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Fig 1. Geological map and location of sampling points in the study area
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Fig 2. Groundwater flow direction (a) and Land use map (b) in study area
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Table 1. The hydrogeochemical analysis results of the Zarabad aquifer (all variables in mg/L except for EC which is in
pS/cm and pH that is dimensionless)

Tests of Normality

Kolmogorov-
Smirnov?

Statistic df  Sig.  Statistic df  Sig.
EC 992 7140 2726.52 1773.77 0.18 23 0.06 0.86 23 0.01
TDS 545.6 6426 229749 1738.3 0.16 23 0.14 0.88 23 0.01
pH 7.11 7.8 7.43 0.17 0.1 23 .200* 0.99 23 0.97
Ca* 46 594 220.9 154.63 0.19 23 0.04 0.88 23 0.01
Mg? 18.47 222 70.44 54.43 0.19 23 0.03 0.86 23 0
Na* 158 1489 513.22 357.64 0.16 23 013 0.87 23 0.01

variable  Min Max Mean Std Shapiro-Wilk

K* 6.31 26.9 12.68 521 0.16 23 0.14 0.89 23 0.02
Sr+ 1.21 17.85 7.31 4.75 0.14 23 02 0.89 23 0.2
B 0.49 2.81 1.36 0.68 0.16 23 0.12 0.9 23 0.06
HCOs 8571 2127  155.27 34.7 0.11 23 .200* 0.97 23 0.65
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Cr 17535 25432 88291  702.79 0.16 23 015 0.86 23 0
SOs#  203.13 23516 72327 530.56 0.21 23 0.01 0.83 23

*. This is a lower bound of the true significance, a. Lilliefors Significance Correction

TDS G EC Lolaly (dossnj ol sanainh ¥ Joa>
Table 2. Classification of groundwater based on the EC and TDS (Kanagaraj et al., 2018).

Cateqo Values EC percentage of
gory (us/cm) the samples
Fresh-water <1500 35
brackish
water 1500-3000 26
saline water >3000 39
TDS (mg/l)
Fresh-water 0-1000 35
brackish
water 1000-10000 65
saline water 10000-100000 0
1 1 1 1 ] 1
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Fig. 2. Spatial distribution of (a) EC and (b) TDS concentration in the study area
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lor s 58 sl el o e e (Siior o 25 Y g0
Table 3. The Spearman correlation coefficient between physicochemical parameters.

EC TDS pH Ca?* Mg? Na* K* Sr#*  HCOs (ol B S04
EC 1
TDS 0.99** 1
pH 011 -0.09 1
Ca?* 0.83**  0.81** -0.31 1
Mg? 0.97**  0.96** -0.2 0.81** 1
Na* 0.95**  0.96** -0.05 0.68** 0.94** 1
K* 0.84** 0.83** -0.29 0.78** 0.85** 0.77** 1
Srz 0.91**  0.88** -0.30 0.88** 0.94** (0.83** 0.88** 1
HCOs 0.26 0.28 -0.14 0.07 0.26 0.29 0.32 0.40 1
Cl- 0.94**  0.94** -0.02 0.70** 0.94** 0.96** 0.78** 0.84** 0.19 1
B 0.77** 0.76** -0.26 0.77** 0.76** 0.75** 0.74** 0.77** 0.08 0.69** 1
oy 0.86**  0.85** -0.14  0.92** 0.82** 0.77** 0.77** 0.84** 0.09 0.74**  0.85** 1

** Correlation is significant at the 0.01 level (2-tailed).
<’ l'.'."“'.‘."g’S) A ‘Slb O)Lmé.) J..o (<5

et g looed sl ymell Gl 0T 56 5oss O o T gl lite (gilulr a4 liardsiun gloo s

2 Kolmogorov-Smirnov test
3 Shapiro-Wilk test


http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

e 3L Ol s s O etk

LSSl ye.

U‘?”(SA ‘) @Lo...mj)u\.db LSLQO)LA-M}‘) @)3.7 9 MLO (Plpel’, 1944) Q‘O ul.ma ).ul.u )‘Oa.o.v )\b GLol LSLQQ}"'T 9 Lbug.uls

SHlie loges 0,5 crnnd ey S0 i (9 JFIS 50 g ) 2l CuleS iS850 40 la i AL

Jeoe iz o yoge o oy (815 &g Loyl 0,5 eoliu losdgyoud sloo lus ) v 5 sl lg5 o0 |,

oolatnl b aslllas 350 dilaie ;3 (e) ) O] cordsiie,nnd wad o Li e n o sladises | slacgeme
ey (COs%, HCOs, SO/, and CI) lagyssl 4 (Ca?', Mg?*, Na?, and K*) Lol slacygsls clile
YOS 5 e sl sl olertgiis s loo,lus ) samaids (285 18 byl oyee i Yl STl

Na-Cl 5 sasms ;jlis lasols Cuxdae Jol 05,5 10 aiS oo asein |y Ol o £55 30 0903 (pl .l o ool LS

50 ey, O 395 oaims )l 09,5 cploiiwe (ol (gl 5 (9515 maaws g I IS T j0 a8 el (Guo ;0 YA 5g0>)

S (555 o e g pndS 45

(20,0 YY 550>) szt (Ca-MQ-Cl) Lalizes g4 onims ylis losls Coabge pgo 05,5

S oLl clarys b sy o] @ldisas a5 ol (l sazns Gl oyl ol el ol (el LS 5 Lol

(Akshitha et al., 2021; Senthilkumar et al., 2017) siwa o SIS Pl sains

Distance from
coastline
@ <l4km
17-19km
@ 19-21km
.22-24km
@26-27km

‘ >30km

Water type

A: Ca-HCO,

B: Na-Cl

C: Mixed Ca-Na-HCO,
D: Mixed Ca-Mg-Cl

E: Ca-Cl

F: Na-HCO,

~ oL & Y
— ] —

o) ol glardes ojlus, ¥ IS
Fig 3. Geochemical facies of groundwater


http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

R \\"~\QW}VQ,W‘&:EBJ&‘J#WWEJL#)Q;J

Sl Jols

S8 55b cou anlllas 390 dibaie 10 1) ey sG] coandes) Wlg oo 45 Canl glaanl B 5l o SeslS Jobs
3565 oo 418 ool 3550 eei sy T g Slssul Slse e g STy e S o3l sl Tl IS (el aes
WS e JS ) iy o send a5 Se Jobs slaanlp s sl Yseno asls ol (Schoeller, 1965)

(Subramani et al., 2010) 54 oo cyuns 15 Jg0,8 bawgs CAl a3l 54 o ool

_ Cl”—(Na*+K™)
- cl-

CAI (A)

545 w0 &5 figile St anld adl CAIPO ST 09 0 ol 55 2 GYIsSTshes o Lasy aen (1 po &5
oaims (i a5 25 o alolio sl B jate 5 peaelS Slogig b (ioi 5 o 0 S92 ge ks 5 maw slags o
Abu-Alnaeem et al., 2018; Argamasilla et al., 2017; ) el 55 dolee Gl LusSae Sl Jols al)s

.Jamshidzadeh, 2020
2Na*t + Ca — Clay - Ca®t + 2Na — Clay Q)

Ao 39 by 9 e G052 9 (eis 2l 50w 9 peelS Soog o St SOl (CAISO) 7l p i asyl b
Abu-Alnaeem et al., 2018; Argamasilla et al., ) coul priins 555 Jols oaims olis a5 ams o 7, olgsu]
) Caddg yo0 Cige () S ol ylgsul )0 pubiten Se5lS Jobs anl,d 5 alsles (2017; Jamshidzadeh, 2020

1038 oo oo

Ca?* + 2Na — Clay - 2Na* + Ca — Clay )

(Abu-Alnaeem et al., 2018) sas o oylii |, Sg Jobs anl,b 0924 pas il yao 4 Soo3 CAl a3ls 51
Sanld oie 4o bl ol 10 (ueip) ol w83 e lis a5 ates e CAL slls o5 5,98 b 3blis Ygons
Ll gnypy 2l medS b 05501 ¢ (Taylor, 2016) oylssul olge 5l ows z5,5 b ol o a5 atis (S oy s
) Sy (i 5o el el 5 TDS L L (NACT) Ly 0T a5 40 at b o s ol slie o
Jols sl lssal wiliyS olse 5 O g8 Cal e Sl 3590 (alordsffs iun (2iSTy S (oo 435 bl (a5

(CAIS0) sl yosSine 355lS
22,0 FY 090> 5 (CAIS0) (g5l couw 0il,d ladiges 5l duo o FA dga cowl oo ools lis § UKo j0 a5 jglailen
g vesxe (SelS Jols il yd aS el cpl oaias lis a5 aas e lii | CAISD sy (g5lp 5 ol 50 badigas
aS ol CAIZ0 (gl )ls diges duoyd A dg0 .0m3 oo & danlllas 890 dibaie ;o e ol g lgsul dlge (o pubiin

sl lggel oz 51 5 (i e GesSas (S90S ol 5 Gl Jobs slaalp e ol saims ol

4 Chloro-alkaline index (CAl)
% hardening
® softening


http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

RS I P I Y R R PR W g 3 'Y

0.4
216
Reverse lon Exchange Process g
210
Z23
02 | o 13 8
2210 M 2 ®
720 27 2y
@ @
222 5
—~ 712
0 s 4
z9 b
- ZI8 [
- 3 ®
> @
Z] 417
0wl © @
Z19
yAL
%>
04
74
76 Direct lon Exchange Process
®
-0.6 T T T T T T T
0 10 20 30 40 50 60 70 80
Cl- (meg/1)

) ol sdiges glp Gid p (Yls ST s o ) Cl Jolie o CAI Jloges § S
Fig 4. Scatter plot of CAI (meg/L) for groundwater samples

Kool owSlg laasl,é

slo,aw o (TOth, 1999) vas ;i 1) uejp) ol olowd SlS 5 b Ojpa wlg o Siw-ol L2S
ADU-) 035 o yis Joloms Slgo Ploxil 5 G551 Jols oyl b aiile S0l (STy lasgs (e o sord e Lo

.(Alnaeem et al., 2018; Monjerezi et al., 2011
oS logas | anlllas 9,00 dilats ;5 () O] (cardshs oaiiS S slapanile Sy0 (gl anlllas ol 5o
sl 5o olez b ol cond 00iS S slapauilSe ools (Las sl Jloges ol o solizl (Gibbs, 1970)
5l & (Marandi & Shand, 2018) wls 4 Las,l 5 (P. Lietal., 2015) | SKen 5 J ol slprion S bawgs
sloaislb g Gl Sl asile e 5 o] cordst 4 ooz Glanld e 53 1y Jlaged cnl slacusgaze
peilSe 9,50 59 adsl Sledbl 51 (S Wlgi oo Jloged cnl (Jl (nl b 2o )S A 0SS o0 WS o0 Sy (JObS
3 Ko 0l 25Ty 5 s 4l 4o s o] Slodiges wae] Canty mls 4 azgil aas &l 1, Lol sl
rniy Ol oo oaiiS J S Lol Jalge ST G3STy 5 e o5 Canl ol oins s a5 (0 JS) iz 5


http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

'Y w\am;f;,u‘(,u-fu»‘fwwuwﬂ)q,u
100000 100000
-1 -1
b Lo 7h
e ! “i '
_ -Evaporation E i :
.-~ Dominance, 5 vaporation
10000 & e g 19999 I I)omman da !
PR RGP TE AT "7" ,’ T M w
_ J‘ L ﬂ( L
w? zm‘Z (f 7‘ L
w000 -~ ALRGRSY 1000 L -~ 719 T 22
= Q 7¥974 = Z 0~ N
ot %e°, 79 AR £e L.; 72
g oL \ B Rock Dominance K
o Rock Dominance ' ' »n '
=) S L’ 2 \ %
T 100 Moo L5 T L e
Lo 5% - NS _=c
o P ~ oy L 5 ~
-~ - ~ ~ - ~
N - ~ . oy ~
i ~ ~S PG
S . Rimies Percipition ~
10 =5 Percipition °, 10 “~._ Dominance
~Dominance s X
S AT 1 s = 1
Vi ' i 1
S . 2
1 - - T T 1 T T T T
0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Na'/(Na'+Ca®") CIH(CI+HCOy,)

ey ol sladiged S Jlogei O S
Fig 5. Gibbs diagram of groundwater samples.

Jlis o Ca**/Na* Shosigyae slacas (e p; O] ewbghy 5 S Sojlee ).gl., i S0 sl
Ol Glodiges a5 ams o lis £ UK 0 sl oy gl ol oolitwl adlas opl o Mg?/Na* 3 HCOs/Na*

OLis & Cad i3 5 )15 SlSkes Sjle 5 ez s o] Lawgie dilaie o 31,5

olgzel o dobe sy

el obT) lgsul 1o lesed Hob a Slhw (F05lsn 5 (6 puded il saims



http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

RS I P I Y R R PR W g 3 V€

100 - n——
'
'
a ¢ Carbonate] b :
: Dissolutior ¢\ Carbonate
oderaaa ' Dissolution
10 S el :
| Silicate s s ay
y Weathering |
'
| \ ! Silicate
. ———— t:," . : \\'calhcrln#
{, ' [cX=3 ®e ,é |
S " 2 -
= ‘ - : 'y
i LR R LR \ Seaqwater ' ‘V"
) o fp---WEC 8 )
1
- 3
' '
| , .
0.01 gcawa{cr Ewapora‘n :
i Dissolution :
Evaporate 1 '
Dissolution ' '
I
0.001 ¢ . 0.01 ? T
0.01 0.1 1 10 100 0.01 0.1 1 10
Ca¥/Na' (mg/l) Ca?*/Na* (mg/)

100

Mg?/Na* Jilis ,o Ca?*/Na* (b) 4 HCOz/Na* Jilis ,o CaZ*/Na* (a) ,loges & JSo
Fig 6. Plot of (a) Ca?*/Na vs HCOs/Na*, (b) Ca?*/Na* vs Mg?*/Na*

byo oF 39 T 51 (Gudlgid § (o Luoidg yod (g2 (S Camd

39 e osliial (Jolo gloosin ;3 S50 (559 oo 5 Laa 5 558 Ol S5 o)) lp Ysane g slocaras
Shol slaye 5l (F o by, VU (Kim et al., 2003; Moujabber et al., 2006; Seddique et al., 2019)
Sl ol o O 39 b cudle Dloul 0 bgyyo o3 sl jo IS Lol Lace ans oo i 1) ey o]
35l sy Wl oS (Sojlr b Wad-codl Pl wile 6,500 gl 5 Olgse | e
Lol b yid 5 o Vls STdheo o NAT/CI s ausl cdla PMlosil auos Lacs ST .(Jamshidzadeh, 2020)
Na‘/Cl 314 ail gjlopp ol b llos sla SIS Sojlsn 5l wilgs oo maoms s b NAT/CI>1 510l
fA (Jamshidzadeh, 2020) col ;58 Lie wsSas S Jobs b bys of wsl TDS>500 mg/L 4 sl <1
50 woSae 958 Jols b yed O 3485 saims lis a5 el TDS>500 mg/L ¢ Na*/CI'<L 1o ladiges auo

(Y US5) ol asdllas 550 adlaie
Ca?* IMG?=1 Plol cos 31085 oo 3Las i) slocl o 1, Mg 5 Ca?* slagye Lits CaZ/MQ? oo
ol PDlowil saims olis asl 2>Ca?tMEF>1 315 Ol o cunglss ol saas olis wsl TDS>500 mg/L 4
ol LA Sojlen b cov iep) o send &5 was e olis CAPIMEPS2 sl s el
L oYL ladiges 55145 ams oo las OV S (Jamshidzadeh, 2020; Katz et al., 1997; Liu et al., 2019)



http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

VO \\"~\QW}VQ,W‘&:EBJ&‘J#WWEJL#)Q;J

CondS sl 5l S slacKin Ploul saias ylis a5 auid S 13T 9 1) L o badiges do s YO .5 )ls 13 V2
S35len 5l Vil MO 5 CaZ* oS was o (lis a5 axid )5 513 Yi) L 5l YL bediges wuoys FA Sgam o Cunl
o (Dl )S (Sojlem Sygo al et ye il 05 oS HCOSTSIO2 oSyl 4y by e 0980 (5 DS L
(Jamshidzadeh, 2020) wS o JysS 1) o))

zV Jss ol (CaC0s.MgCOs) cunslss § (CACO03) oS Pl 3l wilgs oo oy sl 1o pundsS Liie
Dol cde a3 85,5 0 1,3 V:) bas 5g, a5 sladiges a0 Lis |,HCO3+S042 Llis ,o Ca?*+Mg?* s
S (Fslen s a1y GugSan 5515 Jobs CAZ MG 2li8l K5 ()b 51l o 5 Copaglys S
Cerling et al., ) sas o ;ylis Gllw sla 5 Sojlsa cda |, SeslS Jobs HCO3+S04% o133l ¢ asl S
.(1989; Fisher & Mullican, 1997; Kanagaraj et al., 2018

ogdle .ol axils sgg lSiliw (S35len Canl (Sow 45 wB5 o LS (F USE) mava b oo Jlo i 0 piiogs (sl 3 ges
JS8) 09 Slilgus 4y S S’ 18l5 Sely Sl (S 45 Al (LA it e Sl (See (Sn JobS 0l 2
ST a5 ams o plid OV S5 0gr walys Vi) Slidgas s pundS S 098 Jo i) o 40 ) dais ST (oY
] oS s Dl g ade oaimy lis aS anie Vi) L 5 ledsgal


http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

N B e [ SO R N PP e W g Iy

\Yd
80 40
a s b
70 |-
Z14
A . 2
60 |- g 2; ‘e
vl £
= S 28 |-
Z| = £ 78
= 1:1 Z o
sof S| 8 ®
i z| = Z16 =M
= 1 o & 5 Z*(‘
g H B g 11 >
Ewp =2 713 E [ ®
;Y 7 Z15 a
z
79 X e anf 79
30 | ® 77
22 Z10 L4
1 13 12 Z12
20 3'.;&1 2 ¢
i i/ @ & 73 ®
21 Y s 0, 2l
Z_]w 10 s Zl
o o R ion exch 75§ 2
6 A0 €verse 1on exchange 4+ 7 %
5 >
0 ] L 1 1] T T T 0 L} L T Ll T T T T T
0 10 20 30 40 50 60 70 0 2 4 6 8§ 10 12 14 16 18 20
CI-(meqg/l) Me*(meall)
32
|l C d o
A 28 +
&
(-1 1] O
E ul/S 1:1 o
= .\‘,@ 24
40 = g /S
] &
¢ Z16 & ®
s 2 ® S 20 | @
g Z Z15 2 =y
Exnl |2 ® ol g
x 2 Z11 \ 2
& = @ > 216 F
= o & 3 ®
- ) -
+ Vi ~ o®
= zZl 712 12 f
U2+ ‘ e ®
71 @
2 6 8 |-
7 4 &
10 |- i “ e
7 6 4} ‘.
/A L’?Z:z Silicate weathering ®
0 0 Ll L 1 | 1 1 1 ] 1
' : : ! ] 0 5 10 15 20 25 30 35 40 45 50
0 10 20 30 40 50 2 > > >

HCO,+S0* (meqg/l)

SO,* (meg/1)

Jlis o Ca?* HCOs+S04% flis ,o CaZ'+Mg?* (c) Mg?* Llis ,o Ca?* (b) Ll blie o Na* (8) : SasSl, jloges ¥V IS
Ca?*+S04*

Fig 7. Scatter plot of: (a) Na* vs. CI; (b) Ca?* vs. Mg?*; (c) Ca?*+Mg?* vs. HCOz+S04%; (d) Ca®* vs. Ca>*+S0s*

ooy ol ladiges i (WA JS8) sl jo ST CaZHCT cas 3| 5Yb o) 05 o (slaasges CaZ*/CI s

w;ujlwdﬂolﬂ)‘l P PO L Srp S WP CER I PR VG- P ol g i ol o WS s VL aS
S (Sr?) pgamil il (Petelet-Giraud et al., 2016) col Km0l JiiSanp b g Lo o 3985 amsjo Siw


http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

VY \\"~\QW}VQ,W‘&:EBJ&‘J#WWEJL#)Q;J

Rl ome Slge by 5 aSs o 1 T wilsi oo 3 S, pedS alice (5,15, a5 ool S LIS ClooS jaie
5 ) Yo CF el b (sladiges sl Lo f bt ey o sladises slp SIZFICI cons CA U3 50 S
Sr2t clale a5 el opl saiss jlad a5 el CaZ/CI cons aliws SPPYCE cs Ko slaaiges .ol (F+ meg/L
Petelet-Giraud et al., ) sgs J S S0l jiiSen p o2 9 S92 SOl ok 5l p Wlgs co (oo sl o
Cl" Jlis ;8 SO4Z/CI e zA JSiio 0 .0 ks 5929 (I=+JAA) CaZ* § SI?* s (5o sime e (S (2016
5723 722 721 slaaige 1o yoi ol 35i5 oims Lis a5 wiS Iy (2l Cerd ol CI 31 b s s oLt |
B/CI"=0.0004 sl )ls e b yo ol was oo las |, CIF Llae 0 BICIK cale oA JS (0% 4 zA JSi) el Z16
5l saales Na*/Cl g BICK VUL caes b obly; olgsel jo Z1, 73, Z4, 75, 76, Z18 Jalis ladiges 51 (S .ol
Na*/Cl 5 BICI iyl i L Z8, Z10, Z11, Z13, Z15, Z16, Z21, Z23 wsils laaiges 550 5 S oy ped
wd> LB .(z% 5 oA JS) (Amiri et al., 2016; Dotsika et al., 2006) aso o lis |, joi ol 355 51 soaled
wiblge GBS Hod sl Ll )0 oy ol (nl wsd oo Ba> Joloe 5l (LopST (rizres 5) (o) Slge (55, (o


http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

N B e [ SO R N PP e W g Iy

YA
1.6 0.016
a 2068 \
3 aZl9
\ ZI%
7060 % @
™\
1.2 | 0.012 - %7\
08 ¢
i
S\ ZIl
g \ 7w s e °
=
g Z4 N Z*S E 720 ‘\ 710
Z08 |- W 11 =0.008 | ou
2 P2 AL ¢ .
c \ © x W07,
© 2P ‘g s Z ® 74 ‘@16
715 B
20 N, @'g . [ 2F]
=3 \\7,1%:" Z0R .43'\
04 | N SO At 0.004 | 2
21712 quip 2 .
e o e
. Z17 p
2y @ g ® g
75 =~ o _ SeaWater] o Y
.- SeaWater
0 T T g 0 T T ‘!
1 10 100 1000 1 10 100 1000
CI (meqg/l) CI" (meq/l)
2 0.016
c Z06@
204
0.014 L
708,
1.6 - \
0.012 ‘oz
znﬁ‘g )
20 03
&c\- 12 F ZO;‘ 703 0,01 Z l
g 54 A
= 0 &
3, 2 1 < 0.008 v
1S 205 & X
A X19 Z'I) A
S 08| ‘o 7109 N 5212
- 720 8Z10 0.006 2‘\"23 @
¢ Q. g2 z 207
zg BT 0.004 : ‘2l
) Z2 S Y | N
0.4 - ® s 5 zﬁwtok(‘
1 .
Pl = 0.002 ot "y
23 - 21 o SeaWater|
. Sca\VaR‘r.] ot ot
0 T T 1 0 T T 9
1 10 100 1000 10 100 1000

CI (meqg/l)

CI (meq/1)

Cl- Jlas ,0 B/CI 4 SO4Z/CI- (c) Sr*/CI- (b) Ca?*/Cl- () SauSTy jloges A JSo
Fig. 8. Scatter plot of: (a) Ca*/CI-, (b) Sr?*/Cl-, (c) SO4*/CI- and (d) B/CI- vs. CI-


http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

19 w\am;f;,u‘(,u-fu»‘fwwuwﬂ)q,u

T a 1 1 ] 1 T
1328000 . 1336000 1344000 1328000 1336000 1344000

b

Z07 708 707 708

287?("!(!
287(;("!(!

CAI
@ CAIl<0ion exchangé g | Na/Cl molar ratio
(3  CAI=0 no ion exchange & @ Na/Cl<l SeaWater or Reverse ion exchange &
@ CAI>0 Reverse ion exchange @  Na/CI>1 Silicate weathering or softenening process
132§000 133(2000 134;000 132§000 ® 133(2000 I.'Mz:ll‘l(l

2876000
2“7{:(!0(!

707 7.08 Z07 Z08
[ ®

B/C1 molar ratio S04/C1
@ B/CI>1 Fresh Water @ S04/Cl<0.4 SeaWater contamination
®  B/Cl<l SeaWater mixing @ S04/CI>0.4 Fresh water

2852000

andllas 0,90 dilais ;0 uejp; ol sladiges SO4Z/Cl 4 B/CI (€) Na/Cl (b) I Lilis ,o CAl (8) bgr slacumd G5 ujer 4 S

Fig. 9. Spatial distribution ionic ratios (a) CAl vs. Cl-, (b) Na?*/CI- (c) B/CI- and (d) SO4%*/CI- groundwater samples in the
study area


http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

S P SO S VS U N PN I 5 Y.

Gl e ol coins

byl oads sl glo asli 5l eolainl b (65,9laS idu 1o Brae glp Lo ‘Slﬁyiwwb ol o
1w 00 o)L...:| 6))5LMA5 o u] ;9)..40 &Lmk;).'j u_v).a.o.e,.o )‘ ‘5'>).v L L‘>Lu| o R PR

(EC) (o5 yiSIl clutn

GoyaliS idu 10 OBpas lp calio cuaS 5l badiges duo 0 FA 5 jlre caaS (6lls ladiges duo s OY sgus> oS
(% Jgoz) aiies 1o 95 5

(SAR) s iy s

YL el (Gupta et al., 2009) ol gow cbale «(55,5liS B jlas slp ol ot 5 S5 la il b 5l s (S
Lol S 0 l5p (50,5 5 (SR Sk s ey S iydsh (RIS 5 (F5dlS SOl Sl Gl s a0 ) e
o> el SO olsie 4 SAR pl s egdle (Amiri et al., 2021) s5i o S sl Gl mlaw )0 edes gexd
Sl solal 6l YU SAR L T 5l o 5Ysb oolitial 0gi oo ai5lis Hlysal 1o myos (oo cale ad gl
Salifu ) o9 o S o 00,788 Cacl ais 1 5 ad3 o 3 15U Cou ) S (6 S 9 800 oo ) |, S
oo’ 09,5 o> 4 SAR Cilises slaaisls a4 axgb g Lol (sl ooliiul 050 T LaS slaas,s (et al., 2017
Sl ladiges o0 VE a4 oy a5 aas oo ylid SAR ezl 5l eolanwl b )kl ol caaS b, mls 0gd o

(F Jguz) siwd 055 CoaS 6lylo ediges 0o )0 Y7 Jle coa S

(ELZ) APURWIRWEI

wops ol Geeiny sl S 2byl wsise e (NA) s s ys &jga Lazms ) 9750 a5z
lodigas o )0V Y g5 5 23S 0 1,8 5l g0mme 10 ldiges oy AV d50> a5 amo o ylias (Wilcox, 1995) oo
( J3am) Sttt S Seia LIS 1o

(RSC) " ouiloudly o Ly S

50 S (6805585 51 Wl oo menlS 5 e 4 Sommd SliyS g Sl Vb Chale ¢ e s O glaaiged 4o
<YL RSC lade oy olas RSC 5l oslaxwl b ols5 oo 1y L8, ! (Esmaeili-Vardanjani et al., 2015) o |3,

" Electrical conductivity

8 Sodium absorption ratio

® Sodium percentage

10 Residual sodium carbonate


http://dx.doi.org/10.22034/JEG.2023.16.4.1019221
https://c4i2016.khu.ac.ir/jeg/article-1-3069-en.html

[ Downloaded from ¢4i2016.khu.ac.ir on 2026-05-22 ]

[ DOI: 10.22034/JEG.2023.16.4.1019221 ]

Yy \\"~\QW}VQ,W‘&:EBJ&‘J#WWEJL#)QJL

(MAR)" 04 e odier Cand

MAR(%) jr0lie ol p ol 03 e e s 398 0 o0l g Lol Ol cuaS Jbj)l slp a5 6,500 asls
dad 45 W2 o Hlis bl 0gd o peeds (MAR>50) Ciliol 5 (MARSS0) jloe b sl 09,5 90 s ladiges
(F Jguz) 9355 (o0 )13 cenlin 03900 ;5 5 55 oS 1)1 Ladiges

(PN s 2343985 (p5La
izeen Pl (Doneen, 1964) 5,13, 56 S 6 pideis p wilg oo it slacuis b ol 5l Gae SYob soliul
G59LS i 5o ilite slaceiS b O jleslitul o 4 S5 (5008585 yis iy b)) sl 594k 10!
o Pl polie cpimen sl (55,5liS” Blae sl p ol Sl CerS oams lis il ws o YO 51 i PL ST .l
aS oo oo olis s (AlFAMrY, 2008) cuul Of s § w9 cotS Silo cud 5 4 20,0 YO 51 1S g VO B YO
(F Jouz) st wg5 5 Jle cuiS 61 baiges dan Lo i

(KR)' IS s

uyb‘;‘&.uo o> QT)O O M]al.cs 65.«..:‘50 oolaiul ‘5)L..j u] w.ﬂ.;.fw.n 6‘;; L LS;JJ @5) S KR
CoisS oo lis ol KR>L 51 5 caslie ot saias jlas ol KR<1 31 (Kelley, 1963) cwl s 5
s (Naseem et al., 2010) couul S 6 pdsdeis p b 5 o ol Lial33l o & kel sl of conlial
calinl CeaS 61 ladiges oy YA 350> 5 (KR<L) cslin S (gllo ladigas 9o jo YT o a5 s o (ylis

(F Jgaz) sz (KR>1)

&39S Bjlas (sl (fni ol S Sy F Jgur
Fig 4. Status of groundwater quality for agricultural use.

parameter range Quality status/class # of percent
samples

EC (uS/cm) | 0-250 low (excellent quality) 0 0
251-750 Medium (good quality) 0 0
751-2250 High (permissible quality) 12 52.17
2251-6000 Very high 9 39.13
6001-10000 Extremely high 2 8.69
10001-20000 Brines weakly concentration 0 0
20001-50000 Brines moderately concentration 0 0

Na% <20 Excellent 0 0

11 Magnesium absorption ratio
12 permeability index
B Kelly’s ratio
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parameter range Quality status/class # of percent
samples
20-40 Good 0 0
40-60 Permissible 19 82.6
60-80 Doubtful 4 17.4
>80 Unsuitable 0 0
SAR <10 Excellent 17 74
10-18.0 Good 6 26
18-26 Doubtful 0 0
>26 Unsuitable 0 0
RSC 2.5 Suitable 23 100
>2.5 Unsuitable 0 0
KR <1 Suitable 5 21.7
>1 Unsuitable 18 78.3
MH <50 Permissible 23 100
>50 Unsuitable 0 0
Pl >75 Excellent 1 4.3
75-25 Good 22 95.7
<25 Unsuitable 0 0
TS g 10903
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Abstract

In this study, the hydrogeochemical and qualitative status of groundwater resources of the
Zarabad coastal aquifer in southeast Iran has been investigated. The decreasing order of cations
and anions is Na*>Ca?*>Mg?*>K"* and CI>S0,>>HCOj5, respectively. The two most water type
are Na-Cl (78%) and Ca-Mg-Cl (22%). The water type, chlorine-alkalinity index, ion ratios, and
position of the samples on the Gibbs diagram show that cation exchange (direct and reverse),
weathering of silicates and evaporites, and seawater intrusion are the main controlling processes
of water chemistry. The ionic ratios of SO4*/Cl-, B/CI,, and Na*/Cl- indicate that saltwater
infiltration increases as the distance from the Rabach River increases, particularly in the
northwest and southeast regions. This can lead to a decrease in the quality of water resources.
Moreover, the water quality for agricultural use is assessed based on some indices, including
electrical conductivity (EC), sodium percentage (Na%), sodium absorption ratio (SAR), residual
sodium carbonate (RSC), magnesium absorption ratio (MAR), permeability index (PI), Kelly’s
ratio (KR), and USSL and Wilcox diagrams. The results showed that about 60% of the samples
had unsuitable quality for irrigation. These samples were located in the northwestern and
southeastern parts of the plain. About 40% of the samples have suitable quality for irrigation and
are located in the vicinity of the Rabach River.

Keywords: Groundwater quality, lonic ratios, Salinization, Coastal aquifer, Irrigation

Introduction

Since agriculture is one of the main economic pursuits for people living in arid and semi-arid regions
of the world, pollution from it poses a significant threat to the management of groundwater resources
(Amiri et al., 2021; Malki et al., 2017). To better protect and manage valuable water resources in arid
and semi-arid regions, it is necessary to understand their hydrochemical status and the process of
controlling qualitative changes through analysis. Extensive research has been addressed to determine

the quality of groundwater and hydrochemical processes in coastal aquifers (Abu-Alnaeem et al.,
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2018; Jamshidzadeh, 2020; S. Li et al., 2022; Liu et al., 2019; Osiakwan et al., 2021; Senthilkumar
etal., 2017; Zhang et al., 2022).

The average annual rainfall in Iran is approximately 250 mm, making it one of the world's most water-
scarce countries(Amiri et al., 2021; Esmaeili-Vardanjani et al., 2015). In arid and semi-arid regions
of Iran, groundwater is the most important source of drinking water, industry, and agriculture (Pazand
& Sarvestani, 2013). In Iran, water scarcity is a critical challenge for governments. Excessive
exploitation of underground water and severe droughts in recent years have reduced the quality and
quantity of underground water resources. In this research, an attempt has been made to investigate
the mechanisms controlling groundwater chemistry and groundwater quality for use in the
agricultural sector in the Zarabad aquifer in Sistan and Baluchistan provinces.

materials and methods
study area

Zarabad region is located in Sistan and Baluchistan province in the southeast of Iran. It is bounded
by the Oman Sea from the south. The average annual rainfall and evaporation in the studied area
ranges between 140 to 57 and 2900 to 3000 mm, respectively. This area is geographically located in
the arid and semi-arid region and has a dry and hot climate. The average annual temperature is 27°C
and the highest temperature is in June with an average of 34.7°C. Geologically, the studied area is
mainly covered by Miocene, Paleocene (e.g. sandstone, conglomerate, shale, and marl), and

Quaternary deposits.
Sampling and evaluation

In April 2020, groundwater samples were taken. In the Zarabad area, 23 groundwater samples were
obtained using working hand pumps and placed in prewashed polyethylene bottles before being kept
on-site at 4 °C until analysis. After fifteen to twenty minutes of pumping each well, groundwater
samples were taken when the flowing groundwater displayed stable hydrogen ion concentrations and
electrical conductivity values (APHA, 1926). The groundwater sample locations in the research

region are depicted in Fig.1.

pH and electrical conductivity (EC) values were measured in the field using a HACH Multimeter
device (HACH, USA). The usual methods APHA (2005) outlined were used to determine all other
chemical parameters. Chemical investigations for Mg?*, Ca?*, Sr?*, K*, Na*, and B were carried out

at the Zarazma Mineral Investigations Company in Iran using the ICP-MS (High Performance,
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Model-Quadrupole, 4500). At the laboratory, chloride (CI), sulfate (SO4%), bicarbonate (HCO3),
and carbonate (CO3s*) were measured using ion chromatography (Model- Metrohm, Switzerland).
The computed charge balance error (CBE) was found to be below the permissible limit of £5%
(Domenico and Schwartz, 1990).

Assessing the quality of groundwater for irrigation purposes

It is crucial to assess the quality of groundwater before using it for irrigation. As a result, the following
equations were used to calculate Kelly's ratio (KR), sodium adsorption ratio (SAR), sodium
percentage (Na%), residual sodium carbonate (RSC), permeability index (PI), magnesium absorption
ratio (MRI), and other parameters related to irrigation groundwater quality. Likewise, Piper diagram
was calculated to identify the hydrogeochemical facies and USSL and Wilcox's charts were also
calculated for the suitability of groundwater for irrigation.

Results

pH levels range from 7.1 to 7.8 (with an average of 7.4), indicating alkaline groundwater in the study
area. According to Table 2, EC value ranges from 922 to 7140 puS/cm with an average of 2726.5
uS/cm. Approximately 39% and 26% of the samples fall within the saline water and brackish water
ranges, respectively. The total dissolved solids (TDS) vary between 545 and 6426 mg/L, with an
average of 2297.5 mg/L, which indicates that 65% of the samples are in the saline range (Table 2).
The groundwater samples in the northwest and southeast of the plain, as well as those away from the
Rabach River, exhibit high values of EC and TDS. This indicates that there is a possibility of saltwater
infiltration in the studied area (Fig. 2a,b). The abundance of cations and anions is Na*>Ca?*>Mg?*>K*
and CI>S0,*>HCOs’, respectively.

The high correlation of Na* and CI- (r=0.97) suggests that the presence of saltwater in the study area
is due to infiltration of seawater and the dissolution of evaporites. These chemical elements play a
crucial role in enriching the groundwater, highlighting their importance in indicating the presence of
saltwater in the area (Table 3) (Maurya et al., 2019). In addition, the positive correlation between the
main cations (Ca?*, Mg®*, K*, and Na*) and SO.> shows that sulfate can come from silicates, salt
rocks, and dissolution and weathering of sulfate minerals (e.g. gypsum and anhydrite) (EImeknassi et
al., 2022; Lietal., 2013; Maurya et al., 2019).

Evolution of hydrochemical facies
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The classification of hydrogeochemical facies for groundwater is shown in Fig. 3. This diagram shows
two types of water. In the first group, the position of the data shows the Na-Cl type (about 78%)
where chloride and sodium are the main cations and anions. This group shows the influence of
seawater. In the second group, the data shows the mixed type (Ca-Mg-Cl) (about 22%), where calcium
and magnesium are the main cations and chloride is the main anion. These facies indicate that the
groundwater samples are associated with alkaline soil ions such as calcium and magnesium and strong
acidic anions such as chloride and sulfate. Such mixed waters indicate the dissolution of minerals
(Akshitha et al., 2021; Senthilkumar et al., 2017).

Cation exchange

As shown in Fig. 4, approximately 48% of the samples exhibit the hardening process (CAI>0), while
around 43% of the samples show the softening process (CAI<0). This suggests that the reverse and
base ion exchange occurs between the groundwater and the aquifer material in the study area. About
8% of the samples have CAI=0, indicating that there is a balance between cation exchange and reverse
cation exchange processes between the groundwater and the solid materials of the aquifer.

Water-rock reaction processes

Figure 5 indicates that groundwater samples were located in the area of evaporation and water-rock
interaction, suggesting that these are the primary factors controlling groundwater chemistry.
Groundwater samples in the Zarabad aquifer are located between the zones of global evaporative
dissolution and silicate weathering, indicating the simultaneous occurrence of these processes (Fig.
6).

Hydrochemical ion ratios and evidence of seawater intrusion

48% of the samples have Na*/Cl'<l and TDS>500 mg/L, which indicates seawater intrusion or
reverse cation exchange in the studied area (Fig.7a). Figure 7b shows that most of the samples are
above the 1:1 line. 35% of the samples were between the 1:1 and 2:1 line, which indicates the
dissolution of carbonate rocks containing calcite, and about 48% of the samples were above the 2:1
line, which indicates that Ca?* and Mg?* probably come from the weathering of silicates
(Jamshidzadeh, 2020). Figure 7c¢ shows that the samples placed on the 1:1 line are a result of the
dissolution of calcite, dolomite, and gypsum. An increase in Ca?" + Mg?* indicates a reverse cation
exchange due to the weathering of carbonate minerals, while an increase in HCO3™ + SO.* indicates

a cation exchange due to the weathering of silicate minerals (Cerling et al., 1989; Fisher & Mullican,
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1997; Kanagaraj et al., 2018). Figure 7d shows that most of the samples are below the 1:1 line, which

indicates the dominance of sulfate over calcium.

In groundwater samples, the Sr2*/ClI- ratio is similar to Ca?*/ClI-, suggesting that Sr?* in groundwater
is controlled by ion exchange and water-rock interaction (Fig. 8a,b) (Petelet-Giraud et al., 2016).
Figure 8c displays the ratio of SO,*/CI- versus CI-. This ratio decreases with increasing chloride,
indicating saltwater penetration in samples Z21, 222, Z23, and Z16 (Figures 8c and 9d). In Figure
8d, the concentration of B/CI" is plotted against CI. The B/CI ratio of the local seawater is 0.0004.
Some samples include Z1, Z3, Z4, Z5, Z6, and Z18 in the Zarabad aquifer with a high ratio of B/CI-
and Na*/CI" evidence of freshening, and other samples such as Z8, 210, Z11, 713, Z15, Z16, Z21,
and Z23 with low B/CI- and Na*/ClI" ratios show evidence of saltwater intrusion (Fig. 9 b,c).

Water quality for irrigation

The water quality for agricultural use is assessed based on some indices, including electrical
conductivity (EC), sodium percentage (Na%), sodium absorption ratio (SAR), residual sodium
carbonate (RSC), magnesium absorption ratio (MAR), permeability index (PI), Kelly’s ratio (KR),
and USSL and Wilcox diagrams (Table. 4). Generally, SAR, RSC, MAR, and PI indicators show that
water quality for irrigation purposes is of excellent to good quality. EC and KR show that 48 and 78%
of the samples have unsuitable quality, respectively. In addition, the USSL chart shows that most of
the samples fall in C3-S1quality rank (high salinity risk and low sodium absorption risk), C4-S2 (very
high salinity risk and moderate sodium absorption risk), and C4-S3 (high salinity and high sodium
absorption) (Fig.10b and 11b), and the Wilcox chart shows that 36% of the samples have
inappropriate quality for irrigation (10a and 11a).

Conclusion

e The main hydrochemical facies of underground water in the study area is Na-Cl.

e the position of the samples on the Gibbs diagram indicates that groundwater chemistry is
mainly controlled by water-rock interaction and evaporite dissolution.

e the results of the graphical method and ion ratios show that cation exchange (direct and
reverse), weathering of silicates, and seawater infiltration are the main factors controlling the
chemistry of groundwater. the groundwaters in the study area, located at a distance from the
Rabch River in the northwest and southeast, have lower ratios of B/CI-, Na*/CI-, and SOs*
/CI" compared to the samples located near the river. This indicates that saltwater has

penetrated these areas.
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Based on SAR and Na%, most samples are within the permissible range. The USSL diagram
indicates that the soil needs drainage, and if the drainage is done well, this water is suitable
for all plants. Also, the Wilcox diagram shows that about 35% of groundwater samples are
unsuitable for irrigation due to their high salinity. Therefore, it is necessary to strengthen
continuous monitoring of underground water quality and pay more attention to the quality
changes of groundwater in the future for sustainable development and human health.
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