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A B S T R A C T   

The HYDRUS wetland module is widely used together with the biokinetic model CWM1 to simulate reactive 
transport of contaminants in constructed wetlands. However, this approach has not been used previously to 
simulate processes in peat-based wetlands operating in cold climates and treating mining-influenced water. In 
this study, the goal was to clarify changes in flow, transport, and nitrogen removal processes in cold climate 
treatment peatlands by assessing the performance of HYDRUS-CWM1. Flow and non-reactive transport of tracer, 
and reactive transport of ammonium, nitrite, and nitrate, in two pilot wetlands operated under controlled 
conditions representing frozen (winter) and frost-free (summer) periods were simulated. Model simulation 
outputs were compared against data obtained from the pilot wetlands and from a full-scale treatment peatland 
treating mining-influenced water in an Arctic region. Initial peaks in tracer concentration were simulated 
satisfactorily, but transformation and transport of nitrogen species in treatment peatlands, especially under 
partially frozen conditions, were modeled with only limited success. Limitations of the model and the assump-
tions made for the simulations have been discussed to highlight the challenges in modeling of treatment 
peatlands.   

1. Introduction 

Nitrogen (N) is one of the main contaminants in e.g., municipal 
wastewater, agricultural runoff, and mine drainage water (Chlot, 2011; 
Hou et al., 2019; Kujala et al., 2019). Its presence in mining drainage 
water derives mainly from the use of N-based explosives in rock blasting, 
some mineral processing activities, pH regulation, or the use of certain 
chemicals in the mineral extraction process (Akcil et al., 2003; Mattila 
et al., 2007; Jermakka et al., 2015). Nitrogen is also a major component 
of wastewaters from semi-permanent mine camps (McCarter et al., 
2017). Nitrogen removal from wastewater is commonly achieved by 
biological processes in active treatment units. However, passive treat-
ment systems such as constructed wetlands (e.g., González-Alcaraz 
et al., 2013; Hallin et al., 2015) and bioreactors (Herbert et al., 2014) are 
also applied. While active systems are popular due to their effectiveness, 
especially for large volumes of water, e.g., as produced by the mining 
industry, passive treatment solutions offer a sustainable option due to 

low operational and maintenance requirements often without harmful 
waste or side products. However, harmful side products are still 
possible, e.g., mercury methylation in peatlands subjected to wastewa-
ters with high sulfate content (McCarter et al., 2017). Treatment wet-
lands can be established in natural areas (making use of natural soil, 
vegetation, etc.) or can be constructed as completely separate purpose- 
built systems. Removal of N in wetlands involves a number of well- 
documented processes, including filtration, sedimentation, assimila-
tion into plant or microbial biomass, adsorption of ammonium or ni-
trate, nitrification, and denitrification (e.g., Vymazal, 2007). 

Operating conditions in treatment wetlands implemented in cold 
climate areas are inherently different from those observed in temperate 
or tropical regions, since a number of the processes involved in N 
removal, such as nitrification, denitrification, and plant growth, are 
temperature-dependent (e.g., Kadlec and Wallace, 2009). In addition, 
the development of soil frost and snow and ice cover during winter 
restrict gas exchange with the atmosphere, thus hindering oxygen 
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diffusion into the wetland media and affecting redox conditions and 
microbial processes (Hemmingsen, 1959; Kadlec and Reddy, 2001). 
Nonetheless, it has been shown that constructed wetlands operating in 
cold climate regions can provide year-round removal of contaminants 
(e.g., total suspended solids, phosphorous, and organic matter) (Ji et al., 
2020; Wang et al., 2017) including N, although effectivity can decline 
during winter (Postila et al., 2015; Heikkinen et al., 2018; Kujala et al., 
2019). 

To date, N removal processes in treatment wetlands have been 
designed based on empirically determined guidelines, first-order decay 
models (more commonly referred to as k-C* models) (Kadlec and Knight, 
1996; Ronkanen and Kløve, 2009), or local conditions. Due to the 
complexity and interaction of processes involved in N retention and 
removal, a common approach has been to treat wetlands essentially as 
“black boxes”. Thus, attention has been devoted to understanding these 
complex processes only during the recent decades (e.g., Faulwetter 
et al., 2009; Rahi et al., 2020; Rousseau, 2005). In analyses of the pro-
cesses inside the black box, the focus has generally been on processes 
related to carbon (C) and N cycles (e.g., Wynn and Liehr, 2001), water 
balance (e.g., Arnold et al., 2001), and nutrient removal (e.g., Vymazal, 
2007) in constructed wetlands using inorganic media (gravel, sand, 
etc.). Processes taking place in natural treatment wetlands constructed 
on organic soils (i.e., peatlands) and the effect of cold climate conditions 
on these processes have so far not been investigated. However, knowl-
edge gained from natural peatlands on processes such as nitrification, 
denitrification, or sulfate reduction (e.g., Hayden and Ross, 2005; 
Palmer et al., 2010; Pester et al., 2012; Siljanen et al., 2019) can provide 
a basic understanding of potential processes in treatment wetlands and 
their role in contaminant removal. 

Mechanistic models that mathematically describe hydraulic pro-
cesses and biogeochemical transformations of contaminants are helpful 
tools for understanding and optimizing the processes in treatment wet-
lands and in identifying design and operational parameters applicable 
under a broad range of conditions. Various mechanistic models have 
been developed, predominantly for horizontal and vertical flow con-
structed wetlands. These include the model of Wynn and Liehr (2001), 
Constructed Wetland 2-Dimensional (CW2D) model (Langergraber, 
2003; Langergraber, 2001; Langergraber and Šimůnek, 2005) and 
Constructed Wetland Model number 1 (CWM1) (Langergraber et al., 
2009) implemented in the HYDRUS wetland module (Langergraber and 
Šimůnek, 2012; Langergraber and Šimůnek, 2005), and the BIO_PORE 
Model implementing CWM1 (Samsó and Garcia, 2013). Such process- 
based models are composed of several sub-models to simulate various 
wetland processes, e.g., water flow, solute transport, transformation and 
degradation of contaminants, plant-related processes, and clogging due 
to suspended particles (Langergraber, 2017), with clogging sub-models 
being the least established and tested of the sub-models and still needing 
specific attention (Langergraber, 2017). 

Peatlands are inherently heterogeneous and anisotropic; therefore, it 
is difficult to link peat physical properties (e.g., humification, fiber 
content, specific surface) to flow and transport properties (e.g., hy-
draulic conductivity, effective porosity, dispersivity) on a large scale and 
to develop models that remain valid for different climate conditions and 
peatland types (Beckwith et al., 2003; Branham and Strack, 2014; 
McCarter et al., 2020; Rezanezhad et al., 2017; Wang et al., 2021a). 
Organic soils, especially peat, pose unique challenges for defining flow 
and reactive transport processes as compared to mineral soils. Peatlands 
are formed by accumulation of partially decomposed plant biomass over 
millennia (Boelter, 1968; Davies et al., 2013). This results in a unique 
layered structure where soil properties typically change gradually with 
depth (Gharedaghloo et al., 2018) but flow restricting conditions have 
also been found in the upper layers of peat (Khan et al., 2019; Ronkanen 
and Klöve, 2005). In general, peat soils are characterized by high water 
content, low density, and highly variable hydraulic conductivity. It is 
prone to substantial shrinkage during compression and decomposition 
which significantly alters the soil pore structure (Rezanezhad et al., 

2016). Pore structure and the resulting ratio of mobile and immobile 
regions in peat vary in spatial and temporal scales affecting not only 
hydraulic and transport properties but also biogeochemical activity in 
peat (McCarter et al., 2020; Rezanezhad et al., 2017). Properties also 
depend on whether the peat represent ombrotrophic bogs or minero-
trophic fens (Rosa and Larocque, 2008; Kleimeier et al., 2017). In 
addition, peat hydraulic properties can vary with changes in porewater 
composition (Ours et al., 1997). For example, increase in electrical 
conductivity of peat porewater can cause reversible pore dilation 
through flocculation leading to an increase in hydraulic conductivity 
(Comas and Slater, 2004; Kettridge and Binley, 2010). These aspects are 
particularly important for the flow and removal processes of treatment 
peatlands and highlight that, hydraulic parameters measured in the field 
or in the laboratory might not properly represent occurring conditions 
within a system. Due to these challenges, calibration of hydraulic pa-
rameters such as hydraulic conductivity utilizing tracer test approaches 
(e.g., Ronkanen and Kløve, 2008; Ronchetti et al., 2020) is essential. 
Although there are many challenges in representing the complexity of 
biogeochemical and transport processes in organic soils, it is of great 
value to study the applicability and validity of existing models for peat- 
based wetlands, especially in cold climates, which has not been done to 
date. 

In the present study, the well-known HYDRUS wetland module was 
employed together with CWM1 to simulate processes related to water 
flow and solute transport in peat-based wetlands treating mining- 
influenced water, with the focus on biochemical reactions and degra-
dation processes in a cold climate. Mining-influenced water is charac-
teristically different from municipal wastewater for which application of 
HYDRUS wetland module has been commonly explored in the literature 
(e.g., Pucher and Langergraber, 2019). Mining-influenced water with 
high inorganic N and low organic matter content was used as influent in 
this study to explore how well the model performed for wastewater with 
these characteristics. The aims were: i) to demonstrate how flow, 
transport, and reaction processes change between summer and winter 
(soil frost development in top layers) (Heiderscheidt et al., 2020; 
Heikkinen et al., 2018; Kujala et al., 2019), ii) to ascertain the adequacy 
of HYDRUS+CWM1 to simulate N removal processes in cold climate 
treatment peatlands, and iii) to clarify the processes involved in N 
removal in treatment wetlands with peat as the substratum and mining- 
influenced water as the influent. 

2. Materials and methods 

In order to achieve the stated aims, data from two pilot-scale treat-
ment peatlands operated in laboratory and run under frozen and un-
frozen conditions were used for modeling N processes in peat-based 
wetlands. The results were compared with data from a full-scale peat-
land treating mine-water in the Arctic region. The software package 
HYDRUS (2D/3D) (PC-Progress s.r.o) and the biokinetic model CWM1, 
included in HYDRUS Wetland Module, were used to simulate flow of 
mine water through the peat-based pilot wetlands. HYDRUS wetland 
module was selected because it is commonly used to simulate wetland 
processes (e.g., Martí et al., 2018; Pucher and Langergraber, 2019) and 
CWM1 was selected over CW2D because it includes processes related to 
reactive transport of sulfur. Sulfur is not only one of the most important 
constituents of mine water (supplementary material Table S2) but it also 
affects processes related to nitrogen cycling (Wang et al., 2021b). 
Leaching of sulfate was observed from pilot wetlands due to accumu-
lation of sulfate in the peat media after years of mine water loading 
(Heiderscheidt et al., 2020; Khan et al., 2020). Additionally, CWM1 is 
recommended for horizontal flow constructed wetlands over CW2D 
(Langergraber and Šimůnek, 2011). The adequacy of the model to 
describe flow and reactive transport processes in the pilot peatlands was 
determined by comparison against observed data from a full-scale 
treatment peatland. 
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2.1. Pilot wetlands 

Two laboratory-scale pilot wetlands (Pilot number 1 and 2) were 
constructed using undisturbed surface peat from the full-scale treatment 
peatland operating at Kittilä mine in Northern Finland. Peat sample was 
extracted carefully as one undisturbed piece during a time when surface 
peat was still frozen to avoid collapse of the peat sample. Dimensions of 
each pilot were 50 cm × 38 cm × 30 cm (length × width × height) to 
keep the scale of the pilots practical, and to provide an appropriate size 
for simulation as it can likely capture the variation in peat properties 
well. The pilot wetlands were placed in insulated climate control units 
connected to a refrigeration system. Temperature at different peat 
depths was constantly monitored and controlled through the refrigera-
tion system to ensure frost depth between 10 and 13 cm during the 
frozen period. Pre-treated mine process water collected from Kittilä 
mine was introduced to the pilot wetlands at an average rate varying 
between 0.6 and 1.7 L d− 1 in frozen condition and around 2 L d− 1 in 
frost-free condition. The flow rates were employed to achieve theoreti-
cally the same average residence time in the pilot wetlands as deter-
mined for treatment peatland in Kittilä as described in more detailed by 
Heiderscheidt et al. (2020). Inflow and outflow water samples were 
collected from both pilot wetlands during the freezing/thawing cycles, 
and analyzed for total nitrogen (Ntot), ammonium‑nitrogen (NH4

+-N), 
nitrate‑nitrogen (NO3

− -N), nitrite‑nitrogen (NO2
− -N), phosphorous (P), 

sulfate (SO4
2− ) dissolved organic carbon (DOC), total organic carbon 

(TOC), redox potential, pH and metal and metalloid concentrations. 
These analyses were performed in accredited laboratory (Lounais-Suo-
men vesi- ja ympäristötutkimus Oy), using standard methods specified 
by the Finnish Standards Association (FINAS). Composition of inflow 
and outflow water is briefly presented in Table S2 of the supplementary 
material and in Heiderscheidt et al. (2020). Hydraulic properties e.g., 
saturated water content, residual water content, and hydraulic con-
ductivity were not measured specifically for the pilots but estimated 
based on measurements made in the full-scale treatment peatland. These 
parameters were also calibrated against observation data. Design, con-
struction, operation, and sampling method/frequency of the pilot wet-
lands is described in detail in Heiderscheidt et al. (2020). In order to 
study flow characteristics of the pilot wetlands, tracer tests were carried 
out using sodium chloride (NaCl) tracer (tracer solution consisting of 
254 g of NaCl in 750 mL mining affected water) and used to calibrate the 
flow process model. Based on the NaCl tracer breakthrough curve, 
residence time and yield of tracer were calculated (for details, see Hei-
derscheidt et al., 2020). Hydraulic efficiency (λ) of the pilot wetlands 
was also determined, in line with Persson et al. (1999): 

λ =
t2

tp
=

(t2 × q)
(V × n)

where t2 is the first peak residence time (d), tp is the potential residence 
time (d), q represents discharge (L d− 1), V is the volume (L) of the pilot 
wetland, and n is the porosity (0.9 in non-frozen soil and 0.18 in frozen 
soil) (Heiderscheidt et al., 2020). Values of λ far from 1 indicate poor 
hydraulic efficiency (Persson et al., 1999). 

2.2. Model development 

2.2.1. Hydrus 
The HYDRUS model is commonly used to simulate water and solute 

transport through variably saturated porous media at different spatial 
and time scales, ranging from laboratory to watershed scale and from a 
few hours to years (Šimunek et al., 2012; Turco et al., 2017; Vero et al., 
2017). HYDRUS numerically solves the Richards equation and the 
advection-dispersion equation here to determine water flow and solute 
transport, respectively (Šimůnek et al., 2011). The Richards equation 
identifies saturated or unsaturated conditions based on pressure head 
values, i.e., it assumes saturated conditions for positive pressure head 

values. Heat exchange and fluxes, including the surface energy balance, 
can be considered in the model. The CWM1 model built into the add-on 
wetland module of HYDRUS simulates biochemical and degradation 
processes related to organic matter, nitrogen, and sulfur in wetlands 
represented by a two-dimensional domain. 

2.2.2. Water flow model 
Peatlands are generally considered to be a dual-porosity medium, 

with the majority of flow taking place in macropores (Ours et al., 1997). 
Dual-permeability models, which assume that water in both macropores 
and matrix pores is mobile (Gerke and van Genuchten, 1993), may 
provide an even more realistic representation of flow in peatlands, by 
taking into account preferential flow paths. However, depending on the 
type of peat soil, both single- and dual-porosity models have been found 
to be suitable (Liu et al., 2017). Recently, bimodal and trimodal ap-
proaches were found suitable for describing variably saturated flow 
processes in uppermost moss layers and deeper more homogenized peat 
layers respectively in ombrotrophic peatlands (Weber et al., 2017). At 
the same time, Simhayov et al. (2018) reported homogenization of the 
multi-pore peat structure, resulting in physical non-equilibrium models 
being unsuitable for simulating water flow in homogenized and 
repacked peat columns. Similarly, McCarter et al. (2019) showed for 
undisturbed peat that there are situations for higher mass transfer co-
efficients where physical non-equilibrium models become irrelevant due 
to overparameterization. From the practical viewpoint of treatment 
peatland, unsaturated soil hydraulic properties defined by a single- 
porosity van Genuchten-Mualem model (Mualem, 1976; Van Gen-
uchten, 1980) were considered in the present study. In addition, dual- 
permeability model is only available in HYDRUS as an add-on which 
cannot be used simultaneously with the wetland module and thus could 
not be included. 

2.2.3. Solute transport model 
Advection, diffusion, and dispersion are the main mechanisms of 

solute transport in peat. HYDRUS uses convection-dispersion equation 
(CDE) for simulation of solute transport. Physical non-equilibrium for 
solute transport was not considered in this study for simplicity to avoid 
overparameterization and because peat used to construct pilot wetlands 
represented the top layer (30 cm) of a deep peat formation (>1 m) and 
ratio of immobile regions increases with depth in peat (Rezanezhad 
et al., 2017). At the same time, decomposition of peat has been shown to 
homogenize the multi-pore structure, resulting in physical non- 
equilibrium models being unsuitable for simulating water flow as 
shown for packed peat columns by Simhayov et al. (2018). Similarly, 
McCarter et al. (2019) showed that for undisturbed peat there are sit-
uations for higher mass transfer coefficients where physical non- 
equilibrium models become irrelevant due to overparameterization. 
However, the distinction between the setup used by the above authors 
and the undisturbed peat sample simulated in this study should be kept 
in mind. Hydrodynamic dispersion includes both molecular diffusion 
and mechanical dispersion (Bear, 1972). Longitudinal dispersivity rep-
resenting mechanical dispersion depends on both the spatial and tem-
poral scale of the model (Anderson and Cherry, 1979) and effective 
dispersivity is commonly used instead of time-dependent dispersivity 
(Lovanh et al., 2000). Longitudinal dispersivity, as a rule of thumb, is 
taken as 1/10 of the travel distance for mineral soils (Vanderborght and 
Vereecken, 2007) and transverse dispersivity as 1/10 of the longitudinal 
dispersivity (Chou and Wyseure, 2009) However, these were parameters 
considered in the flow model calibration to achieve proper values for 
both frost and no-frost condition. As the pilot wetlands measured 50 cm 
in length, the initial value of longitudinal and transverse dispersivity 
used in the model was 5 cm and 0.5 cm, respectively. 

2.2.4. Water budget 
Water budget was described by the volume of water inside the pilot 

wetland and the influxes and outfluxes of water. There was a single input 
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to the model, i.e., inflow of mine water, and a single output in the form 
of outflow from the pilot wetland. Evapotranspiration and precipitation 
were assumed to be in balance, since the pilot wetlands were covered by 
insulating material and a plexiglass cover, which returned most of the 
water lost through evapotranspiration back to the wetland surface 
through condensation. Another reason for ignoring transpiration is that 
it is generally low in the absence of solar radiation (Sánchez-Carrillo 
et al., 2001) and the pilot wetlands were kept in the dark, simulating 
winter conditions in the Nordic region (few hours of day light, snow and 
ice cover). However, it should be noted that this assumption, although 
realistic in the current set-up, is not valid for wetlands where evapo-
transpiration and precipitation represent significant water inputs and 
outputs even during winter (Sánchez-Carrillo et al., 2001). 

2.2.5. Soil hydraulic parameters 
Hydraulic conductivity in peatlands is generally understood to 

decrease with increasing depth from the surface, because of changes in 
degree of humification, bulk density, and related properties of peat 
(Boelter, 1968; Päivänen, 1973). A two-layered acrotelm-catotelm 
model is generally assumed for peatland hydrology (Holden and Burt, 
2003; Morris et al., 2011). The thickness of the acrotelm, or upper peat 
layer with high hydraulic conductivity, is commonly reported to be 
between 5 and 50 cm, although great variation occurs (Belyea and Baird, 
2006; Morris et al., 2011; Ronkanen and Klöve, 2005; Van der Ploeg 
et al., 2003). Therefore, it seems reasonable to assume that the thickness 
of peat in the pilot wetlands, i.e., 30 cm, included layers of peat with 
different porosity, bulk density, and hydraulic conductivity. In situ hy-
draulic conductivity measurements, close to the TP boundary from 
where the peat sample was extracted to construct the pilot wetlands, 
varied between 17.41 cm h− 1 and 2.16 cm h− 1 down to the 30 cm depth. 
To represent this variation and the knowledge on great variation of 
hydraulic conductivity in the upper most peat layer, the following layers 
were considered in the model domain (Fig. 1): a high hydraulic con-
ductivity top layer near the surface (0–10 cm), a medium hydraulic 
conductivity middle layer (10–20 cm), and a low hydraulic conductivity 
bottom layer (20–30 cm). Hydraulic conductivity in each layer was 
initially kept one order of magnitude lower than in the layer above as 
found to be typical in treatment peatlands (Ronkanen and Klöve, 2005). 
A description of soil hydraulic properties used in the model is provided 
in Table 1 along with their measured and literature values. For initial 
setup of the model, literature values were only used where measured 
values were not available. On each end of the longitudinal profile of the 
pilot wetlands, a 4 cm wide mixing zone was provided. These zones were 
also included in the model domain (Fig. 1) and simulated by the soil 
hydraulic parameters of quartz sand (2–3 mm particle size) (Table 2). 
Because hydraulic conductivity is dependent on temperature (Bear and 
Cheng, 2010; Hopmans and Dane, 1986), temperature dependency of 
soil hydraulic parameters was included in the simulation, which ac-
counts for variations in viscosity and density of water with temperature. 
However, it is undiscovered how hydraulic conductivity changes in 

freezing-thawing processes in peat and this is why the parameters were 
calibrated using observed values. 

Frost in the top layer was modeled by assuming that the hydraulic 
conductivity of peat soil approaches zero after freezing, thus preventing 
water flow in the top layer and that saturated water content approaches 
the residual water content. The bulk density of frozen peat was taken as 
1 g cm− 3, as reported by Nørnberg et al. (2004). All other parameters 
were kept the same as calibrated for frost-free conditions. Initial tem-
perature conditions in the domain were set as measured in Pilot 1 by 
temperature sensors. Initial temperature condition in the frozen layer 
was not set at the measured temperature, because simulation of tem-
peratures below freezing point in HYDRUS is not recommended (Jirka, 
2016). Temperature of the inflow water was 4 ◦C and initial temperature 
condition inside the domain was set as a gradient between 0 ◦C (at top) 
and 10 ◦C (at bottom) in frozen conditions, and between 6 ◦C and 12 ◦C 
in non-frozen conditions. 

2.2.6. Initial and boundary conditions 
Water level in the pilot wetlands was maintained at or close to the 

surface by the controlled inlet and outlet pipes, and therefore the peat 
profile was considered nearly saturated from the onset. Initial conditions 
were provided in the form of pressure head at the bottom of the peat 
profile, i.e., 29.9 cm of water. Pressure head initial condition in the 
layers above was assumed to be in equilibrium with pressure head at the 
lowest point. Inlet to the pilot wetland was simulated as a constant flux 
boundary of 1 cm thickness on one side of the mixing zone, while outlet 
was provided as a single node with constant head boundary (17 cm from 
the bottom, constant head = 12.9 cm) at the other end of the domain. 
Top of the model domain was defined by an atmospheric boundary, with 
evapotranspiration losses and precipitation across the boundary taken as 
zero. All other sides of the domain were taken to represent no-flux 
boundaries. Outflow from the boundary exposed to the atmosphere 
only occurred when boundary nodes were saturated. Under unsaturated 
conditions, it acted as a no-flux boundary. 

2.2.7. Reactive transport of nitrogen 
Biochemical reaction and degradation of ammonia, nitrate, and ni-

trite were modeled using CWM1 built into the HYDRUS wetland module. 
Concentrations of various components in the mine water inflow to pilot 
wetlands were used to define the composition of the model inflow 
(Supplementary Material Table S1). Initial concentration conditions of 
the liquid phase were defined by the average outflow concentrations 
measured in pilot wetlands. Concentrations of different chemical oxygen 
demand (COD) components were estimated based on the assumption 
that the peat had a high fraction of recalcitrant and inert carbon com-
bined, as is typical for peat (45–69%) (Girkin et al., 2019). The con-
centrations of different fractions of organic carbon were not determined 
for the peat used in this study. Instead, concentrations of different 
organic carbon fractions were estimated based on literature values for 
organic matter content in peat and the relative contribution of different 
fractions (Bader et al., 2018; Girkin et al., 2019; Jiang et al., 2014; 
Reiche et al., 2010). Consequently, the share of each fraction was 
assumed to be equal, i.e., 33% for each fraction. In a previous study 
(Kujala et al., 2020) the number of heterotroph bacteria at the sampling 
site was determined via most probable number counts. However, as this 
only gives an indication for the number of culturable heterotrophs, the 
concentration of bacteria was estimated based on data from the site and 
by looking at other studies in which bacterial numbers had been 
determined using culture-dependent and -independent methods (Kha-
chikyan et al., 2019; Williams and Crawford, 1983). Microbial growth is 
limited through the rate constant of lysis parameter and the availability 
of easily degradable C and N however, in studies involving longer 
simulation times, unlimited microbial growth might still be an issue 
which may need to be addressed. Details of different model parameters 
used can be found in the literature (Langergraber and Šimůnek, 2012; 
Pálfy and Langergraber, 2014; Rizzo et al., 2014). Parameters were 

Fig. 1. Conceptual model of the treatment wetland, comprising three layers 
with differing hydraulic conductivity, and distribution of different materials 
used to define the model domain. 
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considered homogenous throughout the model domain. 

2.2.8. Model calibration 
The data from the tracer test with NaCl carried out on the pilot 

wetlands under frozen and unfrozen conditions were used to calibrate 
the hydraulic transport and non-reactive transport component of the 
model. Under frozen conditions, data was available from Pilot 1 only 
due to an issue with Pilot 2 (leakage in the container box) during the 
tracer test. Therefore, simulation was carried out for Pilot 1. Electrical 
conductivity (EC) was measured using continuous EC loggers and used 
as a proxy for tracer concentration by relating added salt amount to 
measured EC during logger calibration as a common procedure (Ron-
kanen and Kløve, 2007). It was assumed that concentrations of all other 
electrolytes in inlet and outlet remained stable, and thus changes in EC 
measurements corresponded to the change in tracer concentration. 
Since Na+ has been found to bind to peat (Rezanezhad et al., 2012), 
while Cl− behaves more conservatively, only Cl− concentrations were 
considered in the model for flow processes. However, it should be noted 
that at high concentrations (> 500 mg L− 1) even Cl− has been shown to 
adsorb to peat (McCarter et al., 2018). Peaks of Cl− in the pilot wetland 
tracer experiment were above 1000 mg L− 1 which could have resulted in 

Cl− adsorption contributing to the low tracer yields and the observed 
shape of the tracer breakthrough curves. Despite of possibility of 
adsorption, the tracer test reveals the main hydraulic and flow proper-
ties of the pilots. The flow model was first calibrated manually using the 
most used values from the literature and measured/determined pa-
rameters (Tables 1 and 2). In the next step, the inverse solution option 
available in HYDRUS was used to determine optimized parameters that 
provided the best fit to the observed data. HYDRUS uses the Levenberg- 
Marquardt nonlinear minimization method (Marquardt, 1963) to 
minimize the objective function during inverse solution. This method is 
a combination of two methods, the gradient-descent method (when 
parameters are too far from the optimum) and the Gauss-Newton 
method (when parameters are close to optimum). Model parameters 
resulting in best fit are presented in Table 3 and the maximum and 
minimum constraints while calibrating are given in Supplementary 
Material Table S3. Sensitivity of the model output to main parameters i. 
e., hydraulic conductivity, and longitudinal and transverse dispersivity 
are provided in supplementary material Fig. S4. 

Calibration of the model to simulate reactive transport of nitrogen 
was carried out by manipulating only a few parameters (Table 4) from 
their default values, following Rizzo et al. (2014). These parameters 
included rate constant for lysis of fermenting bacteria (XFB), fraction of 
inert particulate COD (XI) generated in biomass lysis, nitrogen content of 
fermentable readily biodegradable soluble COD (SF), nitrogen content of 
inert soluble COD (SI), nitrogen content of slowly biodegradable par-
ticulate COD (Xs), and nitrogen content of inert particulate COD (XI). 
More detailed description of the parameters can be found in Langer-
graber et al. (2009). Langmuir isotherm parameters for adsorption of 
NH4

+ (Kd = 1.5 L Kg− 1, Li = 8 L Kg− 1, β = 1) were taken from McCarter 
et al. (2018) although microbial degradation may have been included in 
the reported adsorption in their experiments. 

2.3. Full-scale treatment peatland 

Water quality data from a peatland-based wetland (treatment peat-
land) operating at Kittilä mine located in Northern Finland (latitude 
~68◦N) were used for comparison (Fig. 2). As peat for the pilot wetlands 
were taken from the treatment peatland (44 ha) near its boundary, the 
data from this full-scale peatland offers a great option to cross-check the 
simulated processes and achieved removal efficiencies in both pilot and 

Table 1 
Measurements and literature values of relevant parameters for treatment peatlands.  

Parameter in 
HYDRUS 

Definitionb Depth Measured Usual range for peat in 
literature 

Reference 

Qr (L3L− 3) Residual volumetric water content, i.e., the volumetric water content of a 
soil where a further increase in negative pore water pressure does not 
produce significant changes in water content.  

<10 - <20 0.01–0.44 (Gnatowski et al., 2010) 

Qs (L3L− 3) Saturated water content 0–20 0.80–0.92 
(Mean 0.88) 

0.87–0.96 (Gnatowski et al., 2010) 

20–30 0.89-0.90 
(Mean 0.89) 

30–40 0.88–0.92 
(Mean 0.89) 

Alpha (cm− 1) Inverse of air entry value (or bubbling pressure)   3.89 × 10− 3 - 10.47 in 
sphagnum peat 

(Liu and Lennartz, 2019) 

n Pore size distribution index: n (>1) describes the pore size distribution 
affecting the slope of the retention function (Van Genuchten, 1980)   

1.02–2.81 in 
sphagnum peat, 
1.5 for fen peat 

(Liu and Lennartz, 2019;  
Rezanezhad et al., 2012) 

Ks (cm h− 1) Saturated hydraulic conductivitya 15 11–120 0.00012–1148 (Liu and Lennartz, 2019;  
Rezanezhad et al., 2012) 30 111–303  

Saturated hydraulic conductivity near the boundary of peatland 15 17.41  
30 2.16  

l or τ Pore connectivity parameter   − 5.22 to 1.06 in 
sphagnum peat 

(Liu and Lennartz, 2019) 

Anisotropy 
(Kh/Kv)    

2–12 (Bradley, 1996; Lewis 
et al., 2012)  

a Ks measured at two depths in the field while literature values are for a wide range of peat type and conditions. 
b Parameter definitions taken from the HYDRUS technical manual (Šimůnek et al., 2011). 

Table 2 
Hydraulic properties of quartz sand (mixing zone) used in the flow model of 
HYDRUS.  

Parameter in 
HYDRUS 

Description Value used for 
initial simulation 

Reference 

Qr (L3L− 3) Residual water content 0.033 (Maciejewski 
et al., 2006) 

Qs (L3L− 3) Saturated water content 0.38 (Maciejewski 
et al., 2006) 

Alpha (cm− 1) Inverse of air entry 
value (or bubbling 
pressure) 

0.4 (Benson et al., 
2014) 

n Pore size distribution 
index 

8 (Benson et al., 
2014) 

Ks (cm h− 1) Saturated hydraulic 
conductivity 

10,800 (Maciejewski 
et al., 2006) 

l or τ Pore connectivity 
parameter 

0.5 (Mualem, 1976)  
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full-scale treatment peatland. The treatment peatland purifies pre- 
treated excess mine process waters from the polishing phase. Inflow 
and outflow water quality data for the treatment peatland (from 2010) 
were mainly provided by the mining company (part of its monitoring 

program). Detailed information on the full-scale treatment peatland and 
on sampling and analysis of water and peat samples is available in 
previous publications where it has been referred to as TP-A (Khan et al., 
2020; Khan et al., 2019; Larkins et al., 2018; Palmer et al., 2015). In 

Table 3 
Flow and transport parameters of peat for each pilot wetland used in the model and/or determined through inverse solution.  

Pilot 
treatment 
peatland 

Tracer input 
for best fit 
(% of actual  
Cl− input) 

Peat 
layer 

Bulk 
density 

Residual 
water 
content, θr* 

Saturated 
water 
content, θs 

Hydraulic 
conductivity, K* 
(cm hour− 1) 

Longitudinal 
dispersivity, 
DISPL* 

Transverse 
Dispersivity, 
DISPT* 

Alpha n l 

Pilot 1 62% Top 
Middle 
Bottom 

0.15 
0.15 
0.15 

0.1 
0.1 
0.1 

0.9 
0.9 
0.9 

196.5 
142.5 
84.17 

0.82 
151.8 
0.01 

0.03 
12.94 
19.36 

0.067 
0.04 
0.04 

1.44 
2 
2 

0.71 
0.5 
0.5 

Pilot 2 56% Top 
Middle 
Bottom 

0.15 
0.15 
0.15 

0.1 
0.1 
0.1 

0.92 
0.92 
0.92 

190 
145.8 
84.93 

0.59 
160.6 
0.5 

0.09 
18.89 
53.02 

0.007 
0.04 
0.04 

1 
2 
2 

0.16 
0.5 
0.5  

Table 4 
Parameters used for calibration and their values for the calibrated model, where XFB is fermenting bacteria, XI is inert particulate COD, SF is fermentable readily 
biodegradable soluble COD, SI is inert soluble COD, and Xs is slowly biodegradable particulate COD.   

Rate constant for XFB lysis Fraction of Xl generated in biomass lysis N content of SF N content of SI N content of XS N content of XI 

Pilot 1 Frost-free 0.001 0.1 0.07 0.01 0.04 0.01 
Pilot 2 Frost-free 0.1 0.01 0.07 0.01 0.04 0.01 
Pilot 1 Frozen 0.00083 0.01 0.07 0.01 0.04 0.01  

Fig. 2. Nitrogen (N) speciation in full-scale treatment peatland throughout the year (a) and in the pilot weland 1 (b) and pilot wetland 2 (c). Inflow and outflow 
concentrations of different N species in the treatment peatland is based on monitoring data. Ground-frost depth and temperature of peat layer measured at three (*) 
or two sampling points. 
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order to study frost depth, three frost pipes were vertically installed in 
the peatland in autumn 2015. The frost pipes were transparent plastic 
tubes filled with methylene blue solution that change color when frozen 
(Postila et al., 2015). Frost depth was determined 3–8 times per winter. 
In addition, soil temperature was measured continuously from October 
2015 to July 2018 at 10 cm depth inside the peat in the treatment 
peatland, using Thermochron iButton temperature loggers (Maxim In-
tegrated). Snow depth was measured in the peatland at irregular in-
tervals during winter 2015/2016, winter 2016/2017, and winter 2017/ 
2018. Nitrogen removal/transformation data from the full-scale treat-
ment peatland has been presented and discussed in section 3.1. 

3. Results and discussion 

3.1. Comparison between pilot wetlands and full-scale treatment peatland 
for nitrogen removal during frost and frost-free periods 

Nitrogen removal in the pilot wetlands and full-scale treatment 
peatlands were lower under frost condition than during frost-free pe-
riods. Overall, higher removal rates were observed in the full-scale 
treatment peatland than in the pilot wetlands (Fig. 2). Nitrogen 
removal in the pilot wetlands was on average around 24% under frozen 
conditions and 33% in the frost-free period. These removal efficiencies 
resulted in average outflow concentrations of 28 mg L− 1 and 22 mg L− 1 

for frozen and frost-free conditions, respectively. The full-scale peatland 
accomplished 74% average N removal efficiency in the summer months 
and 27% in the winter months (Fig. 2) during the monitoring period. 
Decrease in Ntot removal efficiency during frost periods was mostly due 
to the decrease in NH4

+ removal which in the treatment peatland 
exceeded 80% in summer months but was below 20% in winter months. 

Net NO3
− removal was low in the full-scale treatment peatland 

throughout the monitoring period while higher although highly variable 
removal efficiencies for NO3

− were observed in the pilots (Fig. 2, range −
115% to 99%). In both systems, even at low NH4

+ removal periods, it was 
in partly converted to NO3

− by nitrification. Thus, at periods when no 
NO3

− net removal was observed, the amount equivalent to the NO3
−

produced during nitrification was removed through denitrification. In 

general, nitrate removal has been reported to be higher in full-scale 
treatment peatlands polishing domestic wastewater (Ronkanen and 
Kløve, 2009; McCarter et al., 2017) which might reflect inhibiting 
characteristics of pollutants accumulated in mine water peatlands (Khan 
et al., 2020). 

The difference in nitrogen removal between frozen and unfrozen 
conditions can also be considered in the context of temperature changes 
in peat. Removal efficiencies of NH4

+ were positively correlated with the 
peat temperature at 10 cm depth for the treatment peatland (Pearson 
correlation coefficient r = 0.93 and p < 0.05) and the pilot wetlands 
(Pearson r = 0.34; p < 0.05) while this was not seen for NO3

− removal. It 
is generally understood for constructed wetlands that microbial nitrogen 
processing rates double for every 10 ◦C increase in temperature and in 
winter the rate constant for nitrogen species can be up to three times 
lower compared to the annual averages (Kadlec, 2009). 

Overall, it can be stated that, similar N removal processes took place 
during the pilot-scale treatment peatlands operation and the full-scale 
peatland monitoring period. A notable factor differing in the two sys-
tems was the role of vegetation which can be important for nitrogen 
removal during growing season especially during periods of low loading 
(<5 g m− 2 year) as reported by Kadlec and Bevis (2009). In this study, 
vegetation was trimmed from the top during pilot construction and the 
remaining vegetation did not survive/grow during the experiment due 
to the unfavorable conditions (freezing temperature, low light) inside 
the pilot wetlands. However, due to the high N load to the full-scale 
peatland ca 70 g m− 2 year− 1 and around 100 g m− 2 year− 1 for pilot 
wetlands, removal in the studied systems can be expected to be mainly 
by nitrification and denitrification as reported by e.g., Crites et al. 
(2006). 

3.2. Hydraulic conditions in the pilot wetlands 

3.2.1. Frost-free conditions 
Under frost-free conditions, the mean water residence times deter-

mined by tracer tests were 84 and 43 days (tracer yield (Cl− ) 74% and 
31%), for Pilot 1 and Pilot 2, respectively. Mean water flow velocity 
computed by the model was 1.1–3.6 cm day− 1. The shape of the tracer 

Fig. 3. Modeled and observed concentration of chlorine ions (Cl− ) in outflow from a) Pilot 1 and b) Pilot 2. Data for the first 63 days are shown, in order to focus on 
the part of observed data that was adequately described by the model. R2 and RMSE values indicate goodness of fit for the model. 
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breakthrough curve (extended tail with late peaks) indicated that water 
flow also occurred at diffusion level (with calculated flow velocity of 
0.28 cm day− 1 for the final peak) within the pilot wetlands. However, 
advection was still dominant in the model (peclet number around 9) and 
first part of tracer curves represented around 2.5 times the active water 
volume in the pilots. Since the dominant flow process also control the 
mean removal efficiency of treatment peatland the most, we focused on 
the first 63 days of observed tracer data in the model calibration (Fig. 3). 
The residence time in the pilot wetlands calculated from these data (63 
days) was 30 d and 25 d (tracer yield (Cl− ) 41% and 28%) for Pilot 1 and 
Pilot 2, respectively. These residence times were slightly higher than the 
simulated values (~24 d). The hydraulic efficiency of the pilot wetlands 
was 0.20 and 0.22 for Pilot 1 and Pilot 2 respectively, which is less than 
satisfactory. The goodness of fit for the model was acceptable, with R2 

(and root-mean-square error (RMSE)) values of 0.60 (0.22 mg cm− 3) and 
0.63 (0.20 mg cm− 3) for Pilot 1 and Pilot 2, respectively (Fig. 3). The 
tracer tests also indicate possibility of adsorption/desorption processes 
of Cl− taking place as the concentration was much higher compared to 
the threshold concentration reported in the literature (> 0.5 mg cm− 3) 
(McCarter et al., 2018). 

Flow processes are typically complicated in peatland soil due to its 
inherent heterogeneity and unique layering structure, and this 
complexity was reflected in the multiple peaks of tracer response curves 
observed in the pilot wetlands. Later peaks were more difficult to 
simulate even when they were considered detached from the first peak. 
Changes in the chemical composition of the water may have also caused 
changes in macropores and the peat matrix during the tracer test (Ours 
et al., 1997), influencing flow patterns. However, this is less likely to 
explain the markedly distinct and delayed peaks observed in the tracer 
response. The heterogeneity and complexity of the peat matrix is also 
evident from the differences in the tracer response of the two replicate 
pilot wetlands (Heiderscheidt et al., 2020). These are also possibly the 
reasons why dispersivity values in the middle layer (150 cm) required to 
calibrate the model are markedly different from the bottom and top 
layer (<1 cm) also highlighting the importance of obtaining optimized 
parameter values from calibration with tracer data. Sensitivity of the 
model output to main parameters i.e., hydraulic conductivity, and lon-
gitudinal and transverse dispersivity are provided in Fig. S4 in the 
supplementary material. 

Increasing the number of layers in the model or introducing hori-
zontal spatial heterogeneity (Morris et al., 2011) may be a solution to 
achieve more gradual variation in peat properties e.g., dispersivities 
from one layer to the other, but in this case, the attempt to introduce 
more layers led to difficulties in calibration due to the sheer number of 
parameters to be optimized during inverse model which is also not 
recommended (Simunek and Sejna, 2018). Introducing horizontal het-
erogeneity to the model will also lead to similar problems in optimiza-
tion. During initial evaluation, dual-porosity models, which are often 
associated with late secondary peaks, did not result in better fit of the 
model to the observed data. However, further evaluation and more 
detailed exploration of the model parameters may be required. Dual- 
permeability model may be able to capture this behavior but HYDRUS 
does not support using both dual-permeability add-on and the wetland 
module simultaneously. This limitation should be addressed in the 
future versions of HYDRUS. 

In terms of contaminant removal performance, areas with very low 
flow velocities (e.g., deeper layers) are also important, especially for 
removal processes requiring low oxygen levels. This means that when 
applying HYDRUS to predict contaminant transport in real treatment 
peatlands, these areas and peat layers must be included in the simula-
tions. Furthermore, clogging processes relevant in many constructed 
wetland cases (Sanchez-Ramos et al., 2017) could be also better 
considered in HYDRUS wetland module as it is now missing there 
(Langergraber, 2017). In our case, pre-treated mine effluent contained 
very low suspended solids indicating low risk of clogging. In addition, 
the effect of biological clogging on flow is lesser for peat compared to 

mineral soils with more uniform particle size distribution (Mostafa and 
Van Geel, 2015). However, this aspect will have to be included for 
wetlands with high suspended solids and organics loading (Vymazal, 
2018) prone to physical and biological clogging (Wang et al., 2021c). 

3.2.2. Frozen conditions 
Under frozen conditions and when the entire dataset was considered 

(to indicate overall differences during the whole tracer experiment), the 
mean water residence time was shorter (14 days for Pilot 1) than under 
frost-free conditions (84 and 43 days for Pilot 1 and Pilot 2, respec-
tively). This was expected, based on the fact that active water volume 
typically decreases as the contribution of frozen soil to flow processes 
decreases. The tracer (Cl− ) yield was also very low (28%). In tracer tests 
under frozen conditions, tracer concentrations reached background 
values at around 21 days (Fig. 4), whereas in frost-free tests the con-
centrations were still high well after 42 days (Fig. 3). Generally, based 
on observations and measurements made during pilot wetland opera-
tion, flow processes under frozen conditions seemed to be more 
complicated than under non-frozen conditions. This was also seen in the 
model calibration (Fig. 4). When the entire tracer concentration data 
(33 days) were included, the goodness of fit for the model was poor 
(Supplementary Material Fig. S1). Similar to the frost-free conditions, 
the late peaks (after 21 days) were not simulated accurately which in-
dicates flow at diffusion level, non-conservative tracer behavior, het-
erogeneous media, or dual-permeability flow. Therefore, when only the 
initial peak in tracer concentration was considered (first 21 days), the 
model provided a better fit (R2 = 0.80, RMSE = 0.5 mg cm− 3) possibly 
representing only the advective transport part. (Supplementary Material 
Fig. S2). When occurrence of flow in the top frozen layer was considered, 
the modeled concentration at outflow showed an even better fit to the 
measured data (R2 = 0.89, RMSE = 0.47 mg cm− 3) (Fig. 4). It has been 
demonstrated that peat may not be frozen even at temperatures as low as 
− 5 ◦C (Mustamo et al., 2019) and that water flow can occur in frozen 
soils, e.g., through cracks (Okkonen and Kløve, 2011; Woo and Marsh, 
2005). Residence time based on the first 500 h data was 7 d and tracer 
(Cl− ) recovery was 18%. The hydraulic efficiency of the pilot wetlands 
in frozen conditions (0.23) was nearly the same as in unfrozen 
conditions. 

Hydraulic properties required to model flow and contaminant 
transport in conditions where the near-surface soil layer is partially or 
completely frozen are reported in the literature for many mineral soil 
types, but not for peat. McCauley et al. (2002) found that hydraulic 
conductivity in organic-rich silty sand declined by 4–5 orders of 
magnitude when the soil was frozen at − 4 ◦C under saturated conditions 
and the degree of ice saturation was 100%. However, ice saturation for 
peat soil can be much lower even at temperatures as low as − 10 ◦C 
(Mustamo et al., 2019). Soil freezing characteristic curves for various 
mineral soils indicate a steep decline in unfrozen water content (0.5 to 
0.2) between 0 and − 1 ◦C, and a gradual decrease at lower temperatures 
(Ming et al., 2020). Soil freezing characteristic curves display the rela-
tionship between temperature and unfrozen water content of a soil 
under sub-zero temperatures, which is difficult to measure experimen-
tally. However, it is possible to infer the freezing function from the 
unsaturated van-Genuchten function (McKenzie et al., 2007). Freezing 
also increases soil suction (Williams, 1963) affecting the flow processes. 
Future research efforts should be directed at determination of peat hy-
draulic parameters at different temperatures below freezing point and 
various degrees of saturation, in order to allow realistic assumptions to 
be made about flow and transport under frozen conditions. In addition, 
HYDRUS may be improved to better simulate flow and transport pro-
cesses in porous media at sub-zero temperatures by taking into account 
freezing/thawing processes which are not yet included in HYDRUS (2D/ 
3D) (Jirka, 2016). A freezing module has only recently been developed 
for HYDRUS-1D (Zheng et al., 2021) which simulates coupled move-
ment of water, vapor and heat during freezing-thawing periods thus 
taking into account the dominant role vapor plays in ice formation and 
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moisture transfer in frozen soil (Teng et al., 2019; Yu et al., 2018). These 
processes may be even more important for peat and organic soil due to 
their complexity and should be included in the model. Similarly, redis-
tribution of solute between water and peat as freezing progresses 
(Kadlec et al., 1988; Li, 1985) should be taken into account for realistic 
modeling of pollutant transport in cold climate peatlands. This phe-
nomenon is not only important for determination of contaminant con-
centrations around the freezing front but also at the interface of frozen 
and unfrozen porewater inside the frozen layer. At the same time, more 
attention is needed on proper hydraulic parameterization of organic 
soils because soil texture has a significant effect on soil thermal prop-
erties (Yu et al., 2018). 

3.3. Simulated nitrogen removal/transformation in the pilot wetlands 

With the default values of CWM1 parameters, observed ammonium 
(NH4

+) concentrations in outflow of the pilot wetlands in all three cases 
studied (frost-free for both pilot wetlands and frozen for Pilot 1) were 
lower than the modeled concentrations. There was a downward trend in 
modeled values towards the end of the simulated period (Supplementary 
material Fig. S3a), but they still remained higher than the observed 
values. Adequacy of the model to predict NH4

+ concentrations was also 
sub-optimal, as indicated by linear regression (R2 = 0.25 for unfrozen 
conditions) (Fig. S3a). This suggests that the actual rate of nitrification 
in the pilot wetland was higher than the rate used in the model and/or 
that NH4

+ adsorption on peat may have taken place, as seen in previous 
studies (McCarter et al., 2018; Yu et al., 2011). Combined concentration 
of nitrite and nitrate (NO3

− + NO2
− ) was predicted somewhat adequately 

for unfrozen conditions (R2 = 0.43), but not for frozen conditions (Fig. 
S3b). Under frozen conditions, NO3

− + NO2
− concentrations started to 

increase immediately after the start of simulation, indicating a slow-
down in denitrification and/or higher nitrification. Higher nitrification 
does not seem likely, however, because lower temperature and reduced 
oxygen supply from the frozen top layer do not lead to increased nitri-
fication (Kujala et al., 2019; Vymazal, 2007). An alternate explanation 
could be the build-up of reaction products due to low pore water velocity 
as also described by McCarter et al. (2020). 

After optimization, the fit of modeled NH4
+ to the observed data 

improved substantially especially for unfrozen condition (Fig. 5a and 
6a) for both Pilot 1 (R2 = 0.54, RMSE = 0.005 mg cm− 3) and Pilot 2 (R2 

= 0.77, RMSE = 0.0021 mg cm− 3). However, the fit of modeled NO3
− +

NO2
− to the observed data deteriorated (Fig. 5b and 6b). Under frozen 

conditions, adequacy of the model to predict observed concentrations 
remained poor with low R2 (0.0001 for NH4

+ and 0.07 for NO3
− + NO2

− ) 
and high RMSE (0.006 mg cm− 3) values although the fit appeared to 
improve visually compared to pre-optimization results (Fig. 5b and Fig. 
S3). 

Recently, CWM1 was extended with a formula for kinetic adsorption 
and desorption of NH4

+, in order to obtain satisfactory results for NH4
+

concentration after interruption of oxygen (Boog et al., 2019). HYDRUS 

and CWM1 have been used to model NH4
+ in constructed wetlands with 

satisfactory results by using default values of kinetic parameters with 
slight changes (Rizzo et al., 2014). On the other hand, higher than 
observed simulated concentrations of NH4

+ have also been reported, 
attributed to lower adsorption (You et al., 2014), as observed in this 
study before optimization. Langmuir adsorption parameters for peat as 
determined by McCarter et al. (2018) did not improve the model output. 
It is possible that due to inherent heterogeneity of peat and mining- 
influenced water loading, parameters applicable in this study might be 
very different. Adsorption experiments carried out specifically for the 
conditions of cold climate mine-water treatment peatlands (e.g., tem-
perature, pH, redox state) are required to obtain more realistic adsorp-
tion parameters. Nitrogen content of fermentable soluble COD (N 
content of SF) and rate constant of lysis of fermenting bacteria were 
found to be the parameters with highest influence on model sensitivity. 
Nitrogen content of various fractions of COD after optimization, resulted 
in higher N content (0.13) of COD than that measured in the influent 
(0.07) for a few instances where COD measurements were conducted. 
More extensive COD measurements may be needed to explore this 
discrepancy in the model further. In addition, if a longer time series data 
was available e.g., by more frequent sampling or running the pilots for a 
longer period, further optimization of CWM1 parameters could have 
been possible. This limitation will have to be addressed in any 

Fig. 4. Modeled and observed concentration of chlorine ions (Cl− ) in outflow of Pilot 1 when the top layer (10 cm) was considered not to be completely frozen, 
resulting in some flow in the top layer. The first 21 days of observed data (first and second peak) were used for model calibration. 

Fig. 5. Time series of observed vs modeled concentrations of a) ammonium 
(NH4

+-N) and b) nitrate + nitrite (NO3
− + NO2

− ) in outflow of Pilot 1 under 
frozen and frost-free conditions, and in outflow of Pilot 2 under frost- 
free conditions. 
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subsequent studies on the subject. For peat-based wetlands, more 
detailed laboratory and field investigations are required to determine 
kinetic parameters more realistically representing nitrogen trans-
formation and removal processes especially in cold climates. 

4. Conclusions 

Water flow, non-reactive tracer transport, and transport and trans-
formation of NO3

− , NO2
− , and NH4

+ in two pilot treatment peatlands were 
simulated using the HYDRUS wetland module and biokinetic model 
CWM1. Initial peaks in tracer concentration were relatively better 
simulated by HYDRUS under both non-frozen (summer) and frozen 
(winter) conditions, compared to the late peaks, albeit using different 
hydraulic parameters. Model outputs indicated some water flow taking 
place in the frozen peat layer. Later peaks observed in tracer concen-
tration due to highly heterogeneous and complex nature of peat media, 
which contains preferential flow paths, were not adequately represented 
by the model. Transformation of NH4

+ was simulated with a relatively 
better fit to the observed data compared to NO3

− + NO2
− transformation, 

under frost-free conditions. However, it should be kept in mind that 
uncertainties carried forward from the transport model were inherently 
present here especially towards the end of the simulation. However, 
modeling peatland processes during winter proved particularly chal-
lenging and indicated a need for better estimates of peat hydraulic pa-
rameters, CWM1 kinetic parameters, and adsorption parameters under 
the conditions found in cold climate treatment peatlands. In the full- 
scale treatment peatland, removal of NH4

+ was higher in summer 
compared to winter while net removal of NO3

− was negligible repre-
senting variability of nitrification and denitrification rates with tem-
perature and between frozen/frost-free conditions. After calibration, 
nitrification appeared to be comparatively better simulated than deni-
trification and adsorption. However, further studies are required with 
larger datasets to help with better calibration (of both forward and in-
verse methods) for a more conclusive assessment. At the same time, 
possibilities to use HYDRUS wetland module simultaneously with other 
add-ons e.g., the dual permeability add-on would be an important 
improvement. Nevertheless, this study is an important first step in 
identifying problems (and possible solutions) that need to be addressed 
while applying flow and transport models on organic soils (e.g., peat) 
subjected to freezing-thawing cycles. It also highlights that increasing 

complex numerical models are required, e.g., including spatial and 
temporal changes in soil structure and biogeochemical properties, if we 
are to move from empirical methods to more process-based techniques 
for designing of peat based constructed wetlands in cold climate regions. 
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Langergraber, G., Šimůnek, J., 2011. HYDRUS Wetland Module, Version 2. Hydrus 
Software Series 4. 
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