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Abstract

Increased metal mining in the Arctic region has caused elevated loads of arsenic (As), antimony (Sb), nickel
(Ni), and sulfate (SO4%) to recipient surface or groundwater systems. The need for cost-effective active and
passive mine water treatment methods has also increased. Natural peatlands are commonly used as a final step

for treatment of mining influenced water. However, their permanent retention of harmful substances is affected



by influent concentrations and environmental conditions. The effects of dilution, pH, temperature, oxygen
availability, and contaminant accumulation on retention and leaching of As, Sb, Ni, and sulfate from mine
process water and drainage water obtained from treatment peatlands in Finnish Lapland were studied in batch
sorption experiments, and discussed in context of field data and environmental impacts. The results, while
demonstrating effectiveness of peat to remove the target contaminants from mine water, revealed the risk of
leaching of As, Sb, and SO4* from treatment peatlands when diluted mine water was introduced. Sb was more
readily leached compared to As while leaching of both was supported by higher pH of 9. No straightforward
effect of temperature and oxygen availability in controlling removal and leaching was evident from the results.
The results also showed that contaminant accumulation in treatment peatlands after long-term use can lead to
decreased removal and escalated leaching of contaminants, with the effect being more pronounced for As and

Ni.
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1. Introduction

Mining operations typically result in enormous quantities of process waters (e.g. from
beneficiation) and acid or alkaline mine drainage waters (e.g. from mine dewatering and
seepage from tailings and waste rock piles). These waters usually contain high
concentrations of contaminants, including metals, metalloids and salts, which can have
devastating impact on the nearby groundwater and surface water bodies and their respective
users and ecosystems (Johnson and Hallberg, 2005; Kaupilla et al., 2011; Nordstrom and
Alpers, 1999). While it is a global issue, the impacts can become particularly amplified in
high-latitude regions because of their pristine environment, cold climate, and the fact that
pollutants tend to persist longer under these conditions (Macdonald et al., 2000). Special
attention is needed to minimize these impacts because the Arctic region is home to some of

the largest extracted and explored metal mineral reserves in the world (Boyd et al., 2016).

Process and drainage waters from mines extracting sulfide ores (e.g. pyrite and galena) may

contain arsenic (As) and antimony (Sb) as the principal environmental contaminants,
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especially since pollution from these two elements often co-occur (De Gregori et al., 2003;
Rieuwerts et al., 2014; Toujaguez et al., 2013; Wu et al., 2011). Sources of metal and
metalloid pollution in the environment are however not limited to mining. Elevated
concentrations of As have been reported in soil near coal combustion based thermal power
plants (Jurkovi¢ et al., 2011) and in groundwater sources all over the world (Bhattacharya
et al., 2007). Similarly, high concentrations of Sb in soils are linked to anthropogenic
activities such as smelting industry (Ainsworth et al., 1990). Severe health effects of As, Sb
(Abernathy et al., 1999; Cooper and Harrison, 2009; U.S. Environmental Protection
Agency, 2013a) and another important constituent of sulfide ores such as nickel (Ni) (Borba
et al., 2006; U.S. Environmental Protection Agency, 2013b) are well known. Moreover, As

and Sb are linked to eco-toxicity in aquatic and soil ecosystems (Borgmann et al., 2005).

Active treatment methods such as oxidation, dosing with alkali, accelerated sedimentation
(ODAS), ion exchange and sorption, sulfate reduction and bio-desalination are essentially
used in the mining industry (Hengen et al., 2014; Stuhlberger et al., 2007; Younger et al.,
2002). These methods are reliable, operationally flexible, can treat high pollution loads, and
generally do not require very large areas. On the down side, they are energy- and resource-
intensive and require continuous monitoring, as well as frequent maintenance. Moreover,
operational costs of active treatment become even more financially unappealing to mining
companies once the mine has ceased to produce economic revenues (Gazea et al., 1996)
especially in the Arctic region where amount of produced mine waters are typically high.

For these reasons, passive treatment has received much attention in recent years.

Constructed wetlands are the most popular passive treatment method used for mine water
treatment (PIRAMID Consortium, 2003). They imitate many processes of active treatment

in a naturally sustained environment powered by ambient solar energy. These processes



include equalization, settling, filtration, sorption, chemical precipitation, microbial
decomposition and biological oxidation, among others (Crites et al., 2006; Palmer et al.,
2015; Sheoran and Sheoran, 2006; Sundaravadivel and Vigneswaran, 2001; Vymazal,
2010). After mine closure, passive methods can be especially attractive for the treatment of
mine drainage water, since they keep working with an almost negligible requirement for
maintenance and supervision. Peatlands, a type of natural wetland, cover around 3% of the
global land area and are most prevalent in high-latitude regions and in the tropics (Turetsky
et al., 2014). Peatlands have been used as a treatment step in the mining industry for years

(Palmer et al., 2015).

The ability of peat soil to remove metals and metalloids from contaminated water is well
established (Allen et al., 1994; Bunzl et al., 1976; Gosset et al., 1986). The removal
processes include ion exchange, surface adsorption, chemisorption, complexation and
adsorption-complexation (Brown et al., 2000). These processes are controlled by
environmental conditions such as pH, temperature, and dissolved oxygen. The pH and
cation concentrations in natural peatlands depend on the peatland type; ombrotrophic bogs
are, in general, characterized by lower pH and cation concentrations (pH<4, Ca<1 mgL™)
than minerotrophic fens (pH>4, Ca> 2 mg L) (Glaser et al., 1990; Griffiths and Sebestyen,
2016). In general, metal removal has been found to be the most effective in the pH range
3.510 6.5, while metals start to leach at lower pH (Brown et al., 2000; Coupal and Lalancette,
1976; Randall et al., 1974; Sen Gupta et al., 2009; Tipping et al., 2003). The role of
temperature, however, remains unclear, as both negative and positive correlations between
peat metal adsorption capacity and temperature have been reported (Ansone et al., 2012;
Champagne et al., 2008; Lalvani et al., 1997; Viraraghavan and Dronamraju, 1993). At the
same time, low dissolved oxygen has been linked to better removal of metals, such as

cadmium (Cd), manganese (Mn), zinc (Zn), aluminum (Al), Ni, copper (Cu), and iron (Fe),
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from mine water in peat based biofilter columns (Champagne et al., 2008), while
competition with other aqueous species (metals, cations and anions) has been shown to
negatively affect adsorption of certain metals (Brown et al., 2000; Palmer et al., 2015;
Wilson et al., 2010). Dissolved oxygen concentration affects the redox conditions and
speciation of metals and metalloids influencing their removal/retention. In addition to this,
sulfates, after reduction to sulfides in anoxic environments, effectively contribute to metal
removal from water by metal sulfide precipitation that is a major metal removal mechanism

in wetlands treating mine waters (Reddy and DelLaune, 2008).

Environmental conditions in treatment peatlands can be quite variable, affecting their
treatment efficiency (Karjalainen et al., 2016). The oxygen availability in peatlands varies
with peat depth (Heikkinen et al., 2018; Megonigal et al., 1993) and is also affected by
groundwater level (Patrick et al., 1985) and temperature. Furthermore, snow and ice cover
that accumulate over the long winter in the treatment peatland, restrict diffusion of oxygen
from the atmosphere into the peat and pore water in Arctic region (Kadlec and Reddy, 2001).
However, there is a lack of knowledge about how these factors can be linked to the

removal/leaching processes in field conditions.

In addition to reduced treatment efficiency, the risk of contaminant leaching from treatment
peatlands can increase when contaminants have accumulated to high concentrations in the
peat after many years of operation (Palmer et al., 2015; Ronkanen and Klgve, 2009). These
bound contaminants can detach from peat and become mobile due to changes in pH and
redox conditions (Coupal and Lalancette, 1976; Frohne et al., 2011; Gambrell, 1994;
Rothwell et al., 2010) brought about by a large influx of water, e.g. during snowmelt season
and storm events. In waters rich in anions (e.g. sulfates, phosphates), the anions can

exchange with adsorbed metals, thus affecting their retention (Stuckman et al., 2011).



Furthermore, metals and metalloids removed by formation of insoluble metal sulfides under
anoxic conditions can leach out under oxidizing conditions, when sulfides are oxidized to
sulfates (Reddy and DeLaune, 2008). Leaching also poses a long-term risk, and the risks for

leaching of contaminants are still poorly understood.

This study is based on the hypotheses that drop in influent water concentration and
accumulation of contaminants in northern peatlands used for treatment of mining influenced
water both lead to a decline in removal efficiency and an increase in the risk of contaminant
leaching. In order to clarify this, fresh and unmodified peat from two treatment peatlands
were sampled for batch adsorption/desorption experiments. Most studies to date have used
treated and/or modified peat (Leiviska et al., 2018; Sen Gupta et al., 2009) and studies using
unmodified and untreated peat are scarce. Unlike constructed wetlands, natural peatlands
are uncontrolled passive treatment systems. Thus, probable environmental impacts related
to use of natural peatlands in mine water treatment include the degradation of peatlands by
contaminants accumulation and risk of pollutant leaching to recipient waters in long term.
These can be a setback to the efforts towards sustainable mining. More explicitly, the

following aspects have been explored in detail in this study:

) The effectiveness of unmodified peat from peat-based treatment wetlands to remove
contaminants from mining influenced water

i) The effect of pH, temperature, and dissolved oxygen availability as critical
parameters on removal and leaching of contaminants from northern peatlands
treating mining influenced water.

iii)  The decline in effectiveness of peat-based treatment wetlands to remove

contaminants from mining influenced water after long-term use.



The results, although focused on mining influenced water, are applicable in the broader
context to pristine and constructed wetlands loaded with metals, metalloids and sulfates

from both natural and anthropogenic sources.
2. Materials and Methods
2.1. Site description

The study site comprised two mining influenced water treatment peatlands, one receiving
pre-treated process water (TP A) and the other receiving pre-treated drainage water (TP B)
from a gold mine in Finnish Lapland (67°54°N; 25°22’E) (Figure 1a). The region is
classified as Dfc (snow climate characterized by moist, cold winters) in the Koppen climate
classification system (Autio and Heikkinen, 2002; Koppen, 1936). There is permanent snow
cover from October to May, and summer temperatures lie in the range 4-20°C (Finnish
Meteorological Institute, 2017). For this study, constituents of interest in the process water
and drainage water from the mine are As, Sbh, Ni, and sulfate (S0+%). Since the water
received by both peatlands is pre-treated, the inflow concentrations of many parameters are
well below the concentrations usually found in mining influenced water, e.g. mean
concentrations of suspended solids in inflow water are 5.83 mgL* and 4.44 mgL™* for TP A
and TP B, respectively. The pH in the peatlands varies between 6.0 and 7.5 (mean £ SD:
6.87£0.59) as monitored with pH loggers from 2013 to 2015, and the combined
concentration of major cations (K, Mg, Ca and Na) in soil samples lies in the range of 8-42
g kg! indicating high cation exchange capacity (CEC) that is in line with those reported for
moss peat in northern latitude regions (Rippy and Nelson, 2007). Hydraulic conductivities
in the peatlands, measured in 2015 through a falling head piezometer test, were quite high
even in deeper peat layers. Average hydraulic conductivity at 80 cm depth was 0.0182 cms

1+0.0179 compared to 0.032 cms™ + 0.027 near the surface.



2.2. Peat and mine water sampling

Peat samples were taken as soil cores with a Russian peat corer on three different occasions:
In June 2013 and August 2014, single samples were taken from three locations in TP A and
four locations from TP B, respectively. In March 2016, three replicate peat samples (within
an area of 1 m?) were taken from two locations in each peatland. The samples used in the
majority of the experiments were from sampling points located quite close to the wetland
inlets: 77 m from the inlet for TP A (total length 1200 m) and 194 m from the inlet for TP
B (total length 550 m). Sampled peat soil was separated according to depth prior to storage.
The samples were stored in airtight LDPE bags at 4+1°C. The samples collected in 2013
and 2014 contained less water than the samples collected in 2016 and were used in batch
experiments without any further processing. The peat samples taken in 2016 were dewatered
through centrifugation at 4500 rpm (4754 RCF) for 2 hours. Centrifugation resulted in phase
separation, with accumulation of relatively drier peat at the bottom and pore-water at the

top, which was removed using a pipette.

Mine drainage water, from open pits and underground mining, and process water samples
were collected for the batch experiments from their respective basins. These basins contain
pre-treated process water and neutralized mine drainage water before these are released into
their respective treatment peatlands. Process water sampling was carried out in June 2014,
while drainage water samples were collected in August 2014. For the later phase of the
experiments, water samples from both basins were collected again in March 2016. All water
samples were stored at 4+1°C in an HDPE container, and their elemental chemical

composition was analyzed prior to the batch tests.

2.3. Sorption and desorption experiments



Batch sorption (removal)/desorption (leaching) experiments were performed with peat soil
from the treatment peatlands. Mine process or drainage water was used as the liquid phase,
both undiluted and diluted to various degrees with MilliQ water (1:10, 1:100, 1:500 and
1:1000). Peat soil from the peatland receiving process water (TP A) was subjected to process
water, while peat soil from the treatment peatland receiving drainage water (TP B) was
subjected to drainage water. The experiments were conducted under oxic and anoxic
conditions using peat samples from different locations and depths (10 cm and 70 cm from
peat surface) while temperature (1°C, 10°C and 25°C) and pH (pH 6 and pH 9) were varied
in the experiments. Furthermore, batch experiments were performed with samples taken at
two different points in time about 2-3 years apart, in order to study long-term changes in
treatment behavior and accumulation of contaminants in the treatment peatlands. A

schematic overview of the study set-up is given in Figure 1b.

The incubations were carried out in accordance with the procedure laid down by Roy et al.
(1992). A soil-solution ratio of 1:60 (2.5 g of soil in 147.5 mL of solution) was used, as it
has been found to be appropriate by other authors (Koivula et al., 2009; Palmer et al., 2015)
for sorption experiments involving metals and peat. Batches were incubated for 24 hours on
a rotary overhead shaker rotating at 30 rpm. This incubation period was selected to provide
sufficient time for the sorption/desorption reaction to reach equilibrium. After incubation,
the peat was allowed to settle from solution, and the supernatant was removed using a
syringe and filtered through a 0.45 pum polyethersulfone membrane syringe filter. The
filtrate was analyzed for equilibrium concentrations of As, Sb, Ni, Fe, Al and SO+%. Redox

potential and pH of the solution were also measured post incubation.

Oxic incubations were carried out with ambient air in the headspace, while anoxic

incubations were carried out in crimp-sealed glass serum bottles that were made anoxic by



replacing the ambient air in the headspace and dissolved oxygen by purging with dinitrogen
gas (for about 20 minutes) until the remaining dissolved O2 concentration was less than 0.1
mgL?. Dissolved O; concentration in oxic incubations was higher than

9 mgL™.

The dilution ratios used were selected to represent the range of concentrations expected to
be encountered in the treatment peatlands. The selection was based on analysis of water
quality data for the receiving water body upstream of the TP A and TP B outlets (which
were taken as examples for the lowest possible concentration ranges) and the water quality
data of process and drainage water (which were taken as examples for the highest possible
concentration ranges; Supplemental Table S1). The data on the receiving water body were

taken from a database maintained by the Finnish Environmental Institute (Hertta-database).
2.4. Analytical procedure

Peat and pore water were analyzed separately for their chemical characteristics. For
concentrations in peat, analyte extracted from peat through HNO3/HCI extraction
(EPA3051A) was analyzed. Chemical analyses were carried out at an accredited laboratory
(AHMA ympdristd Qy) using ICP-MS (for As, Sb, Ni, Fe and Al; SFS-EN I1SO 17294-
2:2005) and ion exchange chromatography (for SO4?; SFS-EN 1SO 10304-1:2009). Peat
and pore water characteristics are summarized in Supplemental Table S2 and Supplemental
Table S3, respectively, while Supplemental Table S4 presents concentrations of various

contaminants in the process and drainage water samples.

Dry mass of the peat samples was calculated from the moisture content of the dewatered
peat samples (ASTM D 2974) by oven drying at 86°C (O’Kelly, 2005). In addition to the
moisture content, ash content and organic content of the peat samples were also measured

(Supplemental Table S2), following the same standard specifications.
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2.5. Calculations and statistical analysis

The amounts of contaminants removed from, or leached to, the liquid phase were calculated

as:

Cremovea = Ci — Ceq

where Cremoved is amount of contaminant removed from the solution (mgL™?), Cj is initial
concentration of contaminant in the solution (mgL™) and Ceq is equilibrium concentration

of contaminant in the solution (mgL™).

In this study, the use of the term adsorption is not restricted to the strict definition of the
physical phenomena of adsorption. Rather, it describes removal of an entity from the liquid
phase, regardless of the mechanism and process leading to removal. Therefore, the term
adsorption is used interchangeably with the term removal throughout the text. Similarly, the

term desorption is used interchangeably with the term leaching.

In order to enable comparison of results from two sampling sets taken in two different years,
and eliminate initial peat concentration differences between these, the distribution

coefficient (Kq) defined by Kaplan et al. ( 1995) was employed:

Ky = Aremoved/ceq

Where Kq is the distribution coefficient (Lg™?) and Aremoved is the amount of contaminant

removed per unit dry mass of adsorbent (mgg™).

Statistical analysis was carried out using R version 3.3.1. Normality of data distribution was
checked using Shapiro-Wilk test. Since the data was found to be not normally distributed,
therefore the non-parametric Man-Whitney U test was used for comparing samples with the

significance level set at p<0.05.
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The range of concentrations used in the batch experiments was selected based on the range
observed in the mining influenced waters and recipient water bodies in the region that
allowed for appling results obtained in laboratory condition to the field environment.
Therefore, linear isotherms were applied and plotted where useful to highlight certain

patterns in adsorption/desorption behavior.

In order to identify the variables with a significant impact on adsorption and leaching values
and to reduce the multivariate data into simplified graphics, ordination was performed on
the adsorption/desorption dataset using the vegan package in R (Oksanen et al., 2017).
Principal component analysis (PCA) was employed as the ordination method and the data
was standardized between range 0-1. The vectors of variables which significantly correlated

with the ordination were fitted on the ordination.
3. Results
3.1. Removal and leaching of contaminants

The quantities of contaminants removed from the mining influenced water by the peat and
the amount leached from the peat to the mining influenced water covered a broad range and
varied with dilution ratio, temperature, pH, sampling depth, and location of the peat
sampling point. The quantities also changed with the year of sampling and dissolved oxygen
availability during incubation. A summary of contaminant removal and leaching is provided
in Supplemental Table S5. Average removal was 4.6 pugL™ for As, 9.7 pgL™ for Sb, 20 pgL-
! for Ni and 148 mgL™ for SO4%. Similarly, average leached quantities were 14.23 pgL™* for

As, 22.5 ugL* for Sh, 1.97 pgL™* for Ni, and 99.6 mgL™* for SO4".

3.2. Effect of dilution on removal and leaching of contaminants

12



Dilution of the tested water had a major effect on removal/leaching pattern in the peat. As
the dilution ratio increased, and consequently the initial contaminant concentration in the
solution decreased, the behavior of the peat changed from removal to leaching. This trend
was observed in almost all experiments and can be clearly seen in the case of As for the
process water under oxic conditions (Figure 2), and in the case of Ni for the drainage water
under anoxic conditions (Supplemental Figure S1). Thus, this indicates that the
contaminants are not sorbed permanently, but more likely chemically or physically bound
and therefore easily leachable if chemical balance changes. Linear isotherms plotted with
data from all three sampling years (both depths, oxic and anoxic, 10°C) also yielded trend
lines representing a shift from adsorption to leaching as the equilibrium concentration
decreased. Linear isotherms were determined separately for contaminant removal (Figure

3a) and leaching (Figure 3b).
3.3. Effect of temperature and pH on removal and leaching of contaminants

In most of the experiments, pH in the alkaline range resulted in higher As leaching and
reduced removal compared with the slightly acidic pH of 6 ( Supplemental Figure S2a).

Similar behavior was generally observed for Sb under oxic conditions.

Under anoxic conditions, Sb removal seemed to be more efficient at pH 9 than at pH 6, as
there was higher removal with dilution ratio 1:1 (Supplemental Figure S3a) or less leaching
with higher dilution ratios (Figure S4a). There were some deviations, mostly for drainage
water involving replicate 3 (Supplemental Figure S5a). For Ni and SO4*, removal was
likewise stronger at pH 9 and leaching was more pronounced at pH 6 anoxic but also under

oxic conditions.

In comparison with pH, the effect of temperature was somewhat more complicated. For oxic

incubations conducted with peat sampled in 2013, As removal was highest at 1°C
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(Supplemental Figure S2b), followed by 25°C or 10°C depending on the degree of dilution
(at higher dilutions 10°C was more effective for As removal than 25°C). In anoxic
incubations conducted with peat sampled in 2016, the behavior also varied from one dilution
to the other; removal of As was only observed for the undiluted process water at 10°C,

whereas leaching from the diluted samples was most pronounced at 25°C.

On the other hand, process and drainage water behaved differently in terms of Sb removal.
The removal was generally higher at the mid temperature (10°C) for process water
(Supplemental Figure S3b), and at the highest temperature tested (25°C) for drainage water
(Supplemental Figure S6b), in all oxic and anoxic incubations. Leaching of Sh was greatest
at the highest temperature tested (Supplemental Figure S4b and Supplemental Figure S5b).
Nickel showed leaching only to the highest dilution (1:1000), while the effect of temperature
on removal and leaching seemed to vary without any clear pattern. The results, as a whole,
indicated that temperature is not a major controller of removal and leaching processes, at

least in the range of 1-25 °C.
3.4. Contaminant accumulation in peatlands after long-term use

Long-term use of treatment peatlands can be expected to result in high accumulation of
contaminants in the peat, leading to a decline in treatment efficiency and an increased risk
of leaching. A comparison of distribution coefficients from different sampling years (2013-
2016) was carried out (Figure 4). In general, less removal and more leaching of As was
observed with samples (water and peat) collected in 2016 than with samples taken in
2013/2014 (Figure 4a). The difference was significant for process water (p=1.69-10®) but
not for drainage water (p=0.53). For Sb (Figure 4b), on the other hand, no significant
difference in removal and leaching behavior was detected between the sampling years for

process water peatland (TP A, p=0.19), while even higher removal and lower leaching were
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observed for the more recent water samples taking from the peatland treating drainage water
(TP B, p=0.024). Difference in distribution coefficients for Ni removal/leaching between
the two sampling years was significant for process water peatland (p=0.04), but not for
drainage water peatland (p=0.06) (Figure 4c). The load of each contaminant to both
treatment peatlands (TP A and TP B) between the two sampling time points (June 2013 to
March 2016 and August 2014 to March 2016, respectively) were estimated using inflow
rates and water quality data. Based on this, TP A received around 20200 tons of SO4>, 323
kg of As, 148 kg of Sb and 91 kg of Ni, while SO4> and As loads to TP B were much smaller
being only 4.5 tons of SO4> and 105 kg of As. However Sb and Ni loads to TP B were
clearly higher (911 kg of Sb and 270 kg of Ni) compared to TP A. These differences in
pollutant loads partly explain observed differences in removal/leaching behavior of the

treatment peatlands.
3.5. Effect of oxygen availability on removal and leaching

No significant difference in removal and leaching behavior was observed between oxic and
anoxic incubations, indicating that the risk of contaminants leaching from deeper peat layers
is likely not enhanced by the anoxic conditions. However, there were isolated cases where
the results of removal/leaching behavior of incubations conducted under oxic conditions
differed substantially from those conducted anoxic conditions, e.g. in the case of Sb removal
from undiluted process water at 25°C or As removal and leaching from undiluted process
water at all temperatures (Figure 5). However, no clear and across the board correlation
between oxic/anoxic environment and removal/leaching was observed (Supplemental

Figure S7).

4. Discussion
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Wetlands are used to decrease environmental impacts of mining influenced waters
worldwide and treatment peatlands are more common in Finland and Ireland. However,
some potential risks are associated generally with those treatment wetlands: Limits in the
removal and storage capacity as well as leaching of initially stored contaminants can be
substantial threats to the environment. The present study demonstrated in batch incubations,
that peat from treatment peatlands is capable of removing contaminants from mining
influenced waters, even though removal efficiencies are variable. The variability observed
in the results is partly caused by the spatial heterogeneity of natural peatlands (Arsenault et
al., 2018; Beckwith et al., 2003; Waddington and Roulet, 2000) that has already been linked
to differences in removal capacity of peat (Bonnett and Cousins, 1987; Ringqvist et al.,
2002). However, this study is first attempt to figure out the role of environmental factors in
As, Sb, and Ni removal capacity of natural peat collected from peatlands treating mine

waters.
4.1. Effect of dilution on contaminant removal from mining influenced waters

During the life cycle of a mine, various events can cause differences in the composition of
the treatment peatland inflow waters in the Arctic region. Changes in the ore extraction and
beneficiation processes or changes in active water purification processes at the mine
typically influence ratios of different contaminants in mine waters, while events like spring
snowmelt, heavy rainfalls or mine closure will influence the concentrations of contaminants
by diluting the inflow waters at the treatment peatland. It is to be expected that each of these
scenarios affect the removal efficiency of treatment peatlands since washout of metals from
flood plain soil sediments polluted with domestic and industrial effluents has been reported
during storm seasons (Chaudhary et al., 2016). However, for treatment wetlands, dilution

with unpolluted water has been suggested to improve pollutant — particularly metal —
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attenuation (Hoglund et al., 2004), and has to date not been discussed as a trigger of

contaminant mobilization.

The results of the batch incubations with peat from TP A and TP B showed that dilution of
mining influenced waters resulted in decreased contaminant removal, and, as dilution ratios
increased, increased contaminant leaching (Figure 2 and Supplemental Table S5). The effect
of dilution infers that the concentration gradient between water and peat determines whether
removal or leaching is more likely to occur. The dominant influence of dilution can be
clearly seen by fitting the vectors of parameters with a significant correlation onto the
ordination of multivariate data from the experiments (Figure 6). As evident from the results,
Sb started to leach at lower dilutions while As was still being removed. Furthermore, the
largest leached quantity of Sb (512.4 pgL™!) was almost double that of As (288.9 ugL™).
This disparity between As and Sb may be explained by the results of the study by Palmer et
al. (2015) involving batch incubations with peat. They reported that at low concentrations,
slight increase in Sh concentration resulted in substantial gains in its adsorption unlike As.
In line with the results of this study, it suggests higher sensitivity of Sb removal to changes
in concentration in the liquid phase. In comparison with As and Sb, peat was found to be
more effective in Ni removal and retention even at higher dilution, with greater quantities
removed and significantly lower leaching across all dilution ranges tested. Ni is indeed
known for its strong binding to peat even in conditions where other metals start to leach,

e.g. low pH environments (Gosset et al., 1986) which was confirmed also in this study.

A comparison of the contaminant concentrations in mine influenced water after various
levels of dilution and the base concentrations in the recipient water body provided the
practical rationale for the selected dilution range (Supplemental Table S1). After mine

closure, waters somewhat similar to those measured in the recipient water body can be
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expected to represent inflow water to the treatment peatlands, thus the dilutions scenarios
simulated in the experiments of this study give important hints on what has to be considered
in the future. In addition, concentrations of the recipient water body can also be seen as an
indicator of concentrations in snowmelt and rainfall runoff reaching the treatment peatlands
in boreal region. Closely monitoring concentrations in the peatland influent and bypassing
peatlands when concentrations become too low can, to some extent, be one measure for
control of leaching. For such a measure, special attention should be paid to Sb
concentrations in inflow when making the decision about temporarily bypassing the

peatlands as it seemed to be most sensitive for leaching.
4.2. Effect of oxygen on contaminant removal from mining influenced waters

Wetlands soils are temporarily or permanently waterlogged, and anoxic, reducing
conditions often prevail in deeper peat layers. Under reducing conditions, the speciation of
contaminants like As and Sb can change, and SO4> can be reduced to sulfide by sulfide
reducing bacteria (Fortin et al., 2000; Muyzer and Stams, 2008; Wilson et al., 2010). Sulfate,
reduced to sulfide, leads to the precipitation of metals and metalloids as sulfides and to
adsorption of metals on iron sulfides such as FeS and FeS, (Huerta-Diaz et al., 1998). All
these processes are thought to influence the removal of contaminants from mining
influenced waters through treatment wetlands. However, results from batch incubations
with peat soil conducted under oxic and anoxic conditions indicated that there was no clear
difference in the removal and/or leaching of As, Sb, and Ni at different oxygen conditions.
For SO4%, lower leaching was observed under anoxic conditions (93.0+91.7 mgL1) than
under oxic conditions (101.7+101.7 mgL 1), which may be due to enhanced sulfate reduction

and subsequent sulfide precipitation under anoxic conditions.
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Anoxic conditions can both promote As release from soil by reduction of As sorbed iron
hydroxides through microbial sulfidogenesis, and stabilize As through co-precipitation with
Fe sulfides (Kocar et al., 2010; O’Day et al., 2004). Arsenic sulfide precipitation is also
hindered by high concentrations of pore-water sulfide due to abundance of soluble
thioarsenate species (Burton et al., 2011). Recently, peat has been shown to immobilize As
through direct binding of As on organic sulphur species under anoxic conditions (Hoffmann
et al., 2012; Langner et al., 2011). A combination of one or more of these mechanisms—
under different situations due to heterogeneity of peatlands—may be responsible for no clear
effect of oxic and anoxic conditions on As removal/leaching in the experiments with 24-

hour retention time. To clarify this, experiments with longer retention time are needed.

Oxygen availability, nevertheless, influenced how pH affected Sb removal/leaching. Under
anoxic conditions, Sb removal was better at pH 9 than at pH 6 while the opposite was true
under oxic conditions. Both high pH and anoxic conditions cause a drop in redox potential
(Calmano et al., 1993). Maurer et al. (2010) documented changes in humic substances with
redox conditions and attributed higher pH and reducing conditions to an increase in binding
sites with high proton affinity in humic acid. This could mean stronger removal under these
conditions for entities which are removed by proton exchange or through formation of H-
bridges, e.g. Sb(l1) (Buschmann and Sigg, 2004). However, Sb (111) in peatlands is often

found as anions for which proton exchange may be ruled out as the removal mechanism.

Antimony and As are often thought to have similar geochemical behavior as they belong to
the same group in periodic table, however there are differences in their redox properties
(Arai, 2010; Mitsunobu et al., 2006; Wilson et al., 2010). This could explain why in this
study, anoxic conditions affected the influence of pH on Sb, but not on As removal. For

example, antimonate is less readily reduced than arsenate under reducing conditions
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(Mitsunobu et al., 2006). In contrast to the thermodynamic predictions, whether antimonite
and/or antimonate are present in water is not always dictated by the presence of oxygen.
Antimonite has been detected in many oxygenated natural waters while oxidized Sb species
have been found under anoxic conditions (Filella et al., 2002). Arsenic, on the other hand,
is predominantly found as uncharged HzAsOs under reducing conditions for the pH range

(6-9) involved in the experiments (Smedley and Kinniburgh, 2002).

Nickel speciation is even less redox sensitive than both As or Sb speciation under conditions
normally found in nature (Weiner, 2008), and no clear effect of oxygen availability on Ni
removal and leaching was observed in this study. However, Ni removal might be indirectly
influenced by oxygen availability, as insoluble Ni-sulfides might form under anoxic

conditions. Similarly, As and Sb can also precipitate as sulfides under anoxic conditions.
4.3. Effect of pH on contaminant removal from mining influenced waters

Generally, biological and chemical processes in treatment wetlands are affected by pH
(Kadlec and Knight, 1996). In peatlands treating mining-influenced water, pH affects both
the characteristics of peat—due to presence of acidic species in peat organic matter— and
the speciation and behavior of contaminants such as As, Sb, and Ni (de Oliveira et al., 2015;
Herath etal., 2017; Xue et al., 2001). As expected, a pronounced effect of pH on the removal
and leaching of As, Sb, and Ni was observed in the experiments. Higher leaching and
reduced removal of As and Sb were observed when pH was in the alkaline range which is
in agreement with other studies (Ansone-Bertina and Klavins, 2016; Buschmann and Sigg,
2004; de Oliveira et al., 2015; Thanabalasingam and Pickering, 1986). This can be attributed
to the effects of high pH on humic acids, such as enhanced deprotonation and loss of binding
sites due to humic acid dissolution (de Oliveira et al., 2015; Thanabalasingam and Pickering,

1986). The species of As found in aqueous solutions at pH 6 are different than the ones

20



found at pH 9 that contributed to the differences in removal/leaching of As between the two
tested pH. Under oxidizing conditions, more protonated H>AsOy4” is the dominant species at
pH 6 while less protonated HAsO4? is prevalent at pH 9 (Smedley and Kinniburgh, 2002;
Ungureanu et al., 2015). Similarly, arsenite is uncharged at low pH (H3AsOs at pH 5-8)
while negatively charged (H2AsO3) at pH closer to 9 (Kang et al., 2000). Stronger repulsion
between deprotonated organic functional groups in peat and the more negatively charged
As species may be the reason for less removal at pH 9 (Besold et al., 2018). On the other
hand, the difference in removal/leaching of Sb at different pH may be less attributable to
differences in Sb speciation due to pH alone. Sb (I11) and Sb (V) are most commonly present
as H3SbOs and Sb(OH)s", respectively. Both of these species are found across the tested pH
range and can be present under both oxidizing and reducing conditions (Filella et al., 2002;
Kang et al., 2000; Ungureanu et al., 2015). In order to avoid excessive leaching of Sh and
As from the near surface layers of peat where concentrations of accumulated contaminants
are usually the highest (Supplemental Table S2), influent pH below or near neutral should

be targeted during pre-treatment of wastewaters before peatland treatment.

Unlike As and Sbh, Ni adsorption increased with increasing pH that is consistent with
findings by Ho etal. (1995). Higher mobility of Ni at pH 6 is obvious from the Ni speciation
for natural waters under different pH conditions (Brookins, 1988). Ni is mostly present as
Ni2* free ion below pH 8 under oxidizing conditions. Although Ni leaching was higher at

pH 6, the amounts were still negligible compared with those of As and Sh.
4.4. Effect of temperature on contaminant removal from mining influenced waters

In Northern latitudes, wetlands are exposed to rather cold temperatures and are affected by
snow and ice in the winter. Temperature is known to affect many biotic and abiotic reactions

in treatment wetlands (Kadlec and Knight, 1996), and many reactions are considerably
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slowed down at near-zero temperatures. Microbial processes involving oxidation, reduction,
methylation, and demethylation reactions are especially important in cycling, speciation and
mobility of As and Sb (Li et al., 2016; Oremland and Stolz, 2003). Temperature has also
been shown to affect the diversity of microbial communities (Edwards et al., 1999; Méndez-
Garcia et al., 2015; Volant et al., 2014) which may be responsible for different biotic
reactions. However, the processes are complex and the incubation period in the experiments
may have been too short to develop any meaningful changes in microbial communities. The
results of the present study indicate that temperature is not the major factor controlling
contaminant removal in treatment peatland as the most effective removal did not
consistently occur at one specific temperature (Supplemental Figures S2 and S4). The tested
temperature range is representative for temperatures encountered in situ in spring to fall,
i.e., in the time when the peatlands are unfrozen and not covered by snow. Metal removal
processes related to microbial sulfate reduction may not be affected by temperature
variations as sulfate reducing bacteria have been shown to maintain their effectiveness at
low temperatures and their performance depends more on the sulfate concentration than on
temperature (Fortin et al., 2000; Sagemann et al., 1998). This coincide also in this study as
Sb removal for the process water with a high sulfate concentration (Supplemental Table S4)

was higher than it for the drainage water (Figure 7).

The effect of temperature on As removal was not clear as it was high at both high and low
temperatures tested in aerobic condition. The relatively higher As removal at the lowest
temperature can be attributed to stronger sorptive forces at colder temperatures
(Viraraghavan and Dronamraju, 1993) whereas at the highest temperature tested, observed
efficient As removal can be linked to increased affinity of metal ions at warmer temperatures

(Ansone et al., 2012).
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Ni adsorption on peat moss has been shown to increase with temperature (Bulgariu et al.,
2010) however no such effect was clear from the current experiments. The difference
between findings may be due to a number of factors such as the solution chemistry
(containing only Ni), concentrations used (exponentially higher than this study) and the
treatment of peat (dried, grounded and sieved) used in the other study. In this study, natural
fresh peat was used highlighting natural condition in treatment peatlands and enhancing

applicability of the results.
4.5. Implications for long-term use of treatment peatlands

Wetland treatment is a common passive water treatment method for closed mines. In
Finland, wetlands are often required as a final water treatment step in the environmental
permit of operating mines. Closed mine sites use wetland treatment for decreasing
environmental impacts of their waters even a long time after mining operations have ceased.
On the other hand, mining companies might discontinue the use of their treatment wetland,
e.g. after building additional active treatment units, by discharging the water directly into
the receiving water body or after mine closure. The risks related to abandoning the treatment
wetlands (e.g. peatlands) are not well known. As the results of the present study showed, an
increased risk of leaching followed increased dilution of the mining influenced water. In
addition, since use of peatlands for wastewater treatment leads to contaminant accumulation
and build-up over time, the service life of peatlands may not be indefinite and a higher
contaminant build-up may pose a higher risk of contaminant leaching at any particular point

in their service life or afterwards.

The accumulation of metals in peatlands under investigation was found to be dependent on
their duration in use and loading rates. A comparison of peat samples from TP A and TP B

(Supplemental Table S2) shows that TP B has much higher accumulation of pollutants—
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except SO4>—due to its longer service period; TP B is in use since 2006 compared to 2010
for TP A. Additionally, TP B receives significantly higher inflows on average resulting in
higher Sb and Ni loads, compared with TP A. Conversely, the As and SO4> loads to TP A
are much higher because of higher concentration of these entities in the process water,
although flows are lower on average. In addition to these figures, TP A has a much larger
total area (44 ha, compared with 17 ha for TP B), although how much of the area in both
peatlands is active for treatment is debatable and variable from season to season (Palmer et

al., 2015).

Lesser removal and higher leaching of As by TP A in more recent samples (Figure 4a) may
be symptomatic of the decreasing As-retaining capacity of peatlands due to As
accumulation. On the other hand, recent peat samples from TP B showed higher removal
and lower leaching of Sh, which may be connected to higher leaching of sulfate from these
samples (Figure 7). A comparison of distribution coefficients—between older and newer
samples—indicated that Sb removal and leaching was negatively linked to sulfate removal
and leaching. However, the effect was not always present in one-to-one comparisons of Sb

and SO4* removal/leaching in the same samples.

A noteworthy finding was that although the Ni content in peat samples was comparable to,
or higher than, the corresponding As and Sb concentrations, there was still very limited
leaching of Ni, indicating strong retention of Ni by peat, which is less sensitive to changes
in pH and redox conditions, in agreement with the literature (Gosset et al., 1986; Weiner,
2008). Thus, treatment peatlands could be a functional passive treatment method for Ni
removal from wastewater as compared to other contaminants e.g. As and Sb as their removal

mechanism seem too complicated to predict the associated risks.
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Peatlands comprise a complex combination of biogeochemical processes and in order to
reasonably predict the sustainable service life of treatment peatlands under different loads
and conditions, long term monitoring of conditions and influent and effluent contaminant
concentrations would be required from a number of sites. Sustainable service life may be
defined as the point up to which peatlands may be used for wastewater treatment without
posing a significant risk to the environment. At the end of the service life, these treatment
peatlands would need to be managed (e.g. treated and restored) to prevent contaminant

leaching.
5. Conclusions

Even though the use of wetlands for treatment of mining-influenced waters is common,
comprehensive knowledge on the possible risks associated with their use is still scarce. The
present study assessed contaminant removal and leaching in batch incubations with
unmodified, natural peat. The collective data indicate that (i) unmodified peat has a good
capacity to remove As, Sh, Ni, and SO4? from mining-influenced waters, (ii) long-term use
of wetlands decreases the capacity for As and Ni removal (iii) dilution of mining-influenced
waters leads to contaminant leaching, and finally, (iv) environmental parameters like
temperature and oxygen availability play only a minor role in contaminant removal or
leaching. Based on these results use of treatment wetlands and especially the abandoning of
treatment wetlands after many years of use should be carefully considered, as wetlands can
turn from a contaminant sink to a contaminant source when influent water quality and
quantity changes drastically. Overall, the study showed that leaching risk of Ni is lower than
that of As and Sb, indicating that the wetland treatment is a more suitable passive treatment
system for Ni containing waters as compared to waters containing As and Sh. The results

from this study can be applied also to natural wetlands across the world loaded with As, Sb,
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and Ni from various sources since there may also be risk of contaminant leaching to the

environment.
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Figure 1. a) Location and layout of the study site. b) Schematic overview of the study set-
up. The oxic incubations were initially carried out in the period 2013-2014 and were
repeated with fresh peat samples in 2016. Anoxic incubations were only conducted with

samples taken in 2016.

Figure 2. Arsenic (As) removal (+) and leaching (-) from undiluted and diluted (four levels of
dilution) process water in peat incubations under oxic conditions at 10°C. Three replicate peat
samples from TP A were tested. The experiment was conducted with peat and pore water samples

obtained in 2016.

Figure 3. Linear isotherms of a) Ni removal and b) Ni leaching from undiluted and diluted process
and drainage water applied to peat from the respective treatment peatlands. The isotherms are sorted
by sampling year and water type, and include data from both oxic (2013, 2014 and 2016) and anoxic

experiments (only 2016) carried out on peat samples from various depths at 10°C.

Figure 4. Comparison of distribution coefficients from different sampling years (2013-2016) for
(@) As), (b) Sb and (c) Ni calculated from the adsorption (+) and desorption (-) batch experiments
under oxic conditions. Data include experiments with both process water and drainage water and

peat samples from both treatment peatlands.

Figure 5. Comparison of removal (+) and leaching (-) of (a, b) As, (c, d) Sb and (e, f) Ni from peat
to undiluted process water at three different temperatures under oxic (a, ¢, €) and anoxic (b, d, f)

conditions. Three replicate peat samples collected in 2016 were tested.

Figure 6. Ordination of multivariate data from removal/leaching batch experiments using principal
component analysis (PCA). Arrows show the scale and direction of correlation vectors for
parameters with the highest correlation. Data from all process and drainage water experiments are

included, but samples with missing values for any of the parameters have been omitted in entirety.
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Figure 7. Comparison of Distribution coefficients of As, Sh, Ni and SO4* removal/leaching between
older and newer samples for all experiments under oxic conditions. The y-axis scale is restricted to

magnify the center of the plot.
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Highlights:

k0N

Retention of As, Sb, and Ni in peat from natural treatment wetlands was studied
Contaminant accumulation in natural wetlands make them vulnerable to leaching.
Dilution of mining influenced water leads to leaching of As, Sb, and Ni.
Long-term use of wetlands decreases As and Ni removal/retention capacity.

Use of wetlands for treatment of wastewater should be carefully considered.
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