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Abstract

One way to balance the environment is to study and manage aquifer vulnerabilities. In order to decide and manage the aquifer, the need for
planning to identify vulnerable areas is very important. Several methods and indicators to assess the vulnerability of the aquifer are presented
in each of these indicators is based on a set of factors used. In this study, 5 vulnerability indicators have been used in the coastal region to
investigate and compare these methods. The characteristics of DRASTIC, SINTACS, Sl, GALDIT and GODS were investigated to assess
the sensitivity of the aquifer inherently. The results of these 5 indicators were different according to the nature of each of them and in order
to increase the accuracy of the results and practical use of these results in coastal areas, weight and rankings were performed using
hierarchical and entropy analysis method. For this purpose, the correlation between the vulnerability index concentrations of TDS, nitrate
and chloride and weights of each indicator was calibrated. Sensitivity analysis of various parameters in vulnerability indicators showed that
GALDIT index reflects this sensitivity in the results, considering the effect of sea salt water progress. Depth parameter to static level in other
indicators and distance parameter from the sea is a sensitive and important criterion in GALDIT index and after model calibration, it was
found that 30% of aquifers are exposed to the saline fronts of sea water infiltration.
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Table 1. Data collection for evaluation of vulnerability index

Parameters Model of processing

Data Source

Groundwater level Interpolation

Aquifer recharge Interpolation

Aquifer media Interpolation

Soil media Digitization
Topography Digitization
Vados zone Interpolation

Hydraulic conductivity Interpolation

Land use Dlgltlzatlon_ image
processing

Qualitative sampling of

water resources lnterp0|at|0n

Time series of observational wells in the region in 2017

Average infiltration resulted from rainfall and surface runoff in a 20-year
period (1997-2017)

Logging of existing explorative and discovery wells in the region
Available soil maps

Topographic maps and digital elevation model

Classification of unsaturated zone based on well logging in the region
Estimation based on transmissibility in aquifer using pumping tests

Land sat 8 images

Sampling from selected wells in 2017
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Figure 1. Case study
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Table 2. Introducing GALDIT model parameters and their weighting

Class  Classification vulnerability | Parameters  Weight

High (10) Medium (7.5) Low (5)
Confined aquifer  Un-confined aquifer  Leak aquifer  Limited aquifer

Very low (2.5)

G 1

A 3

>5 Low vulnerability L 4
5-7.5 Medium vulnerability D 4
10< High vulnerability | 1
T 3

10-40 5-10 >5
1-15 15-2 2>
500-750 750-1000 1000 >
15-2 1-15 >1

7.5-10 5-75 >5
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Table 3. Introducing DRASTIC index parameters and their weighting

Depth G.W Recharge Slope Hydraulic conductivity . . .
(m) (mm) (%) (nday) Aquifer media Vados zone Soil
& 5 4 5 & 3 & 5 & 5 £ 5 2 5
O o4 (&) a4 (o] o4 (o] o4 (o] o4 (&} o4 (&) o4
0.1-1.5 10 0-50.8 1 0-2 10 04-4.1 1 Volcanic 2 fining | 1 | 10
rock Confining layer Grave
15-4.6 9 50.8-101.6 3 2-6 9 41-12.3 2 Silt 3 Clay/Silt 3  Sand 9
46-9.1 7 101.6-177.8 6 6-12 5 12.3-28.7 4 Sandstone 5 3 . 8
Shale Pit
&shale
9.1-15.2 5 177.8-254 8 1218 3 28.7-41 6 Sandstone 6 limestone 3 Sandy loam 7
15.2-22.8 3 >254 9 >18 1 41-82 8 Conglomerate 8 Sandstone 6  Loamsandy 6
22.8-30.4 2 >82 10 Sand and 8 8 5
Sand and Gravel Loam
Gravel
>30.4 1 Basalt 9 Basalt 9 Siltclay 4
Karst 10 Sand and clay 10 Clay loam 3
Impact clay 2
Non 1
infiltration
5 Weight 4 Weight 1 Weight 3 Weight 3 Weight 5 Weight 2 Weight
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Table 4. DRASTIC index classification based on vulnerability

Classification Vulnerability ~ Class  Classification Vulnerability Class
Can be ignored 46> High vulnerability 137-184
Low vulnerability 47-92 Very high vulnerability >185
Medium vulnerability 93-136

Table 5. GODS vulne

rability index parameters

Soil Depth G.W (m) Lithology The aquifer's confinement
Parameter Rank  Parameter  Rank Parameter Rank Parameter Rank

Clay dense 0.5 > 50 0.6 Soil 0.4 None 0
Silty clay 0.6 20-50 0.7 Lichens 0.5 Artesian 0
Silt 0.7 5-20 0.8 Igneous and metamorphic rocks 0.6 Confined 0.2
Silty sand 0.7 <5 0.9 Volcanic lava of the present time  0.7-0.8 Semi-confined 0.4
Clay seam and slit 0.8  Other depths 1 Karstic limestone 0.9 Free with a coating layer 0.6
Coarse sand 0.9 Hard rocks 1 Free 1
Low or no soil thickness 1

Table 6. GODS vulnerability classification

Class Classification vulnerability
0-0.1 Ignored
0.1-0.3 Low vulnerability
0.3-0.5 Medium vulnerability
0.5-0.7 High vulnerability
0.7-1 Very high vulnerability
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Table 7. Weight and ranking parameters of SINTACS index

_— Hydraulic . f . .
Depth GW-S  Infiltration-I Slope-S conductivity-C Aquifer media-A Un- saturation zone-N Soil-T
£ ¢ & ¢ & ¢ & g £ 5 2 5 £ 5
(@) 24 (@) 24 (&) 249 @) 24 (@) o (@) o (@] 2
0-3 9 0-25 1 0-3 10 0-0.1 3 Massive shale 1-3 Enclosed layer 1 Thinorabsent 10
35 8 25-50 3 35 9 0.1-0.86 4 Transformation / Ignition 2-3 Silt/ Clay 2-6 Loamy sand 9
5-7 7 50-90 6 5- 8 0.86-4.32 5 Igneous-metamorphic rocks  3-5 Shale 2-5 Sandy loam 7
70 6 N g 7005 7 432864 6 Glaciers 46 Limestone 27 Cravelwith g
125 ' ' ' loam
10- 10.5- Sandstone and layered
13 5 125> 10 135 6 8.64-43.2 7 limestone 5-9 Sandstone 4-8 loam 5
12% 4 11%55 5 73.2-86.4 8 Massive sandstone 4-9 Sandstlti)rr;]eegtr:)(:] éayered 4-8 Clay loam 3
23% 3 1169% 4 52641-1 9 Mass lime 4-9  Sandand gravel withclay ~ 4-8
33% 2 19.5-23 3 366.4> 10 Sand and gravel 4-9 Sand and gravel 6-9
36> 1 23-275 2 Basalt 2-10 Basalt 2-10
275> 1 Karstic limestone 9-10 Karstic limestone 8-10
5 weight 4  weight 1 weight 3 weight 3 weight 5 weight 2 weight
Table 8. SINTACS index classification by vulnerability
Class SINTACS
26-51 Can be ignored
52-104 Low
105-156 Medium
157-210 High
210< Very high
Table 9. Classification of land-use
Land use Rating
Irrigation perimeters (annual crops, paddy fields 90
Agricultural  Permanent crops (orchards, vine yards) 70
areas Heterogeneous agricultural areas 50
Pastures and agro-forested areas 50
Industrial waste discharges, landfills 100
Artificial Quarries, shipyards, open-air mines 80
areas Continuous urban areas, airports, harbors (rail) roads, areas with industrial or commercial activity, laid out green spaces 75
Discontinuous urban areas 70
Natural Aquatic environments (salt marshes, Salinas, intertidal zones) 50
areas Forests and semi-natural zones 0
Water bodies 0

Table 10. Weighting of Sl index parameters

Parameter Weight Parameter Weight
Slope 0.121 Depth GW 0.186
Land use 0.222 Net recharge 0.212

Aquifer media 0.259

Table 11. S classification by vulnerability

Class Vulnerability class
30> Ignored
30-40 Very low vulnerability
40-50 Low vulnerability
50-60 Medium to low vulnerability
60-70 Medium to high vulnerability
70-80 High vulnerability
80-90 Very high vulnerability
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Figure 2. GALDIT vulnerability index parameters

"

dJL-f Y |
o . .

\"Q\}i‘gl Ye)ln'il \e 0,95



85 a.:|}r.:>J 1,25 «gsl s Obolu ‘(.\3.4 0o, da

Leogend

)

L frene e
Lo e P

D

J — R e
e —ne S s EEL
o]

u -
I B e T o
- ——— | EUN s LR

S

Figure 3. GODS vulnerability index parameters
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Figure 4. Parameters of DRASTIC, SINTACS and Sl vulnerability index
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Figure 8. GODS index

Figure 5. SINTACS index
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Figure 7. Drastic index
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Table 12. Weight of DRASTIC index after calibration
using AHP and entropy methods

Parameters  Weight ~ Weight by Entropy ~ Weight by AHP
D 5 46 44
R 4 3 25
A 3 21 18
S 2 2 25
T 1 23 19
| 5 4.2 45
C 3 4.8 51

Table 13. Weight of SINTACS index after calibration
using AHP and entropy methods

Parameters Weight Weight by Entropy ~ Weight by AHP

S 5 45 4.2
| 4 42 3.3
N 5 42 45
T 3 2.5 2.7
A 3 1.9 2.2
C 3 3.9 4.8
S 2 2.2 1.9

Table 14. Weight of SI index after calibration using
AHP and Entropy method

Parameters Weight by Entropy ~ Weight by AHP  Weight
Aquifer media 0.27 0.22 0.259
Slope 0.15 0.078 0.121
Land use 0.2 0.311 0.222
Depth to G.W 0.17 0.14 0.186
Recharge 0.28 0.245 0.212

Table 15. Weight correction scores of GALDIT index
after calibration using AHP and entropy methods

Parameters Weight Weight by AHP  Weight by Entropy

G 1 1.7 2
A 3 54 4.7
L 4 15 1.8
D 4 15 1.4
| 1 0.8 1.2
T 2 24 2.8

Table 16. Weight of GODS index after calibration
using AHP and entropy methods

Parameters  First Rank Weight by Entropy Weight by AHP

Type aquifer 02 05 06

1 0.8 0.9

0.5 0.9 0.9

Soil 0.6 0.75 0.8

0.8 0.65 0.6

0.9 0.55 0.4

0.5 0.85 0.8

The upper I.ayer 06 0.65 05
of the aquifer

0.8 0.35 0.2
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Table 17. Correlation between calibrated vulnerability index and TDS concentration

Index R%-Cl R%- No; R%- TDS
Original AHP Entropy Original AHP Entropy Original AHP Entropy
GALDIT 0.39 0.48 0.47 0.035 0.25 0.24 0.58 0.72 0.67
DRASTIC 0.38 0.55 0.56 0.03 0.37 0.34 0.48 0.62 0.6
GODS 0.32 0.42 0.44 0.05 0.24 0.27 0.37 0.47 0.45
Sl 0.29 0.51 0.53 0.07 0.28 0.3 0.44 0.57 0.55
SINTACS 0.32 0.53 0.55 0.04 0.29 0.29 0.47 0.63 0.58

Legend

Congma ey

[ Awiin
N | Mezuem culreratity
‘3‘ B ey

T e gt sunecasay

v

Figure 12. Calibrated SINTACS index
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Figure 13. Calibrated GODS index

"

Q’JL-I Y |
v - X

Legend

| Capion fen
G Acgefer

[T ] Medumn wutreemtey
“'. B 1 ccheraziy

- B =0 sigh veneaniy

’ ' '
- — — e
— — — —

Figure 10. Calibrated DRASTIC index
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Figure 11. Calibrated GALDIT index
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