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Article info Abstract

Avrticle type Understanding the chemistry and quality of groundwater in karst aquifers is essential for sustainable water-resource

f\ei‘_ﬁﬁmu_ﬁmc'e management because of geological and hydrogeochemical heterogeneity. This study aimed to investigate the
rticle history

hydrogeochemistry and identify the processes controlling groundwater chemistry in the karst aquifers of Lorestan
Province. For this purpose, water samples were collected from ten springs and three wells during three sampling
periods from 2021 to 2023 and analyzed for physicochemical parameters, major ions, trace elements, and metals. The
data were interpreted using hydrogeochemical diagrams, ionic ratios, saturation indices, and multivariate statistical
analyses, including hierarchical cluster analysis, fuzzy clustering, principal component analysis, and principal
component analysis based on centered log-ratio transformation. The results showed that the groundwater samples
were divided into four hydrochemical groups, A, B, C, and D. Groups B and C showed a calcium—magnesium pattern
with bicarbonate dominance, indicating carbonate control and water—rock interaction. Group A had a more mixed
composition with relative enrichment in sulfate and chloride and was influenced by mineral dissolution, limited
mixing, and local geochemical conditions. In contrast, Group D was separated from the other groups by Na—Cl facies,
high EC, different ionic composition, and low Br/Cl, Li/Cl, Sr/Cl, and Ba/Cl ratios, indicating the influence of
evaporitic units, particularly the Gachsaran Formation. Samples S2 and S3, with increased SO,, Cl, and Na,
highlighted the role of gypsum, halite, and evaporitic components, whereas S1, S6, S7, and P3 showed intermediate
or mixed behavior. The statistical analyses showed that hydrochemical boundaries between some groups are gradual
and that not all samples are completely separated. Trace-element ratios were also useful for interpreting local
geochemical differences and identifying distinct samples. Overall, the integration of major ions, trace-element ratios,
saturation indices, and statistical analyses provided a process-based framework for differentiating hydrochemical
patterns and interpreting variations in groundwater chemistry in the karst—structural aquifer of Lorestan Province.
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Introduction

Groundwater chemistry is an important indicator for
understanding  hydrogeological conditions, groundwater
evolution, salinity origin, water—rock interaction, and the
processes controlling groundwater quality (Domenico and
Schwartz, 1990; Appelo and Postma, 2005; Aghazadeh and
Mogaddam, 2011; Amiri et al., 2015). In Kkarst aquifers,
hydrochemical interpretation is often complex because
groundwater flow is affected by fractures, conduits, lithological
variability, recharge conditions, and geological heterogeneity
(Ghasemizadeh et al., 2012; Goldscheider et al., 2020). These
characteristics can produce considerable spatial and temporal
variations in groundwater chemistry and make it difficult to
distinguish the effects of carbonate dissolution, evaporite
dissolution, ion exchange, mixing, and local geochemical
conditions.

Multivariate statistical methods have been widely used to
reduce the complexity of hydrochemical datasets, classify
groundwater samples, and identify the main processes
controlling groundwater chemistry (Guler and Thyne, 2004a;

Dassi, 2011; Daughney et al., 2012). In addition, recent studies
have shown that compositional data approaches and log-ratio
transformations can improve the interpretation of relative ionic
composition in groundwater systems, especially where salinity
differences are large (Drouiche et al., 2024). Therefore,
combining conventional hydrochemical diagrams, ionic
relationships, mineral saturation indices, and statistical methods
can provide a more reliable framework for interpreting
groundwater  evolution in  heterogeneous  aquifers.
The karst aquifers of Lorestan Province are located in the
Zagros Fold-Thrust Belt, where carbonate formations,
evaporitic units, faults, and folded structures occur together
(Nassery, 1991; Alavi, 2004). The coexistence of carbonate
rocks, evaporitic formations, sulfate-rich waters, mixed waters,
and highly saline springs has created complex hydrochemical
conditions in the region. Accordingly, this study aims to
evaluate the hydrogeochemistry of karst groundwater in
Lorestan Province, identify the main processes controlling
groundwater chemistry, determine the role of carbonate and
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evaporitic  formations, and provide a
classification of groundwater in the study area.

process-based

Materials and Methods

The study area is located in Lorestan Province and includes
parts of Khorramabad, Kuhdasht, and Pol-e Dokhtar.
Geologically, the area belongs to the Zagros Fold—Thrust Belt,
which is characterized by folded structures, anticlines,
synclines, faults, and thick sedimentary successions. The main
geological units include carbonate, marl, shale, sandstone,
conglomerate, and evaporitic formations. Carbonate formations,
particularly llam—Sarvak and Asmari-Shahbazan, play an
important role in groundwater recharge, karst development, and
groundwater flow. In contrast, the evaporitic Gachsaran
Formation can strongly affect groundwater salinity and ionic
composition.

Groundwater sampling was carried out from ten springs and
three wells during three sampling campaigns. Sampling points
were selected based on geological diversity, water-source type,
location, and field characteristics. Field parameters, including
pH, electrical conductivity, and temperature, were measured in
situ, and water samples were analyzed for physicochemical
parameters, major ions, selected trace elements, and metals. The
reliability of chemical data was evaluated using charge balance
error.

Hydrochemical facies and controlling processes were
investigated using common hydrochemical diagrams, ionic
relationships, bivariate plots, mixing indicators, and mineral
saturation indices. Saturation indices of the main carbonate and
sulfate minerals were calculated using PHREEQC. Multivariate
statistical analyses, including hierarchical cluster analysis,
fuzzy C-means clustering, principal component analysis, and
centered log-ratio principal component analysis, were applied to
classify groundwater samples, evaluate hydrochemical
similarities, and identify intermediate hydrochemical patterns.

Results and Discussion

The hydrochemical results show that groundwater samples
in the study area do not follow a uniform chemical pattern.
Based on major-ion composition, salinity level, and differences
in controlling processes, the samples can be divided into four
hydrochemical groups, A, B, C, and D. Groups B and C are
mainly characterized by calcium—magnesium waters with
bicarbonate dominance. This pattern indicates that carbonate
dissolution and water—rock interaction are the main processes
controlling groundwater chemistry in these groups. Group A
shows a more mixed hydrochemical composition, with relative
enrichment in sulfate and chloride. This pattern indicates that,
in addition to carbonate dissolution, sulfate-bearing and
chloride-bearing components also contribute to the chemistry of
this group. Therefore, Group A reflects the combined effects of
carbonate dissolution, sulfate and chloride enrichment, limited
mixing, and local geochemical conditions. Group D is clearly
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separated from the other groups by Na—Cl facies, very high EC,
different ionic composition, and lower selected trace-element
ratios. This group is mainly affected by evaporitic units,
particularly the Gachsaran Formation, and represents highly
saline groundwater. The dominance of Na and Cl, together with
the position of this group in salinity-related diagrams, indicates
the strong influence of chloride-rich and evaporitic components.
The lower selected trace-element ratios in this group mainly
reflect the strong dominance of chloride rather than the absence
of trace elements. Saturation indices and ionic relationships
support the role of carbonate minerals in controlling the
chemistry of most groundwater groups. Groups B and C are
generally close to equilibrium with calcite and dolomite,
whereas gypsum is generally undersaturated. This suggests that
carbonate dissolution is a major process in the aquifer, while
gypsum and anhydrite dissolution may continue along some
flow paths. The sulfate enrichment observed in Group A further
supports the contribution of sulfate-bearing minerals or local
geochemical conditions. The salinity-related diagrams indicate
that groundwater salinization is not controlled by a single
process. The Na—Cl relationship suggests the possible role of
halite dissolution in some waters, whereas deviations from the
1:1 trend indicate that ion exchange, reverse ion exchange, and
limited mixing with saline waters may also occur locally. Other
salinity indicators and mixing diagrams further show that highly
saline waters are mainly related to evaporitic components,
whereas intermediate hydrochemical patterns reflect mixed
behavior. Therefore, salinity variation in the study area should
be interpreted together with ionic composition, selected trace-
element ratios, field observations, and geological setting. The
statistical analyses confirm the hydrochemical interpretation.
Hierarchical cluster analysis separates the highly saline group
from carbonate-dominated waters, while Groups B and C
generally show closer similarity. Fuzzy C-means clustering
indicates that some waters located between the main
hydrochemical groups have transitional behavior and cannot be
assigned completely to a single hydrochemical facies. PCA
highlights the importance of salinity and Na—CIl dominance in
separating Group D, whereas clr-PCA shows that this separation
is related not only to high dissolved ion concentrations but also
to relative ionic composition. Overall, the combined
hydrochemical and statistical results indicate that the
groundwater system includes carbonate-dominated, sulfate-
enriched, chloride-rich, highly saline, and intermediate
hydrochemical patterns.

Conclusion

Groundwater chemistry in the karst aquifers of Lorestan
Province is controlled by several interacting processes.
Carbonate dissolution and water—rock interaction dominate in
most samples, especially in Groups B and C. Evaporite
dissolution, particularly from the Gachsaran Formation,
strongly controls the chemistry of the highly saline Group D
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waters. Group A and the intermediate hydrochemical patterns
between the main groups show mixed or transitional behavior,
reflecting the combined effects of carbonate dissolution,
evaporitic minerals, local geochemical conditions, ion
exchange, limited mixing, and heterogeneity of groundwater
flow paths. The integration of major ions, selected trace-element
ratios, saturation indices, ionic relationships, and multivariate
statistical methods provides a useful process-based framework
for distinguishing carbonate-dominated, sulfate-enriched,
chloride-rich, mixed, and highly saline waters in the Kkarst—
structural aquifer system of Lorestan Province.

References

Aghazadeh, N., Mogaddam, A.A., 2011. Investigation of
hydrochemical characteristics of groundwater in the Harzandat
aquifer, Northwest of Iran. Environmental Monitoring and
Assessment 176, 183-195. https://doi.org/10.1007/s10661-010-
1575-4

Alavi, M., 2004. Regional stratigraphy of the Zagros Fold-Thrust Belt
of Iran and its pro-foreland evolution. American Journal of Science
304, 1-20. https://doi.org/10.2475/ajs.304.1.1

Amiri, V., Sohrabi, N., Altafi Dadgar, M., 2015. Evaluation of
groundwater chemistry and its suitability for drinking and
agricultural uses in the Lenjanat Plain, central Iran. Environmental
Earth Sciences 74, 6163-6176. https://doi.org/10.1007/s12665-
015-4638-6

Appelo, C.AJ., Postma, D., 2005. Geochemistry, Groundwater and
Pollution, 2nd edition. CRC Press.
https://doi.org/10.1201/9781439833544

Dassi, L., 2011. Investigation by multivariate analysis of groundwater
composition in a multilayer aquifer system from North Africa: A
multi-tracer approach. Applied Geochemistry 26, 1386-1398.
https://doi.org/10.1016/j.apgeochem.2011.05.012

CRediT authorship contribution statement

Daughney, C.J., Raiber, M., Moreau-Fournier, M., Morgenstern, U.,
van der Raaij, R., 2012. Use of hierarchical cluster analysis to
assess the representativeness of a baseline groundwater quality
monitoring network: Comparison of New Zealand’s national and
regional groundwater monitoring programs. Hydrogeology Journal
20, 185-200. https://doi.org/10.1007/s10040-011-0786-2

Domenico, P.A., Schwartz, F.W., 1990. Physical and Chemical
Hydrogeology. John Wiley and Sons, New York.

Drouiche, A., Reghais, A., Mohamed, A., Zahi, F., Galal, W.F., Alarifi,
S.S., Mohammed, M.A.A., 2024. Groundwater quality assessment
using revised classical diagrams and compositional data analysis
(CoDA): Case study of Wadi Ranyah, Saudi Arabia. Journal of
King  Saud  University -  Science 36, 103463.
https://doi.org/10.1016/j.jksus.2024.103463

Ghasemizadeh, R., Hellweger, F., Butscher, C., Padilla, I., Vesper, D.,
Field, M., Alshawabkeh, A., 2012. Review: Groundwater flow and
transport modeling of karst aquifers, with particular reference to
the North Coast Limestone aquifer system of Puerto Rico.
Hydrogeology Journal 20, 1441-1461.
https://doi.org/10.1007/s10040-012-0897-4

Goldscheider, N., Chen, Z., Auler, A.S., Bakalowicz, M., Broda, S.,
Drew, D., Hartmann, J., Jiang, G., Moosdorf, N., Stevanovic, Z.,
Veni, G., 2020. Global distribution of carbonate rocks and karst
water resources. Hydrogeology Journal 28, 1661-1677.
https://doi.org/10.1007/s10040-020-02139-5

Guler, C., Thyne, G.D., 2004a. Hydrologic and geologic factors
controlling surface and groundwater chemistry in Indian Wells-
Owens Valley area, southeastern California, USA. Journal of
Hydrology 285, 177-198.
https://doi.org/10.1016/j.jhydrol.2003.08.019

Nassery, H.R., 1991. Hydrogeology of karst springs in the Drodzan
dam catchment area. M.Sc. thesis, Shiraz University, Shiraz, Iran.
(In Persian)

Conceptualization, Methodology, Software,
Formal analysis, Investigation, Data curation,

O

Sharareh Gholizadeh Khasevani

9

Conceptualization, Methodology,

Resources, Writing — Review & Editing.

Visualization, Resources, Writing — Original Draft.

Validation, Supervision, Project administration,

Farshad Alijani
e
& Conceptualization, Methodology, Validation,
Supervision, Project administration, Resources,
Caser Nikpeyman Writing — Review & Editing

\

/

150


https://doi.org/10.1007/s10661-010-1575-4
https://doi.org/10.1007/s10661-010-1575-4
https://doi.org/10.2475/ajs.304.1.1
https://doi.org/10.1007/s12665-015-4638-6
https://doi.org/10.1007/s12665-015-4638-6
https://doi.org/10.1201/9781439833544
https://doi.org/10.1016/j.apgeochem.2011.05.012
https://doi.org/10.1007/s10040-011-0786-2
https://doi.org/10.1016/j.jksus.2024.103463
https://doi.org/10.1007/s10040-012-0897-4
https://doi.org/10.1007/s10040-020-02139-5
https://doi.org/10.1016/j.jhydrol.2003.08.019

YA SIS S Sl YOYA FFAX ol LLs

WO L NVFA azan N0 ) o)Ll Y ul>

s G, —
2

‘l\ 37 5)
033195 w0 ) Pk 4 g

Journal homepage https://gnf.khu.ac.ir

Oliw J oyl )l gl lasul 10 (oo 1) o (se lus ) jamousyT )8 SO g (owmiigifg und

"olowy S5 il N Slode ol ,8 ! Slguels 00l (5 oyl pi

Oyl el e e olBzils (ol 5 ame owlidyae; 05,5 )

oS> Alio SleMb
Ol gl gl Co e 6ly (olardifiane o oolidime) Gl iSanl o 4 ()5 laglsul jo s n) GOl e 5 pord cS Ll Al g4
e ol gl ) Gl (s 5 slaglstel po ol (gord 00iiS S8 slasiyl b (Lol 5 (cordifs)ien ooyn Ba b Giegly cnl el (5950 Sigy dlie

5= role ol Glogs (aliondisSand sl el Sl 51 g Cllop VEY BVF e (ols paigad 0,9 a3 ol a5 dniiz 03 5l Ol slaaigal jglata
Sladss Jolod ol o pitoniz )bl slodelos 5 eldl sloaled S ot i sordisifs)nen (slaylosei 5l laosls i (sl il (o, I3k
Sl a5 8l L gl o solial (655 po Comd i )S) o s sitve ool sloaile olow 5 Lol (slaailie Jilow o3 (samadiys « il joaluls
IS Sl a5 iols gl 2l o aclé b o ol 55501 € 5 B (slaog 5 igdi oo S5 D 5 C B A (lacdisynmm 09,5 )z & sein
Lulyd 5 sgamme LS da Jl5 Dol b cow 5 cels wyllS 5 Sl oo Gial3dl b 65 balike oS 5 A 05,8 sl Sl (S oty 5 6L,
51 Ba/Cl 4 St/CI Li/Cl BriCl ;oL slacans 5 Sglite g oS 5 YL EC Na—Cl o)Lz, LD 0,5  hlio j0 285 15 ndge olooriss
lodilie 5 Eolle «un) ik NA 5 ClSOy, Lil33l L S3 5 S2 slaiges ol (Lt |, ol Wil o3gds o6 i clodly 5l 5 0 I loog,S ol
Ol (oloniig e slaj e a8 ols las gkl slo Julos gl axisls bl b bulsas gla,lis, P3 3 S7 .56 S1 a5 >0 s )5 a1, (6 u5es
GRS g ordsn e SOOI kS (sl 5 (8P polie Sl g god S Lizme S ladige dns 5 el (0 laog S S
SeSE sl psmennlp oz lr wilel sla el s gldl sladled (o3 olis Glacud ol (slapin Bl ggorme ;3 Wdg ke Slite slaaisas

25 pald e ) il i3l )l lggal )0 Of ol Dl ol 5 leardyyoen slagSll

Al azesey ;B
VB DY) il o
VE- O/ FIVA iy

i goadS’ sWejly
Qli’.’-.’] (o giy gy
el gl ayla o w8

29 Sugjeiw 5 Sdgiare syl gloaiile 3o olnl e @l 2020
5o . (Nassery, 1991) wes oo JoSi5 1) j9iS8 ol 31 aoye VI

iy 2l b sz ale s basisr glabls iz
5 o Lide ( Sgpae Lulys o)bys (soied),l Sledbl asly
Ghasemizadeh ) oiS wal 3 Ol Sloowd oS 5 saisS J 7S slaos )
(etal., 2012
ool g bacis slad by S5 a8 wlosls ylas iy Slalllas
JolSS 5 s Lo oSl (RS0 (e 50 Slgie0 (Semin
Jasik et al., ) ool atsls sogo (b o)) sodilols  onisgisg,oun
2017; Fernandez-Martinez et al., 2019; Nnorom et al., 2019;
sla L= oen (Taloor et al., 2020 ; Alimoradi et al., 2022
ssbar ol gloailse Llow o ladiss Jelow ofgay o peitioniz 5 L]
clonly oluls 5 olerdsns loolus, SS& @l 00,
Giler and Thyne, 2004a; Dassi, ) wlazs, JSas O cowis 0008 J S

el 1 g 00 J 8 slaan 18 5 o Lae (S5l e Ll
S (S35 b s3It il o (o s Job 50 T e
S oo et Siw—ol (S w2 loy Do g Lol LMusl (gl dss o
«g,cl5l (Domenico and Schwartz, 1990; Amiri et al., 2015)
oy 2l mlie Uiyl Gl oot Bl (condigiig e sla )
Bgyse sled 4 bglsal LolSS i 5 olard slo STy oLl
(Zhu et al., 2007; Aghazadeh and Mogaddam, 2011)
5 owlidipe) Keal oz lle Lo 4 )5 slaglgsul
s eeiny ol sglsel Grenz il este Jlyz gl
WS o0 2 0 Ol Gl St s o3 1 0 Sgux (SIS las g
Goldscheider et ) Wy, oo Jlod 4 cpped o (ool (Sl ootr &io 9

DOl 10.22034/Kjes.2026.11699

f_alijani@sbu.ac.ir slxde sl )3 1 Jghomd 0w giti

Oy pole aloes oyl i )5 slaglgsul jo cues ) ol slee s, jgmenin] b LS 5 condgiayond (V0 0) .5 colowm S wd ( Slomde i ( Slgols eoly 5 :allio (pl 4y Sl

ool

http://doi.org/10.22034/kjes.2026.11699 .\YO b VFA axas ) o,leds IV al> . 05, le>



e g0 S 2l Glojlus jemeanyT)d SIS 5 cendigiig e

o) 5 glgols ooly L3

S5 s Sln 638 ganadss 5 CIFPCA L Jslae cordgiiy onn
S g (plardiy s slao)lus ) Gl (Kiwsn ololid dapyg (oo
)8 plgul 5o bawlgaz g 0915 wildlgw il S slac] jpmean 3
Sy 4l Gan b ols imghs el ol el i) oy gyl
Dol 185 b)) wsppd Lite Glolid sl jpmesnlp ooz )z
—)8 bl )3 hulgas ool )18 s 5 g w3 g Lol S
5 e e (V) ol gy ol Slaal .t bl oS5 (s L
P g 5 Lol i plulid (V) calesds i sloo)lus,
(£ polie 5 s Slacums b (508 Laia (g (1) 0l o 58
oo L) S5 o CIr-PCA 3 PCA FCM HCA LIS bl ()
bvlgas sladiges olulid g laog 5 e (Kiwgy (o) cstloniy i
5 S P Ol ey (oolidey (GSeal B s O) 5

Sl dgats LY

axfllao 3 550 0dgux0
5 0,0 13 il oy jo &y ylin ) liwl jo axlllas 5,50 03505te
RH OV JS8) 055 o0 0 o 1y 3ok 5 CbangS ‘°L.Tr’)5 slogliw i
7 g ot (0,0 4830 TY 5> 0 YT L aiBo YV g ax o VY 0 dilais
O Ceamg g 3l B (Byh Jobo aBB0 Y g a0 00 L aids B g ax s
3979 5 )l ol By el @ye SeglST YA sgue
00,5 plaizgs 1) eogaze cul (Sojelsiie aee Cosal wasite ladeis
wibaio () 15 455 50 yares (HISAS Ails oo (sloilE0, Cyrizeed anl
Frolm oy a ol Wl g glos 5 (Sl (nSibe ils 0l
cwbedcymny S 51wl o5 cole az )0 VO 0g0 g e e Fee U
Lo logms; S 1 w)ls 13 0,65 0mr 0815 5o ddlate
S 5 p5 Slgw) 5loadn Glamagh wo S sla 59,55
Jolss ddlaie ool boazly () JS0) 0gd 0 aBlid soxs
S Cenl (55 9 2SS o Simdils (Lo Sole il S slaSin
daaxly opl ol yo (Alavi, 2004) &)ls i 65518 b awl S 5l
1 ohleaS 5 Goloml ()85 @kl g ol jm ol yeal gloaisls
Wl S sbaailo (il cnl )o )00 slad 4y dllaie lanisle G e
L JENRUPI CAL R I P SO O PRSP SRR S
OhleaS wijle a5 o y0 o (s ol Gl 5 4055 50 (coge B
5 Syt 3 ] S5 o RS 3 oS 5o 5 5 anla |

el g0 T oo

VOV

sla g, ,LS 4o .(2011; Daughney et al., 2012; Moghimi, 2017
a2 ep Sl CMeans 5l gonadss (alad ganadss
6Lbd.JLoL.u o Ja.w‘s» LgLDAJ}o.J LSJLM:L\.M: 9 05; EST SBL L{bdg}o..: w},a.c
Bezdek, 1981; Gliler and ) ol ax3, 54 Kool Slesds,an
Cotle olardgyoe sloosls aSLxilyl (J> ol L (Thyne, 2004b
o ypsianiz sl Julod jo ghalé glaosls i puitns oolaiwl wijls oS 5
58 Wosls og a1 5 baedale ayas Bl 5t cos cul Ses
Sl bas g S5 ool Jdow wyas Sldlas jo g,cnlil 0,5
Sgatr 9 B ygs oo S 5 oy 0 6| CENtETEd log-ratio waile o K
Aitchison, 1988;) wlad, Sa olewdgoue slonlp i
(Drouiche et al., 2024

oS 5 g )5 lalgul jo aS aias o lis s was slaimgh
, (Gong et al., 2025) sil oL > b e Kl 5 o] LML
@lordisl) Slacans 5 (29 polic (ol slagyy » odle 3l la o
olitl sordgffs e (SR0al sy 5 5y90 Liie e (6l 53 a0
‘S’L’LM 6‘)’ M.A 6Lmua>l.w )‘ Pr 9 )15 L\ Ja.u),a 6wa~u sloads
Davis et al., 1998; ) sita Fob,sd calise mlbe pled 5 (550
e (Alcald and Custodio, 2008; Arcuri and Brimhall, 2003
ol S8 e g ol slogn LS 55 o8 polie ooy
gl olards) Gl Sz i 5 Lulgas o 0l lleS
Alijanietal., ) - ,IKen o sloede ol e ogim )0 0Bl Fhe s )lS
sleoyg LS 50 SICL 4 LI/Cl BI/Cl slacans a5 sisls oylzs (2025
255 Sl 5 53,555 5t (50,555 slacl e (gl (sarie (sl ll (Lo
A )5 slalgsul o

2 iy Sl sond 5 CukeS o)l iy Sllllas S525
Rostami ZarinAbadi et al., 2014; Sarikhani ) ;. J 5l ole s
(63,555 il S slao] S8 sl gal> 292l 5L (et al., 2021
Gl ol bl o) )5 slaglssul 1o e lews 5 bl
5 Ebdl sloale olerds) lacams ()8 yole (Lol slapn
Oleied jeax &) £ad50 ) Coedl .l oais &l )| o pieniz glo Julow
Gleasis ool 6,08 0 HhluaS mE (g g Gl S sleasjle
Senli 5 25 b sule SVl ) adse iyl Jlainl (g3,5 55
Hadipour Hafshejani et al., 2015; ) 553 0 bgye \b,> sl o
sl dss 5l ols gegn pls axg (Alijani et al., 2025



e g3 P 2l Slro s jemenn]d SIS 5 (perbigiie s

s 5 lgols ooly L8

48°00'E

J i\\/:/ Ty
o ‘\‘S’l,resum :} ~I]
4}(4 em N Iran (
. S4 Kn’hﬂg.sm‘_./ == N L
=4 S A ! /
- AN & ‘Ar\m \\)"
S . T
\Q 4
: > ; Legend
A, ( >
» *\ &,_W . A
LB . ~
. \'\\/“‘?H\H YL N N ® B
N/* Pole dokhtar/ . C
L @s2 @ »
z z W city
> >
24 g —— River
- “ = = SiiliaRIvers 41* Anticlines
e Fault == Study area boundary
[_] Alluvium and non- karstic areas — Sand, gravel, and clay.
[ Gachsaran (Miocene) — Marl, gypsum, anhydrite.
[ Asmari-Shahb i (Ol Mi ) - Li marl.
Amiran (Cretaceous) — Marl, shale, thin limestone.
:’ Gurpi (Cretaceous) — Shale, marl.
E= tlam-Sarvak (G ) - Massive i
TR
(National Iranian Oil Company, 2011) ), 3,0 baiges Cusdge g (Ve + v+ ulie) dslllas o 50 00gamme (pwlidspue ) dis -V JS

Fig. 1. Geological map of the study area (scale 1:50,000) and location of the investigated groundwater samples (National Iranian Oil Company,

2011)
Slaslie wlul 5 g5lel Glodalos gz 5l Gy (o 9550 &l
@lojlre 08,5 15 05,5 Jlaz 50 Ol cerd 4l sla Shs 5 2l o
5S04 HCO; s e HaS (s 095 b 3925 el (000l 1
03,5 g gl (oulidiime Cumdse 5 (Ko Sl Culan 5 590 Glee C
Jolo B og S ghalize Sg oo 5 5 69555 waled sls e Jalis A
s 036 e ol C o5 iy S o 4k b (60,555 aaleid gllo aolie
(ogmme 5595 611 wlio ol D oog S 5 Sl S o arle b 0,555 ]
@l ) Jas (gan0g,5 (nl 05 Cl g Na e 5 VUl (S0 oo
Sl i) sl o 5 o )bl laJulos 5 0l alxil FCM g HCA
5 b Olasin ) Sa baises lawlgas jld, 5 Jliges (5l
ool 00 @)V g )0 09,5 o slase]
aS g ol sled 5 (oSl colan  PH ol ol o slas puSojluil
ooy S g BB 0 pglaiesiz olKiws jlosliiul b g (51 peigai b Glojpn
sl ol 6 Foil s b bl (oLl 5L HACH HQ40D)
g aoly oo by PH ey 5 sops 1 bl SoiSl Cylan
yolie 5 Ol (g3, S 5 Lol slagyy s alKilejl slag U]
85 p ey Sl g 258
3Bl Bkl ie 8 yolie 5 Lol slaog 6 xSolwl sl
g, ol s esliil ;i e 10+ 5 Ve e (slagz b oadboolel i
Ol sladiges aiod ool gdglands a8 Ol b (5o paiged 51 i
bgiye Bgyb 50 yeg)See 0 FO Ml ol b (plis iS5l e 5l
b 58 polic 5 lagysils g pSojlail 4 bgrpe sladised aind (5 )5laex

VOY

B33, 9 3lge
sloedgyie Gl Shy Sy s G Sl pw)n jshiea
dw 5o ddlie Coie sloasis g bolx (5,10 paiges (o)) slac]
6)“5]‘.""55-‘"; A s r:l:u‘ \AEA1 )ST 9 IAER! wm.@(.h))‘ AAER )5—‘ 0,93
o VY logr ol ¥ g deit Vo 5l JSCaiie ¢ e o) aaie VY Julis
5 pow 0,90 ;0 LS P4 s aS Jl o il (g lo pdigad 0,90 dw o 0
coplply 0l Clloy o) paiged aSl S s [T jglaied
JGLDJ ul?ﬁ.a‘ (\ JB.A?) \)5.: UT d.:s.o.a AR J.ALM: LS’LQ{" oalo A.CM
5 oldime) E55 by Soe Ly anedas Ojgoh ()0 paiged
£5 (S (SauSly bl ol Gl jo al sl dilaie oleondy,oe
PPN (S H g0 ‘stuaM S doz 5l e y0 salionnlive LSL“‘;}ZS

8,5 )8 a5 5550 o S Sl oo adgl polie g ol codlas
adlaie ;0 (55,0l o> S (g lax pin (e slo 5158 bl
Ao 35 z9,5 S2 (5,0 pdiges dlail 0oguze 10 S0y plem Ll s
Mehr News AGENcy, ) cul oad Gil35 csismiis] £33 5 ojaed
SluS 5 asie Gg oo ol 5l Slaae wsl o (uimen (2017
Sl o oo walsd lgieds o Slaalin cpl ad el 63,55
> laeiz 3l 55 PL ages ol 48,5 1 )5 alie adgl goneg S
IS Oleredy CoanBge cpl g ad sy 08 K Cl wilaels O jglore

008 S o pdiged Jore (aoe sla Sg



e g0 S 2l Glojlus jemeanyT)d SIS 5 cendigiig e

o) 5 glgols ooly L3

oolatwl g 3b— ol yguml i3 59, b 58 HCO3™ cdale .sbuls (5,505l
b s HCL b +0) gl

b Jols gl wops (abend laosly Como S jslaied
ol sl 5 ol slagseilS goame M Lulul L, (CBE%)
alayl) 5l oolatul b asLs opl .(Appelo and Postma, 2005) o awlxe
D e )
CBE% = [(2Ce* —XCe™) / (XCe" + ZCe7)] x 100 o)

lagal 5 Loy guils cdalé pgame cod 5 4 BCE Ty Ce ™ walaly ol 5o
2ok ol glbs lhe polie w2 (Vs Sl >
osls Jgud bl oo ouims )i a5 S5 ao,0 0 5l a8 badiged soled
ladiges 5l oolazwl b GmLi.;';..“LA)‘T slrools colS uzan ol olionds
8 2l phite jsbar )15 slacs reSslail g aals

osls couaS S s plonl oRiglejl 9o ;0 adiges 5 JUT aSxil )
plpd laaiges ;o (ol lagyg o8l amlis (g 0)jl95 sl (o) 2 L
olie il bl Jlaiml JI55LG Siolae Bis 5 Jloj sloasy, 5,55l
oo, 5l Jol> slaosls a5 ols ylis leaiges oled ;0 CBE Jsu3 L5
At Aol g oolatwl B Slepdg o oo gl calise

Table 1. Characteristics of groundwater sampling points in the study area
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Fig. 2. Methodological workflow of the present study for analyzing karst groundwater in the study area
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Table 2. Statistical summary of physicochemical parameters and major ions in groundwater hydrochemical groups. (EC is in uS/cm; TDS and
major ions are in mg/L. T is in °C. Mean and SD are reported in separate rows)

Group Statistic n T pH EC TDS Ca Mg K Na SO, Cl HCO3
(°C)
A Mean 9 22.6 7.07 2291 1466 173.4 84.3 5.53 232.1 492.3 291.5 440.0
SD 2.3 0.33 784 502 37.0 41.6 3.24 93.8 213.8 173.7 229.6
B Mean 12 225 6.82 958 613 73.1 25.2 3.72 76.0 44.6 57.3 402.3
SD 52 0.44 239 153 12.0 5.9 1.77 23.6 22.7 235 80.5
C Mean 10 21.0 7.13 705 451 79.3 29.0 1.82 26.5 52.4 27.4 346.9
SD 2.4 0.28 370 237 14.9 30.0 111 145 38.1 149 154.6
D Mean 6 26.2 6.63 429333 274773 1397.5 183.4 55.8 116157 3350.2 177486 2523.8
SD 0.7 0.51 159649 102175 555.4 127.8 45.8 14815 1168.7 21911 2105.2
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Fig. 3. Box plots of hydrochemical parameters in groundwater samples from the study area: (a) Group A, (b) Group B, (c) Group C, and (d) Group
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Table 3. Molar ratios of selected trace elements to chloride in groundwater samples from the study area. Br/Cl, Li/Cl, and Ba/Cl ratios were
calculated using December 2021 data, and Sr/Cl ratios were calculated using December 2023 data

ID Br/CI Li/ClI Ba/Cl StCl
S 8.90x10°3 2.30x10° 5.18x10°2 1.81x10°2
2 1.03x10°* 6.93x10* 3.50x10* 1.48x10°2
s3 5.45x10~* 6.97x10* 1.06x10°3 8.30x1073
s4 2.24x10°3 7.22x10°2 5.22x10°3 3.30x102
S5 1.48x10°3 3.20x10°3 1.62x10°3 3.87x1073
S6 2.67x107" 410x1073 2.07x10°73 1.02x10°2
S7 3.48x10°3 1.02x10°2 3.58x10° 1.32x10°2
P1 5.92x10~* 1.70x10°2 2.24x10°2 9.89x10L
P2 3.62x10°3 4.80x1072 4.05x107 7.73x10°°
P3 9.65x107* 4.44x1073 4.49x10°3 1.36x10°2
P4 — — - 8.55x1073
Al 1.72x10°5 9.76x10~° 6.54x10°° 7.98x10°°
A2 1.94x10°5 7.18x10°° 1.52x10°6 1.10x107*
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Table 4. Summary of principal component analysis results for the investigated groundwater hydrochemical groups
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Fig. 11. Comparison of PCA and clr-PCA for distinguishing groundwater samples based on major ion composition
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Table 5. Loadings of major ions, eigenvalues, and percentages of variance explained by the first three components in conventional PCA and clr-

PCA
o] wsls PCA clr-PCA
e PC1 PC2 PC3 cIr-PCL cIr-PC2 cIr-PC3
Na 0.95 0.00 -0.28 0.95 -0.09 0.01
K 0.75 0.64 0.09 —0.64 0.03 0.75
Ca 0.98 -0.01 0.09 —-0.83 ~0.09 0.07
Mg 0.82 -0.14 0.54 —0.90 0.27 0.00
cl 0.95 0.01 -0.28 0.97 -0.08 -0.03
HCO, 0.76 -0.63 -0.05 -0.86 ~0.45 -0.21
SO, 0.95 0.12 -0.03 —0.09 0.88 -0.40
Hludio o35 (Eigenvalue) 5.48 0.84 0.47 7.45 0.88 0.48
bty (%0) 783 12.0 6.7 787 93 5.1
oilly sxei (%0) 783 90.3 97.0 78.7 88.0 93.1
a
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Fig. 12. Loading plots of major ions in conventional PCA and clr-PCA. (a) Conventional PCA,; (b) clr-PCA
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