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Abstract
Thallium (Tl) is a highly toxic trace metal posing a significant threat to human health. Tl pollution in soils and chronic Tl 
poisoning related to Tl-rich sulfides weathering in the Lanmuchang mine of southwest Guizhou province, China, have been 
intensively studied in recent years. And yet, there are few studies on the role of secondary sulfate minerals associated with 
Tl mobility in this area. The sulfate minerals were characterized by XRD and SEM-EDS. The concentrations of Tl and other 
elements were determined by ICP-MS. The results show that sulfate minerals are predominantly melanterite, halotrichite, 
and fibroferrite. The average contents of Tl in rock, sulfate minerals, and soil samples were 156.4, 0.11, and 72.1 µg  g−1, 
respectively. This study suggests that Tl in the mineralized rocks entered soils by pyrite oxidation with less scavenged of the 
sulfate minerals. The dissolution of the ferric sulfate minerals accelerates pyrite oxidation and maintains soil acidity, and 
this likely enhances Tl mobility from soil to crops.
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Acid mine drainage (AMD) is produced by a series of 
microbially-mediated redox reactions when the waste rocks 
or tailings generated during the mining and mineral pro-
cessing of sulfide-bearing ores are exposed to the atmos-
pheric oxygen and water. Due to its low pH values, high 
concentration of toxic elements, and sulfate contents, it often 
causes severe environmental contamination and ecological 
harm to the downstream (Nordstrom et al. 1982; Bigham 
and Nordstrom 2000; Wu et al. 2001; Romero et al. 2006). 
Secondary sulfate minerals can form from AMD when these 
minerals are saturated under suitable physical, chemical, and 
biological conditions. These secondary sulfate minerals 
may be intermediate sources of metals because of their high 

concentrations of trace metals (Hammarstrom et al. 2005). 
Most of these minerals are highly water-soluble, so their 
rapid dissolution usually exerts a dramatical impact on the 
metal load and downstream aquatic ecosystems (Nordstrom 
et al. 1982; Bigham and Nordstrom 2000; Frau 2000; Joeckel 
et al. 2005). As a result, the secondary sulfate minerals gen-
erally play a prominent role in metal sequestration and acid 
mine drainage produced by sulfide oxidation. Whereas some 
metals, such as Fe, Ni, Zn and Cu are readily scavenged by 
secondary sulfate minerals, others such as Sb and Tl may 
remain partly in solution, which represent a threat to living 
organisms (Hammarstrom et al. 2005; Coup et al. 2015).

Thallium is a trace element that exhibits both lithophile 
and chalcophile geochemical behavior, with an abundance 
of below 1 µg  g−1 in the Earth’s crust (Belzile and Chen 
2017; George et al. 2019). Due to the similar ionic radii 
of  Tl+ and  K+, Tl is usually dispersed in alumino-phyllo-
silicates (e.g., K-feldspar and muscovite). Meanwhile, Tl 
is also enriched in sulfides under low temperature hydro-
thermal conditions (e.g., pyrite and lorandite). Thallium 
has both  Tl+ and  Tl3+ oxidation states, and  Tl+ is the 
thermodynamically dominant species under most environ-
mental conditions (Vink 1993; Casiot et al. 2011). Thal-
lium is more toxic to living organisms than Cd, Pb, As, 
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and Hg, and is listed by the U.S. Environmental Protec-
tion Agency as one of the priority pollutants for control 
(Aguilar-Carrillo et al. 2020).

In the 1960 and 1970s, about 200 cases of chronic Tl 
poisoning were reported in the southwest Guizhou prov-
ince, China (Zhou 1981). It is commonly agreed that the 
mining process of the Lanmuchang Hg-Tl deposit in the 
area is closely related to the Tl poisoning (Xiao 2001; 
Lin et al. 2020). After the final closure of the mine dur-
ing the 1980s, there are still large quantities of mining 
residues exposed to oxidative weathering, which poses a 
significant threat to the downstream ecosystems (Zhang 
et al. 1997; Xiao et al. 2004a, b; Lin et al. 2020). Previous 
studies have made much progress on the Tl sequestration 
mechanism in the contaminated soils, the enrichment of 
Tl in plants, and the impact on the microbial ecology. 
Reported concentrations of Hg and As in crops and vege-
tables were below Chinese national limit for contaminants 
(Xiao et al. 2004a, b). Despite the widespread distribu-
tion of pyrite-rich shales, little research on the mineral-
ogy and environmental significance of secondary sulfate 
minerals in the mining area has been conducted so far. 
Considering the prevalence of secondary sulfate minerals 
in the Lanmuchang Hg-Tl mine, this study will focus on 
the geochemistry of these minerals and their role in the 
migration and mobilization of Tl.

Materials and Methods

The study area is located in Huilong town, Xingren county, 
southwest Guizhou province (Fig. 1). This area is a low hilly 
topography with elevations ranging from 1403 to 1510 m. 
The climate type is subtropical mild and moist monsoon 
with an average annual rainfall of 1250–1400 mm. The 
striking enrichment of Tl in Permian and Triassic argillite 
of this area is attributed to Tl mineralization (Chen 1989; 
Zhang et al. 2004). Thallium is typically occurring in vari-
ous sulfide minerals, especially colloidal pyrite, which is 
one of the most important Tl-bearing minerals (Li 1996). 
Moreover, pyrite dominates the sulfides in both ores and 
mineralized rocks (Li 1996; Chen et al. 1998). Significant 
amounts of secondary sulfate minerals were observed in 
two adjoining abandoned adits during the field investiga-
tion (Fig. 2a, b). The soils in the Lanmuchang area are not 
well developed (oxisol), which are mainly derived from the 
weathering of surrounding mineralized rocks and mining 
spoil, and are intensively cultivated for crops.

Eight fresh and weathered rock, four secondary sulfate 
minerals, and ten cultivated topsoil (0–20 cm depth) samples 
were collected in the Lanmuchang area. The rock samples 
were cut into thin slices with a thickness of 0.03 mm for 
mineralogical examination under a polarizing microscope 
and ground to ≤ 75 μm in a planetary ball mill with agate-
grinding for further analysis. The soil samples were air-dried 

Fig. 1  Sketch maps showing the sampling locations in the Lanmuchang Hg-Tl deposit in Guizhou province
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at room temperature to constant weight. Then gently ground 
in a ceramic mortar and passed through an 18-mesh stain-
less steel sieve for pH measurement. Soil pH was measured 
using a calibrated pH meter (PHS-3 C, INESA) with a soil 
to deionized water ratio of 1:2.5 (weight/volume), whereas 
secondary sulfate minerals pH measurement was performed 
with a ratio of 1:10. The subsamples were continued ground 
to ≤ 75 μm prior to further analysis. The mineralogical com-
position of secondary sulfate and selected soil samples were 
characterized by X-ray diffraction (XRD). The powder XRD 
analyses were conducted on a model Empyrean X-ray dif-
fractometer (Panalytical, Malvern, UK) with Cu Kα radia-
tion (40 kV and 40 mA). Samples were scanned from 2 to 
70° 2θ with a 0.026° step and a 30-s count time. The XRD 
patterns were matched with the mineral diffraction files by 
a computer automatic search-match function but without 
using internal standards and only semi-quantitative estima-
tions were made.

In order to observe the morphologies of secondary sulfate 
minerals and further verify the XRD identifications, the scan-
ning electron microscopy with energy dispersive spectrom-
etry (SEM-EDS) investigation were performed using an FEI 
Quanta FEG 250 field emission SEM-EDS (Thermo Fisher, 
Waltham, MA). Due to the thermal sensitivity of sulfate 
minerals, high vacuum and low acceleration voltage (6 kV) 
modes were selected to obtain high-quality images of the 
surface morphology of uncoated samples. EDS spectra were 
collected using a beam spot of 2.5 μm diameter at an accel-
erating voltage of 20 kV. Analytical standards of quartz (O),  
pyrite (S), corundum (Al) and iron (Fe) were chosen to semi-
quantitatively estimate the main chemical composition of 
minerals.

The geochemical composition of selected rock, soil, and 
sulfate samples was determined by inductively coupled 
plasma–mass spectrometry (ICP-MS, iCAP RQ, Thermo 
Scientific, Waltham, MA) with detection limits in the 

Fig. 2  The secondary sulfate 
minerals and pyrite in the host 
rocks from the Lanmuchang 
Hg-Tl abandoned mines in 
Guizhou province. a Melanter-
ite (mel), halotrichite (hal) and 
fibroferrite (fib) in the surface 
of the host rock (hammer grip 
20 cm). b Fibroferrite in the 
surface of the host rock (ham-
mer grip 20 cm). c Fresh dark 
host rock. d Weathered host 
rock. e Microgranular pyrites 
(py) in the fresh rock under the 
polarizing microscope. f Trace 
pyrites in the weathered rocks 
under the polarizing microscope
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billionth. Before testing, the powdered soil/rock samples 
were digested with a PTFE bomb and PFA beaker by con-
centrated  HNO3-HF-HCl and the secondary sulfate samples 
were dissolved in ultrapure water to extract the supernatants 
by centrifugation. Quality assurance/quality control proce-
dures were carried out by adding internal standards Rh and 
In to the sample solutions, combined with the reference 
materials (USGS W-2a) and the laboratory blanks, ensure 
that the relative errors of the trace elements were controlled 
within 2%.

Results and Discussion

Polarizing microscopic observation showed that the minerals 
in the mineralized rocks and waste rocks were mainly fine-
grained quartz and clay minerals with different contents of 
pyrite (Fig. 2e, f). Pyrite occurs mainly as anhedral grains 
(average 20 μm diameter) distributed in the rocks (Fig. 2e). 
When the black shale weathered to gray (Fig. 2c, d), pyrite 
was almost completely disappeared from the slices (Fig. 2f). 
According to XRD analysis, the secondary sulfates miner-
als XR2 and XR4 are melanterite and fibroferrite, respec-
tively, while XR1 and XR3 show a mixture of halotrichite 

and pickeringite in different proportions. Further analysis 
by EDS and ICP-MS revealed only minor amounts of Mg 
were present in XR1 and XR3 (Table 1; Fig. 3a). Thus, 
this pickeringite illusion is probably due to the similarity in 
d-spacing values, as noted by Jambor et al. (2000) in some 
cases no distinction is made between halotrichite and picker-
ingite. The XRD results indicated that the soil mineralogy is 
dominated by quartz, with small amounts of silicate minerals 
(Table 2). In addition, jarosite and barite also occurred in the 
selected soil samples.

Secondary sulfate minerals have a pH value of 4.49–4.88. 
The results showed that fibroferrite has the lowest pH value 
among the sulfate minerals, which is consistent with Frau’s 
(2000) dissolution acid-producing experiments. The soil has 
a pH varying from 5.41 to 7.03. The Tl content in the rocks 
ranged from 10.2 to 427 µg  g−1, with an average value of 
156.4 µg  g−1. Meanwhile, the Tl content decreased from 
427 µg  g−1 in slightly weathered rocks to 10.2 µg  g−1 in 
intensively weathered. However, the Tl concentration in sec-
ondary sulfate minerals was only 0.052 to 0.149 µg  g−1. The 
Tl level in topsoil samples varied from 8.08 to 125 µg  g−1, 
with a mean value of 72.1 µg  g−1, which compares to the 
1 µg  g−1 maximum allowable environmental concentration 
(Aguilar-Carrillo et al. 2018), indicating that arable land in 

Table. 1  Basic chemical characteristics of the rocks, sulfate minerals, and soils

LMC01-LMC08, rock samples; XR1-XR4, sulfate mineral samples; S10, topsoil samples

Sample Mg µg  g−1 Fe µg  g−1 Mn µg  g−1 Cr µg  g−1 Cu µg  g−1 Co µg  g−1 Ni µg  g−1 Tl µg  g−1 pHH2O

LMC01 1280 73,500 5.89 55.7 65.4 25.7 57.8 131
LMC02 1370 20,900 10.4 51.1 27.5 11.5 22.2 45.0
LMC03 2630 3510 13.5 57.9 1.60 3.13 8.62 11.0
LMC04 328 159,000 4.89 73.8 97.2 1.77 2.77 10.2
LMC05 166 8260 4.07 24.7 12.3 2.91 33.3 427
LMC06 417 127,000 10.9 50.3 108 29.2 56.5 382
LMC07 454 26,800 5.71 46.9 20.2 6.64 17.0 167
LMC08 195 2110 3.21 39.8 1.89 0.84 1.61 77.8
XR1 109 69,800 5.47 101 85.0 146 60.9 0.149 4.53
XR2 149 331,000 3.90 3.97 703 156 147 0.052 4.88
XR3 86.9 69,200 3.87 97.5 168 135 52.6 0.100 4.57
XR4 119 154,000 13.6 27.0 74.0 139 49.4 0.141 4.49
S1 6940 86,900 733 97.0 147 41.9 82.3 16.1 5.76
S2 3190 68,400 511 105 102 17.7 42.9 120 5.87
S3 4320 102,000 1120 326 123 40.9 77.7 8.08 6.16
S4 5270 89,300 1070 106 119 34.6 69.2 124 5.41
S5 6300 82,100 610 100 131 32.5 69.7 23.5 5.76
S6 11,800 90,900 2080 113 135 51.3 82.9 49.5 5.86
S7 7130 82,700 1290 104 130 40.4 69.6 34.6 6.52
S8 5080 79,400 696 101 103 18.9 38.4 120 6.36
S9 3600 54,000 332 83.5 62.0 13.4 47.9 125 5.76
S10 4590 74,300 546 118 133 17.7 41.2 100 7.03
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Table. 2  Mineralogy (XRD-
based) of the selected soil 
samples

Qtz quartz, Prl pyrophyllite, Kln kaolinite, Mnt montmorillonite, Ill illite, Am amphibole, Fsp feldspar, Cal 
calcite, Dol dolomite, Hem hematite, Ant anatase, Brt barite, Jrs jarosite
****Major component (> 80%)
***1–5%
**< 1%
*Presence

Sample Mineral

Qtz Prl Kln Mnt Ill Am Fsp Cal Dol Hem Ant Brt Jrs

S4 **** ** *** *** *** *** *** – – *** *** – **
S5 **** ** *** *** ** ** ** * ** ** *** – *
S6 **** ** *** *** *** – *** * ** ** *** ** **
S8 **** ** *** *** ** ** ** – – *** *** *** ***
S9 **** – *** * * * – * – ** ** * *
S10 **** – *** ** * ** – * * ** *** – ***

Fig. 3  Secondary sulfate minerals characterized by SEM-EDS from the Lanmuchang Hg-Tl deposit, Guizhou province. a, b and c correspond to 
SEM images of halotrichite, melanterite, and fibroferrite as well as EDS spectra of selected points, respectively
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the area is severely contaminated. Expectedly, multiple crops 
and vegetables in the area are also seriously contaminated 
(Xiao 2001; Jia et al. 2013).

The rate of pyrite oxidation is closely related to the 
intensity of AMD, and crystal size is one of the critical fac-
tors in determining the rate of pyrite oxidation. In essence, 
those with smaller sizes usually have a higher oxidation rate 
because of their larger specific surface area (Frau 2000). The 
anhedral and fined grain sizes (about 20 μm) made the pyrite 
in the rocks susceptible to oxidation. A recent study indi-
cates that Tl may be present in structural defects of pyrite 
(George et al. 2019), and this is also a site where pyrite is 
prone to oxidation (Frau 2000). From the aforementioned 
results, it can be seen that the vast majority of Tl is mobi-
lized during the weathering of pyrite. As the elevated con-
centrations of metals were incorporated into the structure 
of secondary sulfate minerals, these minerals may be act-
ing as temporary storage of metals (Nordstrom and Alpers 
1999; Buckby et al. 2003). However, neither Lanmuchangite 
 (TlAlSO4·12H2O) nor jarosite  [KFe3+3(SO4)2(OH)6], two 
Tl-rich sulfate minerals, were detected by XRD and SEM-
EDS. We attribute these two sulfate minerals reported by 
Chen et al. (2003) from the Lanmuchang to the restricted 
condition and Tl ore oxidation.

Melanterite  (Fe2+SO4·7H2O), fibroferrite  [Fe3+(SO4)
(OH)·5H2O], and halotrichite  [Fe2+Al2(SO4)4·22H2O] are 
prevailing secondary sulfate minerals from the surface 
samples of the mineralized rocks in the Lanmuchang. Ther-
modynamic data indicate that these sulfate minerals were 
formed in very acidic (pH < 3) environments through evap-
oration (Majzlan 2010). During rainfall or high humidity 
conditions, these minerals will release potential acidity and 
 Fe2+/Fe3+ ions through dissolution and deliquescence.

Ferric iron is a more important oxidant for pyrite than  O2 
under acid conditions (Frau 2000; Jerz et al. 2003). Ferric 
iron can be provided indirectly through the dissolution and 
oxidation of  Fe2+ minerals such as melanterite. It can also be 
supplied directly by  Fe3+ minerals such as fibroferrite, thus 
forming a self-sustaining cycle (Singer and Stumm 1970) as 
the following reaction:

The oxidation of ferrous iron to ferric iron is a rate-limit-
ing step at the low pH (~ 3), which needs microbial catalysis 
to overcome the extremely slow rate in abiotic conditions 

(1)FeS2+7/2O2+H2O → Fe2++2SO2−

4
+2H+

(2)Fe2++1/4O2+H
+
→ Fe3++1/2H2O

(3)Fe3++3H2O → Fe(OH)3+3H
+

(4)FeS2+14Fe
3++8H2O → 15Fe2++2SO2−

4
+16H+

(Singer and Stumm 1970). The hydrolysis of ferric iron to 
Fe(OH)3 (reaction (3)) could cover the surface of the pyrite 
or further oxidize the pyrite (reaction (4)) depends on the pH 
value of the solutions. In acidic pH conditions as indicated 
by the secondary sulfate minerals, the ferric iron may remain 
in the dissolved state and sustain the above-mentioned self-
sustaining cycle (Hammarstrom et al. 2005). Actually, the 
pH of rock surfaces will maintain a much lower level in the 
presence of large amounts of secondary sulfate minerals, as 
demonstrated by Frau (2000). Tl in secondary sulfate miner-
als is 2–3 orders of magnitude lower than in rocks, we reveal 
that the secondary sulfate minerals are not temporary storage 
for Tl in the Lanmuchang. Alternatively, these secondary 
sulfate minerals produced on and covering the rock sur-
faces likely accelerate the oxidation and Tl release process 
of pyrite in the rocks. This hypothesis is also supported by 
the more severe weathering of rocks covered with fibrofer-
rite observed in the field. The concentrations of Cr, Cu, Co, 
and Ni were generally 2–3 orders of magnitude higher than 
Tl, indicating that these secondary metal sulfate minerals 
may be a transient sink for these metals. Melanterite con-
tains up to 703 µg  g−1 of Cu, suggesting a high sequestration 
capacity of Cu in melanterite formed under natural condi-
tions as found in previous studies (Hammarstrom et al. 2003; 
Romero et al. 2006) and laboratory experiments (Basallote 
et al. 2019). Since  Tl+ is the most stable species and exists 
predominantly as free ions in aqueous solution (Kaplan 
and Mattigod 1998; Xiong 2009; Perotti et al. 2017), the 
mobilized Tl will spread rapidly downstream with rain and 
streamflow.

The range of Tl concentrations and pH values in the soil 
is consistent with previous reports in the area (Xiao et al. 
2004a, b; Jia et al. 2018; Lin et al. 2020). It is notewor-
thy that jarosite is occured in topsoil samples, especially 
those with high Tl content. The presence of jarosite indi-
cates that the soil is still affected by AMD. Jarosite has an 
excellent ability to retain Tl during its formation (Dutrizac 
1997; Aguilar-Carrillo et al. 2020). Elevated Tl content in 
jarosite has been reported in the Lanmuchang area (Xiao 
2001; Zhang et al. 2004; Lin et al. 2020). Similar to the sul-
fate minerals mentioned above, jarosite is formed in a very 
acidic environment. It is reported that Tl can form dorall-
charite  [Tl0.8K0.2Fe3(SO4)2(OH)6] in supergenic conditions 
(Ballcžunlc et al. 1994), implying that substitution by Tl for 
potassium in the jarosite-alunite family. At 3.5 < pH < 7.5, 
the dissolution of jarosite will release the sequestered Tl 
and results in the formation of more stable hematite and fer-
rihydrite, which is also an acid-producing process (Elwood 
Madden et  al. 2012). The measured soil pH values are 
within the range mentioned above. Therefore, jarosite in the 
soils of Lanmuchang is a transient sink source for Tl. How-
ever, hematite formed by the dissolution of jarosite is also 
an important secondary Tl-bearing mineral phase in this 
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region (Lin et al. 2020), which will lead to more persistent 
contamination.

It has been previously reported that most Tl in the soils of 
Lanmuchang is within the residual fractions in operationally 
defined speciation procedures (Jia et al. 2013, 2018), which 
is generally closely associated with aluminosilicate minerals 
such as illite (Gomez-Gonzalez et al. 2015). Both experi-
mental studies (Martin et al. 2018; Wick et al. 2018) and 
field investigation (Voegelin et al. 2015) have confirmed that 
illite is one of the most important adsorbents of Tl. Based on 
the fact that Tl adsorption onto the aluminosilicate minerals 
is pH-dependent (Martin et al. 2018), which is expected to 
favor the desorption of Tl under acidic soil conditions and 
its uptake by crops.

In summary, we found that the secondary sulfate min-
erals in the mineralized rocks from the Lanmuchang mine 
enhanced pyrite oxidation and Tl release from the rocks. 
The jarosite in the soils is a transient source of Tl at Lan-
muchang. Mineralogical transformation of jarosite in acidic 
soils will result in longer-lasting contamination and suggest 
that the solid-phase control of Tl is dynamically changing. 
The acidic soil environment generated by pyrite oxidation 
and maintained by jarosite dissolution can, to some extent, 
promote the uptake of Tl by crops and exert health impacts 
to the local residents.
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