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Abstract

We integrated aqueous chemistry, spectroscopy, and microbiology techniques to identify chemical 

and microbial processes affecting the release of arsenic (As), iron (Fe), and manganese (Mn) 

from contaminated sediments exposed to aerobic and anaerobic conditions. The sediments were 

collected from Cheyenne River Sioux Tribal lands in South Dakota, which has dealt with 

mining legacy for several decades. The range of concentrations of total As measured from 

contaminated sediments was 96 to 259 mg kg−1, which co-occurs with Fe (21 000–22 005 mg 

kg−1) and Mn (682–703 mg kg−1). The transition from aerobic to anaerobic redox conditions 

yielded the highest microbial diversity, and the release of the highest concentrations of As, 

Fe, and Mn in batch experiments reacted with an exogenous electron donor (glucose). The 

reduction of As was confirmed by XANES analyses when transitioning from aerobic to anaerobic 

conditions. In contrast, the releases of As, Fe and Mn after a reaction with phosphate was at 

least 1 order of magnitude lower compared with experiments amended with glucose. Our results 

indicate that mine waste sediments amended with an exogenous electron donor trigger microbial 

reductive dissolution caused by anaerobic respiration. These dissolution processes can affect metal 

mobilization in systems transitioning from aerobic to anaerobic conditions in redox gradients. Our 

results are relevant for natural systems, for surface and groundwater exchange, or other systems in 

which metal cycling is influenced by chemical and biological processes.

Graphical Abstract
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INTRODUCTION

Arsenic (As) is a potentially toxic and redox-active metalloid that can affect humans by 

ingestion and inhalation pathways.1–3 A previous investigation of the Cheyenne River 

Watershed in South Dakota reported arsenic (As) concentrations in mining-impacted 

sediments ranging from 96 to 285 mg kg−1, which are above the regionally accepted 

crustal average of 9–10 mg kg−1 of As.4 Although chemical mechanisms for As release 

in the Cheyenne River Watershed were previously investigated,4–7 the contribution of 

microbiological processes on the release of As from these solids remains unknown. 

Differentiating between the chemical and microbial mechanisms responsible for the release 

of As and other co-occurring metals, such as Fe and Mn, is difficult due to the complex 

nature of environmental samples. Thus, investigating the biogeochemical factors impacting 

the mobilization of As and other co-occurring metals from contaminated sediment is 

necessary for informing geochemical research, (bio)remediation technologies, and risk 

assessments among other disciplines.

Biogeochemical processes affect the transport of As in the environment, which in turn 

influences speciation in a range of oxidizing and reducing conditions. For example, As(V) 

(H2AsO4
− and HAsO4

2−) is the predominant species in oxidizing environments, while 

As(III) (H3AsO3 and H2AsO3
−) is predominant in reducing environments. The redox 

transformations of As are important to consider because of the higher toxicity and enhanced 

mobility of As(III). Arsenic solubilization from contaminated solids can result from four 

main processes: (i) competitive ion displacement with ions such as phosphate and silicate,4,8 

(ii) limited adsorption onto media or desorption,7,9 (iii) arsenate reduction to arsenite,10–12 

and (iv) reductive mineral dissolution from many forms of oxyhydroxides.13–15 Arsenic co-

occurs with other metals: Fe and Mn oxides.11,16 Microbiological mechanisms for As, Fe, 

and Mn reduction can occur by respiration or detoxification.17–19 Numerous microorganisms 

can withstand a wide range of oxidation–reduction potentials and use As, Fe, Mn, and 

other metals as electron acceptors.15,20,21 Additionally, the transition to anaerobic conditions 

is a key driver in promoting As desorption through the reduction of As(V) or reductive 

dissolution of Fe oxides.22 Mn and Fe oxides have been reported to affect As mobilization 

in numerous studies by adsorption or oxidation of arsenite.23 For instance, As(V) reduction 

and reductive dissolution of iron (hydr)oxides is hypothesized to be a principal control 

in porewater As concentrations.11 The organic carbon source (electron donor) used in 

anaerobic respiration plays an important role in the reduction of As(V), Fe(III), and 

Mn(VI).24

Arsenic mobilization and exposure have gained attention from groundwater investigations 

related to naturally occurring As under anaerobic conditions in Vietnam, China, and 

Bangladesh.25–28 Completely aerobic or anaerobic conditions are described in experimental 

and field conditions. However, the literature related to the investigation of metal 
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release resulting from the transition between aerobic to anaerobic redox conditions with 

contaminated soil is limited. Environments that have surface and groundwater exchange, 

waterlogging, burial, and resuspension provide an important context for these redox 

conditions. Labile organic matter in these zones can enhance the reduction and subsequent 

dissolution of Fe oxides, which can release adsorbed As.29 While the reduction of As, Fe, 

and Mn have been investigated separately,30–34 their simultaneous reduction in contaminated 

soils undergoing a redox transition with native microorganisms can be further explored. 

Geogenic As mobilization from groundwaters with Fe/Mn oxyhydroxides is a widely 

discussed and accepted driver of metal release in many places in the world. Our study 

builds upon known geochemical mechanisms for mobilization in highly contaminated soil 

that undergo transitions between oxidizing and reducing conditions. A diversity of metal-

utilizing bacteria has also been isolated from a variety of soil systems, including mine 

waste environments. The inoculation of soil using As-utilizing bacteria in previous studies 

also illustrates their important role on the transformation and partitioning of As under 

controlled laboratory conditions. Our work seeks to advance knowledge on the role of 

native soil microorganisms for As–Fe–Mn mobilization from the study area. Understanding 

these processes is necessary to improve our knowledge of metal transport in contaminated 

environments.

The objective of this study is to evaluate chemical and microbiological processes affecting 

the release of soluble As, Fe, and Mn from contaminated sediments under laboratory 

controlled aerobic and anaerobic conditions. We integrate microbiology techniques, aqueous 

chemistry, and spectroscopy to better understand microbially catalyzed As release from 

reacted sediments incubated under aerobic-to-anaerobic conditions in the presence of an 

electron donor. The novelty of this study is the identification of the simultaneous As–Fe–

Mn release triggered by the transition of aerobic to anaerobic conditions in contaminated 

sediments with the in situ microbial community, which is relevant to environments 

that undergo redox gradients. While many redox investigations employ single microbial 

strains, the use of the native microbial community from contaminated sediment provides 

environmental relevance. Improving our understanding of As mobility using controlled 

laboratory amendments with an electron donor can aid in developing strategies to reduce risk 

and exposure to populations located near redox transition zones.

MATERIALS AND METHODS

Sample Collection.

Contaminated sediment samples were collected from Cherry Creek riverbank coinciding 

with sample collection from a previous investigation in the Cheyenne River Watershed.2 

A hand trowel was rinsed with 10% nitric acid solution and used to collect half a gallon 

of sediment from the riverbank and bed. Samples were placed in one-gallon plastic bags 

and cooled to 4 °C for shipment with water samples to the University of New Mexico 

(UNM). The authors were escorted by the Cheyenne River Sioux Tribe (CRST) Department 

of Environment and Natural Resources staff while conducting sampling.
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Solid Chemistry.

Sediment samples were dried for 12 h at 60 °C in a controlled temperature oven. The dried 

sediment samples were crushed and homogenized using a shatter box. One gram of the 

dried sediment was weighed and added to a 50 mL digestion tube. All the samples were 

acid-digested (2.0 mL of HNO3 and 3 mL of HCl) in triplicate to determine the extractable 

elemental concentrations. The mixture was digested for 60 min at 65 °C and then for an 

additional 60 min at 90 °C. The digested samples were diluted with deionized water to 25 

mL. The digested and diluted samples were then filtered through a 0.45 μm filter to remove 

any particulate matter for aqueous elemental analyses. The dried solid samples from the field 

and laboratory analyses were analyzed using X-ray diffraction (XRD), X-ray fluorescence 

(XRF), and X-ray Adsorption Spectroscopy (XAS).

X-ray Diffraction.—We also used the Rigaku Smart Lab X-ray diffractometer (XRD), 

using Cu Ka radiation with a scintillation detector and a graphite monochromator, to obtain 

information on the crystallinity, mineral structure, and normalized approximate percentage 

amounts of mineral phases present in the sediment samples. The XRD data were analyzed 

using Jade software.

X-ray Fluorescence.—X-ray fluorescence (XRF) measurements were conducted to 

determine the bulk elemental composition using an EDAX Orbis with a Rh tube source 

and a titanium adsorption edge filter. Samples were measured in a vacuum with a filament 

voltage of 20 kV and a current of 15 μA.

X-ray Absorption Spectroscopy.—The oxidation and structural states of solid-phase 

arsenic were determined using XANES. The As K-edge XANES spectra were analyzed 

by linear combination fitting using As(III) and As(V) standards. The X-ray measurements 

for As were performed at Beamline 7-3 at the Stanford Synchrotron Radiation Laboratory. 

Samples were measured at the As K-edge in fluorescence mode using a 32 element Ge 

detector and a double crystal Si(220) monochromator, calibrated at the first inflection point 

of, and Au metal foil absorption at, 11919.0 eV. Measurements were performed at room 

temperature. Powdered samples were placed on Al holders between two layers of Kapton 

tape. No beam damage was observed between measurements as spectra was consistent 

throughout different scans.

Aqueous Chemistry.

Aqueous elemental analyses for this study were performed using inductively coupled optical 

emission spectrometry (ICPOES) (PerkinElmer Optima 5300DV) and inductively coupled 

plasma-mass spectrometry (ICP-MS) (PerkinElmer NexION 300D-Dynamic Reaction Cell) 

in aqueous solutions for trace element content (As, Fe, and Mn). Samples for ICP-MS 

were filtered using a 0.45 μm Basix filter and preserved with 2% HNO3. A Thermo 

Fisher Scientific Ion Chromatogram (ICS-1100) was used to analyze 0.45 μm filtered 

nonacidified water samples for major anion concentrations. Aqueous Fe(II) was measured 

by the ferrozine assay, and Fe(II) standards were prepared from ferrous ammonium sulfate 

(GFS Chemicals). All reagents used in the experiments and analyses were analytical grade. 

No unexpected or unusually high safety hazards were encountered.
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Redox cycling experiments.

A series of batch experiments were performed to better understand the chemical and 

microbial driven release of As, Fe, and Mn in the sediments. Batch reactors were conducted 

in 160 mL serum bottles sealed with butyl rubber stoppers and aluminum crimps. The 

incubations were supplied with 135 mL of basal medium (Table S1) and 10 g of riverbank 

sediment under aerobic and anaerobic conditions. The bottles were supplied with an 

exogenous electron donor at a concentration of 0.125 g COD L−1 as glucose. Control 

treatments were supplied only with deionized water and basal medium. Additional assays 

were supplied with 10 mM Na2HPO4, consistent with the experimental conditions and 

soil from the same study area, to compare the chemically driven release as described in a 

previous study.4 The maximum percentage released was calculated by using the mass of 

the unreacted sediment, the volume of solution in the serum bottles, and the concentration 

of metals in the unreacted sediment. All treatments were executed in triplicate. The bottles 

for aerobic conditions were covered with a sterile cotton ball and gauze. The bottles for 

anaerobic conditions were flushed with a gas mix of N2/CO2 (80:20). All the bottles were 

incubated for 336 h at 25 °C with mechanical shaking at 130 rpm. Sampling was conducted 

using sterile needles and syringes. A summary of the experimental setup is provided in the 

SI (Table S2).

Microbial Community Characterization and Alpha Diversity Study.

Sediment samples from bottles supplied with 0.125 g L−1 of COD glucose were taken at 

168 h and at the end of the experiment at 336 h. One gram was also taken from the original 

field sample. All details of DNA extraction have been previously described.35 The DNA 

samples were sent to MR DNA Laboratory (Molecular Research, Texas) for MiSeq Illumina 

DNA sequencing (2 × 300bp PE illumina 20 000 sequence diversity assays), the DNA 

sequences were analyzed using MR DNA analysis pipeline (MR DNA, Shallowater, TX, 

USA), and based on 97% similarity, operational taxonomical units (OTU) were generated. 

BLASTn against a RDPII and NCBI curated database (www.ncbi.nlm.nih.gov, http://

rdp.cme.msu.edu) was used for OTU data classifications. Mothur v.1.39.5 software36,37 was 

used for statistical analysis of the OTU data. Richness was calculated with no subsampling. 

Shannon’s Diversity Index (H)38,39 was performed by subsampling (the smallest sample 

size) of the OTU data.

H = − ∑
i = 1

S
piIn pi (1)

Here, S is the number of different species (species richness), and pi is the percentage of 

the individual species in the sample. Nonmetric multidimensional scaling (NMDS) beta 

diversity analysis to illustrate similarity of samples was run by Bray–Curtis similarity with 

subsampling.
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RESULTS AND DISCUSSION

Initial Analyses of Contaminated Solids.

The arsenic concentrations in contaminated sediment using acid digestions were measured in 

the range of 96–259 mg kg−1 (Table S3). These values exceed the regionally established 

background concentration of 10 mg kg−1 and are consistent with the concentrations 

measured in a previous study near the site.4 The concentrations of acid-extractable Fe and 

Mn measured in these contaminated samples were in the range of 21 000–22 005 mg kg−1 

for Fe and 682–703 mg kg−1 for Mn. XRF measurements show an abundance of Si, Ca, Al, 

and Fe. Low organic content (1–3%) was measured in the sediment using loss-on-ignition. 

The mineralogy of the solids for this study has similar characteristics from a study in our 

group,4 in which the primary XRD patterns (Figure S1) were consistent with quartz (SiO2), 

albite (AlSi3NaO8), and calcite (CaCO3). The predominance of As(V) was detected in the 

bulk for these solids using XANES. Mixtures of 52:48 As(V)/As(III) and 80:20 Fe(III)/

Fe(II) oxidation states were detected in the near surface (5–10 nm) by XPS. The differences 

in percentages of As(V) versus As(III) are due to the fact that XANES detects bulk while 

XPS detects the near surface, and these measurements can be often different, as shown in 

other studies.4,35,40 Microbiological characterization of the sediment was conducted to better 

understand the potential mechanisms for metal release.

Illumina DNA Sequencing of Microbial Community in Contaminated Solids.

The microbial community in sediments from Cherry Creek shows a high diversity in 

common soil microorganisms (Clorophexi 3%, Actinobacteria 3%, and Bacillus 1%), 

including nitrogen fixating (Bradyrhizobium, 1%) and ammonia oxidizers (Nitrososphaera, 

3%) among the most predominant species. Bacillis, Acidobacteria, and Actinobacteria are 

major phyla in meta-analyses of contaminated soils across the world.41–43 A number of 

dissimilatory arsenic-reducing bacteria (DARB) and arsenic-oxidizing bacteria (AOB) have 

also been identified in mixed cultures collected from sediments from Cheyenne River 

Watershed (SI Table 4), accounting for 4.7% of the total microbial communities, with 

DARB and AOB representing 1.9% and 2.8%, respectively. The DARB were dominated 

by Geobacter (54% of total DARB OTU and 1% of total OTU), Thermus (20% of total 

DARB OTU), and Desulfosporosinus (18% of total DARB OTU) species. Species of the 

Geobacter genus are known for their ability to oxidize and reduce metals, including Fe, 

Mn, and As.44 Arsenic reduction by Geobacter species is controlled by detoxification 

mechanisms, but dissimilatory As(V) reduction genes have been identified in Geobacter 
genes, and As(V) respiration has been confirmed by various Geobacter species.45,46 

Thermus species are capable of heterotrophic oxidization of As(III) and of As(V) respiration 

as a terminal electron acceptor.47 Desulfosporosinus was shown to be able to respire 

As(V) heterotrophically and chemoautotrophically, using H2 + CO2 as an electron donor 

and carbon source.48,49 The AOB were clearly dominated by Rhizobium (62% of total 

AOB OTU, 1.7% of total OTU), followed by Herminiimonas (21% of total AOB OTU) 

and Azoarcus (8% of total AOB OTU). Rhizobium species usually live in rhizosphere 

environments, but some have been found to be chemolithotrophic As(III) oxidizers that 

are able to use a diverse source of electron donors and carbon sources.21 Herminiimonas 
arsenicoxydans (formerly named Caenibacter arsenoxydans) and Azoarcus have been 
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characterized as As(III) oxidizers and they are widespread in the environment because 

they are able to use various electron donors to support their metabolism.50–52 Hence, the 

Cherry Creek sediments have a rich diversity of microorganisms related to As cycling in the 

environment.

Redox Cycling Experiments. Chemical Metal Release: Reaction with Deionized 
Water and Phosphate.—The arsenic concentrations in solution measured from aerobic 

batch experiments reacting contaminated sediments with phosphate were at least five times 

higher than those reacted with deionized water (Figure 1A). For instance, a maximum 

concentration of 17 μM As (43% of the total As) was released from batch reactors supplied 

with 10 mM phosphate under aerobic conditions compared with 2.5 μM As released (2.7% 

of the total) from batch experiments reacting contaminated sediments with deionized water 

under aerobic conditions (Figure 3A,B). Once the maximum release of As was obtained 

under aerobic conditions, the concentrations remained stable when the batch reactors were 

transitioned to anaerobic conditions (Figure 1A). Thus, the use of phosphate in the batch 

reactors over the experimental time frame was not controlled by redox conditions.

The maximum concentrations of released Fe and Mn were 6.8 μM Fe and 1.8 μM Mn when 

reacting with deionized water and 8.9 μM Fe and 0.8 μM Mn when reacting with 10 mM 

phosphate. The release of Fe and Mn increased after transitioning to anaerobic conditions, 

which ranged from 20 to 61 μM (Figure 2). A total of 0.04% Fe and 0.2% Mn was released 

from the sediments after reaction with deionized water, while a maximum release of 0.1% 

of the total Fe and 7.2% of the total Mn was released after reaction with 10 mM phosphate 

after transitioning to anaerobic conditions (Figure 3).

Phosphate induced the release of As from the contaminated sediments under aerobic 

conditions because of competitive ion displacement, which is in agreement with our 

previous findings. The mobilization of As can be caused by PO4 ions since they are 

competing oxyanions for surface sites with similar chemical structures and pKas.4,8,53 

Lower magnitudes of soluble Fe and Mn release from phosphate incubations, and deionized 

water confirms that ion displacement is the driving mechanism for As release under these 

conditions (0–168 h).

Microbial Metal Release: Glucose Amendments.—Assays amended with glucose as 

an electron donor released the highest concentration of As in experiments transitioning 

from aerobic to anerobic conditions. Metal concentrations in solution increased when 

transitioning from aerobic to anaerobic conditions because of microbial respiration and were 

at least 10 times higher than those obtained from the chemical experiments with phosphate 

explained in the previous subsection. For example, maximum concentrations of 69 μM 

As, 1559 μM Fe, and 276 μM Mn were obtained in experiments amended with glucose 

transitioning from aerobic to anaerobic conditions. Soluble Fe(II) ranged from 5.5 to 968 

μM in assays provided with glucose after cycling from aerobic to anaerobic conditions. In 

addition, the maximum percentage of metals released were at least twice as high as those 

chemically released by the addition of phosphate (Figure 3). These results indicate that the 

addition of an exogenous electron donor, in this case glucose, and transitioning from aerobic 

to anaerobic favors the metal mobilization.
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Limited metal release was detected in batch experiments amended with glucose under 

aerobic conditions (0–168 h). The metal release observed in experiments amended with 

glucose was comparable with that obtained after reaction with deionized water under aerobic 

conditions. Both glucose and deionized water are weak chemical reactants under aerobic 

conditions, as suggested by the maximum percentage released in Figure 3. Total metal 

release (As, Fe, Mn) ranged from 0.46 to 61 μM for phosphate experiments compared 

with 4.7–1558 μM for glucose experiments. Overall, glucose amendments released more 

metals from the contaminated solid compared with the chemically driven phosphate releases 

measured in the above batch experiments.

The transition from aerobic to anaerobic conditions enabled the microbial community in the 

contaminated sediments to use As, Mn, and Fe as electron acceptors with glucose as an 

electron donor. Several field experiments54–56 and laboratory microbial batch incubations 

under anaerobic conditions28,34,57–59 have shown that the addition of labile organic matter, 

such as glucose, to aquifer sediments leads to greater rates of arsenic release to groundwater. 

The highest concentration of As coincided with high releases of total Fe from glucose 

amendments after cycling to anaerobic conditions. Our results indicate that glucose, an 

exogenous electron donor, can support the reductive dissolution of mineralized forms of As 

and Fe from contaminated sediments.

Pseudo-first-order rate constants were obtained for As, Fe, and Mn released in experiments 

that transitioned from aerobic to anaerobic conditions and were amended with glucose. 

The pseudo-first-order rate constants (k1) were only obtained for experiments transitioning 

from aerobic to anaerobic conditions and amended with glucose, which yielded the highest 

metal release for all experiments conducted in this study. The k1 values obtained for As, 

Fe, and Mn range from 0.552 to 0.859 d−1 (Figure S2). The R2 values obtained for the 

regressions for the pseudo-first-order rate analysis of ln[Metals] derived from the integration 

of Equation S-1 were all greater than 0.95. The k1 values obtained for this study were 

within the same order of magnitude as those measured in previous microbial reduction 

studies for Fe and Mn.60,25,23 For instance, the kinetics of microbial Fe(III) reduction during 

the anaerobic incubation of wetland sediments followed first order rates (0.075–0.138 d−1) 

in the presence of organic matter.61 Recently, similar microbial reduction rates of As(V) 

were obtained using a kinetic model for systems with microorganisms and Fe oxides.62 

Time-dependent microbial reduction rate coefficients in experiments with As, Fe oxides, and 

microorganisms highlight the importance of differentiating between chemical, microbial, 

and physical mechanisms for kinetic investigations.63

Experiments amended with glucose and cycling conditions released higher concentrations 

compared with unamended or nontransitioned incubations. Iron concentrations remained 

stable until being transitioned to anaerobic conditions, after which a maximum concentration 

of 1335 μM was reached. The mobilization of As and co-occurring metals from anaerobic 

environments have been previously investigated using natural field samples and controlled 

laboratory incubations.64–66 Additional analyses were conducted to assess the speciation of 

As in reacted contaminated sediments.
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Speciation of As in Reacted Contaminated Solids Amended with Glucose.—
The results from linear combination fitting of As K-edge XANES spectra indicate that 

As reduction occurred in the solids after exposure to anaerobic conditions (Figure 4). 

The unreacted sample is dominantly As(V), as suggested by the linear combination fits 

using scorodite (FeAsO4) and adsorbed As(V) as end members, which corroborates that 

the anaerobic culture reduced As(V) to As(III). Additionally, linear combination fits were 

performed to the control, anaerobic, and aerobic–anaerobic samples using the unreacted 

sample and adsorbed As(III) as end members to better understand the transformation from 

the unreacted As(V) to As(III). After exposure to anaerobic conditions, 64% As(III) was 

detected and was comparable with the 51% detected in the aerobic–anaerobic scenario, 

especially given that the error in the linear combination fitting of XANES spectra is within 

10%. The reduction of As observed in the solid analyses is consistent with the As and Fe 

released in the aqueous chemistry analyses, which supports that anaerobic respiration can 

cause the reductive dissolution of As and Fe minerals in contaminated sediments.

Microbial Community Changes in Response to Aerobic–Anaerobic Cycling 
with Endogenous Electron Donor.—DNA Illumina sequencing allowed us to evaluate 

microbial community changes under different experimental conditions. Figure 5A shows 

the changes in microbial diversity (Simpson Index) and richness and how they relate 

with glucose amendment and redox conditions. The addition of an exogenous electron 

donor increased the microbial diversity of the samples and drove the major changes in the 

microbial communities. The microbial richness of the sediments did not change during the 

treatments and was maintained between 1583 and 1816. The Simpson Index was 0.004 in 

the untreated sediments, and it did not change in the endogenous treatments during the 

aerobic–anaerobic cycling. However, the Simpson Index increased 10× to 0.03 in the fully 

anaerobic experiment after the addition of glucose. This increase was even greater during the 

cycling of aerobic to anaerobic conditions. The Simpson Index was 0.09 at the end of the 

aerobic incubation and 0.16 at the end of the anaerobic period when glucose was amended to 

the sediments.

The changes in the microbial communities and their correlation with As, Fe, and Mn 

dissolution rates were evaluated using NMDS, and they are shown in Figure 5B. In this 

analysis, similar microbial communities (i.e., data sets) group closer together through 

a Bray–Curtis similarity analysis, and the vectors represent the rate of As, Fe, or Mn 

dissolution that drives changes in the microbial communities. This statistical analysis 

demonstrated that redox cycling modified the makeup of the microbial communities. 

Further, As and Fe dissolution rates drove the same change in the microbial community, 

since their vectors cluster together, while the Mn dissolution rate influenced the community 

structure in an opposite direction. The changes in the microbial community speciation was 

further investigated.

Changes in the proportion of As and Fe utilizers in the treatments were evaluated (Figure 

S3), and Table S5 provides details on the As and Fe utilizer composition. The addition 

of an exogenous electron donor stimulated metal-reducing heterotrophs under reducing 

conditions. The addition of glucose under fully anaerobic conditions fueled a significant 

increase on As- and Fe-utilizing microorganisms, while the proportion of As- and Fe-
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utilizers did not significantly change in the other treatments. The As and Fe concentrations 

in solution increase in anaerobic conditions with the addition of an exogenous electron 

donor. Additionally, an increase in Geobacter was detected from 121 to 5179 OTU, which 

accounts for 0.4 and 16.8% of the total OTU in the sediments, respectively. The results 

suggest that these conditions (e.g., anaerobic conditions and the addition of an exogenous 

electron donor) could stimulate microbially catalyzed metal mobilization. In addition, the 

genus of As-reducing bacteria Desulfosporosinus also increased from 71 to 1748 OTU 

(0.2% to 5.6% total OTU), and the Fe-reducing bacteria Clostridium increased from 336 to 

5515 OTU (1.1% to 17.64% total OTU).

Altogether, the link between the As and Fe biogeochemical cycles controls As mobility and 

dissolution in sediments. As and Fe dissolution rates drive the same changes in the structure 

of the microbial communities, which is expected since microbial metabolism pathways 

are found frequently on the same microorganisms. Interestingly, the greater concentration 

of As- and Fe-reducing microorganisms in the sediments did not translate to an increase 

in As and Fe mobilization rates, which was enhanced under aerobic-to-anaerobic cycling 

conditions. However, the increase in As(III) detected in sediments did correspond with a 

decrease in As and Fe mobilization compared with the phosphate-amended and transitioned 

experiment. Hence, glucose-amended anaerobic conditions contributed to a decrease on the 

labile fraction of As and Fe in the sediments.

Biogeochemical Considerations.—Previous studies have reported that the microbial 

reduction of metal-bearing solids can influence the release of As, Fe, and Mn under various 

redox conditions.67 The potential processes driving metal release from the contaminated 

sediments used in this study are (1) the transition from aerobic to anaerobic conditions, 

which induces the microbial reduction of As, Fe, and Mn from contaminated sediment in 

experiments amended with glucose, an exogenous electron donor, and (2) the influence 

of competitive ion displacement, which can drive the release of surface-bound As under 

aerobic conditions. The release of 74% As that was originally present in the contaminated 

sediments reacted with glucose was catalyzed by microbial reduction, as observed in 

experiments transitioning from aerobic to anaerobic conditions. However, only 43% of the 

As that was originally present in the contaminated sediments was released by competitive 

ion displacement, as observed in experiments reacted with phosphate. The release of As, Fe, 

and Mn reacted with water and glucose are comparable under aerobic conditions because 

glucose is expected to be neutrally charged at the pH range investigated in this study. 

Therefore, the concentrations released aerobically after reaction with glucose and water 

represent a labile fraction.

The transition from aerobic to anaerobic conditions triggers microorganisms to catalyze 

the reduction of As, Fe, and Mn as electron acceptors in contaminated sediments in the 

presence of an electron donor (e.g., glucose). The release of As versus Fe follows a linear 

trend (R2 = 0.967) in the anaerobic portion of the experiments after transitioning from 

aerobic to anaerobic conditions and amendment with glucose, which suggests a reductive 

dissolution of As- and Fe-bearing minerals (Figure S4A). Reduction from As(V) to As(III) 

of the contaminated sediments was confirmed in the bulk using XANES. The microbial 

reductive dissolution of As, Fe, and Mn can depend on the oxidation–reduction potential, 
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electron donor source, microbial community composition, and solution chemistry.57,68–72 

The glucose incubations from our experiments released a higher proportion of Fe compared 

with As under completely anaerobic conditions. Similarly, another study that used glucose 

as an electron donor reported a higher release of Fe compared with As from sediments 

obtained from the Mekong delta to reductive mineral dissolution.73 The extent of As release 

in completely anaerobic conditions can be doubled by the addition of glucose via the 

reduction of As(V) and Fe(III) oxides, compared with incubations without an electron 

donor.74 These reductive processes are key drivers of As release to solution from the solid 

phase.11,75

In agreement with our findings, the reductive dissolution and enhanced release of metals 

have been reported in redox-sensitive studies amended with electron donors such as 

acetate, glucose, and lactate.20,59,62,72,76 For example, As, Fe, and Mn release rates 

obtained from a contaminated sediment under anaerobic-to-aerobic conditions amended 

with lactate had a similar release trend under anaerobic conditions.56,59 However, the order 

of redox changes of anaerobic to aerobic was the opposite of that evaluated in our study 

(aerobic to anaerobic, as shown in Figures 1 and 2). Similar to the microbial reduction 

illustrated in our study, dissimilatory As reduction catalyzed by well-known microorganisms 

(e.g., Shewanella, Geobacter) can contribute to As enrichment in groundwater or other 

reduced zones.12,22,24,62,72 In reduced zones, coupled Fe and sulfur (S) redox cycles can 

control dissolved arsenic concentrations. Previous studies show that the rate of microbially 

mediated sulfate reduction limits the concentration of dissolved arsenic, which depends 

on the solubility of sulfide phases.77,78 The sulfate concentrations in solution from 

our study increased under aerobic conditions and decreased under anaerobic conditions 

(Figure S5). Similarly, under the completely anaerobic scenario, sulfate decreased over 

the experimental period. These data confirm that sulfate utilization likely occurred under 

anaerobic conditions, but more analyses are needed to evaluate sulfur’s relative contribution 

to the mobilization of metals.

In contrast to microbially driven mobilization, the release of As and Fe did not follow 

a linear trend in experiments reacting contaminated sediments with 10 mM phosphate 

(R2=0.357) (Figure S6). In a previous study from our group from the same site, As was 

preferentially released compared with Fe, which indicates that competitive ion displacement 

was a predominant process for release under aerobic conditions.4 The limited release 

of As and Fe was also not linear in experiments reacting contaminated sediments with 

glucose under aerobic conditions (R2=0.1994), which confirms that the release of As and 

Fe corresponds to a labile fraction. This result is consistent with other studies that reacted 

deionized water and weak extractants with sediments from the watershed.4,6,79 Altogether, 

less Fe and Mn was released in experiments reacting contaminated sediments with deionized 

water, glucose, and phosphate under aerobic conditions. Many oxyanions, like phosphate, 

can interact with the surface of Fe oxides and affect the adsorption/desorption of As.80,81 

The ion displacement of As(V) with phosphate is a proposed mechanism of As release 

from Fe oxide phases under aerobic conditions.82–84 The presence of similar high-affinity 

anions for surface sites on Fe oxides, such as phosphate, silicic acid, and bicarbonate, can 

contribute to the mobility of As under oxidizing conditions.8,80,85,86 However, a higher 

magnitude and similar distribution of As, Fe, and Mn release resulting from reductive 
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dissolution is observed in various studies, compared with only aerobic As release because of 

ion displacement.56,62,85

CONCLUSION

The results in this study show the important role of microbial reduction in controlling 

metal release after transitioning from aerobic to anaerobic conditions. Although the As 

concentrations released in solution were lower compared with Fe and Mn, 74% of 

the As was released after the biogeochemical conditions evaluated in this study. These 

results indicate that As was the most amenable to be released under the chemical and 

microbiological conditions tested in this study when compared with Fe and Mn. The higher 

release of Fe is consistent with the initial concentration of Fe in the sediment, which was 

more enriched compared with Mn and As. The release of Fe represents only 7% of the total 

Fe in the contaminated sediments, which indicates that it was mostly present in mineral solid 

phases such as albite and grunerite, as indicated by XRD.

The elevated concentrations of As in riverbank sediments of the Cheyenne River watershed 

on tribal land is a concern for nearby communities given that the river receives contaminated 

sediment loads from the Homestake Mine upstream. In addition to previously reported 

chemical mechanisms affecting the release of As, the reductive dissolution of As, Fe, and 

Mn catalyzed by native microorganisms and redox cycling in contaminated sediments is also 

important to consider. We observed the highest microbial diversity and the release of the 

highest concentrations of As, Fe, and Mn in batch experiments that transition from aerobic 

to anaerobic redox conditions. The potential for long-term reductive dissolution of As and 

other metals could be a driving mechanism for metal release in reduced environments. 

The environmental samples used in batch incubations for this study were collected from 

regions of the watershed that house medicinal plants and food resources. Future studies are 

necessary to investigate the role of plants and organic matter in soils to better understand the 

pathways of exposure to As.
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Figure 1. 
As release under (A) aerobic-to-anaerobic cycling conditions and (B) completely anaerobic 

conditions.
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Figure 2. 
Fe release under (A) aerobic-to-anaerobic cycling conditions and (B) completely anaerobic 

conditions; Mn release under (C) aerobic-to-anaerobic cycling conditions and (D) 

completely anaerobic.
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Figure 3. 
(A) Max release (%) of As and (B) max release of Fe and Mn under a range of 531 

biogeochemical conditions: aerobic transitioned to anaerobic with 10 mM phosphate; 

aerobic transitioned to anaerobic amended with glucose; completely anaerobic amended 

with glucose.
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Figure 4. 
As K-edge XANES analysis for control, anaerobic, and aerobic–anaerobic samples.
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Figure 5. 
(A) Alpha diversity of the microbial community changes with aerobic-to-anaerobic cycling 

with and without glucose amendment. (B) NMDS analysis of the correlation between the 

microbial community changes and As, Fe, and Mn dissolution rates due to the aerobic–

anaerobic cycling (“Glu, O2” and “Glu, ana”) or under fully anaerobic condition (Ana).
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