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1-Introduction

Nowadays, the issue of freshwater supply is the primary concern of researchers in the arid and semi-arid
countries like Iran. Available water resources are necessary to be protected against pollution due to arid climate
and frequent droughts and lack of water resources. One of the ways to protect groundwater against pollutants is
to identify the areas with a high potential of pollution (Mohammadi et al., 2009). Several studies were carried
out in different parts of the world to assess the pollution and vulnerability of groundwater. One of the most
common frameworks for assessing vulnerability is DRASTIC. The DRASTIC framework was developed by the
National Groundwater Association (NGWA) in collaboration with the United States Environmental Protection
Agency (USEPA). Various frameworks have been used to optimize the DRASTIC. Some researchers were used
statistical methods (Panagopoulos et al., 2006), and in some studies, additional parameters such as land use,
type, and intensity of irrigation were considered as an additional parameter (Secunda et al., 1998). Recently,
artificial intelligence models are widely utilized in a different branch of science (Nadiri et al., 2013b; Tayfur et
al., 2014; Chitsazan et al., 2015; Nadiri et al., 2018b; Nadiri et al., 2018c). Many studies optimized the rates and
weights of the DRASTIC framework using a variety of artificial intelligence models such as Sugeno Fuzzy
(SFL), Mamdani (MFL) and Larsen (LFL) and Support Vector Machine (SVM), Neuron-Fuzzy (NF), and Gene
Expression Programming (GEP) (Fijani et al., 2013; Nadiri et al., 2017a; Nadiri et al., 2017b). Previous studies
only focused on the DRASTIC framework, and other frameworks such as SINTACS and GODS have not been
evaluated. Also, the comparison of different combined methods has not been carried out in previous studies.
Therefore, this study assesses the unsupervised and supervised combined frameworks and their results in
determining the vulnerability of Ahar sub-basin not been evaluated. Also, the comparison of different combined
methods has not been carried out in previous studies. Therefore, this study assesses the unsupervised and
supervised combined frameworks and their results in determining the vulnerability of Ahar sub-basin.

2-Methodology
2-1-Hydrogeological, geological characteristics of the study area

The study area is Aharchay sub-basin with an approximate area of 1000 km? in the East Azerbaijan province
and 110 km far from north-east of Tabriz city. The highest part of the study area related to Qara Dagh
elevations, and the lowest part is related to the Aharchay river bed. Aharchay is the most important river in the
study area, which flows from the west to the east of plain. This region also has several sub-rivers called
Mostafachay, Barmischay, and Kashanchay. According to the Emberger method, the region characterized as a
semi-arid and cold climate with an average annual temperature of 11 ° C. The oldest rock units that outcrop in
this area is Upper Cretaceous sandstone, limestone, and marl.

Eocene and Oligocene outcrops often observe in the form of internal igneous masses, but the Miocene outcrops
contain shallow sediments such as conglomerate and sandstone. Young deposits of the Quaternary period are in
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the form of glacial and alluvial deposits in most parts of the Ahar river. Aquifer only occurrence in alluvial
deposits of the Quaternary period. Groundwater in the study area is withdrawal through several wells, springs,
and Qanats. Small and scattered aquifers are formed all over the plain. The aquifer created in the Aharchay
valley is considered the principal unconfined aquifer in the study area. The flow direction of groundwater is
from the north, south, and west to the east and south-east of the plain. The highest thickness of alluvial deposits
is in the south of the plain, and the least is in the northern and eastern parts of the plain. Most of the
groundwater resources in the area are stored in young sediments of the Quaternary period, and other formations
are not crucial in terms of groundwater.

2-2-DRASTIC

DRASTIC is an acronym of seven hydrogeological parameters comprises a depth of groundwater (D), net
recharge (R), aquifer media (A), soil media (S), topography (T), the impact of vadose zone (I) and hydraulic
conductivity (C). Each of these parameters is assigned a rate and a weight according to their relative importance.
The required data of various parameters are given to the ArcGIS software package to perform GIS processing to
prepare a vulnerability map; then, the vulnerability map is prepared. The overall DRASTIC vulnerability index
(DVI) is calculated using Eqg. 1 (Aller et al., 1987).

DVI = DuD; + RuR+ AvAr + SuSr + TuT: + luwl + CuCh (Eq. 1)
Where D, R, A, S, T, |, and Crepresent the DRASTIC parameters, and the r and w subscripts correspond to the
rates and weights respectively.

2-3-SINTACS

SINTACS is an updated model of DRASTIC frameworks and includes seven parameters such as water table
depth (S), net recharge (1), unsaturated zone (vadose zone) (N), soil media (T), aquifer media (A), hydraulic
conductivity (C) and topographic slope (S). The SINTACS is similar in type and number of parameters to the
DRASTIC model, but the rates and weights of this framework are different from the DRASTIC (Civita, 1990).
The vulnerability index is calculated using Eq. 2.

Isintacs= Y. i=1Pi*Wi (Eq. 2)
Where lIsintacs is the SINTACS vulnerability index, Pi is the rating of each parameter and Wi is the relative
weight of SINTACS parameters.

2-4-GODS

The GODS framework is an empirical framework for assessing aquifer vulnerability to pollution. In the GODS
frameworks, four parameters, including the type of aquifer, lithological characteristics of the unsaturated area,
groundwater depth, and soil type, are used (Kazakis and Voudouris, 2011). In GODS, the parameter rating is
between 0 and 1, and all the parameters are assigned the same weight. The Eq. 3 obtains the vulnerability index
as follows:

\=G.O.D.S (Eq. 3)
Where Iy is the vulnerability index, G is the rating of the aquifer, O is the lithologic rating of the unsaturated
area, D is the depth of groundwater and S is the rating of the soil type.

2-5-Hydrochemical data

There are 28 available samples in the study area that is taken from wells, springs, and Qanats. The data includes
major and minor elements such as bicarbonate (HCOs), sulfate (SOs%), chloride (CI), fluoride (F), nitrate
(NOs), sodium (Na*), potassium (K*), calcium (Ca?*), magnesium (Mg?*) and heavy metals such as As, Pb, Fe,
and Cu. Based on the World Health Organization (WHO) standards, the nitrate-N, and arsenic levels far exceed
at some part of the study area. The main goal of this study is the assessment of groundwater specific
vulnerability using nitrate-N. Further investigation is on the way, which assesses specific vulnerability to
arsenic. The highest nitrate concentration observed in the eastern parts, and the lowest is in northern parts of the
plain, which are 177 and 3.38 mg/L, respectively.

2-6-Unsupervised method (DSGM)
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The unsupervised method combines the results of the frameworks mentioned above include DRASTIC,
SINTACS and GODS through Eq. 4 as follows:

EIDRAFTII: *DRASTIC+ EISINTA cs “EINTACE+ I'__IG ops = GoDx
V[I_Em1 = (Eq 4)
‘ ECL

Where DRASTIC, SINTACS and GODS are the spatial distribution of the vulnerability index, Cl; represents the
correlation between nitrate and vulnerability index and Vlwea is the vulnerability index obtained by the
combined strategy. Notably, a framework that has a higher Correlation Index (CI) gives a higher weight. In this
combination, the spatial distribution of the vulnerability index for these frameworks must be obtained over the
same time period. For this purpose, the results of the vulnerability between 0 and 1 are normalized by the
following equation:

— A~ Emin
nOTI

X (Eq. 5)

Emoax—Emin
Where Xnorm IS normalized vulnerability index, and Xmax and Xmin are the highest and lowest rates of
vulnerability respectively.

2-7-Artificial Neural Network (AAN)

The artificial neural network is one of the artificial intelligence models that consist of several input layers, the
middle layer, and the output layer. The input layer is a data transfer layer. The last layer or output layer contains
the values predicted by the network and introduces the output of the model. The middle or hidden layers as
processor nodes are the data processing location (Nadiri, 2013a).

3- Results and discussion

After preparing the raster layers of all framework, the Raster Calculator command in the ArcGIS software
combined these layers using the Raster Calculator command in the ArcGIS software, and the final vulnerability
map obtained. The vulnerability index based on DRASTIC, varied in the range of 63 to 170, which is
categorized as low (63-92), moderate (92-136), and high (136-170) classes of vulnerability. The vulnerability
index by the SINTACS is between 99 and 205, which is categorized as low (99-140), moderate (140-176), and
high (176-205) classes of vulnerability. After preparing the GODS maps, these parameters were multiplied
according to Eq. 3, and the vulnerability map was obtained. Vulnerability index for GODS changes in the range
of 0.16 to 0.71, which is classified into 3 categories of low (0.1-0.3), medium (0.3-0.5), and high (0.5-0.7)
classes of vulnerability. Concerning the similarity of the results, selecting one of them as the superior
frameworks for assessing the vulnerability of the study area does not seem logical. So, in this research, three
frameworks were combined to take advantage of all three frameworks. The CI between vulnerability maps and
nitrate concentration were used for the validation of the frameworks. The results show that DRASTIC and
SINTACS have higher CI than GODS.

The results of DRASTIC, SINTACS, and GODS frameworks were combined and the finalized as DSGM map.
The DSGM vulnerability index varies between 0 and 1, which is classified into three groups: low, moderate, and
high vulnerability.

3-1- Modeling results using artificial neural network

In the artificial neural network model, the DRASTIC, SINTACS and GODS vulnerability indices were used as
inputs of the model and the vulnerability index of the unsupervised method that conditioned with nitrate (Eq. 6)
was used as the output of model as follows:

CVI = Hmax_ y (Noy,), (Eq. 6)

(eNoEl
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Where Vul is the maximum vulnerability index of the unsupervised method, (NOz) ., is maximum nitrate

max

concentration, and (Noz); represents the nitrate concentration. The input of the model at the training phase is the
DRASTIC, SINTACS, and GODS vulnerability index, and its output are the values of the conditioned
vulnerability index of the unsupervised technique. A three-layer perceptron network with an algorithm (MLP-
LM) was used to run the artificial neural network model (ASCE, 2000). The number of neurons in the middle
layer, and the output is, respectively, 5 and 1, and the LM algorithm was used to train the network. The number
of training periods was 100; the determination coefficient (R?) and RMSE for the training stage were 0.94 and
6.38, respectively. After training, the model evaluated for the testing phase. The determination coefficient of the
predicted vulnerability with nitrate values was obtained 0.89.

3-2-Validation

The correlation coefficient between vulnerability maps and nitrate data was calculated to find out more
accurately and compare the models in this study. The artificial neural network model has the highest correlation
coefficient and exhibits better performance.

4-Conclusion

The purpose of this study was to determine the intrinsic vulnerability in Ahar aquifer using DRASTIC,
SINTACS, and GODS frameworks, unsupervised and supervised techniques, and finally, to compare the
efficiency between them. First, DRASTIC, SINTACS, and GODS were used to assess vulnerability. Based on
the results, the plain vulnerability was classified into three groups: low, medium, and high. Since each of these
frameworks has its advantages, the unsupervised technique was used to take the benefits of three frameworks.
The results showed that the unsupervised technique has a higher correlation index (CI) with nitrate data than
individual frameworks. To increase the accuracy of results and identify areas with high potential of pollution,
the ANN model was used to optimize the results of the unsupervised technique. Optimization of the
unsupervised technique was performed by implementing the artificial neural network model using the
Levenberg-Marquard algorithm. The results showed that the supervised technique has higher CI and R? and
provides a relatively more accurate estimation of vulnerability than other frameworks and unsupervised
techniques. Based on the artificial neural network model, the eastern parts of the plain were characterized as
vulnerable areas.
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Fig. 2. Location map of the study area and locations of piezometers and sampling point.

Legend g
QUATERNARY — Falt @
["0al| Recent alluvium % City S

[0t ] Silt conglomerate travertine
B Atkali andesite and basalt
| S8 | Silisified zone

~A River

b Hydrothermally altered zones
OLIGOCENE- MIOCENE
- Aklali syenite
Monzonite granite aplite
PLIOCENE

4280000

- Conglomerate and siltstone

Ignimbrite
MIDDLE- U.EOCENE

4270000

21 Latite and ignimbrite
@ Latite and andesite

@ Dacite trachyandesite and ignimbrite
Meyaporphyritic latite
PALEOCENE- L.EOCENE

4260000

- Submarine volcanic- Pyroxene andesite,analcime
@ Violet conglomerate and breccia

- MarleJimestone and sandstone

CRETACEOS

B Basice submarine voleanics

[TKa "] Acidic to intermediate submorine volcanics
@ Reefal or marly and Doted

4250000

650000

B Mart molasses and sandstone

660000

670000 680000 690000 700000

(Lesquyer et al., 1978) ,al asg> ol yuo; atds -¥ IS
Fig. 3. Lithological map (modified from Lesquyer et al., 1978).

b 5l S5lssss e yell cds ululy DRASTIC sl (2009
Slbse (A) Gyl (R) allbais (D) wen) ol Gee
U525 ) (Ss mencolan 5 (D) glelé anb 36 () 1555 «S)
ooty bl )l cpl 5l ol Cledbl (Y e -) JSK8) cl oo
ATCGIS 38l 5 Lawgi s 9 43,58 Jelod 5 @i 9,90 Akl
OB 5l Sy el )y yoa DRASTIC Lol yo ded oo G5l p
O Shg ¥ g =) JS2) 3580 03l olais] jally Coeal G
Slixe 4 ) sue a5 el pite Ve U)o DRASTIC gla el b 4,

Y&

BLET-IY
POl Gy yo aid) 510 es sbogz

DRASTIC

Syl Sly Loszlz ol 5 e dserssl S DRASTIC

e Aller Lwg YAAY Jlo o b odgl a5 canlaglosol s pdocm]
50 el ey e cbli> bl L(Aller et al., 1987) col ous
bl cas wlaibinl paan G Glgieay | DRASTICYa4- Lo
Boughriba et al., ) col osls anwg uen; sloo] (Sogll Jewily



Y O)LW:J AR 0)50 A9 QLMLS

e

A iy (60,8 cs"“L"“’ O=2) ﬁmdyia‘?%

syt 45,5 s o] laglyul sl b pltled adlaie S5l
Sy 35 ol aem & 5 Sl e B o Sl sl i)
Al e oty by oyl 1 () o
GODS,,.. = G.0.D.5 R
SV aihie 55d5id S O il oy gy il G b el o
NQRIRY VWS By W) KWW

Fedb! glaay agd
bame )3 byl 5l plaS o 4 by ye slaasdl agh ool pll sl
2 Gl S ey s Vo nle Jo by s ATCGIS (58 5
Sl (A=Y T o oloype) b magi o o gloosls 5 loasis
ol )| slaools 3l aizen 5 clovnlive ool SY g (o1 0,00 slnol>
Ol sladlaze OT lojlos 51 a8 0355 oolaiul 1o YA 8o b dilaie og3,

S A (B bl

L 5l @ged YA ol VY48l ol b1 50 s sloardisyies sloosls
diges .l ool Cild y BlB g doiiz ol Jolis jol abe> ) calisee
ely e (DS gisld IS ol Blo S () (el ol Jolo
@S el e 5 oo i (ST iile (S polie s (ejeie 5 pedS
Sosls o)l o &Y Joaz (o aods jsbay Hleeds sbas Ul
S ooy Skl 5 Sz cble Vb polie calSple (pliends e
r 4 G ol g el Gl g plejle o il 5l i
saie oyl awg ool Sgmgs Sogll Gblie e g Ol polie clile
ST leoiegy o Ko polie sud el Gl o)y @bl 5 ob a3y
slp Ol bosls I ol magh 0 288 walgs 13 Couy 850
Comdge ¥ S5 005 oolital laghsy) 5 ooz by mls (oriwione
L S sas e glis 1) ol Cll IS e T S 5 (6o piged bl
s 4o Ols polie cp s el 00l Sbiye,s IDW 3, 51 sslisal
o b glgidy & bape ol (iS5 (Frd slagisn 4 by 5ol
&S polie By oS (bt poliacal 1) p e S dee TIVA g WVY os 5
el sas o0ls yLzs ND (Not Detected) b wlosgs ololis LB

S5 o0 g ey 2l (SOl sl sl n e V0 s GieS
B30339 oy DRASTIC asLs .(Panagopoulos et al., 2005)
(Aller etal., 1987) 555 o amlome (V) alal, b il )b s ggammo 4

(\ akyly)
V1= Dr Dw+ Rr Rw+ Ar Aw+ Sr Sw+ Tr Tw+ Ir Iw+Cr Cw

Sl e a4 a8l S5s W g as, I awlBcds gl i)l oasmsjlis
el ol 0 Grdiees] 2L Gl wgie ols arass

el cesoay gTas; o el o oyl Jol
SINTACS

oy slp Y2 L e Civita Lwg L ool SINTACS
gl Gee sl cda o] 50 5 ead 0350 Wl Cgiz g pdicam]
(T) Seg (N) glasle aihie Sl () LA @i «S) Sl
sxnagy slp O) ced 5 ©) (Sdgoe ol (A) Glosllae
5 SISINTACS (0 g -V JS3) ol asd, 54 olgsul 6 pdscunl
sy g as, wdly ;o Jg oo DRASTIC aiss b ol )y slos g 45
;o 4 SINTACSC o2 o> ,0 (Civita, 1990) o ,lss 5 i Slaxil ]
a3 o)l IS s pdscaal ;3 a5 eal 5 3l aloly bzl ) elas
97 g =) JSE) 09 oo ool polaiSl O BV Gl ed 599V B o
g s dploes (V) alal b (6 iyl (a3ls Soled ;0 (V (ST

Iinracs = Zizi B x W (¥ el )
» a3, Pi SINTACS pieesl a5l IsinTacs YU akl, 5o
el 2ol (o 359 Wi g 20l
GODS

Olese el )l 51 (6505 dlawi b aS wiloasae pl » oladswe 1 >0

oaiasl )l GOD Liwlycpan ,o a5 cébewws DRASTIC Jolas lia
nppte 5l S &S SaY 4 GOD (Chilton et al., 1990) ..l
Sl cwl asls s JelS jsboay Canlroan¥T Bi> 5 ol sla s
Paez, ) coil oo «l) GOD 4 s Fallh e Sadlal b GODS
SSoislsind slaThs ol g5 Ll ez ) GODS Lo (1990

k_s.:l.v.‘ll.)a,a 03gdse 1O 03D diged ‘SgL:Mu ,.JU @lﬁdf\ Jj&
Table 1. Chemical analysis results of samples in the study area.

Unit mg/L po/L
Parameter | HCOs| S04 CL F NOs | Na* K* | Ca?* | Mg* As Fe Cu Pb
Min 195.2 2.69 31.9 045 | 3.38 | 13.7 | 0.38 | 25.6 5.8 ND 172.8 ND ND
Max 573.4 354.3 1060 14 177 448 80.8 271 132.2 119.2| 895.3 42.1 254
Average 371.8 5.124 131.6 | 0.85 1.2 85.3 8 100 374 34.7 | 396.5 2.82 6.65
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Fig. 4. Spatial distribution of nitrate concentration in the study area.
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