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A B S T R A C T   

Arsenic (As) and antimony (Sb) from mining-affected waters are efficiently removed in two treatment peatlands 
(TPs) in Northern Finland. However, the exact mechanisms behind this removal are not well resolved. Thus, the 
present study combines results from microcosm experiments and pilot-scale TPs on the effects of microbes, 
temperature, and carbon substrate to elucidate the role of peat microorganisms in As and Sb removal. The main 
As and Sb species in TP inflow water are arsenate and antimonate. In peat microcosms, they were quantitatively 
reduced, however, at rates about 20–400 times lower than previously reported from pure cultures, likely due to 
excess of other terminal electron acceptors, such as nitrate and sulfate. Addition of the microbial inhibitor so-
dium azide inhibited reduction, indicating that it is indeed microbially mediated. Arsenite and antimonite (re) 
oxidation, which is in situ likely limited to upper, oxic peat layers, was likewise observed in peat microcosms. 
Only for antimonite, oxidation also occurred abiotically, likely catalyzed by humic acids or metals. Process rates 
increased with increasing temperature, but all processes occurred also at low temperatures. Monitoring of pilot- 
scale TPs revealed only minor effects of winter conditions (i.e., low temperature and freezing) on arsenic and 
antimony removal. Formation of methylated oxyarsenates was observed to increase As mobility at the onset of 
freezing. From different carbon substrates tested, lactate slightly enhanced arsenate reduction and antimonate 
reduction was stimulated by acetate, lactate, and formate. However, a maximum rate enhancement of only 1.8 
times indicates that carbon substrate availability is not the rate-limiting factor in microbial arsenate or antim-
onate reduction. The collective data indicate that microorganisms catalyze reduction and (re)oxidation of As and 
Sb species in the TPs, and even though temperature is a major factor controlling microbial As and Sb reduction/ 
(re)oxidation, low inflow concentrations, long water residence times, and the presence of unfrozen peat in lower 
layers allow for efficient removal also under winter conditions.   

1. Introduction 

Mining operations generate large amounts of wastewater, which 
contains a variety of contaminants such as metals, metalloids, nitrogen- 
and sulfur-compounds (Ledin and Pedersen, 1996; Nordstrom 2011). 
Composition and concentrations largely depend on the type of ore mined 
and the ore beneficiation process. Arsenic (As) and antimony (Sb) are 
metalloids that often co-occur with gold ores and are thus detected as 
contaminants in wastewaters from gold mines (Bissen and Frimmel, 

2003; Nordstrom 2011). Arsenic and Sb have adverse effects on the 
environment and human health and can even be carcinogenic (Gebel, 
1997), but both also have industrial applications. Antimony is one of the 
World’s most-exploited metal(loid)s and is used e.g., in flame retardant 
formulations, in the production of plastics, and as a hardener in different 
products such as lead-acid batteries and bearings (Filella et al., 2002; 
Klochko 2017). Production of Sb has increased notably during the last 
decades and it has caused an increase of environmental Sb contamina-
tion in many areas worldwide. Antimony moreover plays a very 
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important role in the development of green technologies, e.g., next 
generation batteries for electric transport (U.S. Geological Survey, 
2020). Arsenic is used in alloys of lead, e.g., in car batteries and 
ammunition, in the production of pesticides, treated wood products, 
herbicides, and insecticides. Different species of As and Sb are present in 
the environment, e.g., reduced inorganic arsenite and antimonite and 
oxidized inorganic arsenate and antimonate, and bioavailability and 
toxicological effects of As and Sb largely depend on their chemical form 
and oxidation state (Bissen and Frimmel, 2003; Gebel, 1997). 

Peatlands are commonly used for passive treatment of mining- 
affected waters in Finland. Treatment peatlands (TPs) efficiently 
remove pollutants from the water, and over time pollutants accumulate 
in peat (Palmer et al., 2015). Many different chemical, physical, and 
biological processes such as adsorption, chemical or biological oxidation 
or reduction, precipitation, sedimentation and plant uptake affect the 
removal of metals and metalloids in TPs. Contaminant removal effi-
ciency depends on various factors, such as input water quality, peatland 
hydrology, pH, oxygen saturation, redox conditions and temperature (e. 
g., Sheoran and Sheoran, 2006). Microbially catalyzed arsenite or 
antimonite oxidation and arsenate or antimonate reduction can affect As 
and Sb speciation (Kujala et al., 2020; Oremland and Stolz, 2003; Stolz 
et al., 2006) and thus lead to binding or remobilization of these con-
taminants (Eberle et al., 2021; Besold et al., 2019b). Microbially cata-
lyzed oxidation of arsenite and antimonite to arsenate and antimonate, 
respectively, is likely limited to the upper, oxic peat (Bissen and Frimmel 
2003). In deeper peat layers, which are water-saturated and 
oxygen-depleted, microorganisms can conserve energy via dissimilatory 
reduction of arsenate to arsenite and of antimonate to antimonite (Fil-
ella et al., 2002; Li et al., 2016; Oremland and Stolz, 2003; Stolz et al., 
2006). 

While microbial transformations of As and Sb have been extensively 
studied in many environments such as geothermal systems, hyper-saline 
soda lakes, anoxic As or Sb contaminated sediments, groundwater or 
freshwater environments with naturally high arsenic concentrations or 
mine tailings (e.g., Abin and Hollibaugh, 2017; Dowdle et al., 1996; Fazi 
et al., 2016; Hamamura et al., 2013; Kulp et al., 2014; Nguyen and Lee, 
2014; Oremland and Stolz, 2003; Oremland et al., 2005; Terry et al., 
2015), relatively little is known about microbial transformations of As 
and Sb in peatlands used for purification of mining-affected water or 
peatlands in general. Earlier studies in two TPs in Finnish Lapland 
indicated efficient removal of As and Sb (Besold et al., 2019b; Khan 
et al., 2020; Palmer et al., 2015). Moreover, As-metabolizing microor-
ganisms and their potential for As-turnover have been characterized 
through molecular and cultivation-based methods from these peatlands 
(Kujala et al., 2020; Ziegelhöfer and Kujala 2021). Microbial commu-
nities in TPs are dominated by Proteobacteria, Chloroflexi and Actino-
bacteria, and known As-metabolizing genera such as Geobacter have been 
detected (Kujala et al., 2018, 2020). While these earlier studies provide 
some first evidence of microbially-catalyzed As and Sb turnover in 
natural and human-impacted peatlands, not much is known about the 
effect of environmental parameters such as temperature, oxygen or 
carbon substrate availability on As and Sb turnover processes in peat 
soil. However, this knowledge is essential to understand the year-round 
functioning of TPs, especially in northern climate which is characterized 
by cold winters, mean annual temperatures that ranger from − 3 to 6 ◦C 
and a seasonal snow cover from November to May which limits the 
diffusion of oxygen into the peat (Pirinen et al., 2012). Moreover, soil 
frost can change water flow pathways, decrease the available volume of 
peat for purification and lower the hydraulic retention time (Palmer 
et al., 2015; Ronkanen and Kløve, 2007; Heikkinen et al., 2018). Thus, 
microbial turnover and subsequent retention of arsenic and antimony 
might be strongly affected by winter conditions. 

The present study seeks to fill this knowledge gap by addressing 
microbial As and Sb turnover in a northern-climate TP using a combi-
nation of microcosm and pilot-scale experiments. With these experi-
ments the study aims to (i) characterize the potential of peat soil 

microorganisms for As and Sb turnover, (ii) test the influence of envi-
ronmental factors such as temperature on the turnover processes and 
(iii) demonstrate the effect of simulated winter conditions on As/Sb 
turnover in pilot-scale TPs. 

2. Materials and methods 

2.1. Sampling site 

Soil samples were obtained from TPs located near a gold mine in 
Northern Finland (67◦54′N; 25◦22′E) that have been receiving mining- 
affected waters for up to 13 years (Fig. S1). TP-A (44 ha) receives pre-
treated process wastewater (pH 7–8.5, 1.02 ± 0.86 μM As, 0.39 ± 0.28 
μM Sb, 62 ± 34 mM sulfate, 1.5 ± 0.42 mM ammonium, 0.53 ± 0.16 mM 
nitrate), while TP-B (17 ha) receives pretreated drainage water (pH 
7–7.5, 0.50 ± 0.40 μM As, 1.87 ± 0.86 μM Sb, 7.9 ± 3.5 mM sulfate, 
0.23 ± 0.16 mM ammonium, 0.72 ± 0.18 mM nitrate). The dominating 
As and Sb species in the inflow water of both TPs are arsenate and 
antimonate. TP-A and TP-B have been in operation since 2010 and 2006, 
respectively. Hydraulic load to TP-A is approximately 7 mm/day and it 
has remained comparable over the years, while it has increased for TP-B 
in recent years from 27 ± 9 mm/day in 2012 to 58 ± 18 mm/day in 2017 
(Khan et al.,2019, 2020; Palmer et al., 2015). Mean annual temperature 
and precipitation at the site are − 0.4 ◦C and 530 mm, respectively. 
Winter (defined by mean daily temperatures below 0 ◦C) lasts from 
October to May. During this time snowfall is 197 mm on average (years 
2008–2018), which results in a permanent snow cover from 
mid-October to May. For more detailed information on conditions in 
TP-A and TP-B refer to Palmer et al. (2015); Kujala et al. (2018), (2020); 
Khan et al. (2020). 

2.2. Soil sampling 

Soil samples were taken for incubation studies in 2016 from one 
sampling point in TP-A (14 ± 5.8 μg/kgDW As and 17 ± 4.6 μg/kgDW Sb 
in peat) and one sampling point in TP-B (54 ± 33 μg/kgDW As and 93 ±
24 μg/kgDW Sb in peat; Fig. S1). Sampling points were located 520 m and 
460 m from the water inflow to TP-A and TP-B, respectively. Soil sam-
ples were taken from upper layer peat (0–10 cm depth) with a Russian 
soil corer. Soil of three cores taken approximately 10 m apart was 
combined, homogenized and stored at 4 ◦C in the dark for up to 5 
months prior to use. For construction of pilot-scale TPs, soil was sampled 
from TP-A in 2017 from an area close to the outflow that was outside of 
the main flow path. Peat was excised in large blocks to disturb the 
sample as little as possible. A more detailed description of the sampling 
for the pilot-scale experiment is given in Heiderscheidt et al. (2020). 

2.3. Microcosm incubations 

Soil slurries were prepared with homogenized peat from TP-A for 
microcosm incubations targeting As turnover (since TP-A receives 
higher As loads), while peat from TP-B was used for incubations tar-
geting Sb turnover (since TP-B receives higher Sb loads). All incubations 
were set up in triplicate. 2 g of peat was diluted 1:20 with deionized 
water in 125 ml serum bottles. Oxic incubations were prepared with 
ambient air in the headspace and aerated at regular intervals, while 
anoxic incubations were prepared inside a glovebag (Coy Laboratory 
Products; operated with a gas mix of 95% N2 and 5% H2). Bottles were 
closed with butyl-rubber stoppers and crimp-sealed to preserve anoxic 
conditions. Incubations were conducted in the dark and sampled at 
regular intervals using a syringe. Experimental conditions are summa-
rized in Table 1. Preliminary tests with microcosms supplemented with 
50 μM arsenite/antimonite or arsenate/antimonate under oxic or anoxic 
conditions, respectively, were prepared in the presence and absence of 
the general microbial inhibitor sodium azide (NaN3; supplemented at a 
concentration of 0.75 mmol molcarbon

− 1) to assess the contribution of 
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abiotic processes to As/Sb turnover. NaN3 is a common inhibitor for 
microbial growth and activity (e.g., Cabrol et al., 2017), and As/Sb 
turnover in NaN3 supplemented microcosms might thus indicate con-
version by abiotic processes. 

Apparent Michaelis-Menten kinetics (i.e., kinetic assessment of pro-
cesses in a complex whole-soil system) were determined for arsenite 
oxidation, arsenate reduction, antimonite oxidation, and antimonate 
reduction. After a preincubation of two days to allow for the adaptation 
of soil microorganisms to the test conditions and consume trace amounts 
of oxygen possibly left in the anoxic incubations, microcosms were 
supplemented with different concentrations of arsenite/arsenate/anti-
monite/antimonate (Table 1). Microcosms were incubated at 20 ◦C at in 
situ pH. Samples were taken at regular intervals for up to 115 h for 
determination of arsenite/arsenate or antimonite/antimonate concen-
trations. Oxidation and reduction rates were calculated based on the 
initial linear change in concentration of arsenite/arsenate or anti-
monite/antimonate in the incubations and apparent Michaelis-Menten 
kinetics were fitted to these rates using SigmaPlot 14 (Systat Software 
Inc.). Kinetic parameters (KM,app, vmax,app) were derived from the fitted 
kinetics by the following equation: 

v =
(vmax,app×[S]
(KM,app+[S]), where v is the As/Sb turnover rates, S is the initial As/ 

Sb concentration, vmax,app is the apparent maximal turnover rate and 
KM,app is the apparent Michaelis Menten constant. From these, vmax,app

KM,app 
was 

calculated as an indicator for the affinity of a process to its substrate. 
The effect of incubation temperature and carbon substrates on 

oxidation and reduction processes was tested at initial As/Sb concen-
trations of 50 μM. Microcosms were incubated different temperatures 
(Table 1), and temperature optima were estimated in SigmaPlot by 
fitting a 3-parameter Gaussian equation to the observed oxidation/ 

reduction rates: r = aexp

[

− 0.5
(

T− T0
b

)2
]

, where r is the rate of As/Sb 

turnover, T0 is the optimum temperature for oxidation/reduction ac-
tivity, and a and b are constants. The effect of additional carbon sub-
strates was likewise assessed at initial As/Sb concentrations of 50 μM. 

The incubation temperature was kept at 20 ◦C and different carbon 
substrates were added to the incubation bottles (Table 1). Mean differ-
ences between incubations without added substrate (controls) and in-
cubations with added substrate were tested for significance using a two- 
tailed t-test. 

2.4. Pilot TPs 

Two laboratory-scale pilot TPs with a size of 50 cm × 38 cm x 30 cm 
(length x width x height) were constructed with peat obtained from TP- 
A. Details on pilot setup and operation can be found in Heiderscheidt 
et al. (2020). Briefly, the pilots were supplied with a constant inflow of 
1–2 L d− 1 process water (inflow to TP-A) in the frozen period and 2 L 
d − 1 in the frost-free period, reflecting the hydraulic load (5–10 
mm/day) and water retention time (theoretical residence time approx-
imately 30 days) in the full-size TP (hydraulic loading rate approxi-
mately 7 mm/day; residence time approximately 28 days). Inflow and 
outflow waters were sampled twice a week. The pilots were subjected to 
two freeze-thaw cycles to assess the effect of temperature and frost on 
contaminant turnover processes and removal. During the first 
freeze-thaw cycle, only the total concentrations of arsenic and antimony 
in inflow and outflow were determined, while during the second cycle, 
arsenic and antimony speciation in inflow and outflow were also 
assessed. Moreover, porewater was sampled with rhizon samplers 
(Rhizosphere Research Products, The Netherlands) installed at 5, 15 and 
25 cm depth approximately 8 cm from the inflow and analyzed for 
arsenic speciation during the second cycle. 

2.5. Analytical techniques 

Total As and Sb concentrations in inflow and outflow of the pilot TPs 
were analyzed by ICP-MS in an accredited analysis laboratory (Euro-
fins). Arsenic and Sb speciation were analyzed via AEC -ICP-MS as 
described in Table S1. 

Table 1 
Experimental setup for the microcosm incubations. All incubations were conducted as soil slurries in 125 mL serum bottles.  

Experiment Reaction State Inhibitor Arsenic/antimony Temperature (◦C) Carbon substrate 

Potential As/Sb oxidation/ 
reduction 

Arsenite oxidation oxic NaN3 or no 
inhibitora 

arsenite: 50 μM 20 no substrate added 

Arsenate reduction anoxic NaN3 or no 
inhibitor 

arsenate: 50 μM 20 no substrate added 

Antimonite 
oxidation 

oxic NaN3 or no 
inhibitor 

antimonite: 50 μM 20 no substrate added 

Antimonate 
reduction 

anoxic NaN3 or no 
inhibitor 

antimonate: 25 μM 20 no substrate added 

Apparent Michaelis-Menten 
kinetics 

Arsenite oxidation oxic no inhibitor arsenite: 10–400 μM 20 no substrate added 
Arsenate reduction anoxic no inhibitor arsenate: 10–600 μM 20 no substrate added 
Antimonite 
oxidation 

oxic no inhibitor antimonite: 2–90 μM 20 no substrate added 

Antimonate 
reduction 

anoxic no inhibitor antimonate: 3–160 
μM 

20 no substrate added 

Effect of temperature Arsenite oxidation oxic no inhibitor arsenite: 50 μM 0, 5, 15, 20, 25, 30, 
40 

no substrate added 

Arsenate reduction anoxic no inhibitor arsenate: 50 μM 0, 5, 15, 20, 25, 30, 
40 

no substrate added 

Antimonite 
oxidation 

oxic no inhibitor antimonite: 25 μM 0, 5, 15, 20, 25, 30, 
40 

no substrate added 

Antimonate 
reduction 

anoxic no inhibitor antimonate: 20 μM 0, 5, 15, 20, 25, 30, 
40 

no substrate added 

Effect of carbon substrates Arsenite oxidation oxic no inhibitor arsenite: 50 μM 20 10% CO2 

Arsenate reduction anoxic no inhibitor arsenate: 50 μM 20 acetate, formate, ethanol, lactate (1 
mM) 

Antimonite 
oxidation 

oxic no inhibitor antimonite: 25 μM 20 10% CO2 

Antimonate 
reduction 

anoxic no inhibitor antimonate: 20 μM 20 acetate, formate, ethanol, lactate (1 
mM)  

a Inhibited controls were prepared with NaN3, uninhibited incubations without. 

K. Kujala et al.                                                                                                                                                                                                                                  



Soil Biology and Biochemistry 167 (2022) 108598

4

3. Results 

3.1. Potential oxidation of arsenite/antimonite and potential reduction of 
arsenate/antimonate by peat soil microorganisms 

The potential of TP soil to oxidize or reduce As or Sb compounds was 
assessed in microcosm incubations. Arsenite oxidation was observed in 
oxic microcosm incubations that had been supplemented with 50 μM 
arsenite (Fig. 1 A). All of the supplemented arsenite was oxidized to 
arsenate within 12 days of incubation in uninhibited microcosms. No 
arsenite oxidation was observed in microcosms in which microbial ac-
tivity had been inhibited by NaN3, indicating that arsenite oxidation was 
indeed a biologically catalyzed process. Antimonite oxidation was 
likewise observed in oxic microcosms supplemented with 50 μM anti-
monite (Fig. 1 C). The oxidation was slower, and after 20 days only ¾ of 
the supplemented antimonite had been oxidized to antimonate. Anti-
monite oxidation was observed in microcosms with and without NaN3, 
indicating that the process is either (at least in part) of abiotic nature or 
that antimonite oxidizers were not inhibited by NaN3. 

Arsenate reduction was observed in anoxic microcosms that had 
been supplemented with 50 μM arsenate (Fig. 1 B). Complete arsenate 
reduction occurred in microcosms in which microbial activity had not 
been inhibited within 9 days of incubation. In contrast, negligible 
arsenate reduction was observed in microcosms supplemented with 
NaN3, indicating that arsenate reduction was a biologically catalyzed 
process. Antimonate reduction was likewise observed in anoxic micro-
cosms that had not been inhibited with NaN3, but not in microcosms in 
which NaN3 had been added as an inhibitor of microbial activity (Fig. 1 
D). Total Sb concentrations decreased over time in the former, as anti-
monite strongly binds to peat organic matter under reducing conditions 
(Besold et al., 2019a,b). 

In microcosm incubations supplemented with different initial con-
centrations of As/Sb, initial changes in As/Sb speciation were linear and 
increased with increasing initial As/Sb concentration (Fig. S2). Arse-
nite/antimonite oxidation and arsenate/antimonate reduction rates 

were calculated for this initial phase, and apparent Michaelis Menten 
kinetics were fitted to the data (Fig. 2 A, B). For arsenite oxidation, Km, 

app, i.e., the substrate concentration at half saturation, was 50 μM, while 
vmax,app was 199 nmol h− 1 gdw

− 1. Maximum process velocities vmax,app 
were lower for antimonite oxidation, arsenate reduction and antimonate 
reduction (Fig. 2 D), while KM was in a similar range for arsenate and 
antimonate reduction as for arsenite oxidation (Fig. 2 C), but much 
lower for antimonite oxidation (<10 μM). vmax

KM
, which is an indicator for 

the affinity of a process to its substrate, was higher for arsenite and 
antimonite oxidation than for arsenate and antimonate reduction (Fig. 2 
E). 

3.2. Effect of temperature and carbon substrates on arsenic and antimony 
turnover processes 

The effect of temperature and carbon substrates on the oxidation or 
reduction of As/Sb compounds was assessed in oxic or anoxic microcosm 
incubations, respectively, with initial As/Sb concentrations of 50 μM. 
Arsenite/antimonite oxidation and arsenate/antimonate reduction 
occurred at temperatures ranging from 0 to 40 ◦C (Fig. 3). While process 
rates increased with increasing temperature, As/Sb turnover was still 
observed at the lowest tested temperature, albeit at much lower rates. 
Modeled optimal temperatures for both arsenite oxidation and arsenate 
reduction were 25 ◦C (Fig. 3 A), while the optimal temperature for 
antimonate reduction was 30 ◦C (Fig. 3 B). Rates of antimonite oxidation 
showed an almost linear increase with temperature and did not reach an 
optimum in the tested temperature range. Thus, the optimal process 
temperature could not be modeled using the Ratkoswky equation (Fig. 3 
B). 

Addition of 1 mM carbon substrate only had minor effects on arse-
nate and antimonate reduction (Fig. 4 C, D). Ethanol and lactate slightly 
increased arsenate reduction, while acetate, formate and lactate slightly 
increased antimonate reduction compared to the control. However, 
none of these increases were statistically significant (p ≥ 0.08). On the 
other hand, additional CO2 significantly increased arsenite and 

Fig. 1. Demonstration of abiotic and biological 
oxidation (A, C) and reduction (B, D) of arsenite (A)/ 
antimonite (C) and arsenate (B)/antimonate (D), 
respectively. Microcosms were supplemented with 
NaN3 to inhibit microbial activity or left untreated. 
Anoxic incubations (B, D) were prepared in an 
oxygen-free atmosphere. Microcosms were set up in 
triplicate. One replicate was analyzed at all sampling 
timepoints, triplicates were analyzed at selected 
timepoints. Error bars have been omitted to improve 
figure clarity.   
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antimonite oxidation (p < 0.05; Fig. 4 A, B). 

3.3. Effect of low temperature and soil frost on arsenate and antimonate 
reduction and retention in pilot-scale TPs 

The effect of soil frost and low temperature on As and Sb turnover 
was tested in two pilot-scale TPs constructed with peat soil from the full- 
scale TP which were subjected to freeze-thaw cycles. In the thawed state, 
peat temperature was around 10 ◦C in all depths (Fig. S3 A, B). When 
freezing started, temperatures rapidly decreased in the surface layers, 
and the upper 10 cm of peat were at temperatures below 0 ◦C for 10–14 
days after the onset of freezing. This frozen state was maintained for four 
weeks. However, it should be kept in mind that frozen layers of peat can 
still contain unfrozen water (Mustamo et al., 2019). Below the frozen 
layer, temperatures were close to 0 ◦C, while the lower peat layers (~25 
cm) had temperatures of around 3–5 ◦C. Arsenic removal decreased in 
both pilot wetlands with the onset of freezing but increased again to 
pre-freezing removal after about one week in the frozen state (Fig. S3 C, 
D). In contrast to this, Sb removal increased upon the onset of freezing in 
both pilot wetlands and started to decrease again after about one week 
in the frozen state. 

Arsenic and Sb concentrations in inflow remained rather constant 
during the freeze-thaw cycle and speciation analysis of As and Sb in the 
inflow water of the pilot wetlands revealed that >95% were arsenate/ 
antimonate (Figs. 5 and 6). In the outflow of both pilots, As was detected 
mainly as arsenite and methylated oxyarsenates (monomethylarsenate 
(MMA), dimethylarsenate (DMA); Figs. 5 C, 6 C). In pilot 1 the relative 
contribution of the different As species remained unchanged throughout 
the freeze-thaw cycle, whereas in pilot 2 the relative contribution of 
detected methylated oxyarsenates was significantly higher during the 
frozen phase (p = 0.02; Fig. 6 C). Antimonate was the dominating 

antimony species in the outflow water of both pilot for all sampling 
timepoints (Figs. 5 D, 6 D). Both pilots showed increased concentrations 
of iron and sulfate in the outflow water after the onset of freezing 
(Fig. S4). 

No porewater could be collected from the porewater samplers 
installed at 5 cm depth during the frozen period, which confirms that 
any liquid water in the frozen layer was only present in isolated pores. 
Total As in the porewater was in the range of the outflow water samples, 
indicating that most of the As retention had happened close to the inlet 
of the pilot wetlands. In the upper layer, arsenate, arsenite, MMA and 
DMA were detected before the layer was frozen (Fig. S5 A,B). After 
thawing, concentrations were 2- to 10-fold higher, likely due to slow 
accumulation of As in the frozen peat. Concentrations of arsenite, MMA 
and DMA rapidly decreased to pre-frozen levels in pilot wetland 2 
(Fig. S5 B), while in pilot wetland 1 porewater DMA concentrations 
remained high (Fig. S5 A). In the lower layers of pilot wetland 2 (15 and 
25 cm), which were not completely frozen, MMA and DMA concentra-
tions increased sharply upon the onset of freezing. In 15 cm depth, MMA 
and DMA concentrations decreased as freezing continued (Fig. S5 C), 
while DMA concentrations stayed elevated in 25 cm depth (Fig. S5 D). 
Similar to the outflow water profiles (Figs. 5 C, 6 C), methylated oxy-
arsenates dominated, especially in the lower peat layers. 

4. Discussion 

4.1. Microbial As and Sb turnover in TPs and implications for 
contaminant removal 

Speciation of As and Sb is of great importance for their mobility and 
removal and can be affected by microbially catalyzed oxidation and 
reduction processes. The present study revealed potential for microbial 

Fig. 2. Effect of As (A) and Sb (B) concentrations on oxidation/reduction rates. Mean values of oxidation/reduction rates and standard errors of three replicates are 
displayed. Apparent Michaelis-Menten kinetics were fitted to the data points. Kinetic parameters derived from these curves are displayed in panels (C)–(E). 
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arsenite and antimonite oxidation as well as arsenate and antimonate 
reduction in peat. Arsenite oxidation as well as arsenate and antimonate 
reduction rates followed apparent Michaelis Menten kinetics, indicating 
enzymatic catalysis of those processes. Observed rates of arsenate and 
antimonate reduction (50 μM of arsenate/antimonate reduced within 
9–12 days; Fig. 1) were rather low in comparison to rates reported for 
pure cultures and natural microbial communities, which are in the range 
of 5–75 μM h− 1 (Abin and Hollibaugh, 2014; Das et al., 2016; Dowdle 
et al., 1996). Arsenate and antimonate reduction rates in TPs might be 
impacted by the presence of other terminal electron acceptors such as 
sulfate or nitrate which are often adsorbed to the peat from 
mining-affected water. Studies have reported delayed onset of arsenate 
reduction and slightly impacted antimonate reduction in the presence of 
nitrate (Dowdle et al., 1996; Yang et al., 2021). On the other hand, 
sulfate does not necessarily affect arsenate reduction rates when sup-
plied in equimolar concentrations (Dowdle et al., 1996; Newman et al., 
1997). However, in TP inflow, molar nitrate concentrations are 400 to 
1400 times higher than molar arsenate or antimonate concentrations, 
while molar sulfate concentrations are even 4000 to 150000 times 
higher, and such high differences in concentration would thus likely 
have a more pronounced effect than the concentrations used in the 
mentioned studies. KM,app for both arsenate and antimonate reduction 
largely exceed the concentrations found in the inflow water, indicating 
that reduction of arsenate and antimonate in situ might be even slower. 
Nonetheless, concentrations of 0.5–2 μM arsenate or antimonate (as in 
TP inflows) would be expected to be reduced within 4–15 days. 

Of all studied processes, arsenite oxidation showed the highest re-
action rates (Fig. 2), while vmax,app for antimonite oxidation was about 
ten times lower than for arsenite oxidation. Since inflow waters to the 

TPs contain only very little arsenite and antimonite (arsenate and 
antimonate dominate), oxidation would mainly target arsenite and 
antimonite produced in the peat by arsenate and antimonate reduction. 
While arsenite and antimonite oxidation are mostly observed with ox-
ygen as the terminal electron acceptor, anaerobic arsenite and anti-
monite oxidation are also possible when coupled with suitable electron 
acceptors such as selenate, nitrate or iron (Fisher and Hollibaugh, 2008; 
Hamamura et al., 2014; Li et al., 2019; Rhine et al., 2006; Terry et al., 
2015; Zhang et al., 2021). Produced (or introduced) arsenite or anti-
monite might thus be readily (re-) oxidized in TPs when oxygen or other 
suitable electron acceptors such as nitrate are present. 

Oxidation and reduction of As/Sb compounds thus potentially occur 
in TPs. However, as (i) inflow waters to the TPs contain mainly the 
oxidized compounds arsenate and antimonate, and (ii) water-logged 
peat, especially in the deeper layers, is mainly anoxic, arsenate and 
antimonate reduction are likely the net dominating processes in the TPs. 

Under reducing conditions, arsenite and antimonite bind to peat 
organic matter via thiol and carboxyl/phenol groups (Besold et al., 
2018; Besold et al., 2019 a,b), while under oxic conditions As and Sb can 
adsorb to metal (oxyhydr-)oxides (Belzile et al., 2001; Bissen and 
Frimmel, 2003). In microcosm incubations, rapid removal of Sb was 
observed under anoxic conditions, indicating rapid binding of formed 
antimonite to peat. In contrast, no removal of Sb was observed under 
oxic conditions and under anoxic, NaN3-supplemented conditions, 
indicating that antimonate binding to peat is rather minor (Besold et al., 
2019a,b). A similar phenomenon was observed in the pilot-scale TPs 
where total Sb concentrations at the outflow were lower than at the 
inflow and antimonate was the only species remaining in solution, 
indicating effective binding of antimonite to the peat. 

Fig. 3. Effect of temperature on arsenite/antimonite oxidation and arsenate/antimonate reduction. Supplied arsenic/antimony concentrations were 50 μM for all 
temperatures. Means and standard errors of triplicates are displayed. Temperature optima were derived from Gaussian curves fitted to the plots. Optima are indicated 
by vertical dashed lines. The estimated temperature optimum for antimonite oxidation was >40 ◦C and is not displayed. 
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4.2. Abiotic processes contribute to antimonite but not arsenite oxidation 
in TPs 

In microcosm incubations inhibited with NaN3, antimonite oxidation 
but no arsenite oxidation was observed (Fig. 1). Antimonite oxidation 
also occurred when the amount of NaN3 supplemented was increased 
10-fold (data not shown), indicating that the observed lack of inhibition 
was not caused by a too low inhibitor concentration. While the method 
used for sterilization might affect the observed inhibition, and peat 
antimonite reducers might not be affected by NaN3, lack of inhibition 
might also be explained by abiotic antimonite oxidation. 

While abiotic oxidation of both arsenite and antimonite may occur in 
soils, abiotic oxidation of antimonite is faster and more complete (e.g., 
Asta et al., 2012; Leuz et al., 2006). Without a catalyst, abiotic anti-
monite oxidation with oxygen is slow and is only observed at pH > 10 
(Leuz and Johnson, 2005). Abiotic antimonite oxidation can be cata-
lyzed by light, iron, manganese, humic acids or hydrogen peroxide 
(Belzile et al., 2001; Buschmann et al., 2005; Leuz et al., 2006; Quentel 
et al., 2004). While peat microcosms were incubated in the dark, thus 
excluding the possibility for photocatalytic antimonite oxidation, peat 

contains humic acids and metals like iron which might catalyze abiotic 
antimonite oxidation. Photocatalytic and hydrogen peroxide mediated 
antimonite oxidation rates increase with increasing temperature with no 
observed maximum for temperatures ranging from 10 to 60 ◦C and 
15–40 ◦C, respectively (Buschmann et al., 2005; Quentel et al., 2004). 
This is very similar to the observed effect of temperature on antimonite 
oxidation in peat microcosms, a further indication that the process is (at 
least in part) abiotic. 

4.3. Temperature-sensitivity of the As/Sb turnover processes does not 
largely affect removal of As/Sb in pilot- and full-scale TPs 

In the full-scale TPs, temperatures range from − 2 ◦C in winter to 
25 ◦C in summer in upper peat layers, while they are more stable in 
lower peat layers. Arsenic turnover has been observed in low tempera-
ture environments, and arsenite oxidizing as well as arsenate reducing 
enrichments or pure cultures show growth and activity at temperatures 
≤10 ◦C (Bachate et al., 2012; Osborne et al., 2010; Ziegelhöfer and 
Kujala, 2021). The effect of temperature on microbial Sb turnover has 
not been assessed in soils to date. In microcosm incubations with peat 
soil, microbial As and Sb turnover was observed for the whole tested 
temperature range (0–40 ◦C), indicating the potential for year-round As 
and Sb turnover in TPs. However, turnover rates were much lower at 
colder temperatures (5–21% of rates observed at optimum temperature), 
so lower turnover and thus lower removal of As and Sb might be ex-
pected in winter months. 

In full-scale TPs, no pronounced seasonality of As and Sb removal is 
observed (Heiderscheidt et al., 2020; Khan et al., 2020), indicating 
in-situ removal efficiency is controlled by factors other than tempera-
ture. Likewise, in the pilot-scale TPs, the effect of freezing conditions on 
As and Sb removal was minor (Figs. 5, 6, S3). Inflow concentrations to 
the full-scale TPs are approximately 25- to 250-fold lower than the 
concentrations used in the microcosm incubations. Thus, even at low 
temperatures microbial arsenate and antimonate reduction are likely 
fast enough to reduce most of the arsenate and antimonate in the inflow 
water and allow for binding of the formed arsenite and antimonite to 
peat. Moreover, lower peat layers experience less variation in temper-
ature, and As and Sb turnover might thus happen in lower peat layers in 
winter months. The size of the TPs, the long water residence times (7–42 
days; Palmer et al., 2015) and the occurrence of unfrozen layers thus 
likely contribute to efficient year-round As and Sb removal. 

4.4. Impact of carbon substrates on arsenate and antimonate reduction in 
TPs is minor 

While arsenate and antimonate reducing microorganisms are known 
to use a variety of organic and inorganic electron donors such as lactate, 
acetate, sugars, aromatic compounds, methane, sulfide or molecular 
hydrogen (Blum et al., 2009; Dowdle et al., 1996; Heimann et al., 2007; 
Lai et al., 2016; Liu et al., 2004; Oremland et al., 2005; Shi et al., 2019, 
2020; Yamamura et al., 2021), only lactate led to slightly enhanced 
arsenate reduction rates in peat soil microcosms (Fig. 4). Similar ob-
servations have been made in As-rich groundwater systems, in which 
arsenate reduction was only stimulated by lactate, but not by acetate, 
indicating that arsenate reducers might prefer lactate as a carbon sub-
strate (Das et al., 2016). In contrast to this, antimonate reduction was 
stimulated by acetate, lactate and formate, indicating that peat antim-
onate reducers utilize a wider range of carbon substrates. Supplemented 
carbon sources increased arsenate and antimonate reduction rates to at 
most 1.8 times compared to the control. This indicates that carbon 
substrate availability might not be the rate-limiting factor in microbial 
arsenate or antimonate reduction. On the other hand, carbon substrates 
might have been used as electron donors in other reductive processes 
such as nitrate or sulfate reduction, which might have lessened the effect 
on arsenate or antimonate reduction. Arsenite and antimonite oxidation 
were stimulated by elevated CO2 concentrations. Since these oxidations 

Fig. 4. Effect of carbon substrates on arsenite/antimonite oxidation (A/B) and 
arsenate/antimonate reduction (C/D). Supplied arsenic/antimony concentra-
tions were 50 μM for all treatments. Means and standard errors of triplicates 
are displayed. 
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can be performed by autotrophic or heterotrophic microorganisms 
(Garcia-Dominguez et al., 2008), increased rates at higher CO2 con-
centrations indicate that autotrophic As/Sb oxidizers might play an 
important role in TPs. In pilot- and full-scale TPs, As and Sb were 
effectively removed without the addition of carbon substrates, indi-
cating that at low overall As and Sb concentration, the carbon contained 
in the peat is sufficient to sustain arsenate and antimonate reduction. 

4.5. Methylation of As can reduce As removal during cold or freezing 
periods 

In the full-scale TP, methylated oxyarsenates are detected in the 
summer in deeper peat layers, with highest concentration at a depth of 
30–40 cm (Eberle et al., 2021), but As speciation in winter months has 
not been assessed. While seasonally resolved determination of As species 
in the full-scale TP would be needed to determine the importance of 
methylated oxyarsenates for removal efficiencies, results obtained from 
pilot TPs can give first insights on possible mechanisms of methylated 
oxyarsenate formation and their role in the removal process. Methylated 
oxyarsenates were detected in the outflow and porewater of the pilot 
TPs. In contrast, methylated oxyantimonates could not be detected with 
the method used for the antimony speciation analysis in the pilot-scale 
TPs. In pilot TPs, the influence of temperature on formation of methyl-
ated oxyarsenates was inconclusive, as one pilot showed no effect of 
temperature on occurrence of methylated oxyarsenates, while the other 
showed higher concentrations during the freezing period. In both pilots, 
outflow total As, iron and sulfate concentrations increase upon onset of 
freezing, which might be due to the decreasing volume of unfrozen pore 
space available (Fig. S4). In these microenvironments with higher con-
centrations, As methylation might be facilitated, as might be iron 
reduction and sulfate reduction. Methylated oxyarsenates adsorb less 
efficiently to soil minerals than inorganic arsenic compounds, and high 

organic matter content in soils leads to even lower adsorption (Lafferty 
and Loeppert, 2005; Shimizu et al., 2011). Thus, in contrast to arsenite 
produced during arsenate reduction, formed methylated oxyarsenates 
might stay in solution. Increased formation of methylated oxyarsenates 
during cold/freezing periods might thus reduce As removal. On the 
other hand, produced Fe(II) and sulfide can precipitate as iron sulfide, 
leading to decreased iron and sulfate concentrations in the later frozen 
stages (Fig. S4). Moreover, arsenite might co-precipitate with the formed 
iron sulfide before it can be methylated (Bostick and Fendorf 2003), 
leading to lower total As and arsenite concentrations in the later frozen 
stages. 

Methylated oxyarsenates were not detected in microcosm in-
cubations with peat soil. Several factors might contribute to these con-
trasting findings: Arsenic concentrations in the microcosms was 25- to 
250-fold higher than in TP inflow water, and incubation times were 
considerably shorter than water residence times in full-scale or pilot TPs. 
At high concentrations arsenate reduction might be the preferred pro-
cess, and methylation might happen only after most of the arsenate is 
already reduced to arsenite. In contrast to the microcosm incubations 
which were set up with deioinized water supplemented with As or Sb, 
pilot-scale TPs received real process wastewater which contained apart 
from arsenic and antimony also high concentrations of other contami-
nants such as sulfate, nitrate and ammonium. High sulfate concentra-
tions have been reported to lead to increased formation of methylated 
oxy- and thioarsenates, and sulfate reducing bacteria are major con-
tributors to this methylation activity (Chen et al., 2019, 2021). Thus, the 
occurrence of methylated oxyarsenates might be attributed to the higher 
sulfate concentrations in full-scale or pilot TPs. 

4.6. Conclusions and outlook 

Microbial transformations of As and Sb occur in peatlands used for 

Fig. 5. Effect of freeze-thaw-cycles on arsenic (A, C) and antimony (B, D) speciation and total concentrations in inflow (A, B) and outflow of pilot wetland 1 (C, D). 
MMA = monomethylarsenate(V), DMA = dimethylarsenate(V). The shaded area indicates the frozen state during which the upper 10 cm of peat had temperatures 
below 0 ◦C. 
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treatment of mining-affected waters and thus are major contributors to 
As and Sb removal. Arsenate and antimonate were efficiently reduced to 
arsenite and antimonite, which allowed for efficient binding to peat 
(Fig. 7). Arsenic and Sb turnover rates were greatly influenced by initial 
As/Sb concentration and incubation temperature, with low turnover at 
low temperatures (Fig. 7). Nonetheless, efficient reduction and subse-
quent removal of arsenate and antimonate occurred in pilot-scale TPs 
also under frozen conditions. Methylated oxyarsenates were detected, 
which were likely formed by sulfate-reducing bacteria from initially 
produced arsenite (Fig. 7). The study identified some discrepancies be-
tween the results obtained from microcosm incubations and monitoring 

of pilot-scale TPs, e.g., the formation of methylated oxyarsenates in the 
latter, emphasizing the need for further studies on pilot- or full-scale 
peatland systems. Future studies should thus focus on the seasonality 
of As and Sb species in peat and porewater in the full-scale TPs, which 
would give further insights on the effect of winter conditions on As and 
Sb turnover, especially in respect to methylated oxyarsenates, on the 
biological potential for methylation of As and Sb in peat and on the 
identification of microbial players and genes involved in As and Sb 
turnover. 

Fig. 6. Effect of freeze-thaw-cycles on arsenic (A, C) and antimony (B, D) speciation and total concentrations in inflow (A, B) and outflow of pilot wetland 2 (C, D). 
MMA = monomethylarsenate(V), DMA = dimethylarsenate(V). The shaded area indicates the frozen state during which the upper 10 cm of peat had temperatures 
below 0 ◦C. 

Fig. 7. Arsenic and Sb removal in treament peat-
lands. Processes are shown by arrows, and the size of 
the arrow indicates the assumed importance of the 
process. Incoming arsenate and antimonate are 
reduced to arsenite and antimonite, which bind 
strongly to the peat. Process rates are higher at higher 
temperatures and As/Sb concentrations, but even at 
low temperatures and concentrations reduction and 
subsequent binding occur. Produced arsenite and 
antimonite might be reoxidized to arsenate and 
antimonate in upper, oxic peat layers, at least in 
summer months (solid arrow), while snow and ice 
cover might limit oxygen availability in winter 
(dashed arrow). This is likely more prominent in 
summer, as in winter TPs are covered by snow and ice 
layers which prevent diffusion of oxygen into the 
peat. Sulfate reducing bacteria (SRB) can produce 
methylated As compounds such as mono- and dime-
thylarsenate from arsenite.   
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Besold, J., Eberle, A., Noël, V., Kujala, K., Kumar, N., Scheinost, A.C., Lezama 
Pacheco, J., Fendorf, S., Planer-Friedrich, B., 2019b. Antimonite binding to natural 
organic matter: spectroscopic evidence from a mine water impacted peatland. 
Environmental Science & Technology 53, 10792–10802. 

Bissen, M., Frimmel, F.H., 2003. Arsenic – a review. Part I: occurrence, toxicity, 
speciation, mobility. Acta Hydrochimica et Hydrobiologica 31, 9–18. 

Blum, J.S., Han, S., Lanoil, B., Saltikov, C., Witte, B., Tabita, F.R., Langley, S., 
Beveridge, T.J., Jahnke, L., Oremland, R.S., 2009. Ecophysiology of 
“Halarsenatibacter silvermanii” strain SLAS-1(T), gen. nov., sp. nov., a facultative 
chemoautotrophic arsenate respirer from salt-saturated Searles Lake, California. 
Applied and Environmental Microbiology 75, 1950–1960. 

Bostick, B.C., Fendorf, S., 2003. Arsenite sorption on troilite (FeS) and pyrite (FeS2). 
Geochimica et Cosmochimica Acta 67, 909–921. 

Buschmann, J., Canonica, S., Sigg, L., 2005. Photoinduced oxidation of antimony(III) in 
the presence of humic acid. Environmental Science & Technology 39, 5335–5341. 
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