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1. Introduction

Geochemical and geological studies on strontium have gained importance due to its classification as a
critical mineral (Department of the Interior, US Government, 2018; European Commission, 2020). Despite
its relatively high crustal abundance (320 ppm) (Rudnick and Gao, 2003), economic deposits are rare, with
Celestite as the main exploitable resource (Zhu et al., 2022). Celestite forms through synsedimentary
precipitation or epigenetic replacement of marine carbonates and sulfates (Hanor, 2004).

In Iran, Celestite occurs mainly in Neogene carbonate-evaporite sequences of Central Iran, Zagros, and
Alborz (Pourkaseb et al., 2017). In the Zagros orogeny, its mineralization in the Asmari and Gachsaran
formations was influenced by compressional folding, which facilitated the ascent of Sr-rich fluids
(Pourkaseb et al., 2017). Geochemical, mineralogical, and fluid inclusion studies provide insights into the
formation conditions of these deposits. The Zagros orogenic belt, as part of the Alpine-Himalayan orogenic
system, consists of three tectonic zones: the Zagros fold-thrust belt, the Sanandaj-Sirjan zone, and the
Urumieh-Dokhtar magmatic arc (Alavi, 2007). This belt resulted from the closure of the Neo-Tethys Ocean
and extends along the northeastern Arabian-African continental margin. Considering the sedimentary
environment, grade, accessibility, exposure, and distribution of celestite deposits, four deposits from the
Asmari and Gachsaran formations were selected for investigation.

2. Research methodology

To determine the concentration of elements, 15 samples of different types of celestites from the Zagros
fold—thrust belt were selected. The samples were prepared using the 4-acid digestion method and were
analyzed by Inductively Coupled Plasma Spectrometer ICP-MS, with a PerkinElmer-5000, in the Zarazma
laboratory in Tehran. Microthermometric measurements of fluid inclusions were performed on the celestite
mineral in the central laboratory of Lorestan University. To determine the unknown phases in the fluid
inclusions, a Raman laser spectromicroscopy method was used. The Raman spectrum in this research was
measured using a confocal Raman spectromicroscope, a LabRam HR model from Horiba, Japan, in the
220-2000 nm range, available in the central laboratory of Shiraz University.

3. Results and Discussions

3.1. Mineralogy and petrography

Field observations indicate that celestite horizons in the Zagros region exhibit various structures, including
layered, lenticular, veined, geodial, massive, and radial lenses. Among these, layered, veined, and open-
space filling (geodial) structures are predominant. Large celestite crystals often grow within fractures,
forming geode structures of varying dimensions. Microscopically, the granular-mosaic texture
characteristic of these deposits is primarily associated with geode structures formed by secondary and
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epigenetic processes. In all four studied deposits, evidence of celestite replacement was observed, indicating
its formation from strontium-rich fluids interacting with primary minerals like gypsum and anhydrite.
Open-space-filling textures occur within host-rock pores, while in micritic limestone units with fossils,
celestite crystallizes along veins, growing from the walls toward the center. Celestite is often dispersed in
fine-grained micritic calcite matrices devoid of fossils. Mineralogical studies confirm celestite, calcite,
gypsum, and anhydrite as the primary minerals, with calcite (micrite) and aragonite frequently replaced by
celestite.

3.2. Geochemistry

The geochemical analysis of celestite-bearing horizons in the studied Zagros fold-thrust belt deposits
reveals that the average Sr content in the Asmari Formation (Tortab: 87370 ppm, Tarak: 81070 ppm) and
the Gachsaran Formation (Likak: 875270 ppm, Baba-Mohammed: 83133 ppm) is significantly enriched.
The measurement of strontium in the lower layers of the ore-bearing limestone indicates that the strontium
content in the celestite deposits of the Gachsaran horizon is 14 times higher. In the Asmari horizon, it is 12
times higher than the average enriched limestone. The filling of mold cavities in micritic limestone samples
with celestite can explain this phenomenon. Also, in some samples, the amount of replacement is low, and
in others it is very high, so that celestite has completely replaced algae. High strontium purity and low
levels of other elements suggest supersaturation with respect to Sr and undersaturation for different
components, implying celestite precipitation via partial water evaporation. Incompletely replaced lower
layers show Ba enrichment relative to mineralized sections, possibly due to barium absorption by lime or
barite’s lower solubility in sulfate-rich conditions (Hanor, 2004). The highest Sr content corresponds to
epigenetic veins, suggesting a slightly different geochemical environment compared to layered celestites.
The results indicate a strong positive correlation among major elements. Strontium shows a weak positive
correlation with Ca, Cr, Mg, and Mn in the Gachsaran Formation and with Cr and Mg in the Asmari
Formation. At the same time, it exhibits negative correlations with other major elements in both formations.
The correlation analysis of trace elements shows that barium is negatively correlated with most trace
elements in both formations. However, a relatively strong positive correlation between Sr and Ba is
observed in the Gachsaran (r = 0.633) and Asmari (r = 0.415) formations.

3.3. Raman Spectroscopy

The Raman spectroscopy results on fluid inclusion phases in celestite deposits indicate that the liquid phase
in all samples consists of H.O. The Raman spectrum of the liquid phase exhibits distinct bands in the range
of 2750 to 3900 cm™!, attributed to the interaction of water molecules. The Raman spectroscopy results on
fluid inclusion phases in celestite deposits indicate that the liquid phase in all samples consists of H>0O. The
Raman spectrum of the liquid phase exhibits distinct bands in the range of 2750 to 3900 cm™, attributed to
the interaction of water molecules. The presence of chloride ions in the fluid alters the Raman spectrum in
saline fluids compared to low-salinity fluids, a distinction clearly observed in the studied samples. The
vapor phase composition in all deposits was also identified as H20O. To ensure that phase compositions were
not altered by potential microthermometric processes, new sections were used for Raman spectroscopy
analysis. The Raman spectra revealed that liquid-rich two-phase fluid inclusions (LV) exhibit
characteristics associated with low-salinity fluids. This observation was also evident in multiphase fluid
inclusions (LVS), confirming the presence of chloride ions and their effect on the Raman spectrum. The
analysis carried out on the fluid inclusions showed that the fluid phase and the vapour phase are similar to
the two-phase fluid inclusions consisting of H,O and also a combination of sulfohalite (sodium sulfate salt)
(1002 cm™) and sulfur (462 cm™). The solid phases in the three-phase fluid inclusions (LVS) show that
these phases mainly include sulfohalite (1002 cm™) and celestite (1000 cm™). In general, according to the
results of Raman spectra, the composition of phases can be expressed as follows: liquid phase (including:
Nas(F,CI)(SO4)2 + H20 + Ss, vapour phase (including: H,O), Solid phase (SrSOa + Sg or Nas(F,CI)(SOa)2 +
Ss. In general, according to the above contents, it can be stated that the results of Raman spectrometer
analysis are consistent with microthermometry and mineralogical studies.
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4. Conclusion

Celestite deposits in the Zagros Zone are primarily hosted within the Asmari and Gachsaran formations,
occurring in carbonate-evaporite units. These deposits exhibit structural forms as cavity-fill (vein and
geode) and replacement textures within a carbonate matrix. Celestite, calcite, gypsum, and anhydrite are
the main minerals, with celestite commonly replacing calcite, gypsum, and anhydrite. Correlation analysis
of element concentrations indicates similar geochemical behavior among major components, with a weak
positive correlation observed between strontium and barium.

Fluid inclusion studies reveal diverse inclusion types, categorized based on phase composition into
monophase liquid, monophase vapor, two-phase liquid-rich, two-phase vapor-rich, and multiphase
inclusions. Microthermometric analysis of primary two-phase liquid-rich inclusions shows homogenization
temperatures ranging from 208.6 to 219.4°C and salinities between 1.77 and 4.77 wt.% NacCl eq. In celestite
from the Asmari Formation. In contrast, celestite from the Gachsaran Formation exhibits homogenization
temperatures between 185.6 and 218.1°C, with salinities ranging from 12.16 to 16.34 wt.% NaCl eq. The
average homogenization temperature across all analyzed samples is 219.13°C, with a mean salinity of 10.5
wt.% NaCl eq. Raman spectroscopy analysis indicates that the solid phase in three-phase inclusions consists
of sulphohalite and celestite. In contrast, the liquid and vapor phases contain H-O, sulfur, and chlorides,
suggesting a potential role for meteoric and brine mixing in ore formation. Geological, mineralogical, and
geochemical data indicate that celestite occurrences in the Zagros Zone are primarily influenced by
sedimentary basin conditions and carbonate-evaporite lithological characteristics, forming within a
spectrum of supratidal to lagoonal environments.
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Table 1. Major and trace elements composition of Zagros Celestite deposites, Asmari Formation (A) (Tortab (Tr)) and

Tarak (Tk).
Sample Tr-1 Tr-7 Tr-8 Tr-9 Tk-3 Tk-8 Tk-22 Tk-28
Rock Type layer Geodic  Geodic  filling  Geodic  filling  limeston layer
DL" ppm
Al 100 219 529 <100 534 <100 129 19467 379
Ca 100 12843 1553 530 32935 1004 796 >10% 2963
Cr 1 5 6 5 4 5 4 29 6
Fe 100 195 443 151 845 106 142 9165 285
K 100 <100 <100 <100 <100 <100 <100 13943 <100
Mg 100 561 315 <100 10669 <100 <100 5200 177
Mn 5 <5 <5 <5 <5 <5 <5 61 <5
Na 100 <100 <100 <100 <100 <100 <100 580 <100
P 10 10 <10 <10 22 <10 <10 317 10
Ti 10 11 30 <10 29 <10 <10 986 172
Ba 1 704 517 568 201 29 58 86 116
Cd 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Co 1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Cs 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 2.3 <0.5
Cu 1 3 4 3 3 3 3 8 3
Mo 0.1 <0.1 2.5 <0.1 <0.1 <0.1 <0.1 1 <0.1
Ni 1 1 4 1 3 1 3 16 1
Pb 1 <1 <1 <1 <1 <1 <1 <1 <1
Rb 1 <1 <1 <1 <1 <1 <1 23 <1
Sc 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 3 <0.5
Se 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sr 10 86920 88540 86320 87700 87120 87880 62660 86620
Th 0.1 0.63 0.62 0.59 0.61 0.57 0.58 1.96 0.78
U 0.1 0.7 0.2 <0.1 0.5 <0.1 <0.1 6.9 0.4
v 1 2 4 1 4 1 1 39 3
Zn 1 <1 4 | <1 <1 | 10 <1
Zr 5 <5 <5 <5 <5 <5 <5 30 <5
Sr/Ba 10 123.5 171.3 151.97 436.3  3004.14 1515.2 728.6 746.7

DL: Detection Limited*
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Table 2. Major and trace elements composition of Zagros Celestite deposites, Gachsaran Formation (B) (Likak (Lk)) and
Baba-mohammad (Bm)).

Sample Lk-5 Lk-9 Lk-10 Bm-1 Bm-6 Bm-9 Bm-10
Rock Type Geodic massive filling limestone Geodic filling limestone
DL" ppm
Al 100 <100 1296 327 28526 799 139 1928
Ca 100 989 12277 3841 >10% 3388 3253 >10%
Cr 1 4 6 8 61 4 4 6
Fe 100 148 755 264 14004 525 156 1121
K 100 <100 <100 <100 10638 <100 <100 463
Mg 100 119 369 118 10613 798 <100 2832
Mn 5 <5 <5 <5 199 <5 <5 241
Na 100 <100 135 <100 5343 <100 <100 365
P 10 <10 16 <10 260 11 <10 23
Ti 10 <10 87 18 2023 46 <10 117
Ba 1 369 449 334 98 996 472 611
Cd 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Co 1 <0.1 <0.1 <0.1 3.4 <0.1 <0.1 <0.1
Cs 0.5 <0.5 <0.5 <0.5 24 <0.5 <0.5 <0.5
Cu 1 3 3 5 20 3 3 4
Mo 0.1 <0.1 <0.1 <0.1 1.4 <0.1 <0.1 1.4
Ni 1 1 3 2 32 2 1 5
Pb 1 <1 <1 <1 3 <1 <1 <1
Rb 1 <1 <1 <1 37 <1 <1 2
Sc 0.5 <0.5 <0.5 <0.5 6.1 <0.5 <0.5 <0.5
Se 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sr 10 86840 87800 87940 69780 86960 87750 88040
Th 0.1 0.56 0.61 0.59 4.01 0.86 0.65 0.77
U 0.1 0.1 0.2 0.1 3.9 0.1 <0.1 0.4
A% 1 1 3 1 50 2 1 5
Zn 1 <1 <1 1 30 <1 <1 <1
Zr 5 <5 <5 <5 40 <5 <5 <5
Sr/Ba 10.0 2353 195.5 263.3 712.0 87.3 185.9 144.1

BDL*: Detection Limited
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Table 3. Comparison of the average elements Sr, Ba (ppm) and Sr/Ba ratio of celestites of the Zagros fold-thrust belt with

some deposits and geochemical environments.

Element
Row Geology Sr Ba Sr/Ba Ref
Environment

1 Average limestone 500 100 5 Hasani Pak, 2004
2 Average crust 470 780 0.6 Hasani Pak, 2004
3 Seawater 8 0.040 200 Hasani Pak, 2004
4 Persian Gulf Celestite 59969 5682 346 Dill et al., 2008
5 Cyprus Celestite 268447 173 92 Dill et al., 2008
6 Asmari (A) Tartaab 87370 498 221 This study

7 Tarek 81070 72 1499 This study

8 Likak 87260 384 231.4 This study

Gachsaran Baba 83130 .
9 (B) Mohammad 544 282.3 This study
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Table 4. Pearson's correlation coefficients related to the major elements of the celestite deposits of the Zagros fold-thrust

belt.
B & oS %l
Al 1
Ca 0.694 1
Cr 0.99%* 0.67 1
Fe [** 0.7 0.99** 1
K 0.99%* 0.68 0.99%* 0.99%* 1
Mg 0.98** 0.82* 0.97** 0.98** 0.97** 1
Mn 0.61 0.99** 0.58 0.612 0.596 0.75% 1
Na 0.99** 0.692 0.99** 0.99** 1* 0.98** 0.61 1
P [** 0.693 0.99%* 1** 0.99%* 0.98** 0.61 1** 1
Ti [** 0.687 0.996** [** 0.99%* 0.98** 0.6 0.99%* [** 1
Sr -0.037 0.12 0.016 -0.031 -0.057 0.002 0.104 -0.054 -0.052 -0.042 1
Al Ca Cr Fe K Mg Mn Na P Ti Sr
A &8 s ko] i3l
Al 1
Ca 0.97** 1
Cr 0.98** 952%* 1
Fe 0.998**  0.983**  (.983** 1
K [** 0.969%*  0.983** 997** 1
Mg 0.351 0.543 0.310 0.402 0.334 1
Mn 0.99%* 0.97**  0.980**  0.996%* [** 0.331 1
Na 0.998**  0.965%*  0.974**  0.994%** 999** 0327  1.000%* 1
P 0.99** 0.98**  0.981**  0.999%*  0.999** 0375  .999%¥*  0.998** 1
Ti 0.988**  0.95**  0.983**  0.985**  0.986**  0.324  .986** 0.98**  0.986** 1
Sr -0.147 -0.095 0.003 -0.132 -0.158  0.095 -0.178 -0.205 -0.155 -0.127 1
Al Ca Cr Fe K Mg Mn Na P Ti Sr
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Table 5. Pearson correlation coefficient related to the trace elements of the celestite deposits of the Zagros fold-thrust belt.
B 58D oS wisle

Ba 1

Cu -0.349 1

Mo | -0.132 0.685 1

Ni -0.372 0.98%*  (0.732* 1

Pb -0.484 0.96%* 0.638  0.981%* 1

Sr 0.633 0.085 0.077 -0.015 -0.171 1

Th -0.260 0.99%* 0.686  0.986*%*  0.959** 0.103 1

U -0.402  0.984** (0.710% 0.998** 0.989**  -0.043  0.985%* 1

\% -0.387  0.983**  0.707  0.999** 0.988**  -0.036  0.987** 1** 1

Zn -0.425  0.982**  0.653  0.991** 0.995**  -0.068  0.982** 0.996**  (0.996** 1
Ba Cu Mo Ni Pb Sr Th U \'% Zn

A 3D & ko] 550

Ba 1

Cu | -0.017 1

Mo | 0.270 0.443 1

Ni | -0.213  0.936**  0.402 1

Pb | -0.353 -0.488 -0.159 -0.189 1

Sr 0.415 0.233 0.103 -0.080 -0.96** 1

Th | -0.093 0.976** 0272  0.919%* -0.46 0.196 1

U -0.189  0.913**  0.237  0.964%** -0.152 -0.128  0.940** 1

\% -0.210  0.927**  0.303 0.980%* -0.158 -0.121  0.942%*  (.995%* 1

Zn | -0.109  0.926**  0.560  0.970** -0.148 -0.112  0.883**  (0.930**  0.953** 1
Ba Cu Mo Ni Pb Sr Th U \% Zn

83.4pum
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Fig. 9. Petrography photographs of the fluid inclusions of celestite deposits studied in the Zagros fold-thrust belt; (a)
various sizes of fluid inclusions with different phases in celestite, (b) primary fluid inclusions, (c¢) secondary fluid

inclusions, (d) pseudosecondary fluid inclusions.

AR



V%

B . .y .o . L
Ylo)Lo.w N0 0)56 AF-¥ ml.: 4,\_9)“_:_, LS%é)lS ‘SM,LMQ O2) J’ﬂfc}f/’m:p@],
T

U sles )3 oanliave JB slajls Gulul o S5 (Sl 5= )93 e oS Stk Lo, LilS” Jlow slo)Lile gonaii -7 Jgor
Table 6. Classification of fluid inclusions of Zagros fold-thrust belt based on visible phases at room temperature in
celestite deposits

Type of .Fluld Main Phases Microphotograph Abbreviation Abundance
Inclusion
Liquid+Vapour+Solid P S PS
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Fig.10. Representative Raman spectra of two-phase and three-phase fluid inclusions in celestite from the studied deposits
in the Zagros Fold-Thrust Belt; a, b, and c) two-phase fluid inclusions (LV), d, e, f, and g) three-phase fluid inclusions
(LVS) in celestite samples.
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Table 7. The main Raman spectra of different phase species present in the fluids inclusions in the celestite deposits of the
Zagros fold-thrust belt (based on the data of Frezzotti et al., 2012)

Row Phase Composition
1 H,O
2 H,O

3 Celestite or Celestine (S, L)

4 Sulfohalite (S, L)
5 Glauberite (S, L)
6 Sulfur (S, L) -

Phase Type
Gasses (vapor)

Solutes diquid)

Sulfates SO4

Chemical Formula Spectral Range (cm™)

H,0 3657-3756

H,0 2750-3900
SrS0, 1000
Nag(F,C1)(SO4)2 1002
Na,Ca(SO4), 1002
Sg 462
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Table 8. Microthermometric data of fluid inclusions in celestite deposits within the Zagros Fold-Thrust Belt (Tmice: final
ice melting temperature; Th: homogenization temperature; Tr: Tortab; Tk: Tark; Lk: Likak; Bm: Baba Mohamad)

NO. Sample no.  Phase Th (°C) Salinity (wt.% NaCl equiv) Te (°C) Tmice (°C)
1 Tr-8 L+V 166-291.8 0.16-3.75 -25/-14 -2.3/-0.1
2 Tk-3 L+V 168-247.9 2.10-8.62 -22.6/-35.5 -1.3/-5.6
3 Tk-4 L+V 105-281.4 0.16-13.29 -31/-17 -9.4/0.1
4 Lk-1 L+V 83.9-276.6 4.23-21.02 -52/-32.4 -18.1/-2.6
5 Lk-9 L+V 133.9-281.9 7.39-22.95 -42/-31.4 -20.9/-4.7
6 Lk-10 L+V 256-298 8.09-13.40 -41.7/-31.1 -9.5/-5.2
7 Bm-9 L+V 87.1-274.6 12.85-20.11 -43.8/-34.7 -16.9/-9
8 Bm-10 L+V  238.2-273.1 14.77-18.28 -48.8/-34.7 -14.6/-10.8
9 Bm-6 L+V 122.2-154.8 17.24-21.60 -41.8/-34.8 -19/-13.4
— Average — 291.13 10.5 -28 -12.3
16 1 a) 25 -
y b
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20 1
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'g' 10'1 mTortab v 15 4 8 Tortab
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Fig.11. (a) Histogram of frequency of homogenization temperature in Tortab and Tarak, (b) Histogram of frequency of
salinity of fluids inclusions in Tortab and Tarak deposits (Asmari formation, horizon A), (¢) Histogram of frequency of

homogenization temperature in Likak and Baba mohammad deposits, and (d) histogram of the frequency of salinity of
fluids inclusions in Likak and Baba mohammad deposits (Gachsaran Formation horizon B).
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Fig. 12. Comparison of homogenization temperature and salinity of fluid inclusions from celestite deposits in the Zagros
Fold-Thrust Belt with those from central Iran celestite deposits based on the salinity—homogenization temperature

diagram of fluid inclusions (Kesler, 2005).
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