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Article info Abstract

Article type Investigating the hydrogeochemical evolution of hot springs through the analysis of water-rock
iﬁfgﬂi’;’;ge interaction enables the identification of flow paths, dissolution processes, ion exchange, and water quality.
Received: 24 June 2026 In this study, the chemical behavior of the hot and cold Kkarstic springs of the Allah Akbar heights in
Accepted: 15 August 2026 Dargaz, Khorasan Razavi Province, was investigated to explain their origin and geochemical evolution.
Keywords: During field operations, rock samples were collected from the Tirgan carbonate formation and the

Hydrogeochemistry,  Kopet- rayertines of the area, and facies and diagenetic history were determined through thin-section studies.
Dagh Basin, Tirgan Formation, Additionally, ten water samples were collected from hot and cold karstic springs during the wet and dry
Travertine, Karst aquifer. !

seasons (2023), and physicochemical parameters (T, pH, EC, Eh, TDS, and DO) were measured. Thin-
section studies of the Tirgan Formation indicate a dual porosity system in this formation, which increases
the water-rock contact surface and plays a direct role in enriching the water with calcium and bicarbonate
ions, ultimately leading to the formation of travertine deposits around the hot springs. The presence of
Quaternary travertines along active faults indicates the continuation of these processes up to the present
day. The water temperature in cold springs ranges from 15.6 to 19.4 °C, while it increases up to 32.2 °C
in hot springs. Furthermore, the EC of the water samples varies in the range of 256 to 1022 uS/cm. Major
ion concentrations were measured in the laboratory. The data were processed using various
hydrogeochemical techniques, including Piper, Gibbs, Schoeller, and Wilcox diagrams, saturation index
(SI), and Eh-pH diagram. The results indicate that the hydrogeochemical evolution of the hot springs
results from the interaction of three main factors: primary lithology (Tirgan Formation), diagenetic history
(dissolution and creation of dual porosity), and tectonic structures. The water of the hot springs is of the
calcium-bicarbonate type with a common origin, whereas the Chelmir spring exhibits a sulfate type. Based
on the Gibbs diagram, weathering of carbonate rocks is the main factor controlling water chemistry, and
the saturation index confirms the supersaturation of the water with respect to calcite and dolomite. The
water quality of most springs falls within the "good to acceptable" range for drinking and in class C3-S1
for irrigation. This research clarifies the role of diagenesis and dual porosity in the hydrogeochemical
evolution of the Tirgan aquifer and reveals the geotourism potential of the hot springs.

Introduction geotourism purposes. The main goal of this research is to
The quality of groundwater is as important as its quantity, ~ determine the chemical type and facies of karst hot springs,
and water-rock interaction plays a key role in their identify the role of the Tirgan Formation and carbonate-

hydrogeochemical evolution (Hem, 1985; Walton, 1970). Hot ~ €vaporation units in providing water ions and forming
springs, due to deep circulation and long-term contact with ~ traverting, determine the water-rock interaction processes
rocks, are natural laboratories for studying these processes  (dissolution, cation exchange, oxidation-reduction), evaluate
(Fouke, 2011). Despite numerous studies in Iran and worldwide ~ Water quality for drinking, agriculture, and industry, and
(Nohegar, 2011; Mao et al., 2015; Shakeri et al., 2025), no investigate the geotourism potential of the hot springs of the
comprehensive research has simultaneously investigated the  Allah Akbar heights of Dargaz.

petrography of the Tirgan Formation, the hydrogeochemical

evolution, and water quality of the hot and cold springs of Allah ~ Materials and Methods

Akbar in Dargaz for drinking, agricultural, industrial, and
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Spring locations were mapped on 1:100,000 geological
maps using ArcGIS. Rock samples from the Tirgan Formation
and travertines were collected, and several thin sections were
prepared for petrographic analysis following Dunham (1962),
Flugel (2010), and Moore and Wade (2013). Ten water samples
were collected during wet (June) and dry (November) seasons
in 2023. Field parameters (T, pH, EC, Eh, TDS, DO) were
measured in situ using a TROLL 9500 meter. Major cations
(Na* , Caz* , Mg?* , K* ) were analyzed by atomic absorption
spectroscopy (AAS) and anions (CI~, HCO3 =, SO, ) by
ion chromatography (IC). Calibration wused multi-level
standards (R? > 0.995). Quality control included CRMs and
duplicates (RSD < 5%, recovery 98-102%). Charge balance
error (CBE) was within £5%. Data were processed using Excel,
Grapher, Chemistry, and PhreeQC. Water types, governing
mechanisms, saturation indices, and water quality for drinking,
agriculture, and industry were determined using Piper, Gibbs,
Eh- pH, Schoeller (Wilcox, 1955), and LSI diagrams,
respectively. A schematic flow model was constructed by
integrating all the data.

Results and Discussion

Petrographic analysis of the Tirgan Formation reveals that
this formation consists of gray to pinkish limestones with
mudstone and calci-mudstone textures, showing a gradual
transition to the Shurijeh Formation (Behzadfar, 2011;
Javanbakht et al., 2018). Thin-section studies of four
representative samples (AK-F-1, AK-F-2, AK-M-U3, AK-C-1)
indicate facies diversity, including calm lagoon (AK-F-2 with
Orbitolina), oxidized platform margin (AK-F-1 with iron sulfide
veins), and high-energy environments (AK-M-U3 with
oncoids), which created initial rock heterogeneity. Evidence of
preferential dissolution and hydrothermal cementation (drusy
texture and sparry calcite) records two diagenetic stages that
generated a dual fissure-vuggy porosity system in the Tirgan
Formation. This system, by increasing the water-rock contact
surface, has directly enriched groundwater with Ca?* and
HCO; =~ ions and promoted travertine formation. Field
parameters show that the Chehelmir spring, with a temperature
of 18°C, has the highest EC (1022 uS/cm), resulting from water
circulation through the Shurijeh Formation (containing gypsum
and anhydrite). The fault-controlled hot springs (Imam Qanbar,
Qoljeq, Aghdash) exhibit temperatures of 25-32°C with
moderate EC. Gorni Waterfall, with EC=256 uS/cm, represents
freshwater, while Meyab spring (EC=565 uS/cm) is affected by
sewage contamination. The pH ranges from 7.2 to 8.2, and
oxidizing to moderately oxidizing conditions (Eh=0.34-0.65 V)
stabilizes HCO; =, SO, 2, and NO3z ~, while preventing
H, S and CH, formation. Chemical reactions indicate that
calcite and dolomite dissolution accompanied by cation
exchange in hot springs produces Ca-HCO; water type,
whereas gypsum dissolution and sulfide oxidation in Chehelmir
yield sulfate-type water with SO, 2 = 9.9 meqg/L. The Piper

Yy

diagram distinguishes two main groups: the carbonate group
(hot springs + GzSp) derived from the Tirgan Formation, and
the sulfate group (Chehelmir and Meyab) influenced by the
Shurijeh Formation and anthropogenic pollutants. The Gibbs
diagram indicates carbonate weathering (not evaporation) as the
dominant process controlling water chemistry, with Gorni
Waterfall as the only exception (direct rainfall recharge). The
Na/Cl ratio > 1 in all samples suggests cation exchange and
silicate weathering. Saturation indices confirm supersaturation
with respect to calcite, aragonite, and dolomite, and
undersaturation with respect to gypsum and halite. Water
quality assessment shows that most springs have "good to
acceptable” drinking water quality and fall into class C3- S1 for
irrigation; however, the Schoeller diagram only evaluates
chemical quality, and for sewage-affected springs (e.g., Meyab),
management must address both chemical and microbiological
aspects. Despite negative LSI values for some hot springs under
laboratory conditions, field evidence of travertine deposits
confirms their strong carbonate precipitation in the past. The hot
springs, with their high temperatures (25-32°C) and travertine
landscapes, have high potential for scientific geotourism and
nature-based tourism; however, sewage and agricultural
pollution pose serious threats to their sustainability.
Management priorities include: immediate action for Meyab
(sewage pollution), high priority for fault-controlled hot springs
(geotourism development), moderate priority for Chehelmir,
and low priority for the remaining springs.

Conclusions

The dual porosity system in the Tirgan Formation, by
increasing the water-rock contact surface, has played a direct
role in enriching the water with calcium and bicarbonate ions
and in forming travertine deposits. The hydrogeochemical
evolution of the springs results from the interaction of three
main factors: lithology (Tirgan Formation), diagenetic history,
and tectonic structures (faults). The hot spring waters are of
Ca- HCO; type with a common origin, whereas the Chelmir
spring is of sulfate type. Carbonate weathering is the main factor
controlling water chemistry, and saturation indices confirm
supersaturation with respect to calcite and dolomite. The water
quality of most springs is "good to acceptable™ for drinking and
falls into class C3- S1 for irrigation. The hot springs have high
potential for scientific geotourism and nature- based tourism,
but sewage and agricultural pollution pose serious threats to
their  sustainability. Complementary isotopic  studies,
geophysical surveys, and exploratory drilling are recommended
for more accurate validation of flow paths and deep structures.
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Fig. 2. Hand specimens of rocks collected from the study area (sample locations are shown in Figure 1).
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Fig. 3. Microscopic images of microfacies of the Tirgan Formation in the study area (around the springs and the travertine mine). a) Drusy texture

and alternation of micritic calcite with acicular aragonite in sample AK- C- 1. b) Ooids and oncoids (with oncoids prevailing) in sample
AK- M- U3. c) Oxidized iron sulfide veins in sample AK- F- 1. d) Orbitolinid fossil in sample AK- F- 2.
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Table 1. Summary and comparison of petrographic characteristics, fossil content, and sedimentary environment of four studied sections of the
Tirgan Formation.
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Table 2. Statistical values of each of the field water parameters for 12 measurements taken at hot and cold springs.

T(C) Eh(mv) | pH | DO (mg/l) | EC (ps/cm) TDS (ppm)
ChSp (rralez asiz)

oSl 17.9 657 7.4 111 1022 562

saS 17.8 638 7.3 11.0 1020 561

ot 17.9 671 7.6 115 1022 562
EHSp (23 plol ¢ ST 4022)

oSl 32.2 659 7.2 6.7 796 438

aiaS 322 642 7.2 6.6 795 437

i 322 675 7.3 6.9 796 438
GhHSp (b5 p 1 4eiz)

R 32,0 595 7.4 6.3 824 453

aaS 32,0 587 7.3 6.2 823 453

Wi 32.1 602 7.4 6.4 824 453
AgHSp (_3la3T 6,51 acix)

oSile 25.65 407 8.0 76 857 475

aaS 25.62 406 7.9 7.6 815 471

i 25.67 410 8.2 7.7 864 479

GzSp (338 4oinz)

oSilee 186 664 75 9.2 638 353

aiaS 184 641 75 8.4 633 348

i 19.0 678 7.6 95 650 357

MiSp (ol aniz)

AR
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Fig. 4. Eh-pH diagram of water samples from springs in the region, along with stability boundaries of various redox pairs (Clark, 2015). Red and

plue symbols indicate the hot and cold spring samples, respectively.
Las EC g Lo polie (L1081 5 5adg i plol) p 50T dair aws
Slas el cpl wilass § 15 STabl oS slaiel [ (Koo 5 i)l golin
Blos! (e bl oniiS Culas s Sy plsie 4 j5S 3o JuuS a5 w00 o0
(@0 JS) WS o0 Jotm 1 )5 Slool dgm g 00,5 sl |, e
oS el rolym daio 5l S el MBS  bdei ol ;0 TDS e
2 sli Sligwy 92 ol braaiar fpl Dglitte 55 e 5 LA
el wlgi oo a5 Cesl Jlb (6 IS gy csipo i laasiar (nl (3elym
Jlot o @315 355 8] i 055 O 13 Jolows Sy JI iy ialS
Lol slanis ole ;8 TDS 5 EC e o 5omb sl cihaie oy
P Gloaaiar 5 palez alie 5,88 ante cnl sl B ol
S e dedar Gl S5 a5 S8 A Glgi e cnlple es e ol
Joe @ -0 S8 300 plol oS el b s o5 o s slac]
Sy g 5l Glrasiz ;o lyz oy § ol 08> (Sesliys Silads
Glo o ulul 5 cegtie Jae ol aeo e plas | 5550 Sl Slelas |
iled sl By 5 ot Ll ()il 5 (3,555« olooniigisy s
Sojedsty b o li> s (sloodls Canlonyd ¥ pe 5 Sl slaaT 2
35 Sl Fgr 95 () &y el 03955 o s 3 e 9l sl (hes
Sl s a5 (0 -0 JS2) 55,0 Cetio b STl wlelis ) 5l ol 2 e Jobo

YV

Sl 5o Jobre bz Slse 5 (BC) (S pSUl culis Sl (o)

péele ilas 08 Jlod 10 &ly eler aniaz wad oo Las (TDS)
6L (oSl calan sl (o5 ile 450 VA 3502) Sl sles
ilboe baoizr plo 4 Sons (o ilo p nienjoySee Vo TT S90>)
oles g Joe ol 5o OB wle o5 Calies Sl AL Vel (S )
ol (60505 ladiigd 5 Jod o Stwdasle (s35l5d L) a5 il b o
o3 Ay o (b (geisy Az e Canl (] 2 58 (Sajandl 5 e
4, (Homoclinal Carbonate Ramp Model)) ) Jao Lol wgi o
slacl Slo S slao,lus; ()] )0 45 09d oo 41iS b (o) Lo
wly 09 sy adgr Cww a muw A (O Wil wile) GesS
Gl w5l (iR e (am,58 Wile aile) gy 5 )5l sloanigs
¥ cwdil> ow (Aghanabati, 2004) gloas asg> o 5,5
s9a> (Slds (5 poimslsl Glaaiind b BeseS wln)S (slaoylus,
Wike ey onlply jluiee S BB 05 Gas )0 1) 4z en Wil
(i) pofitne &jgots 3iz 50 roler dedr 0l )2 rae )3 dome0
(stlrosdi o walsd g oudol (pgm) Joo Sl L Lol 0dis (o)
2 Sapatd 5 ey Pl 3l satmoplis 5 el azgs LB 93
o6 e Slgo Mol 51 oy o e o il oo datir ol ST CogiS
.(Appelo and Postma, 2005) ss )5 o 3L gkaw 4 YU ECy a5lagus o5



el )l sle detir S - O (1iSlen 5 (cardgife e JalSS

C)f)l‘e:?, 6..\...:‘ 9 cdl)\_\.o;u

percipitation

Allah Akbar height;

Percipitation

AgHSp
STy

~___ EHSp

5 Sdg e (Lol S ey s esls Gialei 1y (e VAYY G VYD) ol
Sjloss @l 1y seei s Sl Gy e 2 oS 6550 Ll

GhIISp

A 25 3 4]

10

Distance (km)

D bz see Job 55 bl Forgt old ) & 0w (B 35,0 STl Slelis )| s g o, 580 slodaiir 18 Ghyr Sl s 5 o 05> Seoliys Sl Jow @ -0 JSo

(S g Sl b STl wlelas |

Fig. 5. a) Schematic dynamic model of water movement and flow paths in the hot and cold springs of the Dargaz Allah Akbar heights. b)
Topographic elevation profile along the flow path (from the Allah Akbar heights to the Dargaz southern plain).
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Table 3. Geochemical analysis of hot and cold springs in the study area (anion and cation values in meg/L).

COs*

S04% | Ca?*

aniz ol Sample No | EC (us/cm) | TDS (ppm) | pH HCOs | CI Mg?* | Na* | K* o oo

(CBE)
Feos
(3 o) ol ChSp 1240 868 76| 0.0 3.2 05| 99 9.0 44 | 09 | 0.04 -2.65
JUCCINN E)i.’—‘ EHSp 702 456 7.9 0.0 34 18 1.9 2.5 19 2.8 | 0.02 +0.84
g3 P;T GhHSp 732 476 7.9 0.0 3.7 2.0 1.7 25 1.8 2.8 | 0.04 -1.79
s o 51 AgHSp 798 519 78] 00 | 34 |18 29 |30 | 22 | 28[004| -037
(5 D333 GzSp 669 435 80| 0.0 4.0 0.7 1.8 1.9 2.2 2.5 | 0.03 +0.99
(QWT)H’Lﬁ& MiSp 667 433 7.8 0.0 3.3 0.7 2.7 2.7 2.3 1.7 | 0.03 +0.22
(oﬂj)b_;; )L.‘;'J GoWF 328 213 8.0 0.0 2.9 0.2 0.2 1.6 12 0.5 | 0.01 +0.15
0gliS 0,51 KnHSp 402 261 82| 00 | 33 [03| 04 [ 16 | 1.4 |10 [005| +062
S 0,90

(5 yos) yoolg> ChSp 1231 871 74| 00 3.3 06| 9.6 8.9 4.3 0.9 | 0.03 -2.28
JUCCINN ﬁ)f“.i EHSp 710 425 7.6 0.0 3.6 18 18 2.3 19 2.7 | 0.04 -1.84
s o, GhHSp 735 431 79| 00 34 20| 18 2.4 2.0 2.8 | 0.05 +0.35
Sl o 51 AgHSp 72 482 82| 00 | 34 [20| 27 [ 25 | 23 [ 29 [004| -227
(oﬂT)Lgl}é GzSp 673 418 7.9 0.0 4.1 0.6 18 1.9 2.1 2.7 | 0.03 +1.74
(> p Do MiSp 660 415 78| 0.0 35 06| 26 24 2.7 1.7 | 0.03 +0.96
(yeiD) S il | GOWF 325 205 78] 00 | 30 [02| 02 [ 14 | 1.6 | 04 [002| +029
0gliS P)i%i KnHSp 398 234 7.8 0.0 3.2 0.3 04 15 15 0.9 | 0.02 +0.26
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Fig. 6. Pie charts illustrating the chemical composition of hot and cold springs in the study area during the dry season. The radius of each circle is
proportional to TDS, and the segments within the circles represent the relative contributions of the major ions to the water chemistry. An increase

in the radius indicates higher concentrations of dissolved solids.
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Fig. 8. Gibbs diagram representation of hot and cold spring water samples in the study area during the dry (top) and wet (bottom) seasons
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Fig. 10. Relationship between electrical conductivity and ion concentrations in groundwater samples
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Table 5. Quality of hot spring water for drinking and agricultural purposes, and industrial purposes
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Table 7. Prioritization and proposed management measures for the karstic hot springs in the Allah Akbar region of Dargaz
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