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Introduction

The Central Alborz Range marks the southern boundary of the South Caspian Basin
and forms a key segment of the Alpine-Himalayan orogenic belt (Allen et al., 2003;
Zanchi et al., 2009). The northern slopes of the Alborz are actively influenced by the
ongoing convergence between the South Caspian block and the Eurasian plate (Ritz et
al., 2006), generating a complex network of strike-slip and thrust faults that
significantly affect the regional hydrogeology (Eshaghpour & Alizadeh, 2015). The
Ramsar hot springs, located along the Caspian Fault in the northern Central Alborz,
have gained worldwide fame due to their exceptionally high natural radioactivity
(Alizadeh, 2022). Previous research has focused on geochemistry (Nabavi, 1976;
Nazari & Shahidi, 2011; Nazemi, 1976) and medical aspects (Ghiassi-Nejad et al.,
2002), but the precise role of individual faults in controlling fluid circulation and
thermal characteristics remains unclear. Furthermore, the mechanism of heat transfer
and fluid ascent pathways have not been integrated into a coherent tectonic-
hydrothermal model. This study aims to address these questions by integrating
hydrogeochemical data with structural analysis to: (1) characterize the springs and
classify them by origin, (2) analyze active fault systems and their relationship with
spring emergence, and (3) propose a conceptual tectonic-hydrothermal model
explaining water origin, heat source, and fluid ascent pathways.

Methodology
Geological maps (1:100,000 and 1:250,000) and fault data were obtained from the
Geological Survey of Iran. Landsat 8 imagery (30 m resolution) and a DEM (12.5 m)
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were processed in ArcGIS 10.8. Satellite images were enhanced using directional filters, and rose diagrams
were generated using RockWorks.

Seven hot springs (Mother, Bridge, Sadat Mahalleh, Ashkargamab, Sang-e-Boneh-Kesh, Hotel, and Ab-
Siah) were sampled. Geographic locations were recorded using GPS (£3 m accuracy). Temperature, pH, and
electrical conductivity (EC) were measured on site using precalibrated instruments. Water samples were
collected in polyethylene bottles, stored at 4°C, and transported to the laboratory.

Major cations (Na*, K*, Caz*, Mg?*) were determined using ICP-OES, and major anions (CI-, SO,%,
HCO3™) using lon Chromatography. lonic ratios (Na/Cl, Ca/Mg) were calculated, and the Giggenbach
triangular diagram (Na-K-Mg) was employed to distinguish shallow from deep waters. All spatial data were
integrated into ArcGIS to produce an overlay map, and distances from springs to major faults were calculated.
Finally, a conceptual tectonic-hydrothermal model was proposed.

Results and Discussion

Physicochemical Characteristics: Spring water temperatures range from 29°C to 48°C, with the highest at
Sadat Mahalleh (48°C) and the lowest at Ab-Siah (29°C). EC values vary widely from 10,040 to 27,610 puS/cm,
with the highest at Hotel and the lowest at Ashkargamab. pH ranges between 6.2 and 6.5. Springs located along
major faults (Hotel, Mother, Pol, Ab-Siah) exhibit significantly higher EC values than marginal springs (Sadat
Mabhalleh, Ashkargamab, Sang-e-Boneh-Kesh), indicating the direct influence of fault structures on dissolved
mineral content.

Chemical Composition: Major ionic composition includes Na*, CI~, Caz*, Mg?*, K*, and HCO3;". The
highest Na* (5239.9 mg/L) and CI~ (8786.2 mg/L) concentrations were observed in the Mother spring. The
Na/Cl ratio in deep springs (Mother, Pol, Hotel) ranges from 0.59 to 0.60, suggesting dissolution of evaporitic
salts, while in Ab-Siah it drops to 0.11, indicating different controlling mechanisms. The Ca/Mg ratio in all
thermal springs ranges from 2 to 3, indicating Triassic dolomites as the main reservoir rocks. In adjacent cold
springs, this ratio decreases to ~1, confirming their karstic origin.

Spring Classification Using the Giggenbach Diagram: Based on the Giggenbach diagram, the springs are
classified into two groups. The first group (Sadat Mahalleh, Ashkargamab, Sang-e-Boneh-Kesh) plots near the
Mg apex, indicating a shallow meteoric origin influenced by river water mixing (EC: 10,040-14,000 pS/cm).
The second group (Hotel, Mother, Pol, Ab-Siah) plots toward the Na-K apex, indicating a deep hydrothermal
origin (EC: 18,000-27,610 pS/cm). These springs are predominantly located along major thrust faults,
including the Caspian Fault and Khoshchal thrusts.

Heat Source Evaluation: Some researchers attributed water heating to radon decay. However, a quantitative
assessment shows that heat generated from radon-222 decay (half-life 3.8 days) in a typical spring (flow rate
~1 L/s) is negligible (107 J/s) compared to the specific heat of water (4180 J/kg-°C) and cannot sustain a
temperature of 47°C. Therefore, radioactive decay cannot be considered the primary heat source. Instead, given
the thin crust of the South Caspian Basin, the main heat source appears to be the high geothermal gradient (40—
60 mW/m2) resulting from crustal extension (Green et al., 2009), combined with frictional heating along active
thrust faults.

Role of Radioactivity: In this model, radioactivity plays a secondary role. Deep thermal waters pass through
uranium- and thorium-rich layers during ascent. Near the surface, pressure reduction releases radon-222 gas,
and radium-226 precipitates in travertine as RaCO;. This explains the high radioactivity without requiring
radon as the primary heat source.

Structural Controls: All thermal springs are located within 500 m of major thrust faults, confirming their
role as main conduits for deep fluid ascent. The NW-SE trend of these faults aligns with the Alborz strike and
compressional stress direction (Ritz et al., 2006). Cold springs adjacent to thermal springs occur in pure
limestone formations devoid of uranium and have karstic origins, preventing sufficient heating at depth.

Tectonic-Hydrothermal Model: A three-stage conceptual model is proposed. In Stage 1 (Geodynamics),
the South Caspian Basin generates compressional stresses and NW-SE trending thrust faults, while crustal
thinning increases geothermal heat flux. In Stage 2 (Fluid Circulation), surface waters and fossil brines
infiltrate through deep faults, heat up due to the geothermal gradient, and interact with carbonate, evaporite,
and acidic igneous rocks. In Stage 3 (Ascent and Emergence), heated waters ascend along thrust faults due to
reduced density. During ascent, they dissolve radioactive elements, and near the surface, pressure reduction
releases radon and precipitates radium. Hot water emerges where faults intersect the surface, while cold springs
appear where the reservoir is karstic limestone.
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Comparison with Previous Models: This model differs from previous research in three aspects. First,
contrary to earlier studies attributing a marine origin to all springs, our findings demonstrate that at least three
springs have shallow origins influenced by river water mixing. Second, while earlier models considered radon
decay as the primary heat source, our calculations indicate that the geothermal gradient and frictional heating
are the main heat sources, with radioactivity playing a secondary role. Third, while previous research
emphasized the Caspian Fault as the sole conduit, our study demonstrates that a broader network of thrust
faults also play important roles. This integrated model offers greater explanatory power, although its validation
requires complementary isotopic and geothermometric investigations.

Conclusions

This study has provided a clear picture of the Ramsar hot springs by integrating hydrogeochemical data with
structural analysis. The findings reveal two distinct groups: a shallow group influenced by river water mixing
and a deep group resulting from prolonged water-rock interaction with carbonate and evaporite rocks.

One of the most important contributions is the re-evaluation of the heat source. Contrary to the prevailing
hypothesis that attributed heating primarily to radon decay, quantitative calculations demonstrate that this
hypothesis is energetically untenable. Instead, the evidence points toward the high geothermal gradient
resulting from crustal thinning in the South Caspian Basin, combined with frictional heating along thrust faults,
as the primary heat source.

The spatial proximity of all thermal springs to major thrust faults confirms the role of these structures as
main conduits for deep fluid ascent. The three-stage model demonstrates how the geodynamic processes of the
South Caspian Basin have facilitated water infiltration, heating, and eventual emergence as hot springs. This
model also explains the contrasting behavior of adjacent cold springs.

While this conceptual model offers greater comprehensiveness compared to previous studies, its final
validation requires complementary isotopic and geothermometric data. Despite these limitations, the findings
can be applied to the management of geothermal water resources, assessment of the region's radiological
potential, and a better understanding of the geodynamics of the Central Alborz.



1995

https://sgat.journals.pnu.ac.ir

SO0 Colu (o § 9 (5 LSl (oWl (oo ) 4 g

B 1535 0 5yl puamoly 0 ST (Gladanlin Sl 1 (S Lurne ) b yiS

Silslw g (o leonlishigyuun

" i (o) (el

Ol ol (ol sladlate Ol eS8 8 (8 ol )15 )| elis 8-

oduS

Lojlgunls

3 S sl 5 o Solan 45 5 555 el Sl 55 sl 0,51 sloinir
same ) Ban b sty ol At 5568 e 53 b o (prasb sl s
o0 pladl Lol Giala ke 5 o L o il sl o5 b Lot (ol ey
g dy g il oLl diedun O jge 4 deiiz ailad Can elaie (l gl il
l gladises ol oads Jlis aliglojl 5 Glae glayl5 38l b g (Lol hross
e > lansisS b ol 5 Jlaol olStalosl & loand oS 5 luli sl
CBaiE gloylgnle yglas I o mban s sloylitle gglSTy sl Wl (g pSo3ll
Jogas 5l dacs] Lide 4y o pa 6ly 5 0 438,50 ,00 ATCGIS l38la 5 5 olidsye;
Cowl lal> poans Jow @l o gty (659l 0,8 colainl Sg sl § FLLES
oS ey slo)S g 0l iliS LS (g0, (illy bawgs Galo S il 4058 ] ,0 oS
e oS ol mie plgie 4y o Sail) sl oS SBhsl 5 atng (i S5L 5l AL
g alzog, ol 5l Sl (aw aiws g0 4 bdsis FLIEKS jloges 4l p el ouds
Ol 6,k (Slo o) p WD oadlS (6 yuPeS g ASl,S Slo S b wled Jolo (ree
o S ol 5 0lazs 5 sl Lol Suil, oS sy 0,511 (lodaiz aan a5 ol
Clis cgslpiig e S e Uyl 0,5 o] el Yo el |y ol glyme i
275 s> linime; 45 983 e0 (LA 5 WS (o s i ) e 35 Of sladsia
05,5 a3 1y oty ol (6,5 USE (sl 3 s o5, (sl o sl L

‘s o 5
s giig e

ol r")i.’—‘ saeis
Pz 3 Mo
S slages

VECO/- IV il ol
VRO VIY e il gl
VRO AN - lal g s

55 sl ol S lati S5y ey a5 (O F-0) ) (i 55 ialie g 4 gl
AY=82 (V) ) a0,) 5 el Gnaj 5 ()Ll (oilid o (5,051 5 o lionligils oed (8L,

: gt oty gtk
BRD () el

SWERR

aminzandishafagh_geo@yahoo.com

10.30473/sgat.2026.78699.1014 :allie Jluzws awbss

195 plo olKails 1,6

Gl o] ot 4 Blate ks ol Ll 3> |@ @ ‘


https://sgat.journals.pnu.ac.ir/article_13616.html

B (G5 ) VP8 Jlo 3l Jad oF ojlels ) 098 (60 11,5 cdlwmo 9 5 L5 Lw cs‘“l"":'u*“)

doddo

@l3295 90308 5l GuelS (pa5u 395 5 () JSB) S (o0 atin |) (o5 )3 D9 (29ix e (S5 0 sl ogS At
5 Lol ygl slaaman 5,95 a4y ol52s5 cpl ass, (Allen et al., 2003; Zanchi et al., 2009) o5, o Lo 4 Wlowa-J1
,3> ass> (Ghorbani, 2021) og; ol e (Wb 35 Lo ;0 eriisadly weildl adiaing b aS (60,95 00,5 o3l Llgais
Sl 5 SBgj9e Sliga) fogkS Vol Gin 1o a5 el ez (o5 Sloass> (50 Ba pazie | (o 25
oy (Abdullayev et al., 2024; Green et al., 2009) ol 00 S350 s slo B L cwgildl g4 51 slaws (59, »
w23 (259,00 Sbgy Slapimns dxugi 6l (ormlio Ll ol Vb Jlons (o9 Lo g olepue Candig 3 £ 53 b adg>
5 25>,y aog> Gl SBluae) e a5 aed ce lid wax gla w, (Abdullayev et al., 2024) sl 0o,S
SIS oo ;53U adhaie (0)Sgp0e Jeaily p Gulple 5 WS 0 S b S imey 0L Sl )05 4>
(Abdullayev et al., 2024)

50°0'0" E | 52°0°0"E | 54°0°0" E |
N 0 km 150
[ a—

38°0°0" N

I Quaternary
2‘1 =] Neogene
- | ] Paleogene
g I Mesozoic
S B Pre paleozoic
b F Magmatic rocks
| i
ol 00l et 0,8 HolS b S axlllan O g0 ddilaio CamBge aldl () S
Figure (1): Location map of the study area marked with a red box.

(Ritzetal., 5,3 )13 Lewl,gl axio 5 m9i> 555 Sob b Jbd ol Kon 150 cov lomen 3ol Jluis slaasdls

Slorio (3 S 53l &5 o Jlo 53 praishen T g (FaiolisS Jo yo iaihen 8 335 (e (555 5 5,1 (2006
Sloduzry aSl ¢ ol Kak 50,95 0 ol (Vernantetal., 2004) el Sail, ¢ lawly glo S (g9, Ll gl g oyl e
SligS a4 Sy o a8 (Sl b s S 5alb 51 sSUsS sla ) STg5le b e S el 00 )51 oy il yo 1, b S
o Soly SO g 4 p9i> 35 g 09> (Eshaghpour & Alizadeh, 2015) wlaislds 5l dilaie (g5506559,008 5

AY



Tectonic Controls on the Formation of the Ramsar Hot Springs ... Zandi Shafaq

5 (Jackson, 2002) cusl o] c5loire; Jld sla; e oomolis by, 4 o] ogel s sloj ) cudlad a8 auS o LS,
(Allenetal., 2003) cesl 5,dl g I sboosS 5 40 @y Ceomw 4 Sob ) iilyg,8 51 Sl aaled &

085 50 9 555 JuS Slasal jo a5 pladeiz ilaid 5 gl sl 0 50T Glodaitr by (SSloe) a0l Glee 50
(Alizadeh, 2022) aies 355 6V s xerb s s |y ol ez S g Wyl L8 655 5 5yl Jlad
b oms 5 eaeiims; i & (B,S wlon,S JLis |y (ol e g5 Boes adlate nl 5 wdey slagiags:
(Nabavi, 1976; Nazari & Shahidi, 2011; Nazemi, ailes,S cicogs | oo sloo g (¢ pate oS 5 g aisls p lodoie
o2 1 09l 9 powsly (armeceny s SIS g 0ol S sete (b 2ligin 5 (Shn Gl 2 K3 (89,5 5 (1976
(Ghiassi-Nejad et al., 2002) ssles ,S

o B o ¢y 4t 5 o g 4,51 el (B 5l il bt 3558 B ol 055
Slslle yo lizes dadedir 555 5 ol sloo 2 Loyl 5 (e SVlew Solan o L3l 51 S o 3 s Lol
5 o5 5P ads G g 50 9 W by Line ladein & Can ol Sl ety Slalllae 3jls 13 el
3Ll L g 00,5 9i 535 S ondarnSs 3blis 4 ) y5 Oleaigiz )55 aogy 69, 2 635 0 Ol gy (S,
5 00,5 Sy 55 (Sl Glo e Slaal )3 (s 5 09500 255 psoly & O (SBLl5 5 oS b 1 (3L (g0,
s )8 Lisa 51 (B ) jolome 0 O Slaaniinr 3925 Slalllas (ol eizred S oo JSCAT 1) sl 0,501 Slodoinr
(Alizadeh, 2022) ol aiils LT

asle) adhie S sla)lisle plo 335 oy p 4 5 a3l wST 35 o 25 5 Base Giagly ool Jl ol b
03138 il 3 098l ol 4105 lndatir bt a5 £955 2 LT S 5 olil 5 Vb o Jlnis sl Sl
Al oo Canmniig Bl j0 lads 1) Gl (B 00 3529 Dgliie olE s 90 13 pgix 55 adg 055 (Sluire) Lase
aiwgy Jd uilyg,8 5l samles Koo S aS Jl> o (Green et al., 2009) ool udy yhwgind os e Sl A
Gl o Oload cwlul iwsy ol (Allenet al., 2004; Devlinet al., 1999) wuas oo &3l Jlods Coons 4y 435 cwgilSl
KBSE 5yl 6 ey gFan sl oSl clrdatiz ol Siis b loryme; looe ol 5 Ky plaS a5 el ouile
S B 3 58T S o b e e B 3lasl o5 SVl o8 b s 5 &) JUEST 380 elSo 5T 5
Canol 085 00085 gl 4 4z )LSG Jlo g0 SLgSS Joe

@ adbie Sl sla)itle 385 cn)p 5 plendgiig e laosls Gl LT Coul oadsS Lol gk
ol g ol usly Gome 5 0 ST Gladasiz ol ann slo S5 lamsl ol cnl ;0 000 Fuly b sy 0
3 485 5 Jelos o5 o Jlub (sl S 05T b dilae 5 loien; (sl il s o gazaicds Lo L
S5 by, ot e o B enh s (aled o5 o el ond ST naair g5 e b Lol aisey
2P b5 Qhgimes w3zl 91 DVl Sxo (5l prne g LoS cota ol Licie Wl a5 Jaw 139 &) Jla g0
e by 1y sglome 05 Ol 5 05 Ol (Gladesiz olaard 18, Sl ofg 4y 5 900 medsi (6350 5l 5 (25
S

IR 9
Wl slaools gjlwoslel § slaslsuls lalllas :os (>l Lol o5 oz 10 15 Lo, ity ol Slaal & yoww ) sy
oools (5318 g et Coles 50 g pBisle;l slo ot (g 10 pdiges g Slowe IS

A



B (g ) VP8 Jlo 3l Jad oF o)lols ) 090 (60 1,5 cdluwimmn ) 9 g Sl ol

osls g3lweskel g asly Olalllae

Loolyon V:¥Oe e g VYo e e Sl ;0 ol Gseli 9 junel) dilaie (calidiney sloasds o8 rinss o
Glolsale yslas LS 1 laosls ol g 9t Some SBLEIST 5 wliiiiyme losles 5 o S 4y bgs o slosls
W3 ) A a5 ATCGIS 530 5 3ls ¢y VY,0 o b DEM) olis)| sosB, Joto 5 e Vo S5 &0 b s
WGS84 p508 sbue 3 (UTM) Sl Slaises g 4 Ll il Jlo,55 p Sl  Kialon 5l laools den 4l sl 5
TL 0t alool as conl S ial3dl 5 g sl ks Jlasl aiile o (3315, 55 sloylgnle yislas oo, s Ly
Slojlgale polai 59, a5 (ald b g Nsd plolid LB (i <o b S3LDee oo lghas o (5 L5l
g8 SeS L Ledl ol 5105, ctales 5o 5 wad ools Bdal (cwlidine; Sladld (9) slaJu b cdivg: oad olulid

(Y USS) 050 )5 o 5 AICGIS Lo ;o RockWorks

SI0 paigad 9 (Sliwe Slilos
233k 0,50 colws] g Jim ¢ i dn K colo 5,5l calmacslobus ¢ s cpole Julis 0,501 doi dilas Cuad cgam o5 5o
<35 L (GPS) bz olbcasdge oliws jl oolainl b brasie cpl 51 SOy Comdae 0 )3 18 oo pdigad o Slous
e oot 55 (EC) (o5 2501 o 5 (PH) izl dos (500 o (loasdsSs 28 (sloasli s 8 1y T 550
2 ol Glaaiges ¢ oloands LT (gl o (5,505l g a0, IS solal 5l g aF Jo JB slaolSiws b g
dlwds yhado O b og,l0 paiges 5l i el Y a5 Sl la caiols (5 )5laex 6 Lo 00+ Sl L slags,las
Jor BB Jlxsn 10 alolddl adigas o5 ,lo pdigad 31 o .o ool oold gl dei> lod Ol L L dss s g 00
L0 e (S bl gladlie O olliulel 4 (Ko o (2 50BsS 5o g aiad ools 8 ol ilw a0 F sles b

YVouN

7 Z i

o | ) N |

[+] o o

o~ o~

e b Legend
dem
Ve

hosa

- .

TFOF N
Y#OF N

= K

ailio oo JuuS g b o,lghs aidi :(Y) JSi
Figure (2): Map of lineaments and faults in the region

Pl gl Juloxs
(o) hol slayesls cdale 5 . 5o5lail gl b5 alol (LS bl glddbie O ol8igle;l )0 ladiges o lars 5 JLI
o[+) s | Spectro Arcos Jos oWl sadcias slewdy (5,88 pid (prwcnb oSiws 1 (o i 5 peedS (ol

A



Tectonic Controls on the Formation of the Ramsar Hot Springs ... Zandi Shafaq

Metrohm Joe Sg (8,5 gleg,S oliws b 5 Slu,S o g Sligw IS Lol sloygusl i soliiwl o) » o5 Lo
b ol paiges oo ;o SloyS o clale il coma l laebl sl cnl 2 9381 ud 5 S oslail 2o les L 5 881
20055 dglivo (IRLLT slaaily L 5 6 nSe3lwl 52 (sl el B9,

Lad deulre (Na+K)/(Ca+Mg) 5 Ca/Mg Na/Cl asile solS Sg sl ool i 4 o p0 @l
2385 0 g0 (Na-K-MQ) LS i Jloges 31y slad 35515 5 o] dhoe b (orbans Laie (st sl opmieon
5 Sbaes Gl slaol SIS 0 o QUly 5 aloS esy slagieshy 5 SHles S o )l5 s @ Jlogad ol o
23,5 Bl Aegh nl sl b

Lodld pnds g Judoxs

walSilo)] gloazil 5 lose Slaalie o 1Ko Sledbl 5 el ciliseo solio 51 ods (6,518,5 sloosls aan o S o5 o
b (gl L dbtaiir arabyo o5 (sl 5 angs dibate olgs 4tk b Wl o 0,5 AICGIS l53le 5 0ols olKy1y o
sla,ble g ladoiar (l (olad bLS I ok (pdg) sl (T JS2) d03 oo (LaS ligen & jg0 4 |) (Ko slasly
Zolo Al aiws aw 3.l b ploel s ol ailne 5 (S ojlail (Lol JuS 1 3 S0 5 b deis 2 28l alold ( LS
—SEESS Ll 5l sestie S Ko d92 e 2l sladie 5 alerdsiie e sleosdls (s sl slaJlos
b Bl el adlaie 6l Jlo g 000

50%40'30"E
Py ‘Sl . l ')
@ ueSlazs N

L;“S*""‘—{"“” fd&iw‘v

ol f f':g'!i ol

~

o leSiacy

o olas

@ °~<laz 36°5330°N

o LSl

@ buobl pfiaazs

P
S AJ‘“S
om s sea  ews  azs

el y ST (6l Aoy CannBgn 9 (ol (o Al (Y) S
Figure (3): Geological map and location of Ramsar water springs
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