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Abstract: Passive systems that utilize a natural power such as a pond, plant, or microorganisms, is
expected to be a cost-effective method for acid mine drainage (AMD) treatment. The Ningyo-toge mine,
a non-operational uranium mine located in Okayama Prefecture, Japan, generates AMD containing
arsenic and iron. To quantitatively study arsenic and iron ion removal in an artificial wetland and
pond, chemical reactions were modeled and incorporated into the GETFLOWS (general-purpose
terrestrial fluid-flow simulator) software. The chemical reaction models consisted of arsenite and
ferrous oxidation equations and arsenic adsorption on ferrihydrite. The X-ray diffraction analysis of
sediment samples showed ferrihydrite patterns. These results were consistent with the model for
arsenite/ferrous oxidation and arsenic adsorption on ferrihydrite. Geofluid simulation was conducted
to simulate mass transfer with the utilized topographic model, inlet flow rate, precipitation, and
evaporation. The measured arsenic and iron ions concentrations in solution samples from the wetland
and pond, fitted well with the model. This indicated that the main removal mechanism was the
oxidation of arsenite/ferrous ions and that arsenic was removed by adsorption rather than dilution.

Keywords: GETFLOWS; acid mine drainage; the three-dimensional topographic model; quantitative
modeling; surface complexation

1. Introduction

Acid mine drainage (AMD) from abandoned or closed mines is an environmental problem
associated with mining [1–3]. AMD is produced when sulfide minerals (e.g., pyrite, sphalerite, and
chalcopyrite) react with oxygen and groundwater. Thus, it often contains toxic ions, such as iron (Fe(II)
and Fe(III)), zinc (Zn(II)), lead (Pb(II)), and arsenic (As(III) and As(V)). To avoid contamination around
mines, AMD has mainly been treated by a neutralization process to add a neutralizer, such as calcite
(CaCO3) and slaked lime (Ca(OH)2) [4]. This process can effectively remove toxic ions from AMD
through precipitation as hydroxide or adsorption of hydroxides, such as ferrihydrite (Fe(OH)3) and
aluminum hydroxide (Al(OH)3) [5–7].
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In Japan, it is necessary to treat AMD in about 100 abandoned or closed mines. To this end,
the Japanese government provides financial support for AMD treatment and spends billions of yen
each year [8]. Since it was reported in our previous studies that an AMD treatment has been a necessity
for a long time [9,10], it is predicted that large funds will be needed to address this. To achieve a
sustainable AMD treatment for the future, cost reduction of the neutralization process is required.

Many research work on passive treatment has been attracting attention recently, in a bid to reduce
the cost of AMD treatment. The passive treatment utilizes natural resources such as geographical
features, microorganisms, and plants, for AMD treatment [11–13]. AMD treatment by passive methods
incurs lower management costs for materials, power, and labor than an active treatment, which mainly
consists of the neutralization process. AMD treatment using an artificial wetland and pond is one of
the methods of passive treatment. In previous studies [14–16], many researchers reported that AMD
treatment using an artificial wetland and pond was effective for removing toxic ions. According to
previous studies, it was suggested that not only chemical but also biological reactions, such as sulfate
reduction, iron, and manganese oxidation using bacteria, occurred in an artificial wetland and pond.
However, quantitative modeling based on removal mechanisms has not been conducted, due to the
complexity of the reaction. To achieve a more efficient AMD treatment using an artificial wetland and
pond, it is important to develop quantitative modeling based on removal mechanisms.

The objective of this study was to elucidate the mechanism of toxic ion removal, especially arsenic,
using an artificial wetland and pond, and to quantify it using geochemical modeling software. In this
study, the target field was the Yotsugi mill tailings pond in the Ningyo-toge mine [17–19], which
is partially an artificial wetland near the inlet. In an artificial wetland and pond, arsenic and iron
were removed satisfactorily enough to meet the strict local additional standards, but it is currently
unknown whether the mechanism was due to dilution or chemical reaction. To identify the removal
mechanisms, we performed a water quality survey and field sampling. Furthermore, a surface model
was constructed using a contour map and the flow field of the water in the mineral deposit field
was modeled using GETFLOWS software [20–22]. GETFLOWS is a simulation software originally
developed by one of the authors and used to calculate the mass transport processes [20–27]. In this
study, the chemical reactions were originally coupled with it, according to the authors’ previous
expertise on ferrous and arsenite ion oxidation, ferric ion precipitation, and coprecipitation of arsenite
and arsenate to iron precipitates [5–7]. More specifically, based on our previous findings and the field
survey results for concentration of coexisting ions in the pond, it was assumed that ferrihydrite should
be the main iron precipitate, and surface complexation of arsenite and arsenate to ferrihydrite should
be the dominant reaction in the coprecipitation process in the pond and the wetland, due to the ratio
between iron and arsenic. A chemical reaction model was constructed based on these assumptions
and we confirmed whether our assumptions were correct by comparing the results of the field survey
and the analysis results. Through these procedures, we elucidated the removal mechanism of iron
and arsenic ions in the artificial wetland and pond in an actual closed mining site in Japan, based on
the consistency between the field survey results minimally required and the calculation results that
aggregated the findings in previous mechanism investigations.

2. Materials and Methods

2.1. Field Survey and Analysis

The Ningyo-toge mine is a closed uranium mine located in the Okayama Prefecture,
Japan (35◦18′47.58′′ N, 133◦55′52.21′′ E) [17–19]. The Yotsugi mill tailings pond, an artificial pond,
was constructed to receive slag and other materials generated by the smelter during operation, and
now has partially become an artificial wetland near the inlet. After the closure of the smelting facility
in 1982, this tailing pond was utilized as a remediation pond [23]. The pond has four main inlets as
sources of mine drainage from the surrounding area that flow through underground pipes towards
the pond—one comes from an opencast mine, two are from underground mines, and one is from the
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upstream part of the mill tailings pond (Figure 1). The AMD from the four inlets flow towards a dam
located at the western end of the pond. The depth of the Yotsugi mill tailings pond in summer and
winter was 1.4 m and 1.2 m at point H, respectively. This decreased towards the upstream area of the
Yotsugi mill tailing pond from point H to A. The depth at point A was 0.0 m.
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Figure 1. Inlet points of acid mine drainage in the Yotsugi mill tailings pond.

Field surveys were conducted three times in the summer and winter of 2016, respectively. For each
survey, three water samples were collected from the source of each of the four inlets (points i–iv,
Figure 1). In addition, three water and sediment samples at each point of the surface were collected
along the Yotsugi mill tailings pond in the direction of water flow (Figure 2 and Table 1). Using a thin
tube with a diameter of 20 mm, a 100 mm thick sedimentary layer was collected from the bottom of the
Yotsugi tailings mill pond.
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Table 1. The distance of the sampling points from A in the Yotsugi mill tailings pond (m).

Point A B C D E F G H

Distance 0 10 27 44 60 70 85 100

The pH, temperature, oxidation–reduction potential (ORP), electric conductivity (EC), and
concentration of dissolved oxygen (DO) of the water samples were measured on-site, using a pH/DO
meter (OM-70, HORIBA, Kyoto, Japan). After the measurement of pH, temperature, ORP, EC, and DO
concentration, the water samples were filtered using a 0.45-µm membrane filter. We also confirmed
that no colloidal particles were present in the sample water after extra filtration. The concentration
of all cations in the filtrates was analyzed by an inductively coupled plasma-mass spectrometer
(ICP-MS, 7700X, Agilent, Santa Clara, CA, USA), using the mode of semi-quantitative analysis.
The concentration of a ferrous ion in the inlet was measured beforehand by the phenanthroline
absorption spectrophotometric method, and the total iron ion was almost the same as the concentration
of the ferrous ion. The concentration of the arsenite ion in the inlet was measured beforehand through
separation, using high selectivity inorganic separating bulk (MetaSEP AnaLig TE-01, GL Sciences,
Tokyo, Japan) [24], and the total arsenic ion was almost the same as the concentration of the arsenite
ion. Therefore, the valency of iron and arsenic ions in the inlet was treated as ferrous and arsenite
ions, respectively. Each sample was measured three times, and it was confirmed that their error was
within 5%. Other cation ions of iron and arsenic obtained from the ICP–MS analysis resulted in less
than several mg/L of sodium, potassium, calcium, magnesium, and aluminum. Sulfate and chloride
ions were also measured by ion chromatography (IC, IC850, Metrohm, Tokyo, Japan) and were below
the 50 mg/L. From the chemical equilibrium calculation using PHREEQC [4], we neglected the effect of
these ions for the removal reaction of iron and arsenic ions in this study.

The sediment samples were vacuum dried and the mineral phases were ascertained using X-ray
diffraction analysis (XRD, RINT Ultima III, Rigaku, Tokyo, Japan), with Cu-Kα radiation at 40 kV and
30 mA. The scan range was from 2◦–80◦, with a scan rate of 2◦/min. The XRD specimens on the plane
glass holder were prepared using a front-loading technique. The objective of the XRD analysis in this
study was to detect low crystalline materials of an iron hydroxide, such as 2-line ferrihydrite. Therefore,
to observe the peak of the low crystalline materials, background subtraction was not conducted on the
obtained XRD patterns.

2.2. Simulation Model Using GETFLOWS

The GETFLOWS simulation software was used to simulate the mass transport processes in the
Yotsugi mill tailings pond. GETFLOWS is a fully distributed and integrated watershed modeling tool
that treats the transport processes of water, air, various dissolved and volatilized materials, suspended
sediments in water, and heat from the surface to the underground, on arbitrary temporal-spatial scales.
The surface water flow and dissolved materials transport in surface water functions were applied in
this study.

The governing equation of surface water was based on the mass conservation law, as described in
Equation (1):

−∇ ·Mw + ρwqw =
∂(ρwSw)

∂t
(1)

where ∇ is the differential operator, Mw is the mass flux of surface water (kg/m2/s), ρw is the density of
water (kg/m3), qw is the volumetric flux of the sink and source (m3/m3/s), Sw is the saturation of water
calculated from the surface water depth and the grid height (m3/m3), and t is the time (s).

The simulator solved the Manning’s law for estimating the surface water flow velocity, and it also
solved the depth-averaged diffusion wave approximation of open channel shallow water Saint-Venant
equations in two dimensions, for modeling the flows of water on land, in streams, and on slopes.
Instead of solving the momentum conservation equations following Tosaka et al. [25], we embedded
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the velocity field in the flow term in Equation (1) (i.e., the first term on the left-hand side). The mass
flux of surface water per unit area Mw in flow terms for surface flow could be expressed by adapting
Manning’s law as Equation (2):

Mw = −
ρwR

2
3

nl

√∣∣∣∣∣∂h
∂l

+
∂z
∂l

∣∣∣∣∣sgn
(
∂h
∂l

+
∂z
∂l

)
, (l = x, y) (2)

where nl is Manning’s roughness coefficient (m−1/3 s), R is the hydraulic radius (m), h is the surface
water depth (m), l is the distance of surface water flow direction (m), and z is the elevation from the
datum level (m). The surface water depth h was computed from the water saturation Sw and the height
of the grid block in the surface environment.

The mass balance equation could be modified as Equation (3), when considering the behavior of
the reactive substance i dissolved in water [26]:

−∇ ·

(
MwCw,i

)
+∇ ·Dw,i∇

(
ρwCw,i

)
+ ρwqwCw,i −

NC∑
ir = 1
ir , i

mw,i→ir +
NC∑

ir = 1
ir , i

mw,ir→i −mw→s,i =
∂
(
ρwSwCw,i

)
∂t

(3)

where Cw,i is the mass fraction of dissolved material i in water (kg/kg), Dw,i is the diffusion coefficient of
dissolved material i (m2/s), mw,i1→i2 is the rate of generation/decomposition of a chemical reaction from
dissolved material i1 to i2 in water (kg/m3/s), and mw→s,i is the adsorption rate of the dissolved material
i (kg/m3/s). The first term on the left-hand side of Equation (3) is the advection term, the second term is
the diffusion term, and the third term is the sink/source term for drainage and precipitation. The fourth
and fifth terms are the decomposition and generation terms for chemical reactions in water, respectively.
The sixth term represents a transfer from the water phase to the solid phase by adsorption.

These governing equations were discretized spatially using the integral finite difference method
and temporally by the fully implicit method. Due to their nonlinearity, the governing equations were
iteratively converged using the Newton–Raphson method. Matrix factorization was performed using
the conjugate residual method, with preconditioning by nested factorization, which targeted the nested
structure of the structured mesh. To speed up the numerous calculations, we used the successive
locking process [27] to remove the grids where sufficient convergence was achieved in the nonlinear
iterative process. The governing equations, required data, and solution procedures were explained in
detail in a previous paper [26]. To ensure its accuracy and applicability, the GETFLOWS simulator was
applied to many verification test problems involving theoretical and analytical solutions. In addition,
GETFLOWS was applied to more than 500 sets of field and laboratory data in Japan and overseas to
validate its utility [20–22,26,28].

A three-dimensional topographic model of the Yotsugi mill tailings pond was developed using
the Geographic Information System software MapInfo®, with field elevation data provided by the
Japan Atomic Energy Agency [23]. The three-dimensional topographic model was used to perform
geosphere fluid analysis. The model domain was set as the catchment area of the pond to consider all
water flowing into the pond. The ridge surrounding the pond was set as the boundary of the analysis
area (Figure 3). No flow boundary condition was applied except for a pond outlet. All water inflow
from outside of the pond was considered as surface water.

Advection–diffusion analysis was performed using GETFLOWS. The topographic model, inlet
flow rate, precipitation, evaporation, and water quality were utilized as input data in this simulation.
Percolation and recharge in the ground did not need to be considered. The Manning’s roughness
coefficient was set to 0.03 as a parameter related to the surface flow. Precipitation and evaporation
data were measured and provided by the Japan Atomic Energy Agency and the inlet flow rates were
provided by the Ningyo-toge Environmental Technology Center [23].
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2.3. Kinetics Model

In geochemical modeling, the kinetics model of both ferrous and arsenite ions oxidation was
considered in this study. For the oxidation reaction of ferrous, the kinetics model used in the quantitative
model is considered in Equation (4), as proposed by Singer and Stumm [29]:

d[Fe(II)]
dt

= −( k1 + k2[OH−]2PO2)[Fe(II)] (4)

where [Fe(II)] is the activity of ferrous ion; [OH−] is the activity of the hydroxide ion; PO2 is the oxygen
partial pressure; and k1 and k2 are rate constants with reference values of 2.91 × 10−9 and 1.33 × 1012,
respectively. Equation (4) has been used by many researchers, including our group, to show that the
kinetics of ferrous oxidation depend on pH and DO. Although the kinetic constants of k1 and k2 should
be affected by several chemical and biogeochemical conditions, the usefulness of these values was
confirmed under the atmosphere and without any biogeochemical influence.

For the oxidation reaction of arsenite, the kinetics model used in the quantitative model is reported
in Equation (5):

d[As(III)]
dt

= −k3[As(III)] (5)

where [As(III)] is the activity of arsenite; k3 is a rate constant with a reference value of 3.0 × 10−3 [30].
The ORP in the Yotsugi mill tailings pond was almost stable at around 0.2 V. According to the

Eh-pH diagram reported by Bednar et al. [31], the dominant species of arsenic was HAsO4
− as an

arsenate ion. Bednar et al. [31] reported that arsenite was oxidized according to Equation (6) in the
acidic pH area, when iron and arsenic ions co-existed.

H2AsO3
0 + H2O + 2Fe3+

→ H2AsO4
− + 3H+ + 2Fe2+ (6)

However, it was considered that the oxidation reaction of arsenite did not proceed according to
Equation (6) because our target pH area was a neutral pH area and iron ion was precipitated. Thus, we
did not consider the oxidation reaction of arsenite, according to Equation (6) in this study.

Bednar et al. [31] also reported that the ratio of arsenate/total-arsenic in the acidic pH area was
larger than that in the neutral pH area. The reason for this was the arsenite/arsenate adsorption
reaction for iron (hydr)oxide (e.g., ferrihydrite and magnetite) in the neutral pH area [31–34]. Since iron
(hydr)oxide adsorbed more arsenate than arsenite in the neutral pH area, the ratio of arsenate was
small. It was considered that this arsenite/arsenate adsorption reaction occurred in our target system.
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Based on the above discussion, we introduced Equation (5) to show the kinetics of the oxidation
reaction of arsenite. Since the ORP was almost stable in the Yotsugi mill tailings pond, it was treated as
a constant value and unified into the kinetics constant of k3 in Equation (5).

2.4. Surface Complexation Model

A previous comparison between coprecipitation and adsorption experiments for arsenate
adsorption on ferrihydrite with various As/Fe molar ratios confirmed that arsenate was predominantly
adsorbed as surface precipitation when the As/Fe molar ratio was over 0.4, whereas it was predominantly
adsorbed by surface complexation when the As/Fe ratio was below 0.4 [5,35]. In our previous study, we
used the Dzombak and Morel model to model the adsorption of arsenate on ferrihydrite and found that
the adsorption experimental results were successfully represented to the model when we combined the
diffusion layer model with the Dzombak and Morel parameter. In this study, the As/Fe molar ratio in
the Yotsugi mill tailings pond was less than 0.4 at all points, and surface complexation was considered
to be the dominant process in the adsorption of arsenic onto ferrihydrite. Therefore, the Langmuir
model with the coefficient from Dzombak and Morel model was used in this study. The Langmuir
adsorption isotherm equation used in this study is shown in Equation (7):

Ws =
Ws maxaC

1 + aC
(7)

where Ws is the amount adsorbed (mol/mol-Fe), Ws max is the saturation adsorption (mol/mol-Fe), a is
the adsorption equilibrium constant, and C is the concentration (mg/L). The Langmuir constants are
shown in Table 2.

Table 2. The Langmuir constants of arsenite and arsenate adsorption on ferrihydrite.

Langmuir Constant Amount of Saturated Adsorption [mol/mol-Fe]

Arsenate (As(V)) 2.27 × 106 2.70 × 10−1

Arsenite (As(III)) 1.13 × 106 8.82 × 10−2

3. Results and Discussion

3.1. Field Survey

The quality of each water sample obtained from the field surveys in summer and winter are
shown in Tables 3 and 4. The average pH throughout the Yotsugi mill tailings pond and at each inlet
was almost pH 7. The temperature of the water sample was almost stable at around 13 ◦C in winter,
whereas it was 15 ◦C at point A, and gradually increased downstream up to 30 ◦C at point H in summer.
Since point A was near the inlet and the surrounding area was an artificial wetland, it was directly
affected by the raw water in the mine, which had a stable temperature of around 15 ◦C regardless of
the season. On the other hand, since point H had a long residence time and the surrounding area was
a pond, it was easily affected by the outside temperature. The EC was around 30 mS/cm in summer
and around 0.2 mS/cm in winter.

The concentrations of arsenic and iron ions in summer and winter were mostly affected by inlets 2
and 3, which were located close to each other. These decreased towards the downstream area of the
pond from point A to H.
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Table 3. Properties of the water sample obtained during field survey in summer 2016.

Point TEMP
pH
(–) DO EC ORP

Concentration (mg/L)

Si Fe2+ As Na K Ca Mg Al SO4 Cl

I 15.6 6.5 8.7 17 0.1 24 4.1 6.1 × 10−3 17 2.3 18 6.3 2.8 × 10−3 14 35
Ii 11.9 6.5 8.8 31 0.03 1.1 × 102 16 1.4 × 10−2 55 3.2 21 10 5.8 × 10−3 1.3 × 102 32
Iii 12.9 6.6 4.9 7.7 0.2 40 0.6 1.3 × 10−3 11 1.4 6.9 3.5 6.6 × 10−3 8.8 31
Iv 18.3 6.5 2.5 0.1 0.3 13 0.4 9.9 × 10−3 14 1.1 13 1.6 1.5 × 10−2 25 29
A 14.8 7.0 4.2 28 0.2 1.1 × 102 17 1.4 × 10−3 54 2.5 18 9.8 4.0 × 10−3 1.4 × 102 18
B 17.1 6.8 2.0 23 0.2 79 1.6 1.4 × 10−2 45 5.7 14 7.9 7.2 × 10−3 1.1 × 102 21
C 18.6 6.6 3.6 17 0.3 37 0.2 7.9 × 10−3 17 3.1 23 5.8 3.7 × 10−3 46 16
D 19.1 7.1 0.5 21 0.03 32 3.5 5.8 × 10−3 17 1.0 25 5.6 6.1 × 10−3 47 16
E 22.0 6.5 0.4 42 0.02 32 6.0 7.6 × 10−3 18 0.7 68 7.6 3.8 × 10−3 2.3 × 102 20
F 26.7 7.0 3.1 0.5 0.1 31 0.1 2.7 × 10−3 17 0.6 54 4.7 4.9 × 10−3 1.8 × 102 20
G 32.1 7.2 6.2 0.3 0.2 29 2.2× 10−3 1.1 × 10−3 16 0.3 53 4.4 2.3 × 10−3 1.6 × 102 19
H 32.4 7.3 3.1 0.3 0.3 28 2.2× 10−3 1.2 × 10−3 15 0.4 49 4.5 2.7 × 10−3 1.5 × 102 39

TEMP: temperature (◦C]; DO: dissolved oxygen (mg/L); EC: electric conductivity (mS/cm); and ORP: oxidation-reduction potential (V).

Table 4. Properties of the water sample obtained during field survey in winter 2016.

Point TEMP
pH
(–) DO EC ORP

Concentration (mg/L)

Si Fe2+ As Na K Ca Mg Al SO4 Cl

I 12.8 6.4 7.8 0.2 0.1 24 2.0 1.2 × 10−2 9.9 1.3 13 3.5 0.2 × 10−4 12 0.0
Ii 10.2 6.5 8.7 0.3 0.03 72 8.2 × 10−2 8.2 × 10−3 36 2.0 14 6.5 0.1 × 10−4 98 0.0
Iii 10.8 6.6 4.7 0.1 0.3 35 0.4 5.6 × 10−3 6.2 0.9 6.1 2.5 0.0 7.7 0.0
Iv 11.1 6.7 3.1 0.2 0.06 14 3.7 5.3 × 10−2 11 1.5 16 1.6 0.3 × 10−4 45 0.0
A 11.6 6.6 4.7 0.1 0.2 72 0.5 3.0 × 10−3 13 1.0 6.9 3.0 0.0 48 0.0
B 12.0 7.0 6.7 0.2 0.2 35 0.2 2.0 × 10−3 14 1.2 6.3 2.8 0.0 15 7.2
C 11.8 6.9 5.6 0.2 0.3 22 0.4 2.2 × 10−3 10 1.4 14 3.1 0.0 14 11
D 12.3 6.6 1.0 0.2 0.2 18 0.8 3.5 × 10−3 8.9 1.2 15 3.1 0.0 13 9.7
E 11.4 6.9 0.8 0.3 0.2 16 0.2 3.1 × 10−3 8.9 0.9 24 2.8 0.0 32 8.8
F 12.2 6.7 0.8 0.7 0.01 19 0.3 2.5 × 10−3 9.8 0.7 80 4.1 0.0 1.5 × 102 9.3
G 11.8 7.0 6.2 0.3 0.2 20 0.9 1.5 × 10−3 9.3 1.2 21 3.4 0.0 0.02 7.7
H 11.9 7.0 3.3 0.3 0.3 22 0.1 1.5 × 10−3 11 1.3 30 3.5 0.1 × 10−4 94 0.0

TEMP: temperature (◦C); DO: dissolved oxygen (mg/L); EC: electric conductivity (mS/cm); and ORP: oxidation-reduction potential (V).



Minerals 2020, 10, 475 9 of 16

From the concentrations silicon, iron, and arsenic ions are shown in Tables 3 and 4, we confirmed
that ferrihydrite (pK= –3.191; Fe(OH)3 + 3H+ = Fe3+ + 3H2O for Fe(OH)3) was saturated in the pond
and ferric arsenate (pK= –0.4; FeAsO4:2H2O + 3H+ = Fe3+ + H3AsO4

0 + 2H2O for FeAsO4:2H2O)
and amorphous silica (pK= 2.71; SiO2 + 2H2O = H4SiO4

0 for SiO2) were unsaturated [36]. Based on
our previous study [4] and pre-investigation by chemical equilibrium calculation, including surface
complexation model, it was confirmed that silicate precipitates were not formed and the effect of silicon
for arsenic removal by ferrihydrite was very small and could be ignored at neutral pH, due to the low
concentration of silicon ion in the pond. Thus, silicon could be used as a tracer to understand the mass
transfer behavior in the Yotsugi mill tailings pond.

3.2. X-ray Diffraction Analysis

Figure 4 shows the XRD patterns of the sediment samples, ferrihydrite, and the original soil
sample of the Yotsugi mill tailings pond in summer and winter 2016. From a previous paper [37],
all XRD peaks of the original soil was that of gypsum (CaSO4·2H2O). Comparing the peak of sediment
samples and the original soil, the peak position of sediment samples was the same as that of the original
sample. Additionally, the XRD patterns of sediment samples showed the broad peaks at 2θ 34.9◦ and
62.3◦, which corresponded to the 2-line ferrihydrite (Fe(OH)3) [38,39].Minerals 2020, 4, x FOR PEER REVIEW 10 of 17 
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The iron ion is known to be precipitated as several species (e.g., ferrihydrite, schwertmannite,
and green rust). In our previous study, it was also confirmed that 2-line ferrihydrite is the most
dominant as a fresh iron (hydr)oxide in AMD at neutral pH area, using XRD analysis [34]. The XRD
pattern of sediment samples (Figure 4) was the same as that of the 2-line ferrihydrite reported in
our previous paper [35]. Schwertmannite has been known as a good adsorbent of arsenic ion in
AMD [40], but it was stable at acidic pH area and the chemical equilibrium calculation showed that
ferrihydrite formation should be more dominant than schwertmannite due to the neutral pH area
in the pond [41]. Schwertmannite has a specific peak around 2θ 36◦, which was sharper than the
2-line ferrihydrite, but Figure 4 shows no clear evidence of the existence of schwertmannite [42].
Green rust is also known to remove many different kinds of anions from AMD; however, a more
reducing atmosphere is necessary for green rust formation [43–45]. Therefore, it is suggested that all
iron in Yotsugi mill tailings pond was precipitated as 2-line ferrihydrite. Several researchers have
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conducted a more detailed investigation of iron (hydr)oxide during ferrous-mediated autotrophic
denitrification with some crystalline phases, such as goethite, hematite, akaganeite, and maghemite.
In this study, denitrification was not dominant and Figure 4 provides no clear evidence of the existence
of such crystalline phases; however, detailed detection of minor iron phases using Fourier transform
Raman Spectroscopy infrared spectroscopy and a discussion of their effect on arsenic removal will be
part of our future work [46,47].

The broad peak position of 2-line ferrihydrite did not change when the arsenic was removed by
surface complexation for 2-line ferrihydrite in our previous study [35]. On the other hand, it changed
from 34◦ to 28◦ when arsenic was removed by surface precipitation [5,35]. Thus, since there was no
obvious peak shift around 28◦ in XRD patterns, it was confirmed that the arsenic removal mechanism
in Yotsugi mill tailings pond was a simple surface complexation on the 2-line ferrihydrite.

3.3. Geofluid Analysis

The geofluid analysis simulation was performed using the precipitation given in the surface
model based on elevation data. The inlet flow rates, precipitation, and evaporation measured during
summer and winter are presented in Table 5. The precipitation and evaporation values were averaged
for the whole simulation area (i.e., the pond and catchment area). The simulation results are presented
in Figure 5. The simulation suggested that the influent from the catchment area flowed into the Yotsugi
mill tailings pond in the lower part of the simulation area. The flow lines of the Yotsugi mill tailings
pond on the northern and southern sides did not converge downstream, which indicated that these
flows were separate.

Table 5. Inlet flow rates and average precipitation and evaporation in the Yotsugi mill tailings pond in
summer and winter 2016.

Flow Summer Winter

Precipitation (mm/day) 6.6 5.8
Evaporation (mm/day) 1.6 0.7

Inlet flowrate point 1 (m3/day) 169.8 254.1
Inlet flowrate point 2 (m3/day) 34.9 29.4
Inlet flowrate point 3 (m3/day) 11.6 16.2
Inlet flowrate point 4 (m3/day) 7.52 5.45
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3.4. Quantitative Modeling

The distribution map of the concentration of silicon ion in the summer and winter and the
relationship between measured values and simulation results are shown in Figure 6. The concentration
of silicon ion was greatly affected by the inflow from inlet 2, which was the discharge from the opencast
mine (point ii). The simulation results matched well with the measured values (Figure 6c), indicating
that the transport of silicon ion followed a mass transfer model without any reaction. These results
also suggested that they were treated as flow field data and the dilution of silicon ion between points C
and A occurred because of flow from the other inlets, which had lower concentrations and rainfall.
The simulation results in summer showed that dilution contributed 74.6% to the concentration of
silicon ion. Similarly, in winter, the contribution of dilution was 70.8%. The difference in percentages
between summer and winter was assumed to be caused by differences in the inflow volumes of AMD
to the Yotsugi mill tailings pond.
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(c) measured Si concentrations on lines A–H and the fitting results.

In the Yotsugi mill tailings pond, iron (hydr)oxides occurred because the pH was around 7.
As the ferric (which was produced by the oxidation of ferrous) immediately precipitated as the 2-line
ferrihydrite, it was considered that ferric ion was not included in the water. Thus, the ferric ion
was not included in our model. The iron distribution was simulated by advection–diffusion using
the oxidation reaction. Distribution maps of an iron in summer and winter were simulated using
GETFLOWS (Figure 7). The concentration of an iron ion in the Yotsugi mill tailings pond in summer
was mostly affected by AMD from inlet 2, which had the highest influent concentration among the
inlets and a high flow rate. The concentration of the iron ion decreased in the flow direction and
reached the lowest concentration at downstream point A. The concentration of iron ion was low in
winter because the average concentration of iron ion from all of the inlets was low. The models for
the mass transfers and reactions with measured values are depicted in Figure 7c,d. The concentration
of iron ion dropped suddenly at point B, which indicated that the ferrous ion was oxidized to ferric
ion and immediately precipitated. At several points, such as points D and E in summer and points C
and D in winter, there were concentration increases. At these points, the concentration of iron ion was
affected by the adjacent inflow from inlet 1. Overall, the measured values in summer and winter were
successfully represented with the reaction model, which suggested that the kinetics model of oxidation
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of ferrous derived from the laboratory could be applied to the field. This result indicated that oxidation
of ferrous was caused by the activity of the hydroxide ion and the oxygen partial pressure. In previous
studies, it was reported that the oxidation of ferrous should be affected by not only chemistry but also
biogeochemistry [32]. These factors should directly change ferrous speciation and concentration, DO,
pH, and the kinetic constant, which should be affected by both the situation of dispersion of oxygen
and the interface of precipitates in Equation (4). In our system, it was confirmed that the effect of
biogeochemistry was small enough to be ignored, because the simple kinetics model of oxidation of
ferrous with the kinetic constants but without any biogeochemistry influence (previously proposed by
Singer and Stumn [29]) was quantitatively consistent with iron and arsenic ions distribution.
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To model the flow field, the concentration distribution of the arsenic ion was simulated by
advection–diffusion using the reactions. The simulation results for that in summer and winter are
presented in Figure 8a,b. Generally, the concentration distribution of arsenic ion in summer and
winter was consistent with that of the iron ion. As the water flowed further from the main inlet,
the concentration gradually decreased. This pattern suggests that arsenite/arsenate adsorption occurred
during coprecipitation with the 2-line ferrihydrite. Similar to iron ion, there was an increase in the
concentration arsenic ion at certain points, which was caused by the inflow from inlet 1. This increase
occurred at point E in summer and point D in winter. In Figure 8c,d, the simulation results using
the reaction model successfully represented the concentration of arsenic, obtained from field survey,
at each point, while that using the mass transfer model did not represent these. These results highlight
that the decrease in concentration of the arsenic ion was caused by adsorption on the 2-line ferrihydrite.
In addition, they showed that the Langmuir model using the constants, derived from the Dzombak
and Morel model for arsenite/arsenate adsorption on the 2-line ferrihydrite and the oxidation reaction
of arsenite using k3 were applicable in the field. Thus, the main mechanism of arsenic removal was
surface complexation for the 2-line ferrihydrite, as a chemical reaction in the Yotsugi mill tailings pond.
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From the above results, it could be seen that this model was effective to represent the trend of each
element in the Yotsugi mill tailings pond. Thus, we could estimate the distribution of concentration of
each element in the Yotsugi mill tailings pond using this model when several parameters, such as flow
rate and evaporation, are modified due to climate change, in the future.

4. Conclusions

In the Ningyo-toge mine, AMD and several toxic element, such as iron and arsenic were observed.
These flow into the Yotsugi mill tailings pond, which is an artificial wetland with a partial pond. In the
artificial wetland and pond, ferrous ion is naturally oxidized and precipitates as a 2-line ferrihydrite.
In this study, arsenic removal in the artificial wetland and pond through coprecipitation with the
2-line ferrihydrite was simulated and there was good agreement between the measured values and
the simulation results. Field sediment sampling and analysis provided further confirmation of the
2-line ferrihydrite precipitation and arsenic retention. The XRD patterns for sediment samples from
the artificial wetland and pond showed that 2-line ferrihydrite was present with broad peaks at
2θ 34.9◦ and 62.3◦. The lack of a shift in the 2-line ferrihydrite peak at 34.9◦ to a lower 2θ degree
suggested that the arsenic removal mechanism was surface complexation. This research showed
that reaction models from laboratory experiments, such as oxidation of ferrous and arsenite ions
and surface complexation, are applicable in the field. Our constructed model based on the removal
mechanism successfully represented the concentration and distribution of each element in the Yotsugi
mill tailings pond. These results suggest that the main removal mechanism of iron and arsenic ions in
the Yotsugi mill tailings pond are inorganic oxidation, precipitation, and surface complexation, while
the biogeochemical effect was negligible.
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