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Abstract

Introduction

Groundwater salinization is a major environmental problem, especially in arid and semi-arid regions of the world.
Different natural processes and anthropogenic activities can cause groundwater salinity. Factors such as rainfall,
evaporation, groundwater pumping, agricultural and industrial activities, and artificial recharge of aquifers can
affect the salinity of groundwater. One of the important factors that cause the salinity of freshwater aquifers is
natural saline waters. Natural salinization of groundwater has occurred in many regions of the world. This
phenomenon has been introduced as "dryland salinity”. As a result of this phenomenon, salts accumulate in soil
and water and affect human life and natural ecosystems. Several factors cause the natural salinity of groundwater
in semi-arid regions. These factors include locally derived cyclic salts, salts in wind deposits, salts in marine
deposits, salt domes, unsaturated zone salts and, salts resulting from rock weathering. Delineating the origin and
mechanism of salinity is an important help in preventing the degradation of groundwater quality and optimal
management of groundwater resources. In recent years, the phenomenon of salinization of groundwater has been
observed in some areas of the Faryab plain in southeast Iran. This study aims to identify the origin and
mechanism of groundwater salinity in Faryab plain aquifer.

Materials and Methods

This paper presents an integrated geophysical and hydrochemical investigation of the saline water intrusion into
the Faryab plain. Geophysical studies were conducted by the geoelectrical method and include 55 electric
soundings. The results of geoelectric studies have been analyzed using iso-resistivity maps and geoelectrical
profiles. Twenty-seven water samples were also collected from abstraction wells to assess the quality of
groundwater. These samples have been analyzed to determine the concentration of main cations and anions. The
results obtained from the chemical analysis of water samples have also been examined and analyzed using
spatial distribution maps of qualitative parameters, bivariate diagrams, and time series of water salinity. The
mixing rate of saline and fresh groundwater has also been evaluated using ionic ratios of Na/Cl and CI/HCOs.

Results and Discussion

The lowest electrical resistance was recorded in the central part of the plain. The specific resistance of the
saturated zone decreases towards the center of the plain. Therefore, fresh water and saline water are
hydraulically connected. According to the spatial variations of specific resistance, the Faryab plain is divided
into two regions: one area with a resistance of more than 50 ohm-m and one region with a resistance of less than
10 ohm-m. The area with low specific resistance (less than 10 ohm-m) is observed in the center of the plain. The
most important reasons for the existence of this area are the high groundwater level, the surface saline layers,
and the salinity of groundwater. The electrical conductivity of groundwater reaches 64000 umohs/cm in the
center of the Faryab plain. The highest amount of sulfate and chloride ions are also observed in the water
samples of this area. According to the Gibbs diagrams, the groundwater has been also influenced by the
evaporation process.
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Conclusion

In this study, the origin and mechanism of groundwater salinity in the Faryab plain in southeast Iran were
investigated. Fine-grained sediments have been deposited in the central part of this plain. In the past, the
underground water level in this area was a little far from the ground level and caused an evaporation zone of
surface and underground water. As a result of water evaporation in the central part, evaporative sediments
including chalk and salt sediments were formed and the amount of underground water salts increased.

Based on the results of geoelectrical studies, in the central areas of the plain, the amount of specific apparent
resistance decreases, which indicates the presence of fine-grained sediments containing salt water in these areas.
Investigating the quality characteristics of underground water also shows the occurrence of processes such as
dissolution of halite, dissolution of gypsum and the occurrence of cation exchange process in the aquifer.
Evaporation from underground water has also affected the water quality, especially in the middle part of the
plain. As a result of high pumping from the production wells, the hydraulic load of the aquifer has decreased and
the saline groundwater zone has expanded towards the production wells. Saltwater intrusion has caused salinity
and quality degradation of underground water. According to the results of this research, the most important
reason for the salinity of underground water in Faryab plain is excessive extraction of underground water and
disturbing the natural balance of the aquifer. The most important solution to deal with the development of the
salt water front in the Faryab plain is to reduce the exploitation of the aquifer, especially in its middle areas. It is
also suggested to modify and improve existing artificial feeding facilities and locate new artificial feeding
projects to control saltwater intrusion. Sampling from different depths of the aquifer and measuring minor ions
such as iodine and bromine will greatly help to better understand the groundwater salinization process.
Measurement of environmental isotopes such as oxygen-18, deuterium and chloride-36 will also help to enrich
future studies. By preparing the mathematical model of the aquifer, the effect of different management measures
on the salinity control of the aquifer can be investigated. By using the results of the mathematical model, the
aquifer balance can be checked and the amount of underground water withdrawal can be determined.
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ASO;  AHCOs AMg  ANa  ACa S04 Cl HCOs Na Mg Ca EC 08
fow CIHCOs  Na/Cl pH T s
meg/Il meg/I uSlcm o

0.00 0.00 0.00 000 000  0.00 031 3.50 1 038 26 2.8 16 02 87 403 1 FL
3.88 1.80 191 072 285  0.00L 043 237 5 19 4.4 45 36 32 7 1095 1 F2
0.38 0.40 019 042 025  0.00L 0.63 221 15 19 3 42 15 06 81 592 1 F3
236 -0.50 048 086 182  0.004 233 114 38 49 2.1 5.6 24 26 8 1060 1 F4
126 2.40 133 113 079 0002 0.60 197 25 3 5 5.9 31 13 77 987 1 F5
0.56 1.00 020 064 082  0.00L 058 219 17 2.1 36 46 15 12 82 717 1 F6
153 0.90 101 -052 165  0.003 0.94 137 2.8 33 35 451 281 22 79 950 1 F7
2.82 0.00 003 238 026 0002 0.96 268 4 25 26 6.7 17 07 81 855 1 F8
215 2.80 001 463 060  0.008 159 167 4 8.6 5.4 144 22 19 75 1701 1 F9
17.97 0.01 138 1096 467  0.039 14.62 124 23 38 26 47 59 101 74 6010 2 F10
471 -0.19 1229 -459 277 0041 16.83 0.83 10 404 24 386 17 3 81 4680 2 F11
0.96 1.00 089 226 032  0.00L 058 2.96 21 2.1 36 622 08 07 81 750 1 F12
1.00 0.50 094 199 015  0.002 0.84 246 22 26 3.1 6.4 08 06 83 770 1 F13
0.46 -0.10 073 024 074  0.000 0.48 2.83 15 12 25 34 0.9 1 8.1 490 1 F14
1.76 2.00 117 193 309 0.002 0.65 223 3 3 46 6.7 06 36 73 1020 1 F15
5.67 0.50 136 332 088 0003 123 232 7 3.8 3.1 8.8 32 15 79 1340 1 F16
201 1.00 071 199 122 0.003 097 2.06 33 35 36 72 11 18 78 1050 1 F17
6.36 -0.40 1.02 193 218 0009 432 132 83 95 22 125 33 36 78 1990 1 F18
20.18 0.21 188 1749 144 0018 6.29 201 23 176 2.8 363 48 4 72 3630 2 F19
52.87 -0.28 1387 3929  -009 0073 30.96 147 615 712 23 105 21 10 71 10450 2 F20
1950 0.21 038 1346 224 0018 6.54 174 24 183 2.8 319 26 49 77 3700 2 F21
3.99 -1.00 037 290 044 0005 3.44 1.80 55 55 16 9.9 16 13 73 1240 1 F22
115 0.40 035 104 055 0003 133 1.68 25 4 3 6.7 15 12 66 930 1 F23
1.07 -0.40 099 093 053  0.00L 091 240 22 2 22 48 07 09 77 630 1 F24
1.03 -0.50 063 087 018 0002 114 213 22 24 2.1 5.1 11 06 74 646 1 F25
-0.44 -0.20 077 -117 089  0.002 1.25 120 0.8 3 24 36 1 14 74 596 1 F26
0.00 0.00 0.00 000 000  1.000 417.39 0.90 105 960 23 860 77 135 67 64700 3 F27
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Figure 4- Spatial distribution of electrical conductivity of groundwater samples
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Table 3-Classification of water samples based on total dissolved solids and electrical conductivity (Tomaszkiewicz et al., 2014)
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Figure 6- Spatial distribution of groundwater types
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Figure 7- Spatial distribution of chloride ion concentration in groundwater samples
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Figure 8- Spatial distribution of sulphate ion concentration in groundwater samples
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Table 4- Classification of water samples based on contamination by saltwater (Todd and Mays, 2005)
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Table 5- Statistical charetrestics of groundwater quality parameters in different groups

SO, Cl HCO; Na Mg Ca EC )
pH bl bl ged dlass 09,5 pb
meq/l pS/cm
3.19 341 3.15 6.41 1.76 1.53 7.76 943.4 oSke
0.8 0.8 1.60 2.8 0.6 0.2 6.6 403 Jils 21 1
8.0 9.5 5.4 14.4 3.6 3.6 8.7 1990 Sl
27.98 37.10 2.58 50.56 10.26 6.40 75 5694 oSke
10.0 17.6 2.3 31.9 2.6 3.0 7.1 3630 Jslas 5 2
62.0 71.2 3 105.0 21.0 10.1 8.1 10450 Sl
105.0 960.0 2.3 860.0 77.0 135.0 6.7 64700 - 1 3
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Table 6-Correlation matrix of physico-chemical parameters of groundwater samples
el EC pH Ca Mg Na HCO, Cl SO,
EC 1.00
pH -0.43 1.00
Ca 0.99 -0.42 1.00
Mg 0.98 -0.42 0.96 1.00
Na 1.00 -0.42 1.00 0.98 1.00
HCO, -0.19 -0.03 -0.16 -0.20 -0.18 1.00
Cl 1.00 -0.41 1.00 0.97 1.00 -0.17 1.00
SO, 091 -0.50 0.87 0.93 0.89 -0.25 0.87 1.00

derge slylgel Cusl Mudo (aojps Ol (5)98 (eges Cumdy
lools Jolis Jgl &iwd > HI,8 o5 o atwd 90 1) VY S5y
ol oyl o (S Sleolis cwl W18 s W14 W13 W5
(z bl JSS) aes o olis olo; cuddS L1y aiuliél (g,

sy jl By (SSlicola Sy ol VWY IS5 5
sladlo ;3 lols oyl 3l ()l paiges unl ons &) CbB cuid
o yle o pbil lo,S (ladlate Ol €8 1 bawgs 4

=y dl).: Lol coduis Pl?ul rv.lam O ygpody L&ad)‘.));duw 4\5&‘



Y BAY Sloio AFY Jlo &F ojlad & 0)53 /S 9 f Cuprto 5 sjluJto dputs [ ol )6 Vo

b Aot 3l ol SSee Cundy CLHl b
438 0 eplply cwl e Cow 4y Bl Gl Gl eges
Cdd Sy g Jeo o ool bug b Sl
sl Mol cdale iolibl cel 55 s Wilod,S Iy gess
S e ol el oad ddbate cpl 3 (Gejp g (e
sl v sl oad Dbl Qb cuid She 0 yed Ol s
2 Sy slaoly Cusbye b olyon (rojn; ol Jrmslyen
sanlia JS5 ol 13 45 jsblan lois ool olis VY S
o (58 ol el ojs ol 3l sl e g 00
015 lgzal (e Jlad 5 28 ity )3 ] by s sl
03,5 S > moly o 0 Cudd 340 3l Hod O a3 el
Ol Oled bem Ll oad gl Ol (698 el g
daie luel ) (o pSlcalin g 5 pals 839 Ceglio ¢ iunj
Cuoglie liae cp S Cunl oad &)l VY USG50 AB
O 3 (eeiny ol Sl Jlbe it g ok
Ol Wgy & a3y b 2gd 0 odblie AB ghis b
A AB glaio el )3 rojj ol A5 5 o slojll
Sy ) ass eSS p Ol e 8l g oojns Sl 5l ey
ool a5l i shey ol dgpuie MalS o GlybI 4 cusd
Caol 00 lgzul (0 slacdl byyse sbul el (65050 0
Cos 4 530 O dgen <8 el bedl by ol dnwgs
o bes 3o Ahmadi (2021) sl ods (6l po e (slaols
S S s LYo 5 (S plsiear ) i O Sl
Baghvand et al. (2010) .cusl 03,8 (Byme (polyy cuid o
ol et 1y ol poprr laole 1o ) Gl cully g

Sl lgzal 4 98 Ol dgi

xS o —¥
POyl edd i ol (e pile 5 Liie addllas oyl )
SF e GRS ) Wl Slgwy M (pyp olpl 38 o
ol AiS 0 dweip; ol maw WSldd dlded cuby (]
035 Ko dbul sl y €l oy daw b oS Alols aikai
s fl s sl 0dd e g (e slacd | s
S g (7S Slgwy Jold (65 Slgwy (53530 i
JEOWLE AL S SRS DI IPEST- R R
by g5 ye (g « S Slgy Clilllas I ol @l el
399 ZMJOL;ZJ oS “\’l’u" u.u.tblf Lg)mUé 539 C~o9L5.o )lA.S,a

Ol e Sloss @8ly sy Sle Lisu  leels oyl
ol ang BB )lal 593 Jobo p laols cpl 3 S pSlcolan
Fale p (oge9ySee Voo vl e (ol B WS ol Jle (s
@ b wusl olyon (inoj plaw <l b o (S0 psllcylin
Gl gblie & by > S50 i 9 o Sy
s W22 W17 W4 slaols  Jols laoly pgd &twd .Cunl
s gylol 8,95 Jgb ;5 laoly ) (S pSlglin W23
b Sl colia b lpums saimolis ¢ awdls Slus
S8 sy dusls g3 oly opl (560 VY SS) cusl oy S

Aaang Cad (635 yo S0 jl yeud o s ,ULM9_\;|4,.9)§

Ot 9 59 Ol bS] Y-y

SoSIealin s i gyl & F1 Gges ctalllan ol
Sl Gpre Bgas plgiody wunl WIS g clale S g
clgisds &) )18 00 Ol g5 3 0 3 & F2T Bigad g (e
5 oslital b sl okd 4S5 3 jed Ul Gyme diges
lbtiges (gl o g o ol IS e ¥ 5 ) glmaal,
Copss o 4y dogi bl 00 &)Y Jgda 53 g dwle O
Sladige 1> oud 5 sed ol LUSI it (fo) b3
1 Wdiges ol cusl 00> &, F21 4 F19 F20 F11 F10
s S ya 5 Aol Ll5El b IaB S 5 b ol 59 duble
Jsir 4 a2 bl Gl 0y g 598 O LUB] e
o omelS (Sl ygy 4 o o ol (sladiges I Y
2lie (ACI> ) wd o ol |y (Sab e (g)lhde oldgw g
F21 4 F20 F19 F11 F10 claaises ;> ASO4 4 ANa
Wdiges ol Cosl St aoin) ol cladisel plo 4 Cous
obts Slgw g maw lagy Lbd I obj (Sasoe
5 i Slilge ol Mool ((Sab e cpl o Aimd e
s ANa AMg ACa olie clpuss VWSS sl podus
O (fow) o g 59 o bS] s Jlia 5 1, ASO4
AMY e 355 0 odaliie S5 pl 3 &S jobo lod a2 o
s o bS] s I3l b oo daly ASO4 4 ANa
ooy Sabi col jeb Ol di plply 2 b
Wl 01 lgsul 15 lilgws ¢ madw o juke

iy &l Gi9b pjlse —F-Y



o By gt 3 St dags il Sy (o) O (5398 p3lSe g Lile s

VoY
1000 - 1000 ®
L ©Group 1 OGroup 2 0F27| L7
100 el ¢ 100 - o--
= 0 = (] ,B
3 - 3 -
£ 104 7 oo E 10 - o©
] . = )
Q L L] %
09508 = 00~
% o L
14 O 14 e
’ = i
| o ( ) - ( )
0.1 T T T 0.1 T T T
0.1 1 10 100 1000 0.1 1 10 100 1000
cl (megq/1) Cl {meg/1)
1000 » 1000 L J B
100 b 100 - a.-~
= /” = O H”
= . = z
g L7 g o -
£ 10 - oo E 10 - (oo
] e T
° g @ = : e
1] C’D% (e¥ . o
. ® (@
0.1 +- . . . 01 - . . .
0.1 1 10 100 1000 0.1 1 10 100 1000
S04 (meq/l) S04 (meq/1)
1000 100
e .®
100 ® (i
,/D 10 e
F L 3 op o7 °
£ 10 4 ] O E el
5 (@) Mol = @9,0 O
i ow ° " oS’
N odf
(s) (e)
01+~ : : : 01 + . : :
0.1 1 10 100 1000 0.1 1 10 100 1000
¢l (meaq/1) Cl (meg/1)
. . - Al s - o > ‘o . &
i & (S Syrally jl (B opiie 93 sla)lagei A JKB
Figure 9- Bivariate diagrams of some groundwater quality parameters
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Figure 10- Gibbs diagrams of groundwater samples (Gibbs, 1970)
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Figure 12- Bivariate diagram of ACa, AMg, ANa and ASO4 versus saltwater fraction (fs,)
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Figure 13- Mechanism of groundwater salinization in the Faryab plain
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