

map in this study, with a scale of 1: 50,000, was obtained from the Regional Water Department of South Khorasan 177 

Province.Land use types in the study area include, gardens, agricultural areas, residential areas, grasslands, forests 178 
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and shrublands and river bed (Fig. 3) and were assigned DRASTIC ranks between 1 and 10. Incorporating land-use 179 

into DRASTIC resulted in a model referred to as MDRASTIC or DRASTIC-LU. The MDRASTIC index (MDI) was 180 

calculated using Eq. (3): 181 

 182 

MDI=DrDw+ RrRw+ SrSw+ TrTw+ IrIw+ CrCw+ LUrLUw (3) 

 183 

where, LUris the rating of land use factor and LUw is the weight of the land use factor. 184 

 185 

Fig. 3 186 

2.4. Modified DRASTIC-AHP 187 

The Analytic Hierarchy Process (AHP) is a tool for efficiently analyzing complex decisions and thus helping the 188 

decision-maker choose the best possible option. This method was developed in 1980 by Thomas Saaty (Saaty, 1980) 189 

and applied in several fields. After calculating the weight of each parameter in the MDRASTIC method, the AHP 190 

tool was used to obtain new weights related to each parameter. Super decision software was used to prepare the 191 

weights of the parameters by AHP. Finally, for matrix compatibility, the consistency ratio (CR) value must be less 192 

than or equal to 0.1. If unsuccessful, the comparison answers should be re-examined (Sener and Davraz, 2012; 193 

Lakusic, 2019). 194 

 195 

2.5. Modified DRASTIC-FAHP 196 

The AHP method results in good results, but, it cannot reflect the style of human thinking (Kahraman et al., 2003). 197 

To make more reliable decisions, Van laarhoven and Pedrycz (1983) proposed the Fuzzy Analytic Hierarchy 198 

Process (FAHP). The FAHP method, determines the weight of the criteria primarily according to the subjective 199 

judgments of experts through a two-to-two comparison.In this method, comparisons are made using triangular 200 

numbers whose expansion indicates the uncertainty of a particular judgment(Şener and Şener, 2015). In fact, it gives 201 

more credibility and confidence to the judgments of experts (Şener and Şener, 2015). After Van laarhoven and 202 

Pedrycz (1983), Chang developed a new method for fuzzy AHP management in 1996 (Chang, 1996) using 203 

triangular fuzzy numbers (TFN)for a two-by-two comparison scale of fuzzy AHP and limit analysis method. Paired 204 

comparison numbers of one parameter compared to another can be seen in the fuzzy AHP method in Table 3 (Şener 205 

and Şener, 2015; Tseng et al., 2008). The numbers 2/3, 1, 3/2, 2, 5/2, 3, 7/2, 4, and 9/2 were used as fuzzy scaling 206 

ratios, related to preferring one parameter over another with distance values. 207 

 208 

Table 3 209 

 210 

A fuzzy number may be expressed as a triangle or a trapezoid. In the triangular number (TFN), the corresponding 211 

number is expressed as M = (l, m, u). Parameter l represents the lowest possible value, m represents the most 212 

probable value and u represents the highest possible value for the desired number, and the desired number can vary 213 
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between a and c(Şener and Şener, 2015). Kahraman et al. (2003) summarized the steps for calculating the relative 214 

weight of each criterion in the FAHP method proposed by Chang's extent analysis as follows: 215 

Step 1: Formation of paired comparison matrix using fuzzy numbers 216 

Step 2: Calculation of S matrix for each of the paired comparison matrix rows. 217 

𝑆𝑖 = ∑𝑀𝑔𝑖𝑗𝑚
𝑗=1 ⊗ [∑∑𝑀𝑔𝑖𝑗𝑚

𝑗=1
𝑛
𝑖=1 ]−1 

(4) 

 218 

In Eq. 4, M is a TFN inside the paired comparison matrix. In fact, when calculating the S matrix, each component of 219 

the fuzzy number is multiplied by the sum, and in the fuzzy inverse, the sum is multiplied by the total (Eqs. 5-7). 220 

∑𝑀𝑔𝑖𝑗 = (∑𝑙𝑗𝑚
𝑗=1 ,∑𝑚𝑗𝑚

𝑗=1 ,∑𝑢𝑗𝑚
𝑗=1 ) ,      𝑗 = 1,2, . . . , 𝑚𝑚

𝑗=1  (5) 

∑∑𝑀𝑔𝑖𝑗𝑚
𝑗=1 = (∑𝑙𝑖𝑛

𝑖=1 ,∑𝑚𝑖𝑛
𝑖=1 ,∑𝑢𝑖𝑛

𝑖=1 ) ,      𝑖 = 1,2, . . . , 𝑛𝑛
𝑖=1  (6) 

[∑∑𝑀𝑔𝑖𝑖𝑚
𝑗=1

𝑛
𝑖=1 ] =  ( 1∑ 𝑢1𝑛𝑖=1 , 1∑ 𝑚1𝑛𝑖=1 , 1∑ 𝑙1𝑛𝑖=1 ) (7) 

 221 

Step 3: The degree of possibility of 𝑀2 greater than equal to 𝑀1 is defined as follows: 222 𝑉(𝑀2 ≥ 𝑀1) = 𝑠𝑢𝑝𝑦≥𝑥[𝑚𝑖𝑛(𝜇𝑀1(𝑥), 𝜇𝑀2(𝑦))] (8) 

 223 

where x and y are the values on the axis of membership function of each criterion. Equation 8 can be expressed as 224 

Eq. 9: 225 

 226 𝑉(𝑀2 ≥ 𝑀1) = ℎ𝑔𝑡(𝑀1 ∩𝑀2) = 𝜇𝑀2(𝑑) 
= { 
 1                  𝑖𝑓 𝑚2 ≥ 𝑚10                     𝑖𝑓 𝑙1 ≥ 𝑢2𝑙1 − 𝑢2(𝑚2 − 𝑢2) − (𝑚1 − 𝑙1)                 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 

(9) 

 227 
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where, M1 = (l1, m1, u1) and M2 = (l2, m2, u2) are two triangular fuzzy numbers and d is the highest point of 228 

intersection between 𝜇𝑀1 and𝜇𝑀2(Fig.4). 229 

Step 4: In this step, the non-normalized weight vector was obtained by calculating the minimum value of V 230 

calculated in the previous step. 231 

 232 min𝑉 = (𝑀 ≥ 𝑀𝑖),   𝑖 = 1,2, . . . , 𝑘 (10) 𝑑′(𝐴𝑖) = min𝑉(𝑆𝑖 ≥ 𝑆𝑘)                                           𝑘 = 1,2, . . . , 𝑛; 𝑘 ≠ 𝑖 (11) 𝑊′ = (𝑑′(𝐴1), 𝑑′(𝐴2), . . . , 𝑑′(𝐴𝑛))𝑇𝐴𝑖(𝑖 = 1,2, . . . , 𝑛) (12) 

 233 

Step 5: The weight vector obtained from the previous step, which was not normalized, was normalized to obtain the 234 

final weight vector, which is our ultimate goal in the fuzzy calculations 235 𝑊 = (𝑑(𝐴1), 𝑑(𝐴2), . . . , 𝑑(𝐴𝑛))𝑇 (13) 

 236 

Fig. 4 237 

 238 

2.6. Sensitivity analysis 239 

Because the DRASTIC model supports large-scale data sets, uncertainty should be considered in improperly 240 

assigning rating and weight at each stepto mitigate wrong final output and impacts onthe computational process of 241 

the DRASTIC model.Sensitivity analysis allows providing valuable information about the values of ratings and 242 

weights (Gogu and Dassargues, 2000; Edet 2014; Şener and Şener, 2015). In this study, the single-parameter 243 

sensitivity analysis (SPSA) was performed.  244 

 245 

2.7. Single parameter sensitivity analysis  246 

This analysis was introduced by Napolitano and Fabbri (1996), to evaluate the effect of each of the parameters of the 247 

MDRASTIC model in measuring vulnerability. The theoretical weight for each parameter was compared to the 248 

effective weight which is calculated using Eq. 14: 249 

 250 𝑊 = [(𝑃𝑟 × 𝑃𝑤)𝑉 ] × 100 (14) 

 251 

where, W is the effective weight of each parameter, Pr and Pw are the ratings and weight related to that parameter, 252 

respectively, and V is the total vulnerability index in that area. 253 
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 254 

2.8. Validation 255 

Simple linear regression analysis (SLRA) was used to comparethe results of the four DRASTIC methods to nitrate 256 

concentration parameter to evaluate the correlation. Pearson, Spearman correlation coefficients (Panagopoulos et 257 

al.,2006;Kumar and Pramod Krishna, 2019; Maqsoom et al., 2020) were also used to evaluate the degree of 258 

correlation between models and nitrate concentration parameter to select the best method. Pearson’s correlation 259 

coefficient (r) determines the correlation between two variables with distance and relative scales, assuming a normal 260 

distributionand varies between +1 and -1 (Chok, 2010). It was calculated using Eq. 15: 261 

 262 

 
(15) 

 263 

Where r is the correlation coefficient, xirepresents values of the x-variable in a sample,  represents mean of the 264 

values of the x-variable, yirepresents values of the y-variable in a sample and represents mean of the values of the 265 

y-variable. The Spearman’s rank correlation coefficient is a nonparametric measure used to quantifythe strength of a 266 

link between two sets of data (Laerd Statistics, 2018; Kumar and Pramod Krishna, 2019).It was calculated using Eq. 267 

16: 268 

 269 

 (16) 

 270 

 271 

 272 

Where 𝜌is the Spearman's rank correlation coefficient, d represents difference between the two ranks of each 273 

observation and n represents number of observations.Nitrate data used were collected by 22 wells in the study area. 274 

Excel was used for linear regression model (Abdullah et al., 2018) and SPSS 26 was used for Pearson, Spearman 275 

correlations (Asgari Moghaddam et al., 2016; Baghapour et al., 2016). 276 

 277 

 278 

3. Results  279 

3.1. DRASTIC 280 

After obtaining the ratings and weights of each parameter (Table 4), the final vulnerability map was created using 281 

ArcGIS 10.6.A quantile classification method was used to classify vulnerability categories in the final map.The set 282 

of values available by this classification method is divided into groups with equal numbers of values(Sener et al., 283 
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2009).The results of this model showed that 5% of the aquifer has a low vulnerability class (79-95), 38% has a 284 

medium vulnerability (96-112) , 46% has a high vulnerability (113-129) and 11% has a very high vulnerability (131-285 

146) (Fig. 6(A)). 286 

 287 

3.2. Modified DRASTIC 288 

The MDRASTIC index was calculated using Eq. 3 and a vulnerability map was generated using ArcGIS 10.6. The 289 

resulting map was divided into four vulnerable areas using a quantile classification method that varied from low to 290 

very high. TheMDRASTIC model, incorporating land use as a parameter resulted in a different distribution of 291 

vulnerability indices the standard DRASTIC method.The results of the MDRASTIC model showed that 4% of the 292 

Birjand aquifer has a low vulnerability class (90-113),59% has a medium vulnerability (114-137), 29% has a high 293 

vulnerability (138-161) and 8% has a very high vulnerability (162-185) (Fig. 6(B)). 294 

 295 

3.3. Modified DRASTIC-AHP 296 

The value of compatibility ratio (CR) was 0.023, which indicates the correctness of the comparisons (Fig. 5). 297 

According to the new weights, layers of each parameter were created in the GIS environment, and finally, a 298 

vulnerability map was prepared. The results of the MDRASTIC-AHPmethod showed that 4% of the Birjand 299 

aquiferhas a low vulnerability class (3.4-4.1), 52% has a medium vulnerability (4.2-4.9), 39% has a high 300 

vulnerability (5-5.7) and 5% has a very high vulnerability (5.8-6.5) (Fig.6(C)). 301 

Table 4 302 

Fig. 5 303 

 304 

3.4. Modified DRASTIC-FAHP 305 

MDRASTIC F-AHP vulnerability index was also obtained using the rating and weight determined for each 306 

parameter by the F-AHP method (Eq.4). The groundwater vulnerability map was also generated using the modified 307 

weights and ArcGIS 10.6 and it was divided into four vulnerable areas using a quantile classification method that 308 

varied from low to very high. The results of MDRASTIC-FAHP method showed that 2.8% of the aquifer area has a 309 

low vulnerability class (0.09-0.162), 53.2% has a moderate vulnerability (0.163-0.235), 40.3% has a high 310 

vulnerability (0.236-0.308) and 3.7% has a very high vulnerability (0.309-0.381) (Fig.6(D)). 311 

 312 

Fig. 6 313 

 314 

3.5. Single parametric sensitivity analysis 315 

Statistical results of SPSA were presented for the DRASTIC model. Comparison of the theoretical weight of each 316 

parameter with the effective weight assigned to it in the aquifer of the studied plain showed that the theoretical and 317 

effective weights of each of the parameters of the DRASTIC model are not completely consistent. According to 318 

Table 5, the depth to water table parameter with an average effective weight of 23.6 is the most sensitiveparameter 319 

in assessing vulnerability. The theoretical weight determined by the DRASTIC model is less than the average 320 

effective weight of this parameter. Also, land use, aquifer media, the impact of vadose zone and hydraulic 321 
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conductivity have a more effective weight than the theoretical weight assigned to them in the DRASTIC model. It 322 

can also be seen from the sensitivity analysis that the net recharge and topography parameters have the least effect 323 

on groundwater vulnerability. 324 

Table 5 325 

 326 

3.6. Validation 327 

The relationship between nitrate concentration and vulnerability indices obtained from different DRASTIC methods 328 

was used to evaluate and select the best method, based on the assumption that the most vulnerable areas in the 329 

aquifer should also experience the highest nitrate concentrations.Using nitrate field data obtained from 22 wells in 330 

the Birjand aquifer, the vulnerability map was confirmed (Fig. 7). Human and agricultural activities result in 331 

elevated concentration of nitrate in groundwater.Fig. 8shows simple linear regression analysis diagrams to examine 332 

the correlation between the calculated indices and the values of groundwater nitrate concentration. The closer the R2 333 

values are to 1, the greater the correlation of the method. Also, to confirm and select the best method, the resulting 334 

vulnerability maps were evaluated using Pearson and Spearman correlation methods in SPSS 26 (Table 6). The 335 

results presented in Table (6) show a higher correlation of the FAHP vulnerability map with the nitrate 336 

concentration. 337 

 338 

Fig. 7. 339 

Fig. 8. 340 

Table 6. 341 

 342 

4. Discussion 343 

Assessing and preventing groundwater contamination is essential for better and more efficient management of these 344 

resources.In this regard, various methods such as DRASTIC can be used to integrate different thematic layers to 345 

evaluate groundwater vulnerability in the desired area. The DRASTIC model considers 7 hydrogeological 346 

parameters and classifies them on a ten-grade scale. Finally, the parameters are combinedin Eq1 to calculate a 347 

vulnerability index.The depth that a pollutant must travel to reach groundwater is called the depth to water table, or 348 

in fact, it can be said that the contaminant must travel after infiltrating the ground to reach the groundwater level.in 349 

this studydepth was divided into three intervals, namely, 9-15, 15-23, and > 30.4 meters.Factors that combine to 350 

parameterizenet rechargeinclude soil permeability, slope, and precipitation. (Piscopo, 2001).To prepare the net 351 

recharge map, aslope map was generated using DEM, rain data collected from Birjand Meteorological Department, 352 

and soil permeability data collected from Jihad Agricultural Office were considered as input data.Ranges and classes 353 

are listed in Table 2. The aquifer media in the DRASTIC model shows the intrinsic hydrogeology of the 354 

subsurface.Subsurface hydrgeologic processes such as groundwater recharge, contaminant displacement, etc., are 355 

influenced by the characteristics of the aquifer media(Remesan and Panda, 2008).The wells data collected from the 356 

Regional water Department of southern Khorasan Province to prepare the aquifer map. The Birjand aquiferwas 357 

divided into two major geological formations. The part of the aquifer that contains sand and gravel coarse-grained 358 

deposits is assigned a higher rating of 9.Soil textures determine the potential for groundwater vulnerability and 359 
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control the movement of pollutants from the surface to the water table by soil grain size(Remesan and Panda, 2008). 360 

The permeability parameter was used to rating different soil types (Table 1).Four types of soil were identified in the 361 

Birjand aquifer. The highest rating was assigned to highly permeable soil (gravel) and the lowest value was assigned 362 

to soil with less permeability (loam). (Karthikeyan and Lakshmanan, 2012). The topography of an area refers to the 363 

characteristics of the surface and slope. Areas with lower slopes are more prone to pollution. The lower the slope, 364 

the less runoff and the greater the infiltration (Al-Adamat et al., 2003). A slope map was prepared using a digital 365 

elevation model (DEM) with spatial resolution of 30 meters and was divided into three classes: 0-2, 2-6 and 6-12 366 

percentage. In this site, nearly flat areas were allocated a high rating value of 10, and the steepest slopes receiving 367 

the lowest rating of 5. The vadose area includes the unsaturated area between the topsoil (soil cover) and the water 368 

table. The permeability of the materials of this layer has a great impact on the transmission of contamination. 369 

According to Aller and Robert (1985), and based on the geological description of the research area, the vadose zone 370 

was divided into three classes. The ability of the aquifer to transfer water that is constantly flowing in it is called 371 

hydraulic conductivity (Saha and Alam, 2014). Aquifers with the highest levels of hydraulic conductivity are most at 372 

risk of contamination(Tomer et al., 2019).The value of hydraulic conductivity ranged between 4.32 and 43.2 m/day, 373 

for the study area. 374 

A final vulnerability map was created in ArcGIS 10.6 after determining the weight and rating of each parameter. 375 

The DRASTIC vulnerability index was calculated by combining the effects of each of the seven layers which 376 

calculated using ArcGIS 10.6 and according to Eq. 1.The value of this index is between 79 and 146 and it was 377 

classified into four categories of low to very high vulnerability to groundwater pollution(Fig. 6A). A quantile 378 

classification method was used to classify vulnerability categories in the final map. The high vulnerability was 379 

driven chiefly by the shallow water level, high hydraulic conductivity, and porous Vadose area, or the effect of all 380 

three together. 381 

In most studies, the conventional DRASTIC model has been used to investigate the vulnerability of groundwater to 382 

pollution. The DRASTIC model considers the transfer of pollutants to groundwater through the unsaturated zone but 383 

does not take into account the pollution caused by anthropogenic effects and this can result in unrealistically low 384 

DRASTIC index (Shirazi et al., 2013). The anthropogenic activities are found in different forms in different study 385 

areas. For example, in this study, anthropogenic effects have been considered in the form of land use, such as 386 

agricultural areas or residential areas, etc. For this purpose, the land use parameter was added to the original 387 

DRASTIC model. The rating and weight of the anthropogenic impact map were determined according to the land 388 

use class contracts (Al-Adamat et al., 2003; Maqsoom et al., 2020) to produce a vulnerability map of 389 

MDRASTIC(Fig.6B). The parameters that had the least impact on groundwater pollution include soil media, aquifer 390 

media, and topography while water depth table, land use, and hydraulic conductivity had the greatest impact among 391 

the parameters. The MDRASTIC map is classified into four vulnerability categories (very high, high, medium and 392 

low). Most of the study area was located in a highly vulnerable area. High vulnerability is observed in areas around 393 

gardens, agricultural areas and residential areas. To provide a better and more realistic method for classifying 394 

groundwater vulnerability, the MDRASTIC model parameters were modified using a analytic hierarchical process 395 

(AHP) (Sener and Davraz, 2012). Using the parameters of the MDRASTIC model, a comparison matrix was 396 
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generatedand new weights and ratings were calculated for each parameter. Super decision software was used to 397 

prepare the weight of the parameters by Analytic Hierarchy Process. The results of the MDrastic-AHP Vulnerability 398 

Map showed that the western and southwestern regions are more prone to contamination. Low pollution potential 399 

areas in southern and eastern part which consists mostly of grasslands and forests was determined. To ensure better 400 

decisions and results, the weights of all eight parameters of the MDRASTIC vulnerability index were also modified 401 

with the help of weights obtained from the FAHP (Table 4). After that, each of the parameters was evaluated and 402 

paired comparisons by themselves and their rates were corrected. At each stage, after obtaining new weights, the 403 

compatibility ratios of the comparison matrices were obtained using Gogus andBoucher methods (1997). Using GIS 404 

tool, the final vulnerability map was prepared. After preparing the vulnerability results, it was found that the 405 

pollution potential in the southwestern regions is very high.There is uncertainty and ambiguity in the DRASTIC 406 

model because the classification of each parameter is graded based on the opinions of experts.To reduce this 407 

problem, the results of DRASTIC models zoning maps are confirmed by comparing the sensitive areas of the 408 

Birjand aquifer with the available nitrate concentration. Then, each parameter is analyzed separately for sensitivity. 409 

 410 

5. Conclusion 411 

In this study, using the experimental model of DRASTIC in GIS environment, the sensitivity of water to pollution in 412 

the aquifer of Birjand Plain was evaluated. In addition, land use patterns were used to create a better model called 413 

MDRASTIC or DRASTIC-LU. Due to the importance of weight values of DRASTIC parameters, AHP and FAHP 414 

methods were used to determine the weight values parameters. After calculating the vulnerability index, a 415 

vulnerability map of each method was prepared. To better understand and also show the vulnerability of the region, 416 

the final index obtained from each method was classified into four different classes. The results of the sensitivity 417 

analysis show that depth to the water table and land use have the most impact on vulnerability assessment in the 418 

Birjand aquifer, while net recharge and topography are the parameters that have the least impact in the study area. In 419 

order to verify the built methods, the relationship between the vulnerability index and the values of nitrate 420 

concentration obtained from 22 groundwater samples has been investigated. To determine the correlation 421 

coefficient, simple linear regression method was used in Excel and Pearson, Spearman methods were used in SPSS 422 

26. The results obtained from the correlation coefficient show that the MDRASTIC-FAHP method has the highest 423 

correlation with nitrate concentration values. 424 

 425 
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Figures

Figure 1

Location of the study area in Iran (A) and south Khorasan (B). Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 2

A) Water Depth; B) Net Recharge; C) Aquifer Media; D) Soil Media; E) Topography; F) Impact of vadose
zone; G) Hydraulic conductivity



Figure 3

Land use map of the Birjand Plain



Figure 4

The intersection between M1 and M2 (Şener and Şener 2015)

Figure 5

Results of estimating the weights of MDRASTIC parameters in super decision



Figure 6

Groundwater vulnerability maps A) DRASTIC; B) MDRASTIC; C) MDRASTIC-AHP; D) MDRASTIC-FAHP



Figure 7

Nitrate concentration in groundwater of Birjand plain aquifer



Figure 8

Relationship between aquifer vulnerability maps obtained from each method and nitrate concentration:
A) DRASTIC, B) MDRASTIC, C) MDRASTIC-AHP D) MDRASTIC-FAHP
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