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Land subsidence, a geo-environmental hazard, is mainly associated with long-term
decline in groundwater level and excessive groundwater extraction. The Salmas
plain (NW Iran) experienced considerable subsidence (~12cm/yr). This study aimed
to determine the areas susceptible to land subsidence in the Salmas plain. The
GARDLIF framework was used to assess the spatial susceptibility to land
subsidence based on seven hydrogeological and environmental parameters:
groundwater-level decline (G), aquifer media (A), groundwater recharge (R), aquifer
discharge or pumping (D), land use (L), aquifer thickness (I), and distance from
faults (F). The thematic layers were ranked, weighted, and integrated using ArcGIS
to evaluate the GARDLIF susceptibility index. In addition, the Grasshopper
Optimization Algorithm along with an Artificial Neural Network (GOA-ANN) was
applied to optimize the susceptibility assessment. According to the GARDLIF
model, the Salmas Plain was classified into moderate, high, and very- high areas,
accounting for 14.1%, 58.1 %, and 27.8% of the study area, respectively. Based on
the GOA-ANN model, the Salmas Plain was classified as 8.2%, 45.3%, and 46.5%
ofthe area into the moderate, high, and very-high susceptibility classes, respectively.
A strong correlation (r= 95%) was observed between the two approaches. Based on
sensitivity analysis, groundwater-level decline (G) and aquifer discharge (D) were
the most influential parameters, with mean sensitivity values of 0.27 and 0.15,
respectively. Whereas distance from faults (F) had the lowest influence (0.0025).
The highest susceptibility areas occur mainly in western and southern parts of the
plain, including areas around Qareh Qeshlaq, Tazeh Shahr, and Salmas. Field
evidence, including sinkholes and surface cracks, is consistent with the predicted
susceptibility patterns. Groundwater-level decline and excessive groundwater
pumping are the principal factors controlling land-subsidence susceptibility in the
Salmas Plain. The close agreement between the GARDLIF and GOA—-ANN models,
together with field evidence, supports the reliability of the susceptibility assessment.
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Expanded Abstract

Introduction

Land subsidence is one of the major consequences of
excessive groundwater exploitation and can lead to
serious problems, such as the formation of surface
cracks, increased erosion, flood risks, and enhanced
potential for groundwater contamination. Both
hydrogeological and anthropogenic factors, including
the presence of clay-rich and fine-grained layers,
alluvial thickness, faults, and, particularly, intensive
groundwater withdrawal, control the occurrence of
land subsidence. Declining groundwater level
increases effective stress within the aquifer system and
causes the gradual compaction of fine-grained layers.
This process can reduce the aquifer permeability and
storage capacity. The magnitude of subsidence is
controlled by the mechanical and hydrological
properties of sediments and the duration of increased
stress (Kuehn et al., 2010).

Previous studies in Iran have also demonstrated a
significant relationship between declining groundwater
level, the thickness of fine- grained layers, and land
subsidence. For example, subsidence rates exceed 20
cm/yr in some parts of the Mashhad plain, whereas the
Qazvin aquifer experienced a mean annual subsidence
rate of 9.39 mm. Furthermore, a global assessment of
290 case studies from 41 countries revealed that
anthropogenic activities, including groundwater
withdrawal, are the principal factor for land subsidence
(Bagheri-Gavkosh et al, 2021). Similarly, the
integration of GIS and a fuzzy interference method
successfully identified the areas of high and very high
land subsidence susceptibility in the Ardabil plain
(Aalipour et al., 2022).

Given the spatial nature of land subsidence,
Geographic Information System (GIS) and machine
learning approaches provide useful tools to integrate
the influencing parameters and delineate the
susceptible areas. The Salmas plain, located west of
Urmia Lake, is among the areas affected by land
subsidence. Previous investigations have reported a
subsidence rate of 12 cm/yr in some parts of the plain,
especially around Qreh Qeshlagh (Moghtased-Azar et
al., 2012). This study aims to delineate the land
subsidence-susceptible areas using the GARDLIF
framework and a hybrid Grasshopper Optimization
Algorithm-Artificial Neural Network (GOA-ANN)
approach. Sensitivity analysis is also employed to
identify the most influential parameters controlling
subsidence susceptibility.

Materials and Methods

Study area

Salmas Plain is located in northwest Iran, in West
Azerbaijan Province, west of Urmia Lake. The study

as

area covers approximately 2,612 km?, of which about
539 km? comprises the plain, and the rest consists of
surrounding mountains. The study area contains two
unconfined aquifers (Qalqachi and Mastakan) and a
confined one (Salmas), which occur vertically above
one another (Naderi et al.,, 2018). The storage
coefficient of the alluvial aquifer is approximately 1-
3.5%.

GARDLIF Framework

The GARDLIF framework was employed to assess the
relative susceptibility of land subsidence in the Salmas
plain. In this model, seven hydrogeological and
environmental parameters were used, including:
groundwater-level decline (G), aquifer media (A), net
recharge (R), aquifer discharge or pumping (D), land
use (L), aquifer thickness (I), and distance to faults (F).
Based on each parameter's influence on land
subsidence, they were ranked on a scale of 1 to 10. In
this scale, rank 1 indicates the lowest susceptibility and
10 the highest one. Additionally, parameters were
weighted, ranging from 1 to 5. The assigned weights
for G, A,R,D,L, I, and F were 5,4,2,4, 5,3, and 1,
respectively. Finally, the GARDLIF index (GI) was
calculated by summing the weighted ranks of the seven
parameters:

GI = G,G, + A,A, +R,R,, +D,D,, + L,L,

+ 1.1, +EF, M

where » and w represent the rank and relative weight of
each parameter, respectively. Accordingly, the GI
index provides a useful criterion for relative
assessment of subsidence susceptibility. Higher GI
values indicate greater potential susceptibility. After
preparation and ranking, the spatial layers were
integrated using ArcGIS.

Artificial Neural Network and Grasshopper
Optimization Algorithm

An Artificial Neural Network (ANN) with a Multi-
Layer Perceptron (MLP) structure, comprising input,
hidden, and output layers, was used to assess the
sensitivity of land subsidence. Input and output data
were normalized using the Min-Max approach. While
ANN weights and biases were determined through a
trial-and-error procedure, which may affect the
performance of the model, the Grasshopper
Optimization Algorithm (GOA) was used to optimize
these parameters.

The GOA algorithm is a swarm-intelligence
metaheuristic algorithm inspired by the social behavior
and foraging patterns of grasshoppers (Saremi et al.,
2017). In the present study, the GOA and ANN
approaches were integrated to improve optimal
network weights and biases and to enhance the model's
predictive performance.
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Model Performance Evaluation

The performance of the GOA-ANN model was
evaluated by using four statistical metrics, including:
root mean square error (RMSE), mean absolute error
(MAE), coefficient of determination (R?), and
correlation coefficient (r). Better agreement between
predicted and observed values is generally indicated by
lower RMSE and MAE values together with R? and r
values close to 1.

Overall, the research methodology- integrating spatial
GARDLIF, GIS, and GOA-ANN machine learning
approach- enables the identification of susceptible land
subsidence areas and evaluation of the relative
importance of the controlling parameters.

Results and Discussion

The GARDLIF susceptibility index results for the
Salmas plain ranged from 107 to 174. According to the
GARDLIF index, the Salmas plain was classified as
moderate, high, and very high. The vast part of the area
was covered by the high susceptibility class (58.1%),
followed by very high (27.8%) and moderate (14.1%)
classes. The areas with the very high susceptibility
class were distributed around Salma city and Qareh
Qeshlaq. These results were consistent with previously
reported subsidence patterns and radar-interferometric
observations, which indicated minimum 7 cm/yr
subsidence rate in some parts of the plain.

The spatial distribution of susceptibility resulting from
the optimized GOA-ANN was different, where 8.2%,
45.3%, and 46.5% of the study area was classified as
moderate, high, and very high susceptibility,
respectively. A strong correlation between GARDLIF
and GOA-ANN results (with R?=0.93 and r= 0.95) and
the low error values demonstrates good consistency
between the two approaches. The optimized model also
provided a more precise and sensitive depiction of

vy

susceptibility variations in the areas close to the
boundary of classes.

Sensitivity analysis identified the groundwater level
decline (G) with a mean sensitivity of 0.27 as the most
influential parameter, followed by aquifer discharge/
pumping factor with a mean value of 0.15. Their
dominant influence reflects severe groundwater level
decline and excessive water extraction across the plain,
especially in agricultural areas. In contrast, distance
from faults (F), with a mean sensitivity of 0.0025, had
the lowest influence. Overall, the results show that
groundwater depletion and intensive pumping are the
main determining factors to the spatial distribution of
land subsidence susceptibility in the Salmas plain.

Conclusions

The results indicate that the north and northwest of the
Salmas plain, especially around Salmas city, Qareh
Qeshlag, and Tazehshahr, exhibit the most
vulnerability to land subsidence. A strong correlation
between the vulnerability map based on the GARDLIF

model, field evidence, and radar-interferometric
observations confirms the reliability of the
susceptibility assessment. The strong correlation

between GARDLIF and GOA-ANN model results (r=
0.95) reveals its efficiency for identifying land
subsidence susceptibility areas. The sensitivity analysis
demonstrated that groundwater level decline and
excessive extraction of groundwater are the main
controlling parameters in the vulnerability of land
subsidence. The influence of the distance from faults
parameter was the lowest. Therefore, effective
management of groundwater resources, particularly
reducing excessive groundwater extraction in
agricultural areas, raising awareness of water-use
sustainability, and improving water use efficiency, is
essential to mitigate the potential risk of land
subsidence in the Salmas plain in the future.



g o S35 P59,0e
Homepage: https://hydro.tabrizu.ac.ir/

LG

TN VP by oF o5loud cppd Jlw 5599559 y0u

@92 3le> 1 00wl b pvlode elid 30 (o ) ol g 98 Wtimo @bl (bl

cwlo g w9L g GARDLIF

" 5 p%inT angane " y91090 il sliant Gl S Ao

Oyl e dneg )l cdngl olSiils cpsle aSLiils ¢ puwlids yao 09,5 cas )| cuslis IS ais- gl yzils -

Ol crng | g )| oS3 pgle aSCals  awlidsinn; 09,5 o bsbial =Y
2Ol edpog )l cdag )| oKl cpole 0aSiiils ¢ gwlidpn) 09,5 Lobwl -¥
aliii.gorbani2021@gmail.com: J gowo 6w 933

LR

Alio OledMb|

ol s 515 2alS Judo @ plssel Bblie 0 Butas 5 039 s harme o h3 S (laie & Caniiiy b
Ol (Ol w8 Jlod) Golabos sy a2l g0 Gl (cimjnj slaool a5l Gy bl 5 (e
Sne Bblie i ol Gadod Bu (Jlo 3 fteniile V1) 39 a2 95 BB 2l lalo o ogr Cnniig 2
bl b)) &l GARDLIF Cgmlon 5l ol i plonl g ool Lulokes cods o iy b
a3l 4 sl ame g 3Lyl yiel )l e e (g, ol el 00 aolatl Cunitis 8 aaiae
D) g5 ol sear b s 4l (R) sy ol 235 (A) Gyl Lazms (G) ST 515 gl 225 5]
Gaz y gmy 2 3l g 29090 Y ool (F) b S 51 alols 5 (D) olssel calbies (L) (o5 )
s ol cas 500Ss LATCGIS Lse jo layY (pl e 05d o0 Guand (559 T sl 5 00
Fran sras 4 b ooles e oad giluatge sl (al » el Wisde 303 GARDLIF
s GARDLIF o olol 5 s ooliil axiee 3ble b)) osjlotings <z (GOA-ANN)
(VIN L) oy s 5 OAIY 1) ol e(ibare JS 51 VE 1) Lasgie Conniy b cophld b dilate s &y poloos
do 3 MY ) lasgie ails as & ailaie o Concitis b opbld GOA-ANN g, olul s oo oty g
ool (T = A0 1) s s illad .ol o s (FSI07) 5L L5 5 (FOIY 1) ol o(aihare JS ;)
Syt 553l b (D) Glssul asw 5 (G) e ol gl 10lS ol Lelos bl sl 00y
2 ell Ga Al eS e V0 St (oSl b (F) JuS 5l alols g el (5550 <10 5 1YY i
o s e Jlodh g oy 50 Boee Vb Cenniiy 3 colili b sblie .aiad bl oelob cods Caniig b
g lodllrgd Jold o5 ol Claalin 4 @ls ol 0d Guati ol g Bido)d ulabu yed Skl )
iete Olsmel il gy Cblop 5 (e o e GRS Wl Jlses (sl xlaw (gla SuSs
5 GARDLIF (gl Jas (o w55 3l aiien (olabes cos 5o Canciig )b g33y oS S Jalse

S oo 9l 1) bt onl licebl CublB Sl oo amgd b ol s GOA-ANN

ey allie il gg5

VEY/PND bl o g b
VEF/ 50 b iy Gyl

ojlgunls

cmleds o (e
Jae GARDLIF Gzl
Camitig 3 GOA-ANN

ool b (lalos Casd 10 (o g 8 dnians 3blie olulis (VF+F) degane o5, 5] jbasiwl o g ulie o e b3 olawl
DOL: http//doi.org/10.22034/hydr0.2025.56975.1296 A0-\\Y «(¥) V+ «siefsfis, e . cuile 6 5oL g GARDLIF o= >

oy s ©

DOI: http//doi.org/10.22034/hydro.2025.56975.1296



mailto:aliii.gorbani2021@gmail.com
0000-0002-8756-7231

VP F obcwno ) oF o louds (o0 Jlw (55909959 y0u
Hydrogeology, Volume 10, No. 2, 2026

OF- e oK 5 gawl) Sloly molas sl eolaiwl o (VY
Ohes 5 weaie (2o (pgaz (nl )5 0ged o)La
B Gl b ey Cenitig B 2Ll 4 (VFAY)
Ol Sl Yo () 5 (Slae slags pSojlail 5 51,
G35 (b3l by SaS 4l Ll oo sgdeo s 5
Al cadd oo 13 Gamo (LaS) o) laools oy 5 segad aS
Lo g Woged (o) p |y adlate 0 (o) Saniiig B
VYl st cis S sln ool (el 5l
Ol sy gl (0505 eolaswl ENVISAT o jlgale g3
> B 28 g (20F Jled 50 Sundig g0 a5 ol
3 Vede Jlo po aSG ek cul ooy Fy oagie el
Yo 5l o Oliee 40 @ 0l S VIV Y Corg 4y (slosgass
blie (o) Sl 009y iy B Jl 5o Lo yo e sile
Olpe O &5 weoe plis o (pulidee)
Sl iy ol gl s L blie o ceniig b
ol p el ool ol ol il Cuwlbhs g diloy, S
St e 3] B i 53 45 Wsed (shesis ] bl
Jolis Bblie ool 09 ol (6 S b Comiiy b ouiy] o
Mo LSS o 0 lesul wdss a5 cwl sla s
Vo5l Gt seeiny 2l e SEIL g 00y S alad (5500
O 5 (oo SLle (rizren ad ainles axlge e
ol bl mlaw Olass 51 50 ey Gy 3 (11A)
Il kol (mi 215 g 5l olial L (G
w55 ) sske (rl Gl 08T oy 1) 93P Gl o
;1 Sentinel g Alos Palsar (Envisat sleo,lsale slaosls
mh Slais is,S eolial YoAV B YooY gla Lo
A oolaul Slaslie ol YA+ slaosls 51 lssul Sl
15 e Comigyd AVl 5uSile a5 ol ol mls
5 soikes TUR 3558 Olyzel 1 YWV B Y- ¥ ala L
59 el 0092 fo oo Y51 a8 Jlaie (il (938 (il 5o
Ol eogame jo auniiy b (i (2938 (il rbans
Sy Culbhs sdes isu Olaalie wlul 5 g 0ols &,
Sl anlllae oyl 50 el oot eSS ailsg, Slges,
ol odalive (ST 550 5 105 Cmagr Jlod )o Cennitis B

aa

LYRY T
2 Ay GOl poy 5l ol DMass 5 Pl 5 (S
Gl iy ] ae) Cemind sl laglyl
3 b Gl alex 5l ian s lasee wyad slaca!
gy o &l bl il onds ooyl b (slacblSi slatal
onl 5o ogdise plyzel (Sogll deily (lal3dl g s 4,
5 sy il uliinny e Jage oyas
Y ol &5 ible 5 JI S () ey
615 e aile el sloedlad of yas 4y ansl iy Sl
oy (il 3922 50 @l il S slaS s aSaj
0o )15 ez cikizes Gblie )0 Candiy,d odydy il
Wil S5 0 0yl b aS Los e bl dlex 5l
Slogl g 50555 S0 ol o L adlS 5 Lol VLT 40 ol e
(P9l o BBl bl 0 SoSb ez )0 S5 «nl 50
Castellazzi ) o,5 o,Lil G350 10 650350 ¢ pling jo soile
Olpl calize 3blie ,o (et al., 2016; Trinh et al., 2000
ool &) b 5o Sglite Sl o by (e Sennig B 8y o
o Ol $loamtis it it 5 b 4 Ly 5 o
sl Ol gy Bl g Shey 1 plsFel o515 el
Y ol Oypa S () Slik Glls gl S ST
sals el lasol JglS g amle jo O jLlad zals wsl
o dls HLad 5y 4 a5 00l Sl g () 5 (2505
w2l ol g BN 1) Sl g oy (61085 gakally o
Sleogar n olsl @515 2005 oo w1 ey il
Gl e g Al b gl (Saalnagjame
a5 o33 93,5 o ] 805 s S 5 (5 i
AL a3 o £ Sl g5,5 b 2bolidly Ygons iy 3 o5
Ay jekay oLl valgs slasl culley 5l 5 SV Ly o
Slesmeing ol gl <8l 2o Ve o (gl Cannitis e
U Ol sy asels pl oS ooy e gile B B SS
a6 ndipSly 5 Culiesd wad o)ly 5 g5 g 42 )3
(Kuehn et al,, 2010) cwl i ldl ol Soe g
odliinl (o) Caniigp (bl slp gousie slagss,
Sy B 4 g bl alex IS 055 e
(=)l 5 ) 599 5l i LTV () Sen 5 (o)



VP F obcwno ) oF o louds (o0 Jlw (55909959 y0u
Hydrogeology, Volume 10, No. 2, 2026

g wilasd S 15 eolinal 590 (egran (hgo Lot ;S
Ll 00l Jools die) ol 40 35 (6 Kotz slocd i
ool g L (GIS) olélas wledbl g ai) (pl o
s LgL(a)S..cl)Li 3 bl gleaids cand Sledb|
GIS § wiaise slo Jaw sléol L U ooges SaS ladzes
Sy90 9 @lolid ) s o5 g sl bl Sl coxdse
s 8 bl
Mo b eoylo 1,8 dag )l azly 0 oy j0 a8 ulobs s
bl 5l )l 50 (o) Semniiy B ol om ity Slalllae
I, Sloly oM 3Mido 3 ddlaie oy 4 (wlobe s
Geb 4S5 el Ll 00,5 oloul suds Slasl sleojlu (ol y
po bl VY Al ol 5o e Conciidg 8 aldS Slallas
5L ol JpaS g oaisS o alge lolis g oogr Jlo o
(Moghtased-Azar et al., 2012) s,ls 5 5.80 Slalllas a
g 0ol &8Il GARDLIF Jow 5l eolawl b Luledes ciiss
Oy 3 amlie sl s o) (OYAY) G Sen 5 (5,00
Erman gt Al Syee b b ol gileante
Sl 5 log,Y ()55 olaal Syl 4y az gl Lol oolinu]
bl Gl p eVl egian ouac 4l (o eolatul 090
5 gy (s lp polie Cnyee 8L )0 Ehe ool
ol Gl sl Gas o5 1,8 solaul 9,90 wilgs o o Wbl
O sl G5k sl p.u)5§ﬂ 3 eolaul BTy
el Ol )0 e oyl
Bigy g dlge
axfllao 8 g0 dilaio

JLo.w 9 u‘ﬁ‘ u).c JLo.».v Cound o wl.olw 090
shls dihie opl ool asS 13 osenbul 3T bl

o, BfY sgax a5 wil oo oo Sl S YAVY/Y ol
Cosdye 0;Son o 1) syl azlys il asse S
Job FO°NY L FET 7 s s lales odgamme _oLdl i
Gl 00 @ly Jois (o,e YA® £ L YAV g 3.8

ol iS5 e Gl ST g0 sy o ol
s 3l gl Sl 51 Lol gl & 4255 b (ripan
Catin Sl Bblia b wlg, a¥ Culid 5 i
(Y-Y)) Bagheri-Gavkosh et al. .35l coie  Son
Ok ol 55 (6990 aslllae YA+ (gl (e Cenniti 3
g ol i IS (S I SL) 5 (sl sed 5o s
225 B il 655 5 G5l (sl e 55455
S qig wsman ol o sl plxil 5 g slae
odpdmm] aBlaie o (5 el (bl (e Sty B
313 GLas oy cnl 85 1B oy 2 0590 el plo
Zoy> 5 doyd YEAY Ll Jelge 5l ol Coniig b a5
A odalie o s Foosgas laglgsul IS5l e ol
b ooy Conig b (Khmod (e alllao cnl o
Ol mhaw als b5+ /20 o>y cuejp) ol el y
A58 ,5 odalie /AN B>y i)

) Caniiig 8 Comwlin> alds (Y- YY) Aalipour et al.
M s 51 ool b g3 gl s Lo
30 Jwoyl cio gl comhad pae bl cod oLl e
3939 4Y @ b1y Joe lagl o S as plpl oy Jlod
chos pals il calbis ulid ey wile el
Sy ool LS cud g JuS bl ol
;1)) SBAS-INSAR oSS 5l ol 4l v, Liie!
SxSolwl sl (e BN (seran pl 51300
s aisgaieolatwl YoV o BY e o F Lo 3l ey iy 8
3oy g B 0y Jleas 9 0k Sl oS sls lis
3ga> A Cowl 0dd mjel ataie G U o Jled
el s cwl ad 3 o 1) ddhate mhaw jlas,0 O
YA oo 4Vl Cais ) lyee 45 ol Lis SBAS
@5 e )0 e piien o5 odem) Jlo 50 e e
ara g InSAR mls Sed oo 00,5 ocanlin
Dal Gy R7=0.711 labez iz 2565 50 Gl
Ol iyl 5 Somdiin b oyay 95515 9 (53lw Joe sl 5o
sl by 025 Slagby, Jed 5l ilide slaby, (956
sldos p (e so0e slo g, el sl by, sl

e (5038 sla by, g dgaze slixl by, dai SLIST 4



\F.f OL;-M} Y o)L&;) sp—ﬁé JL»J ‘639“5:39)"\'3‘“
Hydrogeology, Volume 10, No. 2, 2026

5 O ol 8l )T il 4z 0 B ledes clis wlelss )|
S9L Sl el olo (65 5 53 A Glaie Lo (1 eS
Fosdes YEVIA g VAY (o5 5 a4y s g wlelas )l o 4Vl
Olub 3 laahie O eS8 5,18 sl oo 84l
(SLaST slasly Syl 5l oval cavss @l Lulwl ()¢
SR SKden (59, 45 0,00 0azg wlede i o (Lwlelw)

OYAY () Kea g (5,00) wslazs 8

&0 oshS OYAY og0> olades oogaowe 51 () JS2)
Sl Brie Slely )l mpe eghS YOVYIY 5 clo
Oyt laVyy albsg; wasee JSis ) elele
Slelas )l 5las s)ls by eogaome (pl jo aildog, (5 ol
009920 (375 dy )8 Caows | g 4385 Aol jr 45 5 (55 50
JBlas 5 e Ve oo D90 oogas glay )l JiSTas o jls L >
9 O).A’\) (8o ‘_gl.bo)l.u: )| x_{..s.).) 9 Y” 6[.@..\.»4 o 4...@5)‘

5 @Yl gles lawsgie aiis o3guzme (5 55 o Jle

A\E”U'll"l‘. SPPOUE SSP0TTE H0°0T0TE G500E
| A ! ! A
(A} !
N
z
B
" T
¢ i
R
L
B
H
H
. =
g =
5 2]
4
£
A
&
[=
A
&

MOOPE  SOPE CUIE dUEE
Legend
(::3 West Azerbaijan province
7 Plain bounda

EGNGY

3t

40400,

Legend
= piezometer
£ _drainage basin

# aquifer boundary

elevation (m)
 Pigh: 338859

360N

-
low: 1300

3EULE30TN

HTE

4500 E

400E

ool oIzl 550 (C (0138 lmalydT sl g Glpl o ol ylgel CoBgn cad i 4 (B g (A -V IS
Figure 1- A) and B) Location of the Salmas aquifer in Iran and west Azerbaijan province, respectively. C) the Salams aquifer
boundary.

il o5 olawijle lalllas oo 55 el mgmagSals
ol glocSin Jali ol ond ol o] o ol 6,8
Sl oS Wlo S e glasijle ) Attes 455, 5 08 Wil
sloglgsul 43 o b g e cind 0,33 gz b S5l
S5 sS4 e s S 8y
Oole 9 1098 5 08 Wil oS anle o0l

0390 (wlids (yeo) Ald g0 o)Ll ugly —(ywgre

\

..\>|9 aQ Jo}’).o Lg’l&ma.n IAPRE Y C’,‘Lﬁx_i....u ul);u_u..xs
Srdrm IS g ol Glacdys g ead (65 S0 ey,

RS p 090 4 bgige

ik gy Sl
VAPA Comg b aihaie jo 4l (geis; (oulidins)

@W9¢&MJ¢'QSQ)L‘G§[€°|W‘)‘9§5



VP F obcwno ) oF o louds (o0 Jlw (55909959 y0u
Hydrogeology, Volume 10, No. 2, 2026

Sl Yy; w509, s 53 (28 - Byb Jlod Loyi
Seond 9y 4 @peie Vot (G g Sanl odd oaplS
3 el 00,5 ablal 15 1) oleds i ales 5l el placl
395 0% e ie YO 500 lagzie By (0)8 Cend
ails 5o Slelis )| Olslge s 5 asim— Jlot Lo 5 slaal o
Slahie Ol S5 (555 Canl sad sopiS Cubo

(s olmbyd]

Ogeid 5 S s il ool S1IY S )0 dalllas 9,90
Sllllae odguze (ol )5 Grgee (6 pFui=(on 58 Slgw,
205 aipy @l e CekS hals el wilgioe
Sligasy 050 apo e Shmy Glalojl @S (bl
S0l aopd YIO B /Y (o olede cads o ]
NEPLE R g eewys Y | F-oH RO IRV P LA ST PR WY
O‘M‘)OjY‘"’ Ay (o0 wa;ﬁ)ojwl&lﬂw

14°40°07F 4475000 PRE-

Geology

*E' Lalun Formation- sandstone
= Ec' Conglomerate

cEc2 Conglomerate

= Ec Conglomerate

= El Compact conglomerate

»Em Mila Formation

= Esm Karaj Formation

+1 white to pink limestone

== Js Shemshak Formation

s+K' Limestone

=Kc Conglomerate

=i Ks Shale- quartz sandstone

2 M' Qom Formation

= Ms Sandstone with red marl interlayers
& Mt amphibolite and gneiss

¢ Ngc Lower red Formation

= OM' Qom Formation, limestone
= OMs Qom Formation, sandstone
&P Ruteh Formation

&3 PEa amphibolite, gneiss and skarn

LEGEND

Monitoring well = PEk Kahar Formation, Shale, slate

<3PEr Kahar Formation, rhyolite
PEv Metamorphosed rhyolite
=Pd Dorud Formation, sandstone
Pe%‘ Gneiss
= lluvial sediments
Qpl claystone, sandy limestone
= QtTravertine
=2 Qv Alkaline andesite and basalt
==TR Elika Formation
=am amphibolite
= Swamp
¢ conglomerate
=2 d metamorphosed gabbro and diorite
=db Diabase and basalt
< fza Seasonal lake
«zg k granodiorite and granite
eagl Qushchi granite
=sjeb Barut Formation
= Urmia Lake
=mb Marble
* met amphibolite
3 tv‘;fnebavolcgnites
<3 Aquifer ogn ary
= Plain boundary

@}: ul:ub)oi Ql?.w‘ sunl.»lm 0dgdx0 ‘S.nlﬁmum) Add-Y S

Figure 2- Geological map of the Salmas area, West Azerbaijan province.
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Table 1- Weights assigned to the parameters of the GARDLIF
model (after Naderi et al., 2018).

Parameters Relative weight

Groundwater-level decline 5
Aquifer media 4
Net recharge 2
Aquifer discharge 4
Land use 5
Aquifer thickness 3
Distance from faults 1
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Table 2- Ranking scheme and parameter ranges used in the GARDLIF model (after Naderi et al., 2018).

Groundwater-level decline (m . . Net recharge Aquifer discharge
N Aquifer media ~ -
yr) (cm yrT) (cm yr™)
Rank Range Rank Range Rank Range Rank Range
1 0-0.02 10 Coarse-grained alluvial sediments 10 0-4 1 0-0.0004
. 0.0004—
2 0.02-0.05 9 Clay and silt 9 49 2 0.005
. . . 0.005—
3 0.05-0.10 7 Sand with minor silt and clay 7 9-14 3 0.01
4 0.10-0.30 5 Sandstone and conglomerate 5 14-19 4 0.01-0.5
5 0.30-0.60 3 Karstic limestone 3 19-24 5 0.5-1
6 0.60-0.90 1 Metamorphic and igneous rocks 1 >24 6 1-5
7 0.90-1.20 7 Sand and gravel with abundant silt . o 7 520
and clay
3 1.20-1.50 3 Organic s_mls (peat _and peat- o o 3 20-40
bearing materials)
1.50-2.00 — — — — 9 40-65
10 >2.00 — — — — 10 >65
Distance from faults (km) Land use Aquifer thickness (m)
Rank Range Rank Range Rank Range
10 <1 3-10 Irrigated areas (annual crops), rice fields, 1 <5
and sugar beet fields
8 1-2 6-8 Permanent crops (orchards and vineyards) 2 25-55
6 2-3 1-3 Rainfed agricultural areas 3 55-90
4 3-4 1-3 Rangelands and forest areas 4 90-130
2 4-5 1-3 Barren lands and natural areas 5 130-175
1 5 4.8 Urbap areas, dam sites, airports, ‘ports, and 6 175-225
active industrial and commercial areas
— — 8-10 Oil fields and oil and gas extraction sites 7 225-280
. . 5.9 Mining and extraction of mineral resources 3 280-340
such as coal
— — — — 9 340-405
_ _ — — 10 >405
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Figure 3- Neural neuron structure (after Bozorg-Haddad et al.,
2016).
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Figure 4- Flowchart of grasshopper optimization algorithm
(after Ambikesh et al., 2024).
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Figure 7- Ranking of the GARDLIF model parameters: (A) groundwater-level decline, (B) net recharge, (C) aquifer discharge, (D)
aquifer thickness, (E) land use, (F) aquifer medium, and (G) distance from faults in the Salmas Plain aquifer.
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Figure 8- Map of subsidence vulnerability in the Salmas Plain aquifer based on A) the GARDLIF model and B) the ANN-GOA
algorithm.

g
g
g
N
-
§ -
8 NG
g Legend
% & Salmas

Aquifer boundary
9 e Land subsidence

(2003.09.22t0 2003.12-1)

g 11 53mm
S 470000 480000 490000 500000




VP F obcwno ) oF o louds (o0 Jlw (55909959 y0u
Hydrogeology, Volume 10, No. 2, 2026

438,85 32) (L) adbiio 31 Comiiig 8 ygaai (B g ()10l (oo JSI05 (g I 00liiwl b (yo ) Comniliig yd yludlo cyauni (A-9 S50
OYAY )y Kon g 5500 3l

Figure 9- (A) Determination of land subsidence using the radar interferometry method and (B) subsidence image of the Lakestan
area (after Naderi et al., 2018).
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Table 3- GARDLIF Index and Optimized Index Values Using the Grasshopper Optimization Algorithm (GOA) in the Salmas Plain
Aquifer.

Aquifer Vulnerability Statu  GI range

Area (km? Area (%)

GARDLIF GOA GARDLIF GOA

Moderate 107-125 515 30.0 14.1 8.2
High 125-145 2124 1658 58.1 453
Very high >145 1018 169.9 278 46.5
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Table 3- Correlation Matrix of GARDLIF Model Parameters

Layers G A R D L | F
G 1
A 0.09 1
R 0.152  0.030 1
D -0.421 -0.080 -0.434 1
L -0.529 -0.356 0.108 0.134 1
I -0.397 -0.291 0296 0.152  0.456 1
F -0.298 0.194 -0.358 0.796 -0.145 -0.040 1
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Table 4- Statistical Results of the Map-Removal Sensitivity Analysis

Sensitivity (S%)
Excluded Parameter Max Min Mean Std.Dev.
G 0.29  0.001 0.27 0.075
A 0.001 0 0.01 0.28
R 0.02 0 0.008 0.31
D 0.23 0.02 0.15 0.10
L 0.1 0 0.03 0.09
I 1 0.001 0.09 0.11
F 0.035 0.01 0.0025 0.001
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