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Abstract 

Rivers throughout the world have been contaminated by arsenic dispersed from mining activities. 

The biogeochemical cycling of this arsenic has been shown to be due to factors such as pH, Eh, 

ionic strength and microbial activity, but few studies have examined the effects of both seasonal 

changes and microbial community structure on arsenic speciation and flux in mining-affected river 

systems. To address this research gap, a study was carried out in Huangshui Creek, Hunan province, 

China, which has been severely impacted by long-term historic realgar (α-As4S4) mining. Water and 

sediment sampling, and batch experiments at different temperatures using creek sediment, were 

used to determine the form, source and mobility of arsenic. Pentavalent (AsO4
3-) and trivalent 

arsenic (AsO3
3-) were the dominant aqueous species (70-89 % and 30-11 %, respectively) in the 

creek, and the maximum concentration of inorganic arsenic in surface water was 10400 µg L-1. Dry 

season aqueous arsenic concentrations were lower than those in the wet season samples. The 

sediments contained both arsenate and arsenite, and relative proportions of these varied with season. 

8.3 tons arsenic per annum were estimated to be exported from Huangshui Creek. Arsenic release 

from sediment increased by 3 to 5 times in high water temperature batch experiments (25 and 37 C) 
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compared to those carried out at low temperature (8 C). Our data suggest that the 

arsenic-containing sediments were the main source of arsenic contamination in Huangshui Creek. 

Microbial community structured varied at the different sample sites along the creek. Redundancy 

analysis (RDA) showed that both temperature and arsenic concentrations were the main controlling 

factors on the structure of the microbial community. Protecbacteria, Bacteroidetes, Cyanobacteria, 

Firmicutes, Verrucomicrobia, and Planctomycetes were the stable dominant phyla in both dry and 

wet seasons. The genera Flavobacterium, Hydrogenophaga and Sphingomonas corrected with 

arsenic metabolism removal occurred in the most highly arsenic contaminated sites. Our findings 

indicate that seasonal variations profoundly control arsenic flux and species, microbial community 

structure and ultimately, the biogeochemical fate of arsenic. 

 

Keywords: arsenic; seasonal variations; Huangshui Creek; fluxes; sediment; bacterial community  
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1. Introduction  

Arsenic is highly toxic, and ingestion or inhalation of it can result in a wide range of 

carcinogenic, mutagenic and teratogenic health problems in humans (National Research Council, 

1999). Arsenic (atomic number 33) belongs to Group V-A of the Periodic Table, closely resembling 

phosphorus chemically, and having common oxidation states of -III, 0, III, and V (Adriano 2001). 

Inorganic arsenite is more toxic and mobile than arsenate (Smedley and Kinniburgh, 2002). Both 

species are naturally present at high levels in the groundwater of a large number of countries (e.g., 

Bangladesh, India, Argentina, Hungary; Cullen and Reimer, 2010). Severe arsenic contamination 

has also been reported in mining areas around the world, including Cornwall (Camm et al., 2003), 

Yellowknife, Canada (Jamieson 2014), the Obuasi area of Ghana (Smedley et al., 1996), northern 

Chile (Smith et al., 1998), and the abandoned Songcheon Au-Ag mining area in Korea (Lee et al., 

2008). In these areas, minerals such as arsenopyrite (FeAsS), arsenian pyrite (Fe(AsS)2), realgar 

(α-As4S4) and orpiment (As2S3) are important sources of elevated concentrations of arsenic in mine 

wastes (Bowell et al., 1994; Craw and Pacheco, 2002; Lazareva et al., 2002). Arsenic-bearing mine 

wastes undergo microbially-influenced oxidative and reductive dissolution caused by flushing 

(Hering and Kneebone, 2002; Xie et al., 2014; Yu et al., 2014), resulting in the discharge of 

dissolved and colloidal arsenic to creek, river, lake and ground water. In these receiving bodies, the 

dominant aqueous species of arsenic are arsenite [AsO3
3-] and arsenate [AsO4

3-] (Plant et al., 2006). 

Matschullat (2000) and Zhu et al. (2014) respectively estimated that 4.3 × 103 to 7.3 × 104 tons of 

arsenic are discharged annually to the hydrosphere. However, the quantities, fluxes and speciation 

of arsenic in river systems are not well constrained. 

Arsenic mobility in natural water is controlled by its speciation and environmental factors, 

such as pH, Eh, ionic strength and microbial activity. Arsenic speciation, in turn, can also vary due 
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to photooxidation, microbial Fe, Mn and As oxidation and reduction, and bacterial diversity 

(Ahmann et al., 1994; Mackay et al. 2014). For example, the Fe(III) in scorodite (FeAsO4·2H2O) 

can be reduced to Fe(II) by the dissimilatory iron reducing bacterium Shewanella alga BrY 

(Cummings et al., 1999). This causes release of arsenic(V) from the scorodite, which is 

subsequently reduced to arsenic(III). Microbial reduction of arsenic(V) to arsenic(III) has also been 

shown to enhance arsenic mobilization from mine tailings (Macur et al., 2011). 

Changes in biogeochemical factors related to seasonal conditions can also affect arsenic 

speciation and mobility (Sarmiento et al., 2007; Stuckey et al., 2015; Huang et al., 2018). These 

factors include available nutrients, micro-plankton abundance (Hasegawa, 1996), seasonal water 

temperature (Howard et al., 1995) and physical variation, such as ice cover (Palmer et al., 2019) and 

rainfall (Sultan, 2006). Eutrophication has also been shown to cause seasonal changes in arsenic 

speciation (Hasegawa et al., 2010; Yan et al., 2016). Seasonal changes also drive variations in 

climate, and profoundly affect organic mattter distribution, which further controls arsenic mobility 

in sediment (Galloway et al., 2018). For example, Galloway et al. (2018) and Palmer et al. (2019) 

investigated lake sediment which was affected by historic arsenopyrite-gold mining activity near 

Yellowknife, Northwest Territories, Canada. They showed that the distribution of arsenic in the 

sediment was related to both distance and direction from mine, and that anoxia and 

cryoconcentration were the main reasons for high arsenic concentrations in winter (Galloway et al., 

2018; Palmer et al., 2019). Even though realgar (α-As4S4) is, like arsenopyrite (FeAsS), one of the 

common arsenic-hosting mineral in ore deposits, few studies have examined the effects of both 

seasonal changes and bacteria on arsenic speciation and flux in realgar mining-affected river 

systems. 

Huangshui Creek drains the former Shimen Realgar Mine in Hunan Province, China, which 
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has the largest reserves of realgar in Asia, and operated for about 1500 years before closing in 2011 

(Xiangyu et al., 2015, Tang et al., 2016). The former mining area is covered with large volumes of 

mine wastes containing arsenical fly ash and tailings. Runoff from these wastes flows into 

Huangshui Creek, potentially contaminating it with arsenic, and posing hazards to local residents in 

Huangchang residential areas and Heshan village that lie along the creek, and to the downstream 

Zaoshi Lake, which is the main water supply for Shimen County, Changde City. Therefore, 

Huangshui Creek is a typical case of a realgar mine waste-affected water course, and is thus an ideal 

study site for determining the effects of seasonal changes and microbes on arsenic mobility. This 

study aims to investigate the speciation and fate of arsenic in Huangshui Creek in dry and wet 

seasons, the indigenous bacterial communities, and the relationships between these. The results 

provide new understanding of the arsenic biogeochemical cycle in the study area, and also inform 

management of Huangshui Creek and other similarly affected river systems. 

 

2. Materials and methods 

2.1. Study site 

Huangshui Creek is located in Hunan Province in the south of China (Fig. 1). It has a humid 

subtropical climate, with annual average temperature between 16 and 19 C, and annual 

precipitation between 1200 and 1700 mm (Lu et al., 2015). The precipitation is uneven with respect 

to areal distribution and season, with a dry season between October and March and a wet season 

between April and September (Du et al., 2013; Lu et al., 2015). 69 % of annual precipitation occurs 

in the wet season due to the effects of monsoon circulation and topography (Li et al., 2000). Hunan 

Province is a mountainous region with complex topography.  

Huangshui Creek is a tributary of the Xieshui River of the Li River Basin, one of the four 
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major rivers in Hunan. It rises in the mountains upstream of the Shimen Realgar Mine area, and 

flows from west to north-east across this area (Fig. 1). In the dry season, the creek is replenished by 

groundwater and surface water from the mountains. A hydrothermal spring occurs at site As4 (Fig. 1) 

along the creek. The Shimen Mine realgar and orpiment wastes (Fig. 1A) cover a total area of 1200 

m2 and are located on both sides of Huangshui Creek, approximately 30 m away from the channel. 

These wastes are transported to the tailings dam further downstream (Fig. 1). The creek flows 

through Huangchang residential areas (Fig. 1B) and Heshan Village to the tailings dam, dropping in 

elevation by approximately 50 m. Residential waste water and sewage are discharged directly into 

the creek through plastic pipes (Fig. 1C). A tailings dam (Fig. 1D) is situated close to the mountains, 

covering an area of about 150,000 m2, and lying 20 m north of the creek. In this area, hot or normal 

springs from shallow hydrothermal deposit and crack flow into Huangshui Creek. The entire creek 

section from As1 to As9 has been channelized with concrete to dimensions of about 10 m wide and 

1500 m long (Fig. 1C). Large amounts of mud are deposited in the low-flow portions of the creek in 

the Huangchang residential areas between As7 and As9. 

 

2.2. Field methods 

Water and sediments were sampled to evaluate seasonal changes in arsenic concentrations and 

species, and corresponding variations in bacterial communities. Sampling was performed in the dry 

and wet seasons (Du et al., 2013) over 2400 m of Huangshui Creek (29.65°~29.66°E, 

111.03~111.04°N) (Fig. 1). Identical sampling processes were carried out in January 2018 (dry 

season) and August 2018 (wet season). Twelve surface water samples (As1 to As12; Fig. 1) were 

collected from 0.2-0.3 m below the water surface by combining two subsamples for each sample. 

Sample As4 was the site of the groundwater spring, sample As6 was a tributary and As11 was a hot 
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spring. Supplementary sampling of the sewage outflow near site As8 was carried out in July 2019. 

At each site, pH, Eh, and water temperature (T) were measured. Two groups of sediment samples 

were collected at same site from the top one cm at five sites in the creek (source of study area As1, 

groundwater inflow site As4, residential entrance site As7, residential exit site As9, end of study 

area As12). Five replicate samples were collected from the top 1 cm of sediment by stainless scraper 

and sediment sampler at each of the five sampling locations (As1, As4, As7, As9, and As12), for a 

total of 25 samples, for bacteria 16S rRNA gene amplicon sequencing. The second group for the 

above five sites was collected for geochemical analysis and dynamic batch dissolution experiments. 

These samples were dried at 60 C, and the replicates were combined to make a composite sample, 

which was then sieved to less than 100 mesh (<150 μm). Water and sediment samples were stored 

storage in portable frozen and liquid nitrogen boxes, respectively. Arsenic speciation and bacteria 

sequence analyses were completed within in one week of sampling.  

. 2.3. Aqueous sample collection analysis  

pH, Eh and water temperature were determined in the field using a portable HACH composite 

Eh-pH-T meter. At each site, two sub-samples were mixed to form a composite sample and filtered 

using 0.22 µm cellulose membranes. The concentration of total arsenic (arsenic(T)) was determined 

using inductively coupled plasma emission spectrometer (ICP-AES, iCPA6500 Thermo Fisher) with 

a detection limited of 0.1 µg L-1.  

The quantification and specification of aqueous arsenic was determined using hydride 

generation-atomic fluorescence spectrometry coupled with high-performance liquid 

chromatography (HPLC-AFS, Jitian, China). The procedures are described fully in Fan et al. (2017, 

2018). Arsenic acid (C(AsO4
3-)=0.233 ± 0.005 µ mol g-1) and arsenicus acid (C(AsO3

3-)=1.011 ± 

0.016 µmol g-1) (National Sharing Platform for Reference Materials, National Institute of Metrology, 



 

8 

 

China) were used to derive the calibration curves for HPLC-LAS analysis. Total arsenic was 

quantified using ICP-AES. The precision difference in the result of total arsenic between the 

HPLC-AFS and ICP-AES analysis was ± 5%. Larger deviations (> ± 5%) among seasonal samples 

were observed when measuring the creek water samples. These differences may have been due to 

other species of arsenic that were not identified by HPLC-AFS. However, for the purposes of this 

study we neglected the <1 % organic arsenic that was determined. In the HPLC-AFS analysis, we 

observed a strong arsenate peak and a very weak arsenite peak after a 1000 times dilution. As a 

result, we attributed the difference between total arsenic from HPLC-AFS and arsenate from 

ICP-AES to arsenite, as we did in our other studies (e.g., Jimei et al., 2018). No homologous 

differences were observed in lab arsenic release experiments. 

 

Fig.1. Location of the study area and sampling sites.  
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2.4. Mineralogical characteristics of sediments 

The major oxide compositions of the wet sediment samples were determined using X-ray 

fluorescence (XRF; PANalytical Axios instrument) equipped with a rhodium anode. After 

pre-digestion 3 h with nitric acid at 100 °C, the wet and dry season sediment samples were digested 

in a solution of nitric, hydrochloric, and hydrofluoric acids (5:3:2, v/v/v) in a microwave. Total 

arsenic concentrations were subsequently determined by ICP-AES (iCAP-6500, ThermoFisher). 

Light irradiation on the sediments was examined by Fourier Transform Infrared spectrometry (FTIR, 

Spectrum, Perkin Elmer) coupled with a diamond attenuated total reflection (ATR). Spectra ranging 

from 400~4000 cm-1 were obtained with 64 scans per sample with a resolution of 1 cm-1 and a 

mirror velocity of 0.6329 cm s-1. 

Mineralogical analysis was carried out by X-ray diffraction (XRD) using a PANalyticalX'Pert 

PRO X-ray diffractometer with Cu-Kα radiation. The operating conditions were 15 kV, 40 mA, 2θ 

from 10 to 80°, and scan and time step increments of 0.03° and 10.16 s, respectively. For 

micromorphological analysis, sediment samples were dried and impregnated with epoxy resin under 

vacuum. A section of about 1 cm was then cut, polished, mounted on a glass slide, and ground and 

polished to ca. 20 μm thickness. These thin sections were observed under petrological polarizing 

microscopy (Wild M21, Wild Heerbrugg Ltd.). Surface morphologies of the sediment samples were 

observed using Scanning Electron Microscopy (SEM, EVO@18, ZEISS) with 

energy-dispersive-X-ray -spectroscopy (EDX) operating at 15 kV. X-ray Photoelectron 

spectroscopy (XPS) was used to characterize arsenic speciation in the sediment samples. XPS was 

conducted with a monochromatized Al-Kα source at 30 eV and a step size of 0.05 eV (XPS, R3000, 

VG-Scienta).  
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2.5. Dynamic arsenic dissolution  

Batch experiments were performed to analyze the magnitude of, and effect of temperature on, 

potential arsenic release from the sediment samples. In this experiment, all five composite wet 

season sediment samples were subjected to the same procedures. A rotary shaker (150 rpm) was 

used and set to temperatures of 8, 25 and 37 C. In order to ensure that the reaction temperature of 

the experiment was correct at the outset of the experiments, the 25 mL empty serum bottles and 100 

mL deionized water were shaken for 24 h in corresponding temperature before each experiment. 

Solution pH values were adjusted to 7.0 by adding hydrochloric acid or sodium hydroxide. 

Subsequently, 20 mL of this solution and 0.1 g sediment were added to the serum bottle. For each 

site, duplicate analyses were carried out. One mL aliquots were sampled from the suspensions at 2, 

6, 12, 24, 36 and 48 h, and were passed through 0.22 μm cellulose membrane filters for arsenic 

analysis by HPLC-AFS. 

  

2.6. Flux calculation 

The bankfull width and depth of each site were measured by matering band after simplifying 

five equidistant blocks. The area of cross section (Ssum) at each site was determined as the sum of all 

block area (Si, i=1, 2…n, n≤3), which equaled the produce of the specific depth of block (Di, m) 

and the width (Wi, m). The instantaneous velocity (Vi, m/s) at each block was measured by a 

Doppler ultrasonic sensor PVM portable flowmeter (Sigma, America). The flux of arsenic (FAs) was 

obtained by the following equation: 

FAs=∑ CAs(T) × Si
n × Vi

nn
i    

where FAs is the arsenic flux of the flow section (μg s-1) and CAs(T) is the total arsenic 

file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/7.5.2.0/resultui/dict/


 

11 

 

concentrations in surface water (μg L-1). The arsenic flux from all sites was measured for balance 

verification, and the export quantity of arsenic toward downstream lake, which is attributed to the 

mine area, equals the difference between A1 and A12 (Fig. 1).   

 

2.7. DNA extraction and purification of sediments 

The genome DNA from the sediment samples was extracted using the CTAB/SDS method 

(Niu et al., 2008). The DNA concentration and purity was monitored on 1% agarose gels, and then 

was diluted to 1 ng μL-1 with distilled water. 

 

2.8. High-throughput bacteria 16S rRNA gene amplicon quenching and analysis of sediments 

The genes of the diluted DNA were amplified using 515F and 806R primers to target the V4 

regions of the bacterial 16S rRNA genes. All PCR reactions were carried out with Phusion® 

High-Fidelity PCR Master Mix (New England Biolabs). Subsequently, the same volume of the SYB 

green-containing buffer with PCR products and operate electrophoresis on 2% agarose gels 

detection. The PCR products were mixed in equal density ratios and purified using a GeneJETTM 

Gel Extraction Kit (Thermo Scientific). Sequencing libraries were generated using the NEB Next® 

Ultra TM DNA Library Prep Kit for Illumia (NEB, USA). The data analysis was based on the Raw 

PE, which was obtained from an Illumia MiSeq platform. For each site, the five composite samples 

were used to extract the DNA and allow the sequence data to be incorporated a group. The 

single-end reads were assigned to samples based on their unique barcode and truncated by cutting 

off the barcode and primer sequence. Quality filtering on the raw reads was performed under 

specific filtering conditions to obtain the high-quality clean reads according to the Cutadapt (Martin, 

2011) (V1.9.1, http://cutadapt.readthedocs.io/en/stable/) quality controlled process. Further details 
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of the quenching and analysis are summarised in Table S1.  

All of the sequence files for the dry and wet season samples are available from the NCBI 

GenBank with the accession numbers PRJNA493908 (SUB4579024) and PRJNA511650 

(SUB4969544). 

 

3. Results and discussion 

3.1 Quantification and speciation of arsenic and effects of seasonal variability  

Huangshui Creek is an important source of water for domestic activity in Heshan village and 

Huangchang residential areas, and it discharges into Zaoshi Lake (Fig. 1). In the dry season, the pH 

was neutral to alkaline (7.45~8.54) (Table S2). The pH of most sites became higher in wet season, 

ranging from 7.66 to 10.61. This may have been due to more intense water-rock interaction between 

the creek water and the underlying calcite-bearing bedrock in the wet season. Compared to the other 

sites, As7, As8 and As9 have higher pH (10.21~10.61) and lower Eh values (-181.67~-204.10 mV), 

suggesting that human activities and habitation around these sites may have impacted on the redox 

and pH of the Huangshui Creek (Table S2). The use of detergents and eutrophication in the 

residential areas may have caused the increased alkalinity (Chang, 2008). Concentrations of 

aqueous arsenic(T), arsenic(III) and arsenic(V) during the dry and wet seasons are shown in Fig. 2A 

and 2B, respectively. Arsenic(T) concentrations in surface water were 280-10400 and 30-8980 µg 

L-1 in the dry and wet seasons, respectively, and annual arsenic(T) averages were 155-9700 µg L-1. 

Increases and decreases in aqueous arsenic(V) concentrations followed those of aqueous arsenic(T). 

The average total aqueous arsenic concentration in the dry season (3953 µg L-1) was not statistically 

different to that in the wet season and (4005 µg L-1). Aqueous arsenic(V) concentrations exceeded 

those of arsenic(III) in the wet season, but the reverse was true in the dry season (Figure 2). This 
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contrasts with previous work in Huangshui Creek, which showed that the main aqueous arsenic 

species was As(V) (Wang et al., 2015). Wet season concentrations and percentages of aqueous 

arsenic(III) were greater in the dry season (15%-93%) than in the wet season (10%-15%), but this 

was not reflected in the Eh measurements. This may have been due to inaccurate measurements or 

bacterial activity. The highest aqueous arsenic concentrations occurred downstream of the mining 

areas and the groundwater spring (As1-As4). The tributary (As6) provided virtually no aqueous 

arsenic to Huangshui Creek. The hydrothermal and normal springs at As4 and As11, respectively, 

provided ca. 2000 μg L-1 of aqueous arsenic(T) in both the wet and dry seasons, and the sewage 

outflow contributed 2380 μg L-1 of aqueous As(T).  

 

 

Fig. 2. Variations in aqueous arsenic concentrations in dry (A) and wet (B) seasons. As(T): total inorganic arsenic; arsenic(V): 

pentavalent arsenic; arsenic(III): trivalent arsenic; exo-: exogenous arsenic (As4, groundwater spring; As6, tributary; As11, spring). 

 

3.2. Geochemical and mineralogical characteristics of sediments 

XRF geochemical data for the dry season sediments are summarized in Table S4. The samples 

were enriched in SiO2 (52.27-70.61 wt. %), Al2O3 (15.14-17.56 wt. %), CaO (2.60-17.10 wt. %), 

Fe2O3 (5.30-6.82 wt. %), K2O (2.94-3.79 wt. %), MgO (1.44-2.07 wt. %), TiO2 (0.69-0.85 wt. %), 

and P2O5 (0.87-1.45 wt. %).). Significant differences in arsenic concentrations were observed in 

each site As1 (dry 120 µg g-1; wet 103 µg g-1), As4 (dry 590 µg g-1; wet 521 µg g-1), As7 (dry 964 
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µg g-1; wet 1310 µg g-1), As9 (dry 992 µg g-1; wet 1700 µg g-1); As12 (dry 564 µg g-1; wet 675 µg 

g-1). Concentrations of arsenic in samples As7 and As9 were the highest, and are comparable to 

those in other mining-affected river sediments (Azcue et al. 1994, Leon et al. 2018). Wet season 

arsenic concentrations in samples As7, As9 and As12 were higher than their respective dry season 

concentrations.  

No arsenic-containing minerals were found by XRD analysis. Analysis of sediment under the 

polarizing microscope showed that the sediment contains clay, altered hematite, sandstone and 

biological debris (Fig. 4, S2). SEM-EDX analysis of the most arsenic-enriched sample (As9) 

suggested that the arsenic is associated with Fe and Si-O, which may represent an arsenic-bearing 

Fe oxyhydroxide coating on quartz (Fig. 4). The presence of Al and K in As9 confirmed the 

presence of clay minerals (observed with the polarizing microscope), and these appear to have had 

arsenic-bearing Fe oxide coatings. Such arsenic-bearing Fe oxides are found commonly in mine 

wastes (e.g., Walker et al., 2005; Kossoff et al., 2012).   

The XPS As 2P 3/2 spectrum for sample As9 is presented in Fig. S3. There is a very weak peak 

in the As2p range, suggesting that the sample may contain both pentavalent (1326.80 eV) (Wagner 

1975) and trivalent arsenic (1322.70 eV) (Taylor 1982).  
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Fig.4. SEM images of sediment samples As1(a), As4(b), As7(c), As12(d), As9(e), and the EDX spectra for 

As9(f). 

 

The ATR-FTIR spectra of the dry and wet season sediments from Huangshui Creek are shown 

in Fig. 5A and 5B, respectively. The main vibration and assignments for arsenic and sulfur are 

shown in Table S3. The broad peaks at 1004 and 1003 cm-1 were assigned to ν3 vibrations of SO4
2- 

(Usher et al., 2004, Roonasi and Holmgren, 2009), and vibrations for both AsO4
3- and AsO3

3- were 

also observed. In the dry season, the only obvious vibrations in sample As1 occurred at 796 and 772 

cm-1, and these were assigned to the ν1 vibration of AsO3
3-. Such ν1 AsO3

3- vibrations have been 

observed in aqueous As(OH)3 (Goldberg and Johnston, 2001) and in tooeleite 
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(Fe6(AsO3)4SO4(OH)4·4H2O) (Liu et al., 2013). The intensity of these two peaks gradually 

increased downstream from As1 to As7 and then decreased in As9, similar to the pattern of the 

arsenic(III) concentrations in water samples collected in the dry season. A peak of weak intensity 

was observed in 872 cm-1 for sample As7 and As9, and this was attributed to the ν3 vibration of 

AsO4
3- (Liu et al., 2017). This confers with the aqueous species analysis, which showed that AsO4

3- 

concentrations in samples As7 and As9 were higher than those in the other samples.  

The FTIR spectra for the wet season sediment samples displayed obvious characteristic peaks 

(Fig. 3B). The peaks at 910 cm-1 (Goldberg and Johnston 2001), 872 and 463 cm-1 (Liu et al. 2017) 

that were attributed to AsO4
3- were observed in all wet season samples, but not in the dry season 

samples. The intensity of peaks from SO4
2- (1003 cm-1), AsO4

3- (910, 872 and 463 cm-1) and AsO3
3- 

vibrations (796 and 772 cm-1) gradually increased downstream from As1 to As9 and decreased in 

As12, following the trends of aqueous AsO4
3- and AsO3

3- concentrations in the wet season. 

Two broad and weak peaks were observed at 1636 cm-1 and 1415 cm-1 in the spectrum for 

sample As9 only. These were attributed to water bending and nitrate vibrations (Sánchez et al., 

2008), respectively. Site As9 was located downstream of the Huangchang residential areas, and was 

likely affected by residential wastewater discharge and urban drainage. 

file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/7.5.2.0/resultui/dict/
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Fig. 5. ATR-FTIR spectra of 

sediment samples in the dry season (A) and wet season (B). 

 

3.3. Sources of arsenic to Huangshui Creek 

Our water and sediment data suggest that possible sources of arsenic to Huangshui Creek 

waters include the realgar mine, creek sediments, hydrothermal and hot springs, urban runoff and 

sewage discharge (Fig. 2). Aqueous arsenic concentrations were highest in the residential areas 

(from 450 m downstream throughout the study area). Some of this arsenic was probably sourced 

from the hydrothermal and normal springs (As4 and As11) and the sewage outflow (near As9), both 

of which have concentrations around 2000 µg L-1 arsenic(T). Aqueous arsenic(T) concentrations in 
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samples As5 to As10 and As12 were higher than this value, suggesting contributions from other 

sources. Runoff from the realgar mine wastes in the upper part of the study area was likely one of 

these sources, since concentrations were highest downstream, and lowest upstream, of these wastes 

(Fig. 2). Arsenic(T) concentrations peaked between 700 to 1000 m downstream of the mine waste 

areas, however, suggesting that there was another source. Given the relatively high arsenic(T) 

concentrations in the sediments at this location (As7 and As9; Table S5), the source may have been 

the large amounts of mud here (Chi et al., 2017). This hypothesis is explored further in the dynamic 

laboratory release experiments discussed in section 3.5.  

 

3.4 Fluxes of arsenic in Huangshui Creek 

Fluxes of creek water and arsenic(T), determined by the field tests, are shown in Fig. 6. Fluxes 

of both were low at the beginning of the monitored area, but increased significantly at the end. The 

calculated fluxes of arsenic(T) from beginning to end were 15600 and 30100 g d-1 in the dry and 

wet seasons, respectively. The calculated annual total arsenic(T) flux was ca. 8.3 tons.  

 

 

Fig. 6. Flux of creek water and total arsenic in dry (A) (P1: the beginning of the monitored section) and wet (B) 

seasons (P2: the end of the monitored section). Q represents discharge of creek per day, 103 L-1 d (Green); QAs 

represents discharge of arsenic mass per day, g d-1 (Red).   
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3.5. Dynamic release of arsenic from sediments and possible environmental effects 

Leachate concentrations of arsenic(V) and arsenic(III) determined in the 8, 25 and 37 ℃ 

batch experiments are shown in Fig. 5. The concentrations varied with site location and 

temperature. In the 8 ℃ experiments, sample As7 released the highest amounts of arsenic(V) and 

arsenic(III) after 48 hours (up to 333 µg L-1 and 139 µg L-1), followed by As9 (<0.1 and 360 µg 

L-1), As4 (95 and 135 µg L-1), As12 (<0.1 and 135 µg L-1) and As1 (<0.1 µg L-1). The released 

arsenic concentrations of samples As7 and As9 were higher than those of the other samples, 

possibly because sites As7 and As9 were located in the slow flowing region downstream of the 

realgar mine and because they had higher arsenic(T) concentrations than the other samples (Table 

S5). Total arsenic release was 2.93 to 3.46 times higher in all samples when the experimental 

temperature was increased to 25 ℃. Arsenic(V) and arsenic(III) concentrations increased to 378 

and 1380 µg L-1 at 37 ℃ for As7. These results suggest that increasing temperature resulted in 

increased arsenic (especially arsenic(III)) release from the sediment. Over the first 12 h of the 25 

and 37 ℃ experiments, the extent of arsenic(V) and arsenic(III) release gradually increased in all 

samples, except for site As1, for which no As was released. As the experiment progressed, 

dissolved arsenic(V) concentrations decreased and arsenic(III) dramatically increased in samples 

As7 and As9.  
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Fig. 5. Changes of arsenic concentration in different temperature experiment (8, 25 and 37C). 

 

3.6. Microbial species evenness, richness and diversity 

The Illumina-based analysis of the V4 region of the 16S rRNA genes for Bacteria amplicons 

yielded 2,130,965 raw reads, with 1,995,697 clean reads after splicing and quality control, from all 

25 dry season samples. The sequence of 16S rRNA produced 2,068,247 raw reads, and 1,995,303 

clean reads, from the 25 wet season samples. 16S rRNA genes were amplified successfully from all 

dry and wet season samples. All sequences with ≧97% similarity were assigned to the same OTUs. 

9410 and 8196 different OTUs were generated for the dry and wet seasons, respectively. One 

hundred and eighteen (1.25%) and 67 (0.81%) different OTUs were assigned to Archaea in the dry 

and wet season samples, respectively. These results were on the same order of magnitude as those 

for Zn-, Pb- and Cu-contaminated riparian soils, in which the 0.58% OTUs were assigned to 

Archeae (Fan et al. 2016). The dry season OTUs mapped to 58 phyla, 147 classes, 181 orders, 330 

families, 598 genera and 311 species, whereas 55phyla, 131 classes, 193 orders, 348 families, 784 

genera, 457 species were mapped in the wet season samples. Rarefaction curves for the dry (Fig. 

S4A) and wet (Fig. S4B) season sediments indicated that the sequencing had good sample depth. 
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Alpha indices for diversity estimation are shown in Table 2. The coverage estimation revealed that 

more than 98% of species were recovered, which suggests that the sequence data are representative 

of the true bacterial community. Richness estimates and diversity indices were higher in the dry 

season samples. This may be due to the higher concentrations of arsenic in the wet season sediment 

samples, as high concentrations of As have been shown to reduce the bacterial diversity (Lorenz et 

al. 2006, Leon et al. 2018). The α-diversity of Shannon, Chao and ACE were lowest in samples As7 

and As9, consistent with the sediment dissolution experiments, which showed that samples As7 and 

As9 released the most arsenic at all temperatures. 

 

Table 2. Diversity estimation of 16Sr RNA 

Season Group Observed species Coverage (%) 
Diversity index 

 
Richness estimator 

Shannon Simpson Chao1 ACE 

Dry 

As1 3728 98.3 9.813 0.996  4159.455 4233.775 

As4 3397 98.3 9.608 0.995  3834.463 3900.214 

As7 2256 98.8 8.351 0.989  2616.546 2668.896 

As9 1745 99.0 7.811 0.987  2034.069 2110.815 

As12 3102 98.5 9.533 0.995  3471.988 3546.870 

Wet 

As1 2317 99.3 8.601 0.991  2546.731 2548.607 

As4 2622 99.3 8.132 0.971  2833.225 2852.819 

As7 1976 99.3 7.541 0.964  2189.885 2229.723 

As9 2174 99.2 8.295 0.984  2438.102 2495.421 

As12 2706 99.1 8.741 0.991  3033.860 3078.729 

 

3.6. Bacterial compositions, community structures and their response to the seasonal variation 

The bacteria community structures of the dry and set season sediment sites at the phylum level 

are shown in Fig. 8. Proteobacteria (dry season relative abundance 35.63~54.25 %; wet season 

relative abundance 42.85~68.75%), Bacteroidetes (dry 14.65~41.41 %; wet 8.17~12.17 %), 

Cyanobacteria (dry 1.37~14.27 %; wet 1.81~12.42 %), Firmicutes (dry 0.57~5.00 %; wet 

2.04~11.78 %), Verrucomicrobia (dry 2.83~7.70 %; wet 1.65~3.83 %), and Planctomycetes (dry 
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0.58~5.99 %; wet 1.73~4.89 %) represented the most top six dominate phylum in the dry and wet 

season samples. Nitrospirae (0.25~4.96 %), Acidobacteria (0.12~4.14 %), Spirochaetes 

(0.05~1.98 %), and Parcubacteria (0.27~2.65 %) were additional dominate phyla in the dry season. 

Chloroflexi (0.46~2.93 %), Actinobacteria (0.96~2.83 %), Saccharibacteria (0.49~1.22 %), 

Deinococcus Thernus (0.19~1.05 %) represented the least abundant phyla in wet season. 

Proteobacteria, Bacteroidetes, Bacteroidetes, and Verrucomicrobia have been shown to be abundant 

in metal-contaminated sediments (Tomczyk-Żak et al. 2013, Fan et al. 2016, Leon et al. 2018). 

There were significant differences in the bacterial communities between each site in the dry and wet 

seasons. At sites As7 and As9 the sequences affiliated with the most dominant six phyla comprised 

more than 90% of the total classified bacterial sequences in both the dry and wet season sediments. 

Cyanobacteria, traditionally assigned to algae (Brandes et al., 2016) or hydrophyte (Kenyon et al., 

1972, Ishida and Al, 1997), were unexpectedly abundant in Huangshui Creek, indicating the 

existence of algae or aquatic plants (cf., Arash et al., 2016). Ulla et al. (2012) found that 

Cyanobacteria produced potently toxic microcystins that could threaten ecosystems, so these may 

also have affected the Huangshui Creek microorganisms. The diversity of Proteobacteria in each 

sample was much richer in the arsenic-rich wet season samples; this may have been due to the 

tolerance of Proteobacteria to arsenic contamination. The ten most abundant genera for each 

sampling site differed between wet and dry seasons, except for an unidentified Chloroplast (Table 

S6). Flavobacterium (relative abundance, 1.67~17%), Arcicella (0.02~0.34%), an unidentified 

Chloroplast (0.85~13.34%), Phormidium (0.02~2.33%), Arenimonas (3.34~6.96%), Arcobacter 

(0.01~2.49%), Polymorphobacter (0.12~2.12%), Hydrogenophaga (0.28~4.57%), unidentified 

Nitrospiraceae (0.25~4.87%) were the dominate genera in the dry season samples. 

Haematospirillum (0.01~6.46%), Phyllobacterium (0.17~11.35%), Sphingomonas (0.14~4.82%), 

file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/7.5.2.0/resultui/dict/
file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/7.5.2.0/resultui/dict/
file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/7.5.2.0/resultui/dict/
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Brevundimonas (0.05~3.72%), Roseomonas (0.56~4.21%), Dechloromonas (0.22~6.58%), 

Nannocystis (0.03~3.25%), an unidentified Chloroplast (0.88~10.22%), Faecalibacterium 

(0.09~3.30%) and Bacteroides (0.11~1.53%). The unidentified Chloroplast, the mutual dominate 

genera, was also reported as the most abundant genera in arsenic-, cadmium-, lead- and 

zinc-contaminated soil (Zeng et al., 2019), and Katharina et al. (2007) pointed out it can promote 

biofilm development.  

Seasonal variations in bacterial abundances have been attributed to several factors. Katharina et 

al. (2007) suggested that flow velocity was the main physical factor affecting the incongruency of 

bacterial community structures, and Crump and Hobbie (2005) suggested that seasonal community 

changes may be due to variations in climate, temperature and stream geochemistry. In the dry 

season, the abundances of Flavobacterium and Hydrogenophaga genera significantly increased in 

the high arsenic sites (As7 and As9), in accordance with previous studies (Fan et al. 2010, Li et al. 

2013, Lian et al. 2014, Joung et al. 2016, Sun et al. 2016). Flavobacterium genera are 

arsenic-resistant and can methylate arsenic (Honschopp et al., 1996; Jenkins et al., 2002) and 

Hydrogenophaga genera are arsenite oxidisers (vanden Hoven and Santini, 2004). In the wet season 

samples, Nannocystis was significantly (P<0.01) abundant at sites As7 and As9, and its presence 

may have been due to wastewater bioflocculants (cf., Zhang et al., 2002). Sphingomonas has been 

shown to be abundant in metal-contaminated soil samples (Wang et al., 2018) and to efficiently 

reduce arsenic(V) (Wang and Zhao, 2009).  

The relative contribution of geochemical factors in Huangshui Creek water to microbial 

composition and community were expressed by redundancy analysis (RDA) plots in Fig. 9. RDA 

analysis showed that total arsenic (As(T)), pH and temperature (T) of the water had an equal 

influence on the microbial communities. In the dry season, the microbial communities in sites As9 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/arsenite
http://dict.cnki.net/dict_result.aspx?searchword=%e4%b8%8a%e8%a6%86%e6%b0%b4%e4%bd%93&tjType=sentence&style=&t=overlying+water
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As12 were affected more intensely by the arsenic concentration variation than others, and site As7 

was affected more by the pH variation. No obvious interdependency was observed between 

microbial communities and temperature in the dry season. We propose that this was mainly due to 

the lower temperature in the dry season. In the wet season, the microbial communities in sites As7, 

As9 and As12 were severely affected by arsenic concentration, pH and temperature. The similarities 

of microbial communities in these downstream sites suggests a more stable biocenosis. These 

findings are similar to those of Riina et al. (2004), Lorenza et al. (2006), Al Lawati et al. (2012) and 

Sheik et al. (2012), who showed that microbial communities were influenced by distribution of 

arsenic, and that the total arsenic in overlying water correlated with high arsenic sediment sites. The 

latter observation may imply that the arsenic in overlying water was released from the sediment by 

physicochemical dissolve, microbiophagy or other mechanisms, which is consistent with our results. 

Furthermore, it can be seen from the RDA plots that concentrations of total arsenic positively 

correlated with pH, which may be attributed to mineral dissolution (Burlo et al., 1999; Yamaguchi 

et al., 2011), and temperature, as demonstrated by the batch experiments.  

 

Fig. 8. Relative abundance of bacterial top ten phyla in dry (A) and wet (B) seasons.  

http://dict.cnki.net/dict_result.aspx?searchword=%e4%b8%8a%e8%a6%86%e6%b0%b4%e4%bd%93&tjType=sentence&style=&t=overlying+water
file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/7.5.2.0/resultui/dict/
file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/7.5.2.0/resultui/dict/
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Fig.9. RDA plots analysis of genus and geochemical factors in overlying water at five sediment sites. A: RDA analysis in dry 

season; B: RDA analysis in wet season; pH; As: total arsenic; T: temperature. 

 

3.7. Possible mechanisms of release of arsenic to Huangshui Creek 

As summarized above, possible sources of arsenic to Huangshui Creek waters include the 

realgar mine wastes, creek sediments, hydrothermal and hot springs and sewage discharge (Fig. 2). 

Arsenic(V) was directly discharged to the creek from the springs and sewage discharge (Figs. 1c, 2). 

Both arsenic(III) and arsenic(V) occurred throughout the creek. The FTIR data, SEM results and 

dynamic sediment arsenic release experiments (Figs. 3, 4 and 5) suggest that these species could 

have been released from arsenic-bearing Fe oxides in the sediments, but it is also possible that they 

could have been derived from realgar weathering in the mine wastes. The microbial analysis 

showed that high levels of arsenic contamination limited bacterial diversity, but allowed for 

enrichment of microbes able to oxidise arsenic(III) and reduce arsenic(V). This suggests that 

microbes were likely involved in the cycling of arsenic in Huangshui Creek. Seasonal variations in 

water and sediment-borne arsenic concentrations and speciation were likely due to temperature 

variations (as suggested by the dynamic sediment release experimental results) and to more intense 

sediment-water interactions in the wet season (Fig. 5). Based on the batch experiment results for 

http://dict.cnki.net/dict_result.aspx?searchword=%e4%b8%8a%e8%a6%86%e6%b0%b4%e4%bd%93&tjType=sentence&style=&t=overlying+water
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As7, it is suggested that sediment-water interactions released 1400μg L-1 arsenic(III) at 37℃, 167

μg L-1 arsenic(III) at 8℃ and ca. 360μg L-1 arsenic(V). Redox variations could have also caused 

seasonal variations in arsenic concentrations, although this was not determined by the batch 

experiments. Such seasonal redox changes may in turn have been due to localized anoxia in the dry 

season (preserving arsenic(III)) or to differences in microbial activity.  

The laboratory dissolution experiments provided evidence that the arsenic-contaminated creek 

sediments could be a major source of arsenic contamination in the creek. Based on the dynamic 

dissolution experiments, hydrological parameters and bacteria community analysis, we propose a 

schematic model arsenic released in Huangshui Creek (Fig. 10). The genera Flavobacterium, 

Hydrogenophaga and Sphingomonas are correlated with oxidation, reduction or methylation of 

arsenic. The model in Figure 10 also suggests that adsorption/precipitation processes and microbial 

and hydrophyte activity were responsible for arsenic cycling in Huangshui Creek.  

 
Fig. 10. Schematic presentation of release arsenic from sediments in Huangshui Creek and its corresponding 

water/solid model 
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4. Potential environmental risk   

High-quality realgar extracted from the Shimen Mine (Fig. 11A) was used as a raw material in 

the glass and firecracker industries. Due to long-term exposure to arsenic-containing dust, water and 

crops, several miners and local residents have suffered severe skin disease (Fig. 11B). For these 

reasons, the original intake water supply for the village was completely supplanted in 2014 by a 

centralized and unified water supply system. Hyperaccumulation plants (eg. Pteris vittata L.) have 

been planted in Huangshui Creek to extract arsenic from soil. However, significant accumulation of 

arsenic has occurred, and probably still occurs, in Zaoshi Lake. Therefore, the related 

environmental risks need to be evaluated further. Although we propose that sediment from of 

Huanghui Creek is the main source for aqueous arsenic, we have not evaluated the potential 

contribution of leaching of the mine waste dam or its nearby soil. Desilting of the creek is strongly 

advised to reduce the severity of this arsenic source. According to our results, the risk of arsenic 

contamination of surface water is higher in the summer season compared to the winter season. 

 

Fig. 11. Realgar product of high purity from Yanfeng Chemical Company, Changsha City, Hunan province (>93%) from 

Shimen mine (1990s) (A) and skin disease of local residents (B).  

 

http://dict.cnki.net/dict_result.aspx?searchword=%e6%b8%85%e6%b7%a4%e5%b7%a5%e4%bd%9c&tjType=sentence&style=&t=desilting+work
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5. Conclusions 

This study investigated the aqueous geochemical and microbial variations in 

arsenic-containing Huangshui Creek, which has been affected by historical realgar mining in Hunan 

Province, China. Our major findings are summarized as follows: 

a) Huangshui Creek is seriously contaminated by inorganic arsenic, with maximum aqueous 

concentrations up to 10400 μg L-1. Arsenate was the main arsenic species (70 % to 89 %), and the 

creek water was alkaline and weak reducing. There were notable variations in total aqueous arsenic 

concentrations in wet and dry seasons.  

b) Sediments from the creek displayed characteristic arsenate and arsenite ATR-FTIR peaks that 

varied with season. Sediments collected downstream of the realgar mine were the most 

arsenic-enriched (454~1060 μg g-1).  

c) Batch experiments using Huangshui Creek sediments showed that high water temperatures (25 

and 37 ℃) significantly increased arsenic release (by 3-5 times).  

d) Release of arsenic from creek bottom sediments may have been major sources of arsenic to 

Huangshui Creek. Arsenic mobility was controlled by absorption/precipitation to sediment and by 

microbial and hydrophyte activity.  

e) Protecbacteria, Bacteroidetes, Cyanobacteria, Firmicutes, Verrucomicrobia, and Planctomycetes 

were the stable dominate phyla in dry and wet season sediments. Seasonal change resulted in 

fluctuations in the abundance of Protecbacteria and Bacteroidetes, which could have affected 

arsenic speciation. Flavobacterium, Hydrogenophaga and Sphingomonas genera corrected with 

arsenic metabolism removal occurred in the most highly arsenic contaminated sites. Arsenic 

contamination, temperature and pH in both water and sediment influenced the bacterial community.  

 

http://dict.cnki.net/dict_result.aspx?searchword=%e4%b8%a5%e9%87%8d&tjType=sentence&style=&t=seriously
http://dict.cnki.net/dict_result.aspx?searchword=%e7%a0%b7%e5%bd%a2%e6%80%81&tjType=sentence&style=&t=arsenic+species
http://dict.cnki.net/dict_result.aspx?searchword=%e4%bb%a3%e8%b0%a2&tjType=sentence&style=&t=metabolism
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Figure S1. SEM-EDS elemental scans of sediment sample As9. 

 

 

 

Fig S2. As (2p) XPS spectra of sediment sample As9. 
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Fig. S3. Rarefaction curves for dry (A) and wet (B) season bacteria. 

 

 

  



 

44 

 

Table S1. Methods of microbial quenching and analysis. 

Sequencing 

1.Extraction 

of genome DNA 

Total genome DNA from samples was extracted using CTAB/SDS method. DNA 

concentration and purity was monitored on 1% agarose gels. According to the concentration, 

DNA was diluted to 1ng/μL using sterile water 

2.Amplicon 

Generation 

16S rRNA/18S rRNA/ITS genes of distinct regions (16S V4/16S V3/16S V3-V4/16S 

V4-V5, 18S V4/18S V9, ITS1/ITS2, Arc V4) were amplified used specific primer (e.g.16S 

V4: 515F-806R, 18S V4: 528F-706R, 18S V9: 1380F-1510R, et. al) with the barcode. All 

PCR reactions were carried out with Phusion® High-Fidelity PCR Master Mix (New England 

Biolabs). 

3.PCR 

Products Mixing 

and Purification 

Mix same volume of 1X loading buffer (contained SYB green) with PCR products and 

operate electrophoresis on 2% agarose gel for detection. PCR products was mixed in 

equidensity ratios. Then, mixture PCR products was purified with GeneJETTM Gel 

Extraction Kit (Thermo Scientific). 

4.Library 

preparation and 

sequencing 

Sequencing libraries were generated using Ion Plus Fragment Library Kit 48 rxns 

(Thermo Scientific) following manufacturer's recommendations. The library quality was 

assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific). At last, the library was 

sequenced on an Ion S5TM XL platform and 400 bp/600 bp single-end reads were generated. 

Data analysis 

1.Single-end 

reads assembly 

and quality 

control 

1.1 Data split 

Single-end reads was assigned to samples based on their unique barcode and truncated 

by cutting off the barcode and primer sequence. 

1.2 Data Filtration 

Quality filtering on the raw reads were performed under specific filtering conditions to 

obtain the high-quality clean reads according to the Cutadapt (Martin, 2011) (V1.9.1, 

http://cutadapt.readthedocs.io/en/stable/)quality controlled process. 

1.3 Chimera removal 

The reads were compared with the reference database (Gold database, 

http://drive5.com/uchime/uchime_download.html) using UCHIME algorithm (UCHIME 

Algorithm, http://www.drive5.com/usearch/manual/uchime_algo.html) (Edgar et al., 2011) to 

detect chimera sequences, and then the chimera sequences were removed (Haas et al., 2011). 

Then the Effective Tags finally obtained. 

 

2. OTU 

cluster and 

Species 

annotation 

2.1 OTU Production 

Sequences analysis were performed by Uparse software (Uparse v7.0.1001, 

http://drive5.com/uparse/) (Edgar 2013) . Sequences with ≥97% similarity were assigned to 

the same OTUs. Representative sequence for each OTU was screened for furtherannotation. 

2.2 Species annotation 

For each representative sequence, the Silva Database (https://www.arb-silva.de/) (Quast 

et al., 2012) was used based on RDP classifier (Version 2.2, 

http://sourceforge.net/projects/rdp-classifier/) (Wang et al., 2007) algorithmto annotate 

taxonomic information. 

2.3 Phylogenetic relationship Construction 

In order to study phylogenetic relationship of different OTUs, and the difference of the 

http://www.drive5.com/usearch/manual/uchime_algo.html)%20(Edgar
https://www.arb-silva.de/
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dominant species in different samples(groups), multiple sequence alignment wereconducted 

using the  USCLE software (Version 3.8.31, http://www.drive5.com/muscle/) (Edgar 2004). 

2.4 Data Normalization 

OTUs abundance information were normalized using a standard of sequence number 

corresponding to the sample with the least sequences. Subsequent analysis of alpha diversity 

and beta diversity were all performed basing on this output normalized data. 

 

3. Alpha 

Diversity 

 

Alpha diversity is applied in analyzing complexity of species diversity for a sample 

through6 indices, including Observed-species, Chao1, Shannon, Simpson, ACE, 

Good-coverage. All this indices in our samples were calculated with QIIME (Version1.7.0) 

and displayed with R software (Version 2.15.3). Two indices were selected to identify 

Community richness: 

Chao - the Chao1 estimator (http://www.mothur.org/wiki/Chao); 

ACE - the ACE estimator (http://www.mothur.org/wiki/Ace); 

Two indices were used to identify Community diversity: 

Shannon - the Shannon index (http://www.mothur.org/wiki/Shannon); 

Simpson - the Simpson index (http://www.mothur.org/wiki/Simpson); 

One indice to characterized Sequencing depth: 

Coverage - the Good’s coverage (http://www.mothur.org/wiki/Coverage) 

 

4. Beta 

Diversity 

 

Beta diversity analysis was used to evaluate differences of samples in species 

complexity, Beta diversity on both weighted and unweighted unifrac were calculated by 

QIIME software (Version 1.7.0). 

Cluster analysis was preceded by principal component analysis (PCA), which was 

applied to reduce the dimension of the original variables using the FactoMineR package and 

ggplot2 package in R software (Version 2.15.3). Principal Coordinate Analysis (PCoA) was 

performed to get principal coordinates and visualize from complex, multidimensional data. A 

distance matrix of weighted or unweighted unifrac among samples obtained before was 

transformed to a new set of orthogonal axes, by which the maximum variation factor is 

demonstrated by first principal coordinate, and the second maximum one by the second 

principal coordinate, and so on. PCoA analysis was displayed by WGCNA package, stat 

packages and ggplot2 package in R software (Version 2.15.3). Unweighted Pair-group 

Method with Arithmetic Means (UPGMA) Clustering was performed as a type of hierarchical 

clustering method to interpret the distance matrix using average linkage and was conducted 

by QIIME software (Version 1.7.0). 

 

 

Table S2. pH, Eh and T of dry and wet season water samples. 

 
Dry season    Wet season  
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Table S3. Major ATR-FTIR vibrations for As and S in sediments. 

Vibration (cm-1) Species Assignment Ref. 

1003,1004 SO4
2- ν3 

(Usher et al., 2004, Roonasi and 

Holmgren 2009) 

796,772 AsO3
3- ν1 

(Goldberg and Johnston 2001,  

Liu et al., 2013) 

872 AsO4
3- ν3 (Liu et al., 2017). 

463 AsO4
3- ν4 (Liu et al., 2017). 

910 AsO4
3- As–O (Goldberg and Johnston 2001) 

 

Table S4. XRF data for dry season sediment samples. 

Major oxides 
Concentration (wt. %)  

As1 As4 As7 As9 As12 

SiO2 64.88 70.61 56.83 52.27 64.50 

Al2O3 16.26 15.14 17.36 16.12 17.56 

CaO 6.45 2.60 9.67 17.10 4.32 

Fe2O3 5.67 5.30 6.82 6.42 6.37 

K2O 3.07 2.94 3.79 2.85 3.38 

MgO 1.66 1.44 2.07 1.79 1.75 

TiO2 0.77 0.69 0.84 0.85 0.72 

P2O5 0.36 0.29 1.05 1.00 0.29 

Others 0.87 0.92 1.43 1.45 1.04 

s2 2 .20 4 01 
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8
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Table S5. Arsenic concentrations in dry and wet season sediment samples 

sites Dry season (µg g-1) Wet season (µg g-1) 

As1 120 103 

As4 590 521 

As7 964 1310 

As9 992 1700 

As12 564 675 
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