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Abstract

Considering that a significant portion of water required for various
purposes is supplied through groundwater resources in Iran,
understanding the hydrogeochemical conditions and the factors
influencing it as well as the concentration levels of dissolved salts and
ions is of utmost importance. This study investigated the factors
influencing the hydrogeochemical conditions of the Urmia aquifer in
the Urmia Lake watershed. The study utilized a 15-year average of
monthly hydrochemical analyses of water quality parameters up to the
water year 2022-2023. lon ratios, Gibbs and composite diagrams, and
Piper and Chadha plots were employed for the analysis. Results from
the ion ratios indicated that sodium ions in the Urmia aquifer have dual
origins: direct and reverse ion exchange. It also showed that the
Magnesium ions were derived from three sources: dolomite
weathering, dolomite-limestone dissolution, and dolomite dissolution.
Sulfate ions exhibited an anthropogenic origin, influenced by
agricultural fertilizers and wastewater disposal. Additionally, results
from ion ratios indicated that Lake Urmia and the associated saltwater
intrusion had no significant impact on the groundwater quality of the
studied aquifer. These findings were confirmed by Chadha diagrams.
The nature of water-rock interaction reactions, as confirmed by Gibbs
diagrams, was investigated in terms of direct and reverse ion exchange
using the chloride alkalinity index and composite diagrams. Results
showed that the reverse ion exchange dominated in the Shahrchay sub-
basin, while in the other sub-basins the direct ion exchange prevailed.
The presence of the Shahrchay reservoir in the Shahrchay sub-basin
appears to have caused the hydrochemical behavior of groundwater to
differ from other sub-basins. Geochemical modeling of the aquifer
using saturation indices indicated a chemical environment conducive
to the dissolution of halite, anhydrite, and gypsum (negative saturation
index) and the precipitation of dolomite, calcite, and aragonite
(positive saturation index). The use of Piper and Chadha diagrams
revealed that calcium and magnesium bicarbonate types were the
predominant water types and facies.

Keywords: Gibbs Diagrams, Hydrochemical, lon Exchange,
lon Rations, Saturation Index, Urmia Aquifer.
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Table 1- Determining the origin of solutes using ionic ratios
S EBCad I a3l b z Yol Lo cymets Y g

Parameter Criterion

Inference

> 0.5

=05
< 0.5and TDS > 500
< 0.5and 50 < TDS < 500

Nat/(Nat + Cl7)

such as ion A source other than Halite, Albite
for sodium ion exchange
Halite dissolution
Reverse ion exchange or salt water infiltration
Analysis error

< 0.5and TDS < 50 Rain
> 0.8 and TDS > 500 Infiltration of salt water, brine, evaporation
Cl~/Sum Anions > (0.8 and TDS < 500 Rain

<0.8 Rock weathering

<1 Feeding from limestone formations
Cl=/(HCO3 + C03™) 1 Salt water penetration, evaporation formations,

chemical fertilizers
=05 Dolomite weathering
24 24 24 < 0.5 Dolomitic limestone weathering
Mg™/(Mg™* + Ca™) S 05 Dolomite dissolution, Calcite sediment or sea
) water
=05 Gypsum dissolution

< 0.5and pH > 5.5

2+ 2+ 2-
Ca®*/(Ca** +5037) < 0.5and pH < 5.5

Calcium removal - ion exchange or Calcium
deposition
Pyrite oxidation
A source other than gypsum, carbonate and

>05 silicate for Calcium
> 0.2and < 0.8 Dedolomitization
2+ 2+ 2—
(Mg™ + Ca®™") /503 > 0.8 A source other than Dedolomitization

< 0.8 and Sulfate high
< 0.8 and Sulfate Low
> 0.8

HCO3 /Sum Anions

Gypsum dissolution
Sea water, brain
Silicate or carbonate weathering
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Table 1- Chemical analysis of samples (in meqg/l)
(55 2 Y19 ST o cams 53) (S (SLoigod (tlowd 3IUT b -) Jgo

EC TDS Cations (meq/l) Anions (meg/l) UTMY UTMX  Symbol
(umohs/cm) (mg/l) [ Ssum Ca Mg K Na | Sum CO3 HCO3 ClI SO4
1449.72 7.82 94232 | 1531 355 574 011 591 | 1565 052 561 419 533 | 4148400 513313 ql
998.47 7.80 649.00 | 1050 2.83 270 0.0 487 | 1059 034 535 145 345 | 4171639 502264 q2
563.33 773 36617 | 6.03 344 189 008 061 | 621 030 3.8 076 1.31 | 4152023 519364 93
1690.45 7.77 109879 | 1838 358 7.05 0.80 696 | 1889 097 834 546 4.12 | 4173009 517734 a4
889.14 766 57794 | 933 462 306 010 155 | 876 001 441 196 2.38 | 4155099 512212 5
639.05 809 41538 | 7.07 245 334 009 119 | 758 040 518 065 1.35 | 4144310 520113 q6
718.50 7.80 467.03 | 775 301 327 015 132 | 807 035 495 1.03 175 | 4171673 506283 q7
1358.18 810 88282 | 1555 427 685 012 431 | 1575 053 579 3.8 560 | 4182558 508255 q8
500.38 807 32525 | 544 230 227 008 079 | 590 039 405 061 0.85 | 4138574 515073 q9
732.08 797 47585 | 758 382 220 011 144 | 746 020 320 276 131 | 4155312 521188 q10
1014.79 7.67 65961 | 1030 4.68 3.09 010 244 | 976 020 447 273 236 | 4155561 509825 qll
1420.86 7.68 92356 | 1453 522 503 012 415 | 1486 047 572 364 503 | 4157892 506677 q12
712.61 7.89 46320 | 738 329 239 010 160 | 752 028 401 148 175 | 4154111 507097 q13
589.96 7.66 38348 | 634 300 239 011 084 | 662 025 475 056 1.06 | 4168916 496891 ql4
928.31 826 60340 | 1035 253 586 010 186 | 1069 053 685 120 2.11 | 4143292 520436 q15
513.50 800 33378 | 574 273 222 008 071 | 627 064 420 069 074 | 4137416 519423 q16
577.89 821 37563 | 624 193 292 007 132 | 662 056 431 061 1.14 | 4145866 522483 q17
548.30 799 35640 | 592 293 240 009 051 | 625 038 421 053 113 | 4136603 513578 q18
585.17 832 38036 | 655 171 163 008 313 | 697 093 421 120 064 | 4138614 522631 q19
854.96 762 55572 | 896 473 302 010 111 | 939 080 442 176 241 | 4155196 513933 920
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EC TDS Cations (meq/I) Anions (meq/l)
UTMY UTMX  Symbol
(umohs/cm) (mg/l) [ sum Ca Mg K Na | Sum CO3 HCO3 ClI SO4
653.29 7.82 42464 | 715 320 253 008 134 | 746 030 459 081 1.76 | 4163947 507975 q21
707.27 773 45973 | 749 325 289 011 125 | 7.95 030 474 103 1.87 | 4179820 512889 922
518.33 7.80 33692 | 562 244 223 009 086 | 58 023 397 063 1.03 | 4178733 516539 923
912.45 776 59309 | 931 397 272 010 253 | 952 065 3.82 258 247 | 4178571 503381 024
541.60 8.06 35204 | 595 257 254 008 076 | 638 049 439 062 0.89 | 4140382 51759 025
660.84 7.65 42955 | 7.3 342 299 010 062 | 717 020 428 054 216 | 4163107 498268 026
541.20 785 35178 | 573 289 206 010 068 | 6.08 027 425 077 0.79 | 4133651 520410 027
929.79 812 60436 | 1034 238 720 012 065 | 1073 083  7.84 079 1.27 | 4142576 511194 928
771.22 765 50129 | 812 38 299 013 114 | 808 040 429 180 159 | 4160789 511691 929
1302.50 7.84 84663 | 1397 380 694 030 293 | 1495 090 779  3.38 2.88 | 4175390 517069 930
778.57 756 506.07 | 819 404 348 008 058 | 850 050 487 074 240 | 4164893 501175 931
721.43 7.94 46893 | 808 262 357 010 179 | 845 056 525 0.81 1.83 | 4143971 513418 932
753.76 777 48994 | 806 378 296 010 123 | 833 025 497  1.02 208 | 4175021 511582 933
807.73 793 52502 | 879 271 361 012 235 | 959 075 526 134 224 | 4149185 516318 034
967.13 776 62863 | 1008 297 440 015 256 | 1028 027 588 210 2.03 | 4170912 514936 935
692.00 791 44980 | 762 253 379 011 119 | 807 053 525 078 151 | 4142331 513458 936
1192.92 7.95 77540 | 1280 295 331 012 643 | 1343 066 584 096 597 | 4174372 502868 937
652.13 7.80 4238 | 7.08 320 231 010 146 | 758 035 429 124 170 | 4168380 509295 938
419.23 7.98 27250 | 442 260 135 008 040 | 447 018 298 050 0.81 | 4175484 491911 039
769.84 771 50040 | 7.95 377 276 012 130 | 775 030 401  1.68 1.76 | 4157547 510789 040
542.13 810 35238 | 6.06 212 233 009 152 | 640 037 392 073 137 | 4147381 518307 g41
661.00 777 42965 | 7.02 295 289 009 108 | 7.26 027 483 081 1.35 | 4169475 503524 042
538.60 7.78 35009 | 570 247 228 009 087 | 594 010 395 065 1.25 | 4168077 511006 043
650.23 7.87 42265 | 705 367 260 011 068 | 7.42 030 447 079 1.86 | 4150750 516205 044
514.18 768 33422 | 552 244 216 009 084 | 622 060 400 061 1.00 | 4174607 515824 045
646.88 815 42047 | 7.20 224 280 011 204 | 7.69 071 480  1.03 1.15 | 4139231 521137 046
849.46 7.84 55215 | 874 303 305 0411 254 | 921 055 510 1.38 217 | 4175894 506304 047
600.59 7.88 39038 | 6.61 275 278 009 100 | 698 030 472 075 1.21 | 4170458 509082 048
607.00 8.05 39455 | 641 254 274 010 104 | 687 050 411 061 1.64 | 4166868 508743 049
927.30 778 60275 | 978 536 297 010 134 | 1009 040 460  1.62 3.48 | 4155501 517462 50
692.92 7.70 45040 | 743 359 255 010 118 | 7.49 023 510 0.89 1.27 | 4170981 496074 051
1042.24 7.64 67746 | 1129 426 442 010 251 | 1154 015 648 204 2.88 | 4161772 503641 052
715.83 757 46529 | 748 358 307 010 074 | 7.61 030 472 079 1.80 | 4164804 505189 953
822.63 771 53471 | 891 367 352 010 162 | 935 053 542 117 222 | 4177696 508532 054
1228.32 754 79841 | 1272 550 386 014 323 | 1304 040 529 432 3.03 | 4170333 518318 55
1068.52 7.68 69454 | 1098 3.82 358 0.3 344 | 1120 030 538 354 1.99 | 4180255 505618 956
542.40 8.02 35256 | 594 235 243 008 109 | 640 048 419 059 1.15 | 4145146 517362 57
610.13 7.63 39658 | 6.55 327 258 009 060 | 7.05 045 444 063 153 | 4165642 503779 58
801.22 776 52079 | 836 286 264 012 274 | 88 020 501 199 1.62 | 4170953 517831 959
582.45 777 37860 | 599 324 191 010 074 | 710 120 379  0.88 1.24 | 4153579 512883 60
1012.09 7.75 657.86 | 1055 3.62 388 0.5 291 | 10.88 058 476  3.26 2.28 | 4159507 513668 g61
638.56 8.07 41507 | 682 241 307 011 122 | 7.07 040 417 1.0l 150 | 4182081 514149 062
790.53 7.96 51384 | 856 239 389 008 219 | 895 068 539 089 1.98 | 4145259 518012 063
878.57 775 57107 | 926 473 297 010 146 | 959 040 401 242 276 | 4157451 520247 064
507.92 7.96 33015 | 561 250 226 008 077 | 58 028 414 051 091 | 4139148 510142 065
1512.86 7.82 98336 | 1569 547 634 013 374 | 1586 030 582 329 6.44 | 4181071 508052 066
778.54 7.66 506.05 | 823 327 307 010 180 | 836 025 465 122 225 | 4162916 500450 067
599.21 785 38949 | 6.69 287 281 009 091 | 7.18 040 484 071 1.23 | 4172198 509931 068
1601.50 7.96 104098 | 1698 293 742 026 637 | 1755 047 724 418 566 | 4177319 515122 069
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Aquifer boundary

1

Lake
Litology
Ag: Agmatice (Igncous breccia) of grl, gr2, gb and gbl

C1: Pink red quartzitic sandstone (LALUN FM.)

Cb: Cherty dolomites, sandy argillitic shales & metamorphosed sandstone (BARUT FM.)

Cm: Limestone, dolomitic limestone, cherty dolomite with shale, phyllite & slate (MILA FM.)
Cmz.1: Mylonitized Zaigun and Lalun formations

Cqg: White quartzitic sandstone (TOP QUARTZITE)

Cssh: Green shale, siltstone and sandstone and red to grey arkosic sandstone

Cz-1: Micaceous fine grained sandstone with intercalations of cherty dolomite & silty shale (ZAGUN-LALUN FM.)
Ec: Coarse grained conglomerate and conglomeratice sandstone

E.sm: Sandstone, marl, Conglomerate

Ksh11: Thick to bedded shales with thick bedded orbitolina limestone and dolomitic limestone
M1q: Cream to pale, pinkish coloured, medium to thick bedded, fossilliferous limestone

Mc: Miocene thick sequance of sandstone and conglomerate (Post orogenic mollasse)

Mcs: Alternation of conglomerate & sandstone with intercalations of marl and sandy limestone
Mms: Alternation of grey & pink marl, conglomerate, sandy limestone and limestone

Ms: Coarse grained, light green to grey sandstone and siltstone

10 IR

Msm: Thin to medium bedded calcareous sandstone with marl
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Mva: Basic and acidic colcanic rocks

M1q: Cream to pale, pinkish coloured, medium to thick bedded, fossiliferous limestone (QOM FM. equi.)

MPL tcg: Alternations of conglomerate, tuff and sandstone

Mtv: Tuff, sandstone, marl, conglomerate and intercalations of volcanic rocks

OM1: Creamy to pale limestone

OMmL1: Grey to greenish marly limestone

OMsm: Marl, Sandstone

P1r: Limestone with intercalations of dolomite, shale and quartzitic sandstone (RUTEH FM.)

Pd: Sandstone, conglomerate (DORUD FM.)

PCt: Metamorphosed tuff and rhyolite (MAHABAD RHYOLITE equivalent)

Pr: Upper permain well bedded dark grey dolomite, limestone, minor limestone turbidites (RUTEH FM.)

Psd: Red quartzitic sandstone, with intercalations shale and limestone (DORUD FM.)

PC-Cs: Yellowish weathered, light grey, massive, chert and stromatolite bearing dolomitic and dolomitic cherty limestone
PCk: Green to grey shale, siltstone and slate (KAHAR FM.)

PCs: Slates, phyllite, quartzitic sandstone, greywackes dark grey, highly folded with some dolomites (SILVANA COMPLEX)
PCsch k: Slightly metamorphosed shale, sandstone, minor dolomite and greywacks (Selvana complex propbably equivalent of KAHAR FM.)
PCk: Micaceous slate and phyllitic rpcks with metamorphosed sandstone and volcanic rocks

PQc: Conglomerate with faint cement

Pr: Pr: Upper permain well bedded dark grey dolomite, limestone, minor limestone turbidites (RUTEH FM.)

Qal: Recent alluviums

Qf: Gravel fans

Qf1: Old fan deposits, mainly cobbles, pebbles, gravels, sands, silts semi consolidated

Qf2: Young fan deposits consisting of boulder, pebbles, gravels, sands

0 I I nnn 1

o
3
=8
<
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»
=R

<
-
5
@

Qsf: Salt flats

Qt: Residual soil and top soils, partly under cultivation

Qtl: Old terraces

Qt2: Young terraces & gravel plain

R1le: Thin bedded yellowish dolomitic limestone and limestone (ELIKA FM.)
R-Jss: Alternation of dark grey sandstone and shale, limestone (SHEMSHAK FM.)
gbl: Layered gabbro, anorthosite, wherlite

gn: Gniesses derived form mylonitization of grl, gr2 and Ag units

gr: Ghoshchi granite (post Cretaceaus-pre Oligo-Miocene)

grl: Hornblende biotite granite-grandodiorite

gr2: Leucogranite, alkaligranite

mbs: Contact metamorphic marbels (forstrite marble, periclase marble) and skarns
r: Radiolarite and shale (UPPER Cretaceous)

rm: Retrograde metamorphic rocks, phyllonite, chlorite schist

i nn

Fig. 3- Geology map of the area
Ao owlind (a0 5 duinds —Y S
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Frequency

Frequency

Table 2- Determining the origin of solutes using ionic ratios
S5 o3y (393l (w2 gl - Jo>

Kolmogorov-Smirnov? Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
S04 .205 69 .000 791 69 .000
Cl 217 69 .000 787 69 .000
HCO3 122 69 .013 .883 69 .000
Co3 144 69 .001 .935 69 .001
K .345 69 .000 .320 69 .000
Na 211 69 .000 .785 69 .000
Mg 231 69 .000 795 69 .000
Ca 115 69 .023 .939 69 .002
EC 148 69 .001 .865 69 .000
TDS 148 69 .001 .865 69 .000
pH 111 69 .034 .964 69 .045

a. Lilliefors Significance Correction

Histogram of EC
20 skewness=1.356
a kurtosis=1.369
18 mean=804.966
16 median=718.5

[0.42, 0.55] (0.55, 0.67] (0.67, 0.80] (0.80, 0.93] (0.93, 1.05] (1.05, 1.18] (1.18, 1.31] (1.31, 1.44] (1.44, 1.56] (1.56, 1.69]
EC (umohs/cm 1073)
Histogram of EC
skewness=0.653
b kurtosis=0.033
mean=6.639
median=6.6

o
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[6, 6.14] (6.14, 6.28] (6.28, 6.42] (6.42, 6.56] (6.56, 6.7] (6.7, 6.84] (6.84, 6.98] (6.98, 7.12] (7.12, 7.26] (7.26,7.4]
log EC (Wmohs/cm 1073)

Fig. 4- Histogram of EC Data (a: before Normalization, b: after Normalization)
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Semivariogram of EC Data
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Fig. 5- Experimental Semivariogram cloud of EC
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Fig. 6- lonic ratio of Nat/(Na* + Cl7)
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Table 2- Values of Chloro-alkaline indices

Id CAIl CAI2 Id CAIl CAI2 Id CAIl CAI2
ql -0.438 -0.167 q24 -0.019 -0.008 q47 -0.920 -0.175
q2 -2.438 -0.401 q25 -0.359 -0.042 q48 -0.458 -0.058
q3 0.084 0.012 26 -0.340 -0.028 q49 -0.848 -0.091
g4 -0.421 -0.184 q27 -0.014 -0.002 q50 0.108 0.022
95 0.155 0.045 q28 0.036 0.003 51 -0.443 -0.062
6 -0.957 -0.096 29 0.294 0.090 52 -0.281 -0.061
q7 -0.435 -0.067 q30 0.044 0.014 53 -0.063 -0.008
q8 -0.160 -0.053 q31 0.098 0.010 q54 -0.467 -0.072
q9 -0.416 -0.052 q32 -1.323 -0.152 455 0.222 0.116
q10 0.437 0.268 q33 -0.302 -0.044 56 -0.012 -0.006
g1l 0.071 0.029 q34 -0.838 -0.150 q57 -1.000 -0.110
ql2  -0.174 -0.059 q35 -0.288 -0.076 58 -0.092 -0.010
ql3  -0.152 -0.039 q36 -0.677 -0.078 59 -0.435 -0.131
qld  -0.681 -0.066 q37 -5.784 -0.472 q60 0.046 0.008
ql5  -0.633 -0.085 q38 -0.269 -0.055 q61 0.064 0.030
ql6  -0.144 -0.020 39 0.054 0.007 q62 -0.327 -0.058
ql7  -1.305 -0.145 q40 0.157 0.046 63 -1.554 -0.187
ql8  -0.112 -0.011 q41 -1.188 -0.165 q64 0.354 0.126
ql9  -1.677 -0.416 q42 -0.448 -0.059 q65 -0.665 -0.067
q20 0.317 0.082 q43 -0.487 -0.060 q66 -0.177 -0.047
g2l -0.740 -0.095 q44 0.005 0.001 q67 -0.563 -0.099
q22  -0.317 -0.049 q45 0512 -0.063 q68 -0.414 -0.049
q23  -0.523 -0.065 q46 -1.090 -0.189 q69 -0.586 -0.190
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