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Abstract 20 

The formation and transformation of secondary minerals in areas affected by 21 

neutralized acid mine drainage (AMD) determine the behavior of toxic elements. To 22 

better understand the binding form of toxic elements in the secondary minerals, we 23 

focused on the distribution of secondary precipitates and heavy metals in neutralized 24 

AMD near a typical Cu-polymetallic deposit located in central Tibet. Compared to 25 

background values, the average heavy metal (As, Cu, Co, Cu, Mo, Pb, and Zn) content 26 

is higher in sediments close to the neutralized AMD drain. X-ray absorption 27 

spectroscopy (XAS) characterization shows the Fe in the suspended particulate matter 28 

(SPM) first aggregate as small Fe(III) octahedra clusters and then precipitate as 29 

ferrihydrite along the river. The XAS results also show the by-products of 30 

neutralization—ferrihydrite and sulfate—are the primary forms of Fe and S in the 31 

sediments, respectively. Gypsum retains Cu via structural fixation, surface adsorption, 32 

and surface coprecipitation. The difference of Cu-O coordination number between the 33 

SPM and the sediments reveals the Cu sulfate coprecipitation on the surface of gypsum 34 

accompanied by SPM transporting along the river. XAS results confirm that ferrihydrite 35 

act as an essential sink for heavy metals, especially As. As(III) mineral in the sediment 36 

near the neutralized AMD outfall is dissolved and oxidized to arsenate downstream, 37 

which then adsorb to ferrihydrite and/or form As(V)-Fe minerals along the river. 38 

Gypsum and ferrihydrite have the potential to release heavy metals with changes in 39 

water chemistry, which may pose a threat to the safety of drinking water for downstream 40 



 

 

residents. 41 
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1 Introduction 44 

Mining of sulfide deposits results in the production of waste rock, tailings, and 45 

waste from the refining process (Blowes et al., 2014; Kossoff et al., 2014). Huge 46 

amounts of waste rock and tailings are deposited in impoundments because of their low 47 

economic value with respect to metal recovery (Dold, 2020; Kossoff et al., 2014). Acid 48 

mine drainage (AMD), characterized by high acidity and high concentrations of sulfate 49 

and heavy metals, is generated due to oxidation of sulfide minerals within mining waste 50 

(Blowes et al., 2014). Mining enterprises typically use cost-effective alkaline materials, 51 

such as quicklime and hydrated lime, to reduce the acidity and aqueous metal 52 

concentrations in AMD by neutralization. (Kefeni et al., 2017; Tolonen et al., 2014). A 53 

consequence of AMD neutralization is the widespread formation of secondary 54 

precipitates and suspended particulate matter (SPM), consisting of Al and Fe 55 

hydroxides, metal sulfates, and other metal-rich phases (Doye and Duchesne, 2003; 56 

McDonald et al., 2006). 57 

Metal sulfates are ubiquitous secondary minerals in areas affected by neutralized 58 

AMD (Hammarstrom et al., 2005). Gypsum (CaSO4·2H2O) predominates among the 59 

sulfate minerals because the neutralization process introduces large amounts of calcium 60 

into AMD. During its formation, gypsum retains divalent metal cations (e.g., Cd2+, Cu2+, 61 

Zn2+, etc.) via surface adsorption, structural incorporation, and coprecipitation 62 

(Hamdona and Al Hadad, 2007; Ma et al., 2020), which makes it a potential scavenger 63 



 

 

in neutralized AMD systems. However, soluble metal-sulfate minerals (e.g., gypsum) 64 

can dissolve and lead to heavy metal release during short-term rain events (Moncur et 65 

al., 2016; Nordstrom, 2009). Other important precipitates in AMD are amorphous Fe 66 

minerals, as they play an essential role in the adsorption of heavy metals due to their 67 

large surface area and high reactivity (Adra et al., 2013; Hiemstra, 2013; Johnston and 68 

Chrysochoou, 2016). The mineral transformation of amorphous Fe(III) minerals to 69 

more crystalline phases (e.g., goethite and hematite) can result in significantly 70 

decreased surface area and the release of adsorbed contaminants (Postma et al., 2010; 71 

Robinson et al., 2011). Therefore, identifying the composition of Fe minerals and 72 

existing forms of contaminants is necessary to understand processes controlling the 73 

release of adsorbed contaminants in the environment, especially for sediment affected 74 

by AMD precipitates. 75 

The formation and transformation of secondary minerals in areas affected by 76 

neutralized AMD determine the behavior of toxic elements via adsorption, 77 

coprecipitation, desorption, and dissolution mechanisms. The secondary precipitates 78 

formed in river banks and beds can thus act as both sinks and sources of toxic elements 79 

(Baleeiro et al., 2018). In addition, secondary minerals in SPM act as carriers in the 80 

long-distance transport of heavy metals (Canovas et al., 2012). Better knowledge 81 

regarding to the binding form of toxic elements in secondary minerals will contribute 82 

to further understanding how the SPM and precipitates exert influence on the 83 

downstream basin. The properties of secondary minerals in AMD have been the subject 84 



 

 

of considerable research, but the roles of these minerals and their binding form with 85 

contaminants remain understudied due to the difficulty of identifying metal forms 86 

within secondary minerals. X-ray absorption spectroscopy (XAS), an element-specific 87 

technology including X-ray absorption near-edge structure (XANES) and extended X-88 

ray absorption fine structure (EXAFS), can be used to identify the atomic neighbor 89 

environment of elements, even in amorphous phases. Therefore, this technology is a 90 

suitable method to identify secondary minerals in sediments and demonstrate the 91 

existing forms of elements (Noël et al., 2014; Schaefer et al., 2017; Zeng et al., 2013).  92 

In this study, we focused on the distribution of heavy metals and secondary 93 

precipitates in sediments affected by neutralized AMD near a typical Cu-polymetallic 94 

deposit in central Tibet. SPM was also collected from neutralized AMD to better 95 

understand the relationship between SPM and precipitates. Elemental analyses of SPM 96 

and sediments were first conducted, then XAS technology was employed to 97 

characterize oxidation states, phases, and local atomic structures of S, Fe, Cu, and As 98 

in the SPM and sediment. The purpose of this study was to decipher the associations 99 

between secondary minerals and metals (especially Fe, Cu, and As) in neutralized AMD. 100 

This work contributes novel results regarding the geochemical processes of secondary 101 

mineral formation and how heavy metals associate with them in neutralized AMD. In 102 

addition, a fundamental understanding of the role of secondary minerals and their 103 

associations with contaminants is necessary to evaluate potential contamination near 104 

the mine site, which has important implications for future management of neutralized 105 

AMD. 106 



 

 

2 Materials and Methods 107 

2.1 Study area and sample collection 108 

The Tibetan Plateau in China is known for its abundant copper resources 109 

(>5.0×107 t) (Tang and Wang, 2019). Recently, mining activity in Tibet has been rapidly 110 

developing due to market demand and transportation improvements. The increasing 111 

mining activities inevitably produce large amounts of mining waste as well as AMD 112 

and metal-rich by-products of AMD neutralization. The Tibetan Plateau is also known 113 

as “the water tower of Asia” because of the rivers originating therefrom provide 114 

freshwater resources to billions of downstream residents. 115 

The study area is located in a downstream basin influenced by the Jiama deposit, 116 

the largest Cu–polymetallic system in the Tibetan Plateau. Outcrops in the study area 117 

primarily consist of clastic–carbonate rocks, including Jurassic limestones and Lower 118 

Cretaceous sandstones, slates, and siltstones (Zheng et al., 2016). The gangue and waste 119 

rock are stored in a waste rock pile. Acid water generated from the waste rock pile is 120 

neutralized by lime in a water treatment pond and then discharged into Bulang Creek 121 

(Fig. 1). 122 

A total of 12 surface sediment samples (0-5 cm) were collected in triplicate using 123 

a sterilized plastic sampler. The sediment sample was compacted and completely filled 124 

into a sterilized polypropylene (PP) tube with the purpose of removing the air in the 125 

tube as much as possible. The PP tube was capped, placed into an air-drained sealable 126 

bag. The plastic bags containing the sample are then frozen to –18 °C and transported 127 

to the laboratory in a container filled with ice bags. Water samples were also collected 128 

at the same locations, with details of their analysis provided in Supplementary 129 

Information. The samples were divided into four groups—background (A), Bulang 130 

Creek (B), springs (C), and Sibupu River (D)—based on their hydrogeological 131 



 

 

characteristics and location (Fig. 1). In Group C, C3 was recharged by pristine 132 

groundwater from the east side of the Sibupu River, whereas C1 and C2 were affected 133 

by mine drainage from the west side. 134 

 135 
Fig. 1 Geotectonic map showing the research area and sampling points 136 

2.2 Elemental analyses for sediment samples 137 

The collected sediments were stored at −18 °C, then air-dried and sieved (<2 mm) 138 

at room temperature before elemental analyses. The sieved sediment samples were 139 

subjected to multi-acid digestion following EPA method 3052 with metals and trace 140 

elements measured by inductively coupled plasma-mass spectrometry (ICP-MS; 141 

Thermo Electron Corp., USA). The carbon and sulfur contents of the sediments were 142 

measured by an elemental analyzer (Elementar Analysensysteme GmbH Inc., 143 

Germany). 144 

2.3 Characterization for sediment samples 145 

The frozen sediment samples for XRD and XAS analyses were first freeze-dried, 146 

then ground into fine powders (<74 μm) in a glovebox (Vinyl Anaerobic Chambers; 147 



 

 

Coy Laboratory Products, Inc., USA), and finally stored in gastight bags filed with 3% 148 

H2 balanced N2 before analyses. The XRD patterns of the samples were collected by a 149 

powder diffractometer (D8 Advance, Bruker) using Cu-Kα radiation (at 40 kV and 40 150 

mA) with a scanning rate of 10° min–1 from 5 to 90 °2θ. Approximately 0.5 L unfiltered 151 

water samples were vacuum filtered with an oil-free diaphragm pump (HX-VP001, 152 

Wuhan Trustworthy Instrument) using a 0.45-μm glass fiber filter to separate the SPM. 153 

SPM samples from B1 and B2, namely B1SPM and B2SPM, were analyzed for Fe and 154 

Cu XAS. The SPM content of other samples was too low for XRD and XAS analyses. 155 

2.3.1 Data collection for S K-edge XANES 156 

Sulfur K-edge XANES spectra were collected at Beamline 4B7A of the Beijing 157 

Synchrotron Radiation Facility (BSRF). A Si(111) double crystal monochromator was 158 

used with an energy resolution of ~2×10–4 (ΔE/E). The beam size was ~3×3 mm2. The 159 

powder of samples was brushed over a conductive tape on a copper sample holder, and 160 

then the holder was put into the vacuum chamber (<2×10–4 Pa) for analysis. The 161 

scanning energy range was set as 2450~2520 eV with step energy as 1.0 eV in the pre- 162 

and post-edge region and 0.2 eV in XANES region. The data collection time for each 163 

point was 2 s. Data of the samples were acquired in partial fluorescence yield mode 164 

using a 13-element Si(Li) detector at room temperature. The spectra of Na2SO4 with 165 

the peak position of white line at 2482.5 eV were also collected for energy calibration. 166 

2.3.2 Data collection for Fe, Cu, and As K-edge XAFS 167 

The XAS experiments were conducted at the Advanced Photon Source (APS, USA) 168 

Beamline 20BM. A Si(111) double crystal monochromator was used with an energy 169 

resolution of 1.4×10–4 (ΔE/E) at Fe, Cu, and As K-edge. The beam size was ~4*2 mm2. 170 

The sample cells were conducted by filling a rectangular hole in a Teflon holder with 171 



 

 

length as 15 mm, height as 3 mm, and thicknesses of 0.5 to 2 mm depending on the 172 

content of Fe, Cu, and As. Both sides of the Teflon holder were sealed with Kapton tape. 173 

The scanning energy range for the Fe, Cu, and As K-edge was set as 6960~7750, 174 

8830~9620, and 11670~12600 eV, respectively, with step sizes as 5 eV in the pre-edge 175 

region, 0.3 eV in XANES region, and 0.05 Å−1 in EXAFS region. The data collection 176 

time for each point was 1-2 s. 177 

Data of the samples were acquired in fluorescence mode using a 13-element Ge 178 

detector at room temperature. Fe, Cu, and As metal foils were placed in the reference 179 

channel, measured in transmission mode, and used for energy calibration. The first 180 

derivative maximum of XANES for Fe, Cu, and As was calibrated to 7112, 8979, and 181 

11867 eV, respectively. 182 

2.3.3 Data analysis for XAFS spectra 183 

The XAFS spectra were processed and analyzed using the Demeter software 184 

package (Ravel and Newville, 2005). A linear function was subtracted from the pre-185 

edge region, then the edge jump was normalized using the Athena software (Ravel and 186 

Newville, 2005). The χ(k) data were isolated by subtracting a smooth, three-term 187 

polynomial approximating the absorption background. 188 

The linear combination fitting (LCF) of S XANES spectra was conducted in a 189 

range of 2450~2500 eV. The LCF of k3-weighted χ(k) data was conducted in a range of 190 

2~10 Å–1 for Fe, Cu, and As spectra. The spectra of minerals or compounds were 191 

collected as follows: 1) sulfur XANES spectra of chalcopyrite (CuFeS2), pyrite (FeS2), 192 

L-cysteine (C3H7NO2S), sphalerite (ZnS), sodium methanesulfonate (CH3SO3Na), and 193 



 

 

gypsum were measured at Sector 13, APS and SXRMB, Canadian Light Source (Liu et 194 

al., 2016); 2) iron XAFS spectra of biotite (K(Mg,Fe)3AlSi3O10(OH)2), Cu XAFS 195 

spectra of chalcanthite (CuSO4·5H2O), azurite (Cu3(CO3)2(OH)2), covellite (CuS), and 196 

chalcocite (Cu2S), and As XAFS spectra of arsenolite (As2O3) were also collected at 197 

Beamline 20BM, APS; 3) Arsenic XAFS spectra of As(V) adsorbed to ferrihydrite 198 

(Fe10O14(OH)2), parascorodite (FeAsO4·2H2O), and arseniosiderite 199 

(Ca2Fe3(AsO4)3O2·3H2O) were provided by Stevens et al. (2018); and 4) iron XAFS 200 

spectra of ferrihydrite and goethite (α-FeO(OH)) were exported from Hephaestus 201 

(Ravel and Newville, 2005). All spectra were aligned with the simultaneous 202 

measurement of reference material (i.e., metal foils or Na2SO4 powder) with known E0 203 

(i.e., first derivative maximum or peak position of the white line). To better quantify 204 

the S species in sediments, chalcopyrite, pyrite, and sphalerite were merged into a group, 205 

namely inorganic sulfide, while L-cysteine, sodium methanesulfonate, and gypsum 206 

were respectively named organic disulfide, sulfonate, and gypsum (Fig. 2c; Table S2). 207 

The EXAFS modeling was conducted by nonlinear fitting, with least-squares 208 

refinement, of the EXAFS equation to the Fourier-transformed (FT) data in R-space 209 

(Rmax – Rmin = 1.0~3.0 Å for different elements), using Artemis software (Ravel and 210 

Newville, 2005). The k3-weighted χ(k) data were Fourier transformed after applying a 211 

Hanning window function in a k range of 2.5~10.5 Å–1. The input structure files for 212 

EXAFS modeling were downloaded from the American Mineralogist Crystal Structure 213 

Database (Downs and Hall-Wallace, 2003). The amplitude reduction factors (S02) were 214 

fixed according to the fits to reference spectra similar to the samples, i.e., the S02 of Fe 215 

(0.72), Cu (0.69), and As (0.89) spectra were extracted from ferrihydrite, chalcanthite, 216 



 

 

and parascorodite, respectively. The coordination numbers (CNs) for each shell, Debye-217 

Waller factor (σ2), and interatomic distance (ΔR) for each path were variables. The value 218 

of threshold energy difference (ΔE0) was considered identically for each path. 219 

Considering the complexity of natural samples, a correction factor (f) was introduced 220 

to adjust the proportion of the model structure for each sample to reduce the number of 221 

variables needed for fitting (Simanova et al., 2015); the model structure was selected 222 

according to the LCF results of the samples. This correction factor (f) was used in the 223 

model fitting of Fe and As, and the relationship among f, CNs, and the coordination 224 

number of the model structure was as follows: CNs = N × f. The fitting was employed 225 

to obtain the CNs, ΔE0, f, σ2, ΔR, and goodness of fit (R-factor). 226 

3 Results and Discussion 227 

3.1 Major characteristics of the water 228 

All water samples were neutral to slightly alkaline (pH: 6.83-7.93) and under an 229 

oxidizing environment (Eh: 357-411 mV, DO: 4.95-7.08 mg/L) (Table 1). Group A 230 

water samples were bicarbonate water, characterized by low conductivity and low 231 

concentrations of Ca2+ and SO42–. The water samples from Bulang Creek (Group B) 232 

directly affected by mine effluent were characterized by high conductivity (1680-1990 233 

μs/cm) and elevated concentrations of Ca2+ (546-674 mg/L) and SO42– (1500-1700 234 

mg/L). C1 and C2, samples of springs (Group C), also had high conductivity (710 and 235 

740 μs/cm, respectively) and elevated concentrations of Ca2+ (144 and 142 mg/L, 236 

respectively) and SO42– (390 and 340 mg/L, respectively). The conductivity (287-386 237 

μs/cm) and concentrations of Ca2+ (58.4-78.9 mg/L) and SO42– (90-120 mg/L) of the 238 

water samples from the Sibupu River (Group D) were less than those from Bulang 239 



 

 

Creek due to dilution in the river. More detailed description of water samples was 240 

provided in Supplementary Information. 241 



 

 

Table 1 Physicochemical parameters of the filtered water samples at 12 sampling points. 242 
Parameters a A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D2 D3 

pH 7.93  7.75  7.74  7.51  7.64  7.55  6.83  7.36  7.35  7.73  7.42  7.82  
Eh (mV) 376  341  365  377  390  385  411  380  352  371  326 385  
DO 6.64  6.54  6.01  5.76  5.92  6.15  6.37  7.08  4.95  6.81  6.84  6.56  
DOf b 6.56  6.56  6.03  6.14  6.14  6.23  6.94  7.24  6.76  6.74  6.87  6.65  
Conductivity 
(μs/cm) 

163 58.2  31.4  1680  1770  1990  710  740 387  386 301 287  

Temp (°C) 12.1  12.1  15.8  15.0  15.0  14.3  9.7  8.0  10.8  10.9  10.1  11.5  
Alkalinity c 73  60  33  15  20  20  83  90  133  57  63  77  
Hardness c 90.3 64.1 30.1 1690 1750 1460 504 463 292 244 198 188 
TOC 2.09 2.59 2.63 2.49 2.01 2.48 2.74 3.61 3.31 2.02 2.44 1.99 
Cl–  <1 <10 <1 3 <1 <1 <10 2 2 <10 1 1 
SO42– 43 <2 <2 1700 1700 1500 390 340 94 120 100 90 
NO3– \ <0.6 \ 0.83 0.82 0.84 1.19 1.22 \ <0.6 \ \ 
Ca2+ 31.6 13.8 6.5 627 671 546 144 142 93.6 78.9 59.6 58.4 
K+ 0.61 0.4 0.17 2.48 2.5 2.33 0.92 0.85 1.15 0.91 0.91 0.81 
Mg2+ 2.76 7.17 3.37 29.4 18.7 22.3 35.3 26.6 14.3 11.4 12 10.2 
Na+ 2.7 8.3 4.2 9.9 9.6 6 10.2 7.6 10.6 8.1 9.9 8.9 
water type Ca-HCO3-

SO4 
Ca-Mg-
Na-HCO3 

Ca-Mg-
Na-HCO3 

Ca-SO4 Ca-SO4 Ca-SO4 Ca- Mg-
SO4 

Ca- Mg-
SO4 

Ca- Mg-
SO4-HCO3 

Ca- Mg-
SO4 

Ca- Mg-
SO4 

Ca- Mg-
SO4-HCO3 

a The default unit is mg/L;  
b DOf is the theoretical saturated DO concentration calculated using Eqns. S1-S5 in Supplementary Information; 
c as CaCO3 

 243 



 

 

3.2 Major characteristics of the sediments 244 

The average Ca, Fe, and S contents in the sediment were 4.2, 2.9, and 1.7 wt%, 245 

respectively (Table 2). The average heavy metal contents (except for Cr) were much 246 

higher in the sediment compared to background values (2~149 times), following the 247 

order Cu > Zn > As > Pb > Co > Mo > Cd (Table 2). Notably, much higher amounts of 248 

S and other heavy metals were observed in the sediments from Groups B and C, which 249 

were close to the Jiama deposit or directly influenced by neutralized AMD (Fig. 1). 250 

Table 2 Sulfur and metal content in the sediments, and statistical results for each group 251 
and all samples. 252 

Group Sample Stotal(wt%) Ca(wt%) Fe(wt%) As a Cd Co Cr Cu Mo Pb Zn 

A 

A1 0.039 2.4 2.0 26 0.33 7.2 13 52 2.3 21 82 
A2 < 0.005 0.37 3.4 11 0.1 12 18 38 0.5 18 78 
A3 0.032 0.24 1.7 8.3 0.14 6.5 13 62 0.7 19 53 

Mean 0.036 1.0 2.4 15 0.19 8.6 15 51 1.2 19 71 
SD b 0.005 1.2 0.91 9.5 0.12 3.0 2.9 12 1.0 1.5 16 

B 

B1 9.8 14 2.5 28 3.8 130 6.1 8300 3.4 15 290 
B2 7.2 9.4 3.5 77 1.1 44 11 4400 6.4 35 140 
B3 1.2 5.3 2.6 59 0.97 29 12 1900 10 49 130 

Mean 6.0 9.6 2.9 55 2.0 68 9.7 4867 6.6 33 187 
SD 4.4 4.4 0.55 25 1.6 55 3.2 3225 3.3 17 90 

C 

C1 0.34 1.8 3.1 71 2.8 78 16 5000 12 140 640 
C2 0.16 0.88 3.9 97 2.8 44 17 2900 11 100 410 
C3 0.062 6.7 1.9 73 0.48 18 12 780 3.0 15 81 

Mean 0.19 3.1 3.0 80 2.0 47 15 2893 8.7 85 377 
SD 0.14 3.1 1.0 14 1.3 30 2.6 2110 4.9 64 281 

D 

D1 0.13 2.3 3.6 72 0.47 19 17 1700 10 71 110 
D2 0.05 5.3 3.7 52 0.51 14 13 690 14 51 90 
D3 0.044 2.1 2.7 44 0.49 18 9.8 970 5.2 28 84 

Mean 0.075 3.2 3.3  56 0.49 17 13 1120 9.7 50 95 
SD 0.049 1.8 0.55 14 0.02 2.6 3.6 521 4.4 22 14 

Max 9.8 14 3.9  97 3.8 130 18 8300 14 140 640 
Min < 0.005 0.24 1.7  8.3 0.1 6.5 6.1 38 0.5 15 53 

Mean 1.7 4.2 2.9 52 1.2 35 13 2233 6.5 47 182 
SD 3.4 4.2 0.76 28 1.2 36 3.4 2529 4.7 39 178 

Background c \ 0.83 2.7 11 0.1 9 38 15 0.6 23 62 
a The default unit is μg/g; 
b standard deviation; 
c Average background values of heavy metals in the stream sediment from the Gangdese Metallogenic Belt, 
where the Jiama deposit is located. Data are from Shi et al. (2016). 

The XRD analysis identified that the sediment samples from Groups A, C, and D 253 



 

 

contained quartz, muscovite, and albite (Fig. S1). Calcite was identified in sediments 254 

from A1, B3, and Groups C and D, where the bedrock was carbonate rocks or the sites 255 

were affected by water flowing through the carbonate rocks area (Fig. 1). Gypsum was 256 

only identified in samples from Group B. Other secondary minerals were not detected 257 

in the XRD analysis, likely due to their low crystallinity and/or low content. 258 

To better quantify the minerals containing S in sediments, S XANES spectra of 259 

the sediments were collected (Fig. 2c; Table S2). The LCF results of the XANES spectra 260 

show sulfate in each studied sample within a range from 23 to 100%. The spectral 261 

characteristics of sediments from Group B, i.e., a small absorption at ~2486 eV, are 262 

identical to those of gypsum (Fig. 2b). This indicates gypsum is the dominant S species 263 

in the Group B sediment, corresponding to the results of XRD. Inorganic sulfide 264 

comprises a small fraction of the spectra for B3, C2, D1, D2, and D3 (4-24%) and a 265 

considerable fraction for A1 and C3 (25 and 48%, respectively). The spectra of A1 and 266 

C3 also contain organic sulfur fractions, including organic disulfide (29 and 15%, 267 

respectively) and sulfonate (23 and 15%, respectively). Sediments from A1 and C3, 268 

located in the pristine basin, have distinctly different S species from other sediments, 269 

indicating neutralized AMD contains a large quantity of sulfate and exerts a 270 

considerable influence on the downstream basin. 271 

Gypsum is a common mineral in the sulfide mine environment and plays an 272 

essential role in controlling the concentrations of Ca and SO42– in the AMD (Lindsay et 273 

al., 2015). The mineral saturation index was calculated for filtered water samples and 274 

the results show gypsum was near saturated in Bulang Creek (Table S1), indicating the 275 

precipitation of gypsum. During this precipitation, gypsum could sorb metal cations 276 

(Cd, Cu, Fe, Cr) on its surface (Hamdona and Al Hadad, 2007), fix metals (Cd, Cu, Zn) 277 

into its structure, or trigger the coprecipitation of metal sulfates on its surface (Ma et 278 



 

 

al., 2020). These retention mechanisms make gypsum a potential sink for heavy metals 279 

at the mine site. Gypsum predominates in the Group B sediment, coupled with high 280 

heavy metal content, especially Cu, Co, and Cd. The sulfate composition of sediments 281 

from groups C and D is likely a mixture of gypsum and other metal sulfates. Spearman 282 

rank correlation coefficients reveal significant (p≤0.001) and positive correlations 283 

among S, Cd, Co, and Cu in the sediment (Fig. S2). Considering its dominant presence 284 

in the sediment (except Group A & C3), gypsum is likely a crucial sink of Cd, Co, and 285 

Cu, especially in Bulang Creek sediment (gypsum content 6.5-53 wt%). 286 

 287 
Fig. 2 Normalized S K-edge XANES spectra for reference compounds (a) and sediment 288 
samples (b). Sulfur species percentages (c) of the sediments determined by LCF of the 289 
XANES spectra (detailed information shown in Table S2). The brown solid line, blue 290 
dot-dash line, and black solid line represent raw, fit or modeled, and reference 291 
compound spectra, respectively. 292 

3.3 Ferrihydrite in the SPM and sediments 293 

The maximum peak positions in the Fe XANES spectra of SPM and sediments are 294 

located at ~7132 eV and indicate Fe(III) minerals dominate in both mediums (Fig. 3a). 295 

25

48

24

16

29 23 22

100

100

92

100

96

23

95

76

84

2470 2480 2490

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e

Energy (eV)

Gypsum

CH3SO3Na

Sphalerite

a

Energy (eV)

L-cysteine

Pyrite

Chalcopyrite

2470 2480 2490

  Raw 
  Fit

D3

D2

D1

C3

C2

C1

B3

B2

B1

A1

b

0 20 40 60 80 100
S species (%)

Sulfate 
Sulfonate 

Organic disulfide 
Inorganic sulfide  

c



 

 

The LCF results show iron oxyhydroxides (ferrihydrite and goethite) are the primary 296 

Fe species (62-92%) in the sediments with minor amounts of biotite; the SPM is 297 

composed of >95% ferrihydrite (Fig. 3b, d; Table S3). The mineral saturation index for 298 

water samples also shows ferrihydrite is likely to precipitate in this system (Table S1). 299 

Ferrihydrite is metastable and tends to transform to more thermodynamically stable iron 300 

minerals, i.e., goethite and hematite (Navrotsky et al., 2008), indicating it is generally 301 

not the dominant Fe mineral in the environment. However, ferrihydrite was detected 302 

and confirmed as the dominant Fe mineral herein, which implies its existence is favored 303 

in the study environment. All water samples in this study were neutral to slightly 304 

alkaline (pH: 6.83-7.93), under which conditions ferrihydrite is inclined to remain 305 

stable (Yu et al., 1999). In addition, laboratory studies have revealed that the phase 306 

transformation rate of ferrihydrite to goethite or hematite is slow at room temperature 307 

(Das et al., 2011b; Zhang et al., 2018). Field investigation also identifies the ferrihydrite 308 

as the dominant Fe mineral in the AMD sediment (Adra et al., 2013; Hochella et al., 309 

1999), which indicates the observation of the dominant existence of ferrihydrite in the 310 

study area is reasonable. 311 

The FT EXAFS spectra (Fig. 3c) show the sediments have a similar atomic 312 

neighboring environment to ferrihydrite: (a) one peak with the highest intensity at ~1.97 313 

Å, which corresponds to the scattering signal from neighboring O atoms (Manceau and 314 

Drits, 1993); and (b) one peak at ~3.1 Å and a shoulder at ~3.4 Å, which are consistent 315 

with the scattering signal of Fe atoms (Toner et al., 2009). The spectra of B2SPM also 316 

resemble the shape of ferrihydrite, but the spectra of B1SPM do not show a distinct 317 

peak at ~3.1 Å and are notably unlike the spectra of the sediments, B2SPM, and 318 

ferrihydrite. 319 

The crystal structure of ferrihydrite from Michel et al. (2007) was used as the basis 320 



 

 

for EXAFS modeling, with the results tabulated in Table S4. The modeling results for 321 

sediments show two Fe-Fe atom pairs located at distances of 3.03-3.12 and 3.37-3.45 322 

Å with coordination numbers (CNs) of 2.8-4.7 for Fe-Fe1 and 0.6-2.5 for Fe-Fe2. 323 

Notably, two Fe-Fe atom pairs were necessary to achieve the best fits for all of the 324 

sediments, indicating the existence of both edge- and corner-sharing FeO6 octahedra. 325 

For the SPM samples, the CN of the Fe-Fe pair at ~3.03 Å for B1SPM is 0.8±0.5 and 326 

for B2SPM is 2.9±0.3. The interatomic distance and CN of Fe-O and Fe-Fe indicate the 327 

Fe minerals in sediments and B2SPM primarily consist of edge-sharing FeO6 octahedra, 328 

i.e., ferrihydrite. 329 

 330 
Fig. 3 (a) Fe K-edge normalized XANES spectra; (b) EXAFS spectra in k-space; and 331 
(c) magnitude portion of FT EXAFS spectra (with phase correction). Iron species 332 
percentages of sediments (d) determined by LCF of the k-space EXAFS spectra. The 333 
brown solid line, blue dot-dash line, and black solid line represent raw, fit or modeled, 334 
and reference compound spectra, respectively. The parameters of LCF and EXAFS 335 
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modeling are reported in Tables S3 and S4, respectively. 336 

The reduced amplitude of the Fe-Fe scattering at ~3.03 Å in the FT EXAFS spectra 337 

of B1SPM compared to B2SPM and ferrihydrite (Fig. 3c) likely results from a decrease 338 

in Fe-Fe coordination number or an increase in bond disorder. XAS analysis for B1SPM 339 

reveals FeO6 octahedra might not increase to a size where ferrihydrite would form, but 340 

would retain the size of a μ-oxo dimer, a dihydroxo dimer, or larger oligomers of FeO6 341 

octahedra, as described by Zhu et al. (2016). These structures give FeO6 octahedra 342 

oligomers a larger specific surface area and more adsorption sites to retain heavy metals 343 

in aqueous environments. Such an Fe atomic environment for B1SPM also implies the 344 

ongoing formation of Fe minerals, in which the FeO6 octahedra are a precursor of 345 

ferrihydrite. B2SPM is characterized by an Fe atomic environment containing an 346 

obvious Fe-Fe scattering signal at ~3.03 Å and a shoulder at ~3.4 Å, in agreement with 347 

the R-space EXAFS features of ferrihydrite. 348 

An earlier experimental study of Fe(III) oxyhydroxide clusters in simulated AMD 349 

indicated sulfate-complexed ferrihydrite-like molecular clusters form during 350 

neutralization (Zhu et al., 2012). Moreover, a theoretical study revealed multinuclear 351 

Fe(III) oxyhydroxide clusters form spontaneously in water, and have potential as 352 

prenucleation clusters in the formation of ferrihydrite (Das, 2018). Thus, the hydrated 353 

Fe(III) ions in Bulang Creek appear to first aggregate as small oligomeric Fe(III) 354 

clusters that then gradually precipitate as ferrihydrite along the length of the river. The 355 

Fe clusters and ferrihydrite in SPM play an essential role in transporting heavy metals 356 

to downstream locations in the basin because the water molecules in Fe clusters can be 357 

replaced by hydrated metal ions (Jambor and Dutrizac, 1998), and ferrihydrite can 358 

adsorb or coprecipitate with heavy metals (Abramov et al., 2020; Ji et al., 2016; Michel 359 

et al., 2007). The Fe clusters and particulate ferrihydrite in Bulang Creek and Sibupu 360 



 

 

River scavenge heavy metals and result in elevated metal concentrations in water 361 

samples containing SPM (Fig. S3). 362 

The interatomic distance of Fe-Fe at ~3.4 Å in the sediments is lower than that of 363 

the ferrihydrite model (CN = 3), which can be attributed to the surface of ferrihydrite 364 

particle being depleted by specific Fe2 polyhedra (Hiemstra, 2013). The Fe2 polyhedra 365 

have an average distance of ~3.4 Å from Fe1 polyhedra in the structural model of 366 

ferrihydrite (Fig. S4). Such unique surface structure of ferrihydrite particle enables the 367 

formation of either double corner or edge surface complexes, which makes ferrihydrite 368 

a mineral with high reactivity (Hiemstra, 2013). These corner-sharing sites may provide 369 

binding sites for metals and other oxyanions (e.g., PO43−, SiO44–, AsO43–) (Doelsch et 370 

al., 2000; Rose et al., 1996; van Genuchten et al., 2012). Much research also indicates 371 

heavy metals (e.g., As, Cu, Cr, Pb, etc.) can bind to the surface of ferrihydrite by 372 

forming inner- and/or outer-sphere complexes (Adra et al., 2016; Johnston and 373 

Chrysochoou, 2016; Scheinost et al., 2001), which make it a sink for heavy metals in 374 

the studied sediment. 375 

3.4 Cu sulfate associated with gypsum 376 

The Cu XANES spectra of sediment C3 display a pre-edge band at ~8981 eV and 377 

a shoulder at ~8986 eV with a maximum at ~8996 eV (Fig. 4a), which is in agreement 378 

with the presence of Cu(I) and Cu(II), respectively (Hsiao et al., 2001). Other sediments 379 

and the SPM show a similar pattern of Cu XANES spectra characterized by two stepped 380 

absorption structures (at ~8986 and ~8992 eV) and an absorption maximum at 8997 eV, 381 

corresponding to the Cu(II) absorption peak. According to the LCF results, the abundant 382 

presence of Cu2S (63%) and CuS (35%) is only observed in sediment C3 (Fig. 4c, d; 383 

Table S5), which corresponds to the results of S XANES (Fig. 2c). For other samples, 384 

CuSO4·5H2O is the dominant Cu species (63-97%), while azurite (0-21%) and Cu2S 385 



 

 

(1-20%) are minor species. Because sediment C3 represents materials from pristine 386 

groundwater, it is not covered by a large amount of neutralized Cu-containing 387 

precipitate like the other sediments. 388 

The EXAFS modeling revealed the interatomic distance of Cu-O in sediment C3 389 

is 1.84 Å with a CN of 1.5 and of Cu-S is 2.27Å with a CN of 2.5 (Fig. 4c; Table S6). 390 

However, no sufficient oxide or oxyanion species are identified in sediment C3 by Cu 391 

LCF. This contradiction results from the poor signal quality in the natural sample, which 392 

suggests the interpretation of the samples requires a combination of LCF and modeling 393 

results. For the SPM samples, Cu is in distorted octahedral coordination with an 394 

equatorial Cu-O bond distance of ~1.91 Å (CN = 4) and an axial Cu-O bond distance 395 

of ~2.46 Å (CN = 2), in agreement with the geometric structure of Cu in CuSO4·5H2O 396 

(Fig. S4). For other sediment samples, only a Cu-O atom pair at 1.93-1.97 Å with CN 397 

of 3.3-4.1 is identified, indicating Cu is in 4-fold coordination. Attempts to introduce 398 

other Cu-O, Cu-S, and Cu-Cu atom pairs failed to significantly improve the goodness 399 

of modeling. The LCF results show CuSO4·5H2O dominates in the sediments (except 400 

for C3) while the modeling results do not support the existence of disordered Cu 401 

octahedra as CuSO4·5H2O. This inconsistency indicates Cu in the sediments is in the 402 

form associated with CuSO4·5H2O but does not exist independently as CuSO4·5H2O. 403 

As discussed in Section 3.2, gypsum in the sediments is likely a sink for Cu, and 404 

the sulfates present are likely a mixture of gypsum and other metal sulfates. We thus 405 

concluded that Cu in the sediments likely exists in a form associated with CuSO4·5H2O, 406 

i.e., a kind of Cu sulfate. Ma et al. (2020) studied Cu(II) fixation on hydrometallurgical 407 



 

 

by-product gypsum, with the results showing the Cu content in gypsum is 1100 μg/g 408 

without surface adsorption; density functional theory (DFT) calculations indicate the 409 

Cu atom is fixed into the channel structure of gypsum as CuO6 octahedra with an 410 

average Cu-O interatomic distance of 2.41 Å. These results are not consistent with 411 

observations from the present study (1.93-1.97 Å with a CN of 3.3-4.1). Hamdona and 412 

Al Hadad (2007) illustrated the direct adsorption of Cu on gypsum at 25 °C and pH=7, 413 

noting an adsorption capacity of 6.66 μmol/g (423 μg/g). Here, neither structure fixation 414 

nor surface adsorption had sufficient retention capacity with respect to Cu on gypsum 415 

to explain the high content of Cu in the sediments from Groups B and C (up to 8300 416 

μg/g). Thus, Cu sulfate coprecipitation on the gypsum surface is another possible 417 

contributor to the high Cu content of the studied sediment. The coprecipitation process 418 

may form precursors of Ca-Cu-SO4 minerals in association with gypsum, for instance, 419 

vonbezingite (Ca6Cu3(SO4)3(OH)12·2H2O; Dai and Harlow (1992)) and serpierite 420 

(Ca(Cu, Zn)4(OH)6(SO4)2·3H2O; Zaharia (2003)). In addition, significant correlations 421 

among Cd, Co, and Cu are evident (>0.89, p<0.001 in Fig. S2), indicating Co and Cd 422 

likely have the same occurrence as Cu. 423 

The Cu present in the SPM is in 6-fold coordination, which differs from the 4-fold 424 

coordination of Cu in the sediments. This difference likely results from the process of 425 

Cu sulfate coprecipitation on gypsum along the Bulang Creek, because the Cu of the 426 

aforementioned Ca-Cu-SO4 minerals has a 4+2 configuration with four O atoms at 427 

1.89-1.97 Å and two distant O atoms at >2.48 Å (up to 2.88 Å) (Dai and Harlow, 1992; 428 

Sabelli and Zanazzi, 1968). The relatively weak signal and disorder of the distant Cu-429 

O binding would make it difficult to recognize in Cu EXAFS spectra and would align 430 

with the 4-fold coordination states in the sediments. Thus, we conclude that 431 

coprecipitation of Cu sulfate on the gypsum surface is a more likely form of Cu in the 432 



 

 

sediments with high Cu content, and SPM plays the role in transporting Cu sulfate to 433 

gypsum in sediments along the river. 434 

 435 
Fig. 4 (a) Cu K-edge normalized XANES spectra; (b) EXAFS spectra in k-space; and 436 
(c) magnitude portion of FT EXAFS spectra (with phase correction). The brown solid 437 
line, blue dot-dash line, and black solid line represent raw, fit or modeled, and standard 438 
reference compound spectra, respectively. Parameters of the LCF and EXAFS 439 
modeling are reported in Tables S5 and S6, respectively. 440 

3.5 Arsenic transformation along the river 441 

The absorption peaks of As(III) and As(V) are located at 11871 and 11875 eV, 442 

respectively (Fig. 5a). The spectra of B1 show two absorption peaks at 11870.9 and 443 

11874.2 eV, indicating the presence of both As(III) and As(V) in sediment B1. The LCF 444 

results show B1 is comprised of 78% As(III) (As2O3) and 22% As(V) (As(V) adsorbed 445 

to ferrihydrite and arseniosiderite) (Fig. 5b, d; Table S7). For other sediments, only an 446 

adsorption peak at 11875 eV is observed, in agreement with the feature of As(V) 447 

compounds. The LCF results indicate As(V) minerals (As(V) adsorbed to ferrihydrite, 448 

parascorodite, and arseniosiderite) are the dominant species in the sediments (except 449 

for B1), accompanied by small proportions of As2O3 (0-16%). Similar As compositions 450 
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including Ca-Fe arsenates (arseniosiderite) and Fe arsenates (parascorodite) have been 451 

identified in contaminated soils (Stevens et al., 2018) and mine waste (Kim et al., 2013). 452 

The EXAFS modeling results show sediment B1 has two As−O atom pairs at 1.77 453 

and 3.46 Å and two As-As atom pairs at 3.24 and 3.94 Å, in agreement with the 454 

structural geometry of arsenolite (Figs. 5c and S4; Table S8) and aligning with the LCF 455 

results. For the other sediments, the first shell of neighboring atoms was fit with 3.3-456 

4.1 oxygen at distances of 1.68-1.70 Å, in agreement with the geometry of an AsO4 457 

tetrahedron (Adra et al., 2013; Maillot et al., 2013). A multiple scattering signal 458 

corresponding to an As-O-O pair at 3.10 Å within the AsO4 tetrahedron was included 459 

in the modeling to improve the goodness of fit. Another neighbor contribution was fit 460 

with 0.3-1.7 Fe atoms at 3.31-3.40 Å. These results indicate corner linkages between 461 

AsO4 tetrahedra and FeO6 octahedra, which could be observed in the local structure of 462 

amorphous iron arsenate and arsenate adsorbed to iron oxyhydroxide surfaces (Adra et 463 

al., 2013; Maillot et al., 2013; Mitsunobu et al., 2006). Notably, the CN errors of As-Fe 464 

are higher than 1.0 in all modeling results (except for B1), which is not sufficiently 465 

convincing to confirm the presence of an As-Fe signal. However, the LCF results reveal 466 

a likely linkage of As(V)O4 tetrahedra and FeO6 octahedra, and thus we retained the 467 

results of EXAFS modeling. 468 

As(III) is the major arsenic species and shows an atomic environment of arsenolite 469 

in sediment B1, indicating arsenic is present as an individual mineral (i.e., arsenolite) 470 

even though its content is low (28 μg/g). Some studies indicate As(V) is adsorbed on 471 

ferrihydrite by forming inner-sphere bidentate binuclear corner-sharing complexes in 472 

the sludge or precipitate from neutralized AMD (Adra et al., 2013; Beauchemin et al., 473 

2010; Carlson et al., 2002). A scattering signal of As(V)-Fe identified in the second 474 

shell of As EXAFS spectra (except for B1) agrees with the formation of AsO4 tetrahedra 475 



 

 

inner-sphere complexes on the surface of ferrihydrite in sediments.  476 

 477 
Fig. 5 (a) As K-edge normalized XANES spectra; (b) EXAFS spectra in k-space; and 478 
(c) magnitude portion of FT EXAFS spectra (with phase correction). The brown solid 479 
line, blue dot-dash line, and black solid line represent raw, fit or modeled, and reference 480 
compound spectra, respectively. The parameters of LCF and EXAFS modeling are 481 
reported in Tables S7 and S8, respectively. 482 

The difference in arsenic species present at B1 and B2 implies As(III) mineral 483 

(arsenolite) likely dissolves into the Bulang Creek water. According to the Pourbaix 484 

diagram for As species (Fig. S5; Cheng et al. (2009)), arsenate predominates in the 485 

aqueous environment in this study (pH: 6.83-7.93; Eh: 357-411 mV), which implies 486 

dissolved As(III) species would oxidize to As(V) species. The As(V) species would then 487 

adsorb to iron oxyhydroxide and/or coprecipitate with Fe as As(V)-Fe minerals. As 488 

mentioned in Section 3.3, Fe(III) oxyhydroxide clusters predominate in the SPM from 489 

B1, providing the conditions for As-Fe coprecipitation and formation of As(V)-Fe 490 

minerals. 491 
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3.6 Potential risks related to the sediment 492 

The results reveal neutralization by-products (gypsum and ferrihydrite) are crucial 493 

sinks of heavy metals in the studied sediments. Ma et al. (2020) point out that acidic 494 

gypsum-saturated solution could not resolve the metal cations fixed by gypsum, which 495 

indicates the gypsum in the sediment studied would not release Cu again even if the 496 

AMD is insufficiently neutralized. However, as discussed above, Cu sulfate 497 

coprecipitated on gypsum is a more likely form of Cu in the sediments. Such an existing 498 

form of Cu may be vulnerable to being dissolved under acidic conditions (Ma et al., 499 

2020), which may cause ecological disasters when hydrogeochemical conditions of 500 

drainage change. However, if the sediment and SPM with abundant Cu sulfate 501 

coprecipitated on gypsum is collected and dissolved by acid, the recovery of Cu is 502 

possible. We have dissolved sediment sample B1 using 0.1 M acetic acid and 503 

recycled >90 wt% of Cu in the sediment while <10 wt% of Fe was extracted (not shown 504 

in this study). 505 

Because of its high reactivity with metals and oxyanions (Adra et al., 2013; 506 

Johnston and Chrysochoou, 2016; Paige et al., 1997), ferrihydrite exist as an impure 507 

mineral in the field. The phase transformation of ferrihydrite to goethite or hematite can 508 

be retarded by the presence of adsorbed species such as silicate (Cornell, 1987) and 509 

arsenate (Das et al., 2011a), which also indicates that the observation of the dominant 510 

existence of ferrihydrite in the study area is reasonable. Although the aging process of 511 

As-adsorbed ferrihydrite could release As, the solid phase can retain As via the surface 512 



 

 

precipitation of poorly crystalline ferric arsenate on ferrihydrite under acidic condition 513 

(Jia et al., 2006) and the formation of surface complexes on the newly formed hematite 514 

under alkaline condition (Das et al., 2015). Therefore, we conclude that As will be 515 

retained in the sediments of the study area if the hydrogeochemical conditions do not 516 

change significantly. Notably, ferrihydrite could be dissolved in acidic aqueous 517 

environments (Cornell and Schwertmann, 2003), meaning it would dissolve and 518 

potentially release As(V) if the AMD is insufficiently neutralized. However, the 519 

ferrihydrite precipitates from wastewater of mine-tailing impoundment have potential 520 

to reuse as a catalyst for H2O2 decomposition or a precursor for Fe(0) nanoparticle (Filip 521 

et al., 2007). This example shows the recovery possibility of the sediment and SPM 522 

containing pollutant-adsorbed ferrihydrite. 523 

In the study area, ferrihydrite is precipitated from sulfate-rich solution and finally 524 

co-exist with gypsum. The addition of gypsum can inhibit the desorption process of 525 

adsorbed arsenate on ferrihydrite precipitated from sulfate solution (Sánchez España et 526 

al., 2005). Kameda et al. (2017) synthesize a mixture of ferrihydrite and gypsum which 527 

could fix the As and Pb in soil for 754 days without notable changes. Therefore, the 528 

secondary mineral complexes formed in the neutralization process of mine drainage 529 

may exhibit different adsorption capacity and aging process from single secondary 530 

minerals. Thus, further research on the aging characteristics of secondary mineral 531 

complexes formed during the neutralization of AMD is needed to examine its stability 532 

and evaluate its potential risk. 533 

4 Conclusion 534 

During the neutralization process, heavy metals are likely retained by ferrihydrite 535 



 

 

and gypsum in the SPM. The suspended particles play an essential role in transporting 536 

heavy metals from the Jiama deposit to the downstream basin, where they are finally 537 

deposited on the riverbed, resulting in the elevated content of heavy metals in the 538 

sediments studied. 539 

Quartz, muscovite, albite, and calcite are major minerals in the sediments, 540 

corresponding to the bedrock composition. Sulfate and iron oxyhydroxides are the 541 

major sulfur and iron species in the studied sediments, respectively. Notably, gypsum 542 

(calcium sulfate) dominates in Bulang Creek sediments and may retain heavy metals in 543 

its structure or on its surface by adsorption and coprecipitation, especially Cu. SPM 544 

plays the role in transporting Cu sulfate to gypsum in sediments. The hydrochemistry 545 

of the drainage favors the formation of ferrihydrite and makes it the dominant iron 546 

species in the sediments. The Fe clusters and ferrihydrite in SPM play an essential role 547 

in transporting heavy metals to downstream locations in the basin. Considering the 548 

strong affinity for contaminants and the hydrochemistry results, ferrihydrite is likely a 549 

sink of heavy metals (As, Pb, Zn, etc.). The weathering of As(III)-bearing minerals 550 

leads to the adsorption of dissolved As(V) onto iron oxyhydroxides (e.g., ferrihydrite) 551 

and/or coprecipitation of As(V)-Fe minerals (arseniosiderite and parascorodite). 552 

Gypsum and ferrihydrite also act as sources of heavy metals because the heavy metals 553 

can be released during the dissolution of gypsum and mineral changes of ferrihydrite. 554 
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