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1-Introduction

Secondary sulfate minerals, also known as efflorescence salts, typically form due to evaporation and can
absorb various heavy metals in their crystal structure (Jambor et al., 2000). Efflorescence salt is common
in arid and semi-arid environments with sulfate minerals. It occurs when water evaporates from mineral
surfaces, leaving behind a residue composed of sulfates and other salts, often with high concentrations of
heavy metals due to their concentration in the remaining water after evaporation.

The formation and dissolution of these minerals depend on the temperature and relative humidity of the
region, meaning changes in these parameters, including sediment and water quality, can significantly
impact the environment (Valente and Gomes, 2009). Seasonal rains and the subsequent dissolution of
efflorescence sulfate minerals can affect the distribution of metals in mining area sediments. These highly
soluble minerals store metals during dry seasons and release them into the environment during wet seasons
(Jamieson et al., 2005; Carmona et al., 2009). The dissolution of secondary sulfate minerals can mobilize
heavy metals, potentially leading to a significant decrease in water quality. Additionally, the oxidation of
sulfide minerals can result in acid mine drainage containing high concentrations of heavy metals, posing a
severe environmental threat (Chou et al., 2013). This type of drainage is often characterized by low pH and
elevated heavy metal concentrations, further highlighting its potential danger. Therefore, it is vital to
monitor the concentrations of heavy metals in both mine drainage water and salt efflorescence to accurately
assess the environmental impact of mining activities and develop appropriate mitigation strategies.

The abandoned kaolin mine under study is located near Rahatabad village in the southwest of Naein
county, Isfahan province, Iran. Structurally, the mine occurs in the Central Iran Zone and Urmia-Dokhtar
Magmatic Belt, east of the Qom-Zefreh fault system. Fault activities in this area have led to various
hydrothermal alterations, forming the kaolin ore deposit. The host rock of the kaolin mine mainly comprises
Eocene volcanic rocks such as basalt-andesite, trachyte, and rhyolite, as well as pyroclastic units, including
tuffs and ignimbrites (Amini et al., 2003). Mining and excavation operations for extracting industrial kaolin
soil in the abandoned Rahat Abad mine have resulted in ponds and water accumulation from rainfall and
underground drainage. The mine has three large and small ponds in which efflorescence salt sediments are
formed. The presence of sulfide minerals such as pyrite in the ore and their subsequent oxidation has led to
the production of sulfates, while hydrothermal changes have caused the release of alkaline and alkaline soil
elements into the ponds. This research aims to identify secondary efflorescence salt minerals, investigate
the physicochemical factors involved in their formation and dissolution, and analyze the distribution of
heavy metals in the efflorescence salts and mine drainage.

2-Material and methods

Brine and efflorescence salts were collected from two ponds formed by mining excavation. Electrical
methods were employed to measure the Eh and pH of the salts and brine. Heavy metal concentrations in
the salts and brines were determined using the ICP-AES method, while the sulfate content was assessed via
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titration. Efflorescence salt samples were examined with a binocular microscope using normal light to
categorize their color based on the Munzel soil color table. Minerals of the efflorescence salts were
identified through XRD analysis after their separation based on color.

3-Results

The pH of the brine samples ranges from 2.45 to 2.96, whereas in the salt phase, it ranges from 1.81 to 3.16,
indicating a slightly higher acidity of the salt phase. Eh's lowest and highest values in the brine phase are
321 and 365 mV, respectively, while in the salt deposits, the values range from 265 to 289 mV. The
identified minerals in the efflorescence salt samples include tamarugite, rhomboclase, szomolnokite,
metasideronatrite, gypsum, ferricopiapite, magnesiocopiapite, bloedite, and konyaite.

The average concentration of major ions in the efflorescence salts (in ppm) is as follows: SO42-
(647,764.4), Fe (62,968), Na (60,637.2), Al (35,104.6), Mg (25,207.4), and Ca (4,013.4). In the brine phase,
the average concentration of major ions is as follows: SO42- (3,595.79), Na (654.2), Ca (317.23), Mg
(214.28), Al (158.7), and Fe (143.8). The concentration of heavy metals in the efflorescent salts (in ppm)
is as follows (in order of frequency): Cu (2,783.17), Ni (238.85), Mn (147.22), Co (137.76), Zn (27.37), Pb
(3.34), and Cd (0.16). In the brine phase, the concentration of heavy metals is as follows (in order of
abundance): Cu (9.908), Ni (0.905), Mn (0.603), Pb (0.349), Co (0.263), Zn (0.111), and Cd (0.16).

4-Conclusion

Cu, Mn, and Co are present in szomolnokite. Pb and Zn are found in gypsum, while Zn and Mn are detected
in rhomboclase. Cu, Mn, and Fe are concentrated in the efflorescence salt samples containing rhomboclase
and szomolnokite. The higher concentration of Cu in the efflorescence salts compared to the brine phase is
attributed to its combination with sulfate minerals during evaporation. Cu is released from Mn-bearing
minerals like amphibole, biotite, and muscovite during alteration and from minerals like covellite and
chalcopyrite during weathering. Subsequently, Cu enters the lattice of bloedite and konyaite due to
evaporation. Mg is present in samples containing bloedite and konyaite.

Mn originates from pyroxene, amphibole, and biotite minerals in igneous rocks. It substitutes for Fe in
the structure of the mentioned primary minerals due to their similar ionic radii and is released during
alteration. Mn can also be released from Fe oxides during oxidation. Tamarugite-containing samples
contain Al and calcium, which are more concentrated in gypsum-containing samples—the oxidation of
sulfide minerals such as pyrite forms sulfate and secondary sulfate minerals in the brine.

Bloedite and konyaite minerals concentrate Ni and Co. Ni can substitute for Mg in the amphibole
structure due to their similar ionic radius and are released during the alteration process. Co substitutes for
Fe in Fe-bearing minerals like pyrite due to their similar ionic radii and is released during oxidation. Zn can
substitute for Fe and Mg in minerals such as biotite and muscovite due to ionic radius similarity and is
released during weathering and alteration. Pb originates from galena in the source rock and is released
during oxidation, entering the evaporation pond. Cd is primarily released by the oxidation of sphalerite in
the source rock during weathering.

According to the enrichment factor calculations, Cu is significantly enriched, Co and Ni are highly
enriched, and Pb, Mn, Zn, and Cd display low enrichment in the salt efflorescences. All heavy metals
exhibit very high enrichment in the salt efflorescences compared to the brine. Based on the Pollution Load
Index (PLI), the yellow and gray salt efflorescences fall into the contaminated category, while other samples
are non-contaminated. According to the Geoaccumulation Index (lgeo), the samples are heavy to highly
contaminated with Cu, moderately contaminated with Co, not contaminated to slightly contaminated with
Ni, and non-contaminated for other heavy metals.
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Slagw b culys o a5 (Lowson et al., 2005) 5,5 »
a5 il o SIS LS5 g (S 5| ol

RUX Y KPS TES

Wi 0,90 RE3 (jo,8 4 e 5,5 0,98 RE2 3,5 0,905 REL (0,55 € g a5 W) bl anlllas 5,50 slaaiges PH lais -V Joo
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Table 1. pH of the studied samples (w: brine and e: efflorescent salts, Rel: Yellow efflorescent salt, Re2: Reddish Yellow
efflorescent salt, Re3: White efflorescent salt, Re4: Olive Yellow efflorescent salt, Re5: Bluish Gray efflorescent salt and

Rw: brine)

Efflorescent Salt Sample ID pH  Eh(mv)

Re; 2.1 282

Re; 3.09 280

Res 3.16 273

Res 2.65 265

Res 1.81 289
Brine Sample ID pH  Eh(mv)

Rw; 2.96 321

Rw, 2.45 356

Rws 2.23 201

Rw, 3.49 292

al)sd 90,98 Slgasy 1o (PPM e ) Slilgs g Lol yolie cdale -V Jgoor
Table 2. Concentration of the major ions (in ppm) in the efflorescent salt sediments and brine

Efflorescent Salt Sample 1D Fe Na Al Mg Ca SO,
Re; (yellow) 8565.5 95000.8 19050.1 60772.4 691.8 678511.4
Re; (reddish yellow) 98240.5 67981.9 31404.3 99794 12678.2 554822.9
Re; (white) 50650.2 76535.4 46465.9 16745.8 1224.7 668438
Re, (olive yellow) 56172.8 30536.7 40200.9 19990.2 3849.3 610379.5
Res (bluish gray) 101211 33131 38401.6 18549.4 1622.7 726670.2
Average 62968 60637.2 35104.6 25207.4 4013.4 647764.4
Brine Sample ID Na Ca Mg Al Fe SO,
Rw; 264.4 56.47 30.99 0.07 0.59 49.09
Rw, 1207.5 660.96 630.68 551 529 9193.12
Rw; 5235 356.16 119.51 70.72 35 3303.61
Rw, 621.2 195.34 75.95 12.99 11 1837.35
Average 654.2 317.23 214.28 158.7 143.8 3595.79
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Fig. 5. diagrams of XRD analysis of the studied efflorescent salt samples (M: metasideronatrite and G: gypsum, T:
tamarugite, K: konyaite and B: bloedite, R: rhomboclase and S: szomolnokite, C: Mg and Fe-bearing copiapite)
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Table 3. the efflorescent salt minerals identified by XRD analysis in the samples

Efflorescent Salt Sample 1D Mineral
Tamarugite
Res (light bluish gray) Rhomboclase

Szomolnokite

Metasideronatrite

Re;, (reddish yellow)
Gypsum

Magnesiocopiapite

Re; (olive yellow)
Ferricopiapite

Re; (white) Tamarugite
Blodite
Re; (yellow) Konyaite
Tamarugite

Chemical Formula %
NaAIl(SO,),-6H20 48.52
HFe(S04);-4H,0 26.2
FeSO,-H20 25.3
NasFez(SO4)4(OH),-3H,0 70.7
CaS04:2H,0 29.3
MgFes(SO,)s(OH)2-20H,0 58.1
Fe4(SO4)s(OH),-20H,0 419
NaAI(SO4),-6H,0 100
Na;Mg(SO4)-4H,0 437
Na,Mg(SO.),-5H,0 125
NaAI(SO4),-6H,0 438

(FESO4H20) cuS gidgo;-Y-Y—F

aoys YOI gl L RES wiges o ol 5, 45 IS o
(FJg92) 015 9925 WS 5o 5 Cufg,lel sl S L ol e
Sliga g 5ol .aib o VAN PH slls S cpl (g9l diges
OgaslanS 515U ey ailine G cnl JuSiis (sl 5Ls 0594
(Khoeurn et al., 2019) 55,5 oyl o s
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Table 4. the concentration of heavy metals (in ppm) in the efflorescent salts and brine

Efflorescent Salt Sample

D Cu Mn Ni Pb Co Zn Cd
Re; (yellow) 3846.20 164.10 424.28 1 202.89 28.96 0.13
Re, (reddish yellow) 1304.42 82.84 129.77 11.60 51.87 21.09 0.13
Re; (white) 1791.71 160.60 202.09 2 76.83 19.94 0.13
Re, (olive yellow) 3754.07 161.14 216.17 1.05 192.75 28.72 0.06
Res (bluish gray) 3219.44 167.46 221.95 1.05 164.48 38.13 0.36
Average 2783.17 147.22 238.85 3.34 137.76 27.37 0.16
Brine Sample ID Cu Ni Mn Pb Co Zn Cd
Rw, 0.013 0.002 0.021 0.308 - 0.018 0.001
Rw, 29.60 2.946 1.129 0.39 - 0.317 0.001
Rws 9.16 0.545 0.648 0.432 0.088
Rw, 0.857 0.126 0.614 0.094 0.022
Average 9.908 0.905 0.603 0.349 0.263 0.111 0.001
ol 038 555 3T —
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Table 5. The enrichment classes of sediments based on the enrichment factor (Barbieri, 2016)

EF>40 20<EF<40 5<EF<20 2<EF<5 EF<2 Enrichment Factor
Extremaly high Very high Significant Moderate Deficiency to Description
enrichment enrichment enrichment enrichment minimal enrichment p

loyg Dligay )0 S Shls (Sals 28 -7 Jgaxr
Table 6. enrichment of heavy metals in the efflorescent salt sediments
Efflorescent Salt

Sample ID Cu Co Ni Cd Zn Mn Pb
Re; (yellow) 408.29 47.38 33.03 3.80 2.42 0.01 0.45
Re; (reddish yellow) 12.07 1.06 0.88 0.33 0.15 0.04 0.45
Res (white) 32.16 3.03 266 0.64 0.28 0.17 0.15
Re, (olive yellow) 60.77 6.86 2.57 0.24 0.37 0.15 0.07
Res (bluish gray) 28.92 3.25 146 0.89 0.27 0.09 0.04
Average 108.44 12.32 8.12 118 0.70 0.29 0.23
(V J992) S5bn Sobpands 03, Jloz & (Sogll oo (CF) wligu; Fogll o oo aslis -Y-0-F
{(Hakanson, 1980) P (g pare & G Slgw, Sogll Cunsg oyl jelaie 4
4 s 0,90 pobie (Sogll oyl atls i sslazl (Contamination Factor) Ssell cu 1o 5l o)l o
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Table 7. classification of the sediment contamination coefficient (CF) (Hakanson, 1980)

Contamination Factor (CF) Description
CF<1 Low Contamination
1<CF<3 Moderate Contamination
3<CF<6 Considerable Contamination
CF>6 Very High Contamination
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Table 8. enrichment of the heavy metals in the efflorescent salt sediments compared to brine

Sample ID Co Cu Ni Zn Mn Cd Pb
Re; (yellow)  771.46 388.21 469.01 260.27 272.07 122.02 2.86
Re, (reddish 197 o4 131.66 143.46 189.51 137.36 122.02 33.22
yellow)
Re; (white) ~ 292.12 180.84 203.4 179.2 266.29 122.02 5.73
Reg (olive 445 g9 378.91 238.96 258.11 267.17 51.62 3.01
yellow)
Re‘; g)'/‘;'sr‘ 625.38 324.95 245.35 342.68 277.66 337.89 3.01
Average 523.82 280.92 264.04 245.95 244.11 151.11 9.56
Cfmetals = CHmetaI/CHBack PLI g;oi“ )b. U""’L'*’ -Y-0-¥
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Table 9. The classes of Pollution Load Index (PLI) (Bourliva et al., 2018)

1< 1>

Pollution Load Index

Pollution No pollution

Description

loo 5t o (Sogll b pasle Ve Jgu

Table 10. Pollution Load Index (PLI) for the efflorescent salts

Efflorescent Salt Sample

1D

PLI

Re; (yellow)

Re, (reddish yellow)

Re; (white)

Re; (olive yellow)

Res (bluish gray)

1.639
0.185
0.186
0.335
2.273

Average

0.924
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Table 11. classes of the Geoaccumulation Index (Igeo) (Bourliva et al., 2018)

>5 45 3-4 2-3

1-2

Geoaccumulation

0-1 0>

index
Sy oy el Uy M o ols Do
)38 S8 (ay (ALl VY Jpaz
Table 12. Geo accumulation Index (Igeo) of the efflorescent salts
Efflorescent Salt o, vy zn cd Fe NI Co  Cu
Sample 1D
Re; (yellow) -429 -312 -186 -121 -3.13 192 244 554
Re; (reddish yellow) -0.75 -4.10 -2.32 -121 039 021 047 3.98
Res (white) -329 -315 -240 -121 -057 085 103 444
Res (olive yellow) — -4.22 -3.14 -187 -245 -042 094 236 551
Res (bluish gray) -422 -309 -146 026 043 098 213 529
Average -335 -332 -198 -1.16 -0.66 098 169 495
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