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Abstract: Three-dimensional groundwater flow around an abandoned mine was simulated to evaluate
the effects of backfilling the excavated underground space of the mine on reducing the acid mine
drainage (AMD). The conceptual model of the groundwater flow consists of not only variable
geological formations but also vertical shafts, horizontal drifts, and the other excavated underground
space. The steady-state groundwater flow in both days with high and little rainfall was calculated
to calibrate the model. The calculated groundwater levels and flow rate of the AMD agreed with
the measured ones by calibrating the hydraulic conductivity of the host rock, which was sensitive
to groundwater flow in the mine. This validated model was applied to predict the flow rate of the
AMD when backfilling the excavated underground space. The results showed that the flow rate of
the AMD decreased by 5% to 30%. This indicates that backfilling the excavated space is one of the
effective methods to reduce AMD of abandoned mines.

Keywords: abandoned mine; groundwater flow analysis; acid mine drainage; backfilling

1. Introduction

Acid mine drainage (AMD) is generated at many active, closed, and abandoned mines throughout
the world. AMD is a serious environmental issue in the mining industry [1-9], which is generally
characterized by low pH and high concentrations of sulfate, heavy metals (e.g., copper (Cu), lead (Pb),
zinc (Zn), and cadmium (Cd)) [10,11], and metalloids (e.g., arsenic (As), [12]). Low pH is caused by
oxidation of sulfide minerals and dissolves heavy metals in the host rock. Moreover, the contribution
of bacteria is important under in situ conditions for AMD formation [13,14]. The chemical reactions
(1)—(4) [15] causes low pH when the oxygenated rainwater contacts with pyrite in the unsaturated zone.
Backfilling the excavated underground space may reduce the amount of AMD due to the decrease in
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hydraulic gradient [16,17]. In addition, the contact area between oxygenated rainwater and pyrite
decreases due to the rise of groundwater levels.

FeS,(s) + 7/205 + HyO = Fe?* + 250,%~ +2H* (1)
Fe*t +1/40, + H" = Fe** +1/2H,0 2)

Fe3* + 3H,0 = Fe(OH);(s) + 3H* (3)

FeS,(s) + 14Fe** + 8H,0 = 15Fe** + 250,% + 16H* 4)

Sulfide minerals in the host rock exposed to shallow groundwater or rainwater are oxidized
during the operation of the mine. In addition, AMD is continuously generated for more than several
decades after closing or abandoning the mines [18].

In Japan, there are over 5500 closed or abandoned non-ferrous metal mines and 79 mines of these
are treating AMD. AMD from closed or abandoned mines is commonly treated by neutralization with
hydrated lime or sodium hydroxide. In this application, most toxic heavy metals are precipitated and
removed [19], and then the treated water is released into nearby rivers. The treatment of AMD induces
a large load from an economic perspective although lime neutralization has effectively been used over
the last 40 years in Japan. Total subsidiary aid cost for about 50 years is ~70 billion JPY (~650 million
USD) in Japan [20].

Active treatments by adding alkaline reagents are costly and should last for decades. On the
other hand, passive treatments are expected to be applied to mines with a relatively lower flow rate
of AMD [21]. For both treatments, it is necessary to reduce the amount of produced AMD. Thus,
it is important to clarify the processes of generating AMD. There have been a variety of studies of
AMD monitoring and characterization in not only Japan (e.g., [22-24]) but also other countries [25-34].
Some studies pointed out that groundwater flow patterns in and around mines should be evaluated to
purpose countermeasures against AMD reduction. There are several methods of the mitigation, such as
covering of ground surface with low-permeable layers and impoundment of land subsidence [35-41].
In this study, the effects of backfilling the underground space in a mine on produced AMD were
examined by 3-D groundwater flow model to reduce the AMD produced because the mine selected
has a huge volume of underground space already excavated.

2. Geology and Mining of Study Area

The selected mining area is located in valley terrain at an altitude of 300 to 400 m (Figure 1).
The basement rock mostly consists of pre-Neogene granite. Neogene tuff, andesite, and rhyolite were
deposited on the granite basement. They erupted and deposited on the granite in the marine. The type
of mine is a vein-type deposit formed in faults and fractures in the Neogene strata. Distribution of
the mined area was recorded in the pit map created during the operating period when drifts were
excavated at a depth of 60, 90, and 150 m from the ground surface (-2 L, =3 L, and -5 L levels,
respectively; Figure 1). Among them, the —5 L level drift is used as drainage of mine water to the mine
mouth. Mining was carried out by the shrinkage method at the beginning of the operation because the
host rock of the Neogene strata was solid and because the veins in the Neogene strata were inclined
with slopes of 70° to 90°. Since the mine is producing sludge generated from AMD neutralization,
backfilling the formed sludge mixed with cement (sandy slime) into excavated underground space
was adopted to prevent collapses of the space. This is because the host rock to be excavated became
crumblier with the progress of operation.
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Figure 1. Distribution of old mining levels and excavated underground space of the study area.

3. Conceptual Model of Groundwater Flow

30f13

Groundwater flows through aquifers consisting of surface soil and weathered layers at this
mine site. Groundwater in the aquifers flows to mining areas through faults and veins as shown in
Figure 2 [42]. Groundwater in the mined area flows through the mining levels (-2 L, -3 L, and -5 L)
to the adit mouth of the drainage level (=5 L). Thus, the total head of groundwater decreases from the

ground surface to the deeper underground, and thereby duplicate aquifers, a shallower aquifer, and a
deeper aquifer, are formed.
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Figure 2. Conceptual model of groundwater flow and its discharge.
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The flow rate of AMD is about 4 to 10 m3/min from this mine. The AMD from the adit mouth of
—5 L level accounts for about 0.04 to 0.16 m>/min.

4. Methods

4.1. In Situ Survey

Groundwater levels were continuously measured at B-2 and B-3 from August 4, 2014 to December
17,2016 at intervals of 60 min. The strainer pipes were installed from 15.0 to 35.0 m deep of B-2 well
and from 3.0 to 15.0 m deep of B-3 well. B-2 is located less than 10 m away from B-3 and both wells are
at the same ground level. This means that B-2 is to monitor the deeper groundwater level whereas
B-3 is to monitor the shallower groundwater level. The location of these boreholes corresponds to
upstream of groundwater into underground space, sensitive to the AMD production.

The flow rate of AMD was measured at M1 in Figure 1 using triangular weirs installed in the
drain of the tunnel. The flow rate of AMD was measured from 4 August 2014 to 17 December 2016
at intervals of 60 min. The daily precipitation was calculated by accumulating hourly precipitations
measured at the observatory 2 km away from the study area.

4.2. Theoretical Equation

Saturated—unsaturated groundwater flow analysis was applied to evaluate groundwater flow
using Dtransu-3D-EL software [42,43] together with G-TRAN/3D pre- and post-processing softwares
for Dtransu-3D [36,40]. Dtransu-3D-EL software solves the equation for saturated—unsaturated
groundwater flow derived from the mass preservation and Darcy’s equation, which can be written as

POV + plBSs-+ Cs(OI 5L = SLUKEK(0) 52 + pKEK 0} ®)
where ¢ is the pressure head, 0 is the (volumetric) water content, Ss is the specific storage, Cs(0) is
the specific water capacity, K° i is the directional components of the saturated hydraulic conductivity
function, K; is the relative hydraulic conductivity, ¢ is time, py is the density of solvent, p is the density
of fluid, p, is the ratio of prtop, p=1is the saturated zone, § = 0 is the unsaturated zone, and v is the
solute density ratio [43].

4.3. Numerical Model

Basic configuration of the numerical model is shown in Table 1. The model domain had an
area of 0.58 km? with a total elevation of 520 m and bounded by topographic ridges as shown in
Figure 3. The mined area above the mining levels (-2 L, =3 L, and -5 L levels) was assumed to be in
an unsaturated zone. The ground surface topography was reproduced by using the digital elevation
model (DEM) created based on numerical maps by aerial survey. Ore body, mining levels (-2L, =3 L,
and -5 L) and excavated area (backfilled with sandy slime) were constructed in the mesh diagram
of the numerical model based on the handwritten ore map and level map with 1:3000 scale. First,
the ground plane was divided into squares with a side of 20 m. Next, a two-dimensional square
on the ground surface were extended in the underground direction to form quadrangular prisms.
Quadrangular prisms were added downward to create a three-dimensional mesh model.
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Table 1. Basic configuration of the numerical model.

Items Configurations
Side and bottom Impermeable
Boundary conditions Infiltration:
Ground surface 5.0 mm/day (days with high rainfall)
0.47 mm/day (days with little rainfall)
River Pressure head: 0 m

Mining levels

(2L, -3 L, and -5 L) Seepage
Number of elements 19,890
Finite element method grid Number of layers 12
Basic element size x=20m;y=0.5-140m;z=20m

Saturated-unsaturated

Method of analysis three-dimensional seepage analysis

Ore body

Excavated area
ackfilled with sandy slime)

Mining level (—2L)

Mining level (-3L)

Drainage level (—5L)
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Figure 3. Simulation model of three-dimensional groundwater flow.

The hydraulic conductivities (K) and unsaturated properties of numerical blocks representing the
surface soil, embankment, and Neogene strata as well as the excavated areas were based on either
in situ measured results or estimated from the results of other papers as listed in Table 2. Hydraulic
conductivities were obtained from in situ permeability tests or estimated from rock permeability data
collected throughout Japan [44].

The properties of various geological strata under unsaturated conditions were obtained by the
van Genuchten model [45], which are given by

0-0, 1 "
S = = 6
e((p) es_er [1+|a(p|n] ( )
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.2
Ki{Se(@)} = Se'[1 = (1-5.1/")"] @)
where S, is effective water saturation, 0; is the saturated water content, 0, is the residual water content,
a, m, and n are the van Genuchten parameters [45], and [ is a parameter representing the degree of pore
connectivity (no unit). The van Genuchten parameters used for the current simulations are presented

in Table 3, and the corresponding functions are depicted in Figure 4.

Table 2. Hydraulic conductivities of different geological strata.

. Hydraulic Conductivity
Type of Geological Stratum K (m/s) Reference
Surface soil 1.1 x 107 [44]
Embankment 7.0 x 1077 [46]

Neogene strata

1.0x107%,9.2x 1077,
1.9%x107%,9.4x 1078

in situ measurements

Ore body 1.9%x107° in situ measurements
Mining levels (-2 L, -3 L, and -5 L) 1.0 x 1071 [40]
Excavated area (backfilled with sandy slime) 7.3 %1070 in situ measurements

Table 3. Residual water content 6,, saturated water content 65, and van Genuchten parameters 4, I,

and n [45].
0r () ;) a(m) 1(-) n(-) Reference
Tailings 0.00 0.42 0.15 0.5 1.87 [46]
Sand slime 0.01 0.29 3 0.5 3.72 [47]
Andesite 0.00 0.104 0.06 0.5 3.57 [48]
0.5 1LOX107 ~
0.4 ﬁ lioxi04 E
z ~=
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I g S—— - JL.0x107 =
§ Sand slime é
5 02 \ JL.OXx 1010 =
- \ 53
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N N N Andesite 3,
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Pressure head /4 (—m) Pressure head 4 (—m)

Figure 4. Water content and hydraulic conductivity curves using the van Genuchten’s model for sandy
slime, tailings, and andesite. See Table 3 for the corresponding parameters of the van Genuchten
model [45].

The distribution of mined areas and tunnels (-2 L, =3 L, and —5 L levels) in the numerical model
was based on the records of the operating period. At that time, the thickness of the mining area was
set at 3 m based on the actual space size. Similarly, the height and width of mining levels were set at
2 m. The average rainfall in August 2014 was 13.5 mm/day (hereafter, days with high rainfall) and the
average in August 2015 was 3.5 mm/day (hereafter, days with little rainfall). The infiltration rate was
calculated based on the water balance analysis, days with high rainfall: 5.0 mm/day (recharge rate
0.37) and days with little rainfall: 0.47 mm/day), (recharge rate 0.13). Both mining level (-2 L level)
and drainage level (=5 L level) were assumed to be seepage boundary conditions.

The boundary conditions of the numerical simulations are as follows:

e  The river was assumed to be connected to the groundwater surface and was set as a fixed head
boundary condition (pressure head 0 m).

e The ground surface (except that of the river) was set as infiltration boundary condition (Table 1).



Minerals 2020, 10, 777 7 of 13

The flow chart of the simulation is the same as Nishigaki (1995) [49].
5. Results and Discussion

5.1. Monitored Data

The groundwater level of B-2 in the deeper aquifer was almost constant at the elevation of about
287 m while that of the B-3 in the shallow aquifer was changed in response to rainfall. This means that
the groundwater level of B-3 is sensitive to rain whereas that of B-2 is not so sensitive to rain.

The AMD flow rate is shown in Figure 5. The maximum value was 0.16 m3/min in April during
the snowmelt season. Although the AMD flow rate tended to increase during the snowmelt season,
the AMD during the summer varied from year to year, high in 2014 and low in 2015. This means that
the infiltration of rainwater directly affects the flow rate of the AMD.

= e
-E 0.8 — E— 0.8
E E
a 06 F— z 06 —
E 0.091%0.007 (1o, standard deviation) § 0.0420.002 (1o, standard deviation)
Y \ - Y
< 02 — < 02
ST S
15 - - -—— - — = = 15
= . = 0 e i - -
1.0x10° 9.2x10° 1.9x108 9.4x10°® 1.0x10° 9.2x10? 1.9x10% 9.4x10%
Hydraulic conductivity K (m/s) of Neogene strata Hydraulic conductivity K (m/s) of Neogene strata
C— Simulated AMD flow rate C— Simulated AMD flow rate
= = Measured AMD flow rate = = Measured AMD flow rate

Figure 5. Comparison between the simulated and measured acid mine drainage (AMD) flow rate of
days with high (right) and little (left) rainfall.

5.2. Calibration of Hydraulic Conductivity of the Neogene Strata

The study area is snowy in winter and snowmelt increases the amount of AMD in spring (March
to May). However, the rain depends on the year during summer. Thus, the AMD flow rates in days
with high rainfall (August 2014) and days with little rainfall (August 2015) were selected for calibration.
In order to evaluate seasonal variations of AMD flow rates, analysis of steady state groundwater flow
was performed for both days with high and little rainfall.

The simulated AMD flow rates by changing the hydraulic conductivity of the Neogene strata
ranging from 1.0 X 10~ m/s to 9.4 x 108 m/s are compared with those measured rates as shown
in Figures 5 and 6. Since measured hydraulic conductivity of the Neogene strata ranged from
1.0x 107 m/s to 9.4 X 1078 m/s, the hydraulic conductivity was parametrically changed in the
simulation. The calculated AMD flow rate strongly depended on the hydraulic conductivity of the
Neogene strata. The AMD flow rate was the highest in case of the highest hydraulic conductivity of
9.4 x 1078 m/s, and lowest in case of the lowest hydraulic conductivity of 1.0 X 10~ m/s. When the
hydraulic conductivity of the Neogene strata was 9.2 x 10~ m/s, the flow rate of AMD agreed with
the measured ones during both days with high and little rainfall. This means that the same hydraulic
conductivity of the Neogene strata is applicable to any season.
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Figure 6. Change of precipitation and AMD flow rate.

The sensitivity analysis of hydraulic conductivity of the ore body was also conducted to investigate
whether the ore body distributed on the upper part of -5 L affected the flow rate of AMD. When the
hydraulic conductivity of the ore body was reduced to 1.9 x 107> m/s, the AMD increased by 20%,
and when the hydraulic conductivity was increased to 1.3 x 10~> m/s, the AMD decreased by 10%.
This indicates that the effect of hydraulic conductivity of the Neogene strata on AMD flow rate was
more significant than that of the ore body. It was also found that the amount of AMD from the deeper
-5 L decreased when the shallower ore body collected more groundwater.

Calculated groundwater levels are compared with observed ones in boreholes as shown in Figure 7.
The measured groundwater levels agreed with the calculated ones, irrespective of seasons when the
hydraulic conductivity of the Neogene strata of 9.2 x 10~ m/s was used. The measured and simulated
levels of B-3 increased during the days with high rainfall and decreased during the little rain days.
The simulated groundwater level of B-2 had a difference of about 4 m between the days with high
and little rainfall. However, the measured values of B-2 were constant during both seasons. This
indicates that the groundwater flow model can simulate the shallower groundwater flow and not
deeper groundwater flow well.

350 0
£l 5
.;:)- 330 150 %
2 Simulated water level of B-3 Simulated water level of B-3 g
5 (days with heavy rainfall) (days with little rainfall) 8
3 ]
N~ =
,13 310 P TN OO NI MR N —] 100 =
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\L} Simulated water level of B-2 Simulated water level of B- g
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—— Measured water level of B-3
270 T T T T T T — 200
1-Aug-14 1-Dec-14 2-Apr-15 2-Aug-15 2-Dec-15 2-Apr-16 2-Aug-16 2-Dec-16

Figure 7. Change of precipitation and groundwater levels at B-2 and B-3.

Figure 7 shows changes in groundwater levels of monitoring wells of B-2 and B-3. The simulated
results agreed with the observed ones. This implies that the calibrated model is effective in evaluating
groundwater levels of both rainwater-sensitive and rainwater-insensitive wells.

The simulated value of B-2 responds to the increase/decrease in rainfall with a water level difference
of 3.8 m between the days with high rainfall and little rainfall. Even if the amount of rainfall is large, if
it runs off the surface layer, it may not contribute to the rise in water level. Therefore, we conducted a
sensitivity analysis in which the hydraulic conductivity of the surface soil was increased by 10%. As a
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result, the water level difference between days with high rainfall and little rainfall was 3.7 m. Although
it had the effect of suppressing the increase/decrease in water level difference, it was small.

5.3. Prediction of the Effect of Backfilling

Figure 8 shows the vertical distribution of total head and Darcy velocity along the drainage
tunnel simulated by 3-D groundwater flow model. Before backfilling the underground space, the total
head decreased from the ground surface to the mining level (-2 L level) as shown in Figure 8b. Both
groundwater surfaces of the shallower and lower levels around the mining level (-2 L level) were
clearly observed in the simulation (Figure 8b). The AMD flow rate exceeded 1.0 m/day as Darcy flow
velocity around the mining level (-2 L) (Figure 8c). This flow rate corresponds to 0.091 m3/min of AMD
produced. After backfilling the mining levels (-2 L, =3 L, and -5 L), AMD flow rate was calculated
at 0.059 m3/min, 64.9% of AMD flow rate before backfilling, during days with high rainfall (35.1%
reduction). In days with little rainfall, AMD flow rate was calculated at 0.059 m3/min after backfilling,
which was 95.1% of the flow rate before backfilling (4.9% reduction). This indicates that the AMD flow
rate was reduced after backfilling whether it was the rainy season or not. In particular, backfilling the
underground space was more effective during the rainy season. On the other hand, the groundwater
level rose after the mined area was backfilled (Figure 8b). In addition, the groundwater flow around
the —2 L level was reduced after the backfilling (Figure 8c). Higher groundwater level could mitigate
the reaction between atmospheric oxygen and sulfide minerals in the underground. Thus, the rise
in groundwater level may prevent AMD formation. If DO (Dissolved Oxygen) is consumed in the
saturated zone, there is no new supply of oxygen and the oxidation reaction of pyrite does not occur.
The geochemical modelling like previous theoretical model and experiments [50-52] is necessary to
estimate the amount of acidification.
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onitoRaaSvaLs |
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%0 — level (13 £)
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Figure 8. Cont.
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e e i

mdd
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Figure 8. Vertical section of simulation model and simulated results of groundwater flow. (a) Vertical
section of simulation model. (b) Distribution of total heads before (left) and after backfilling (right).
(c) Distribution of Darcy flow velocity before (left) and after backfilling (right).

The measured amounts of AMD showed a difference of about twice in the days with high rainfall
and the days with little rainfall as shown in Figure 8 and 1.5 times in the simulation. The amount of
AMD in the days with high rainfall and that in the days with little rainfall were almost the same after
backfilling because AMD was not significantly affected by the infiltration of rainwater.

The obtained results imply that backfilling underground space is effective in reducing the flow
rate of AMD and preventing AMD formation is also expected. The backfilling method is promising
when inclined water-conductive zones, such as excavated underground space and fractures, are located
in the mine. Based on the outcome of this study, an appropriate design of backfilling underground
space can be performed to mitigate the AMD in closed and abandoned mines. The effects of backfilling
underground space on AMD production depend on the geology and hydrogeology of mine sites, so
applying this method to a variety of sites is required to quantitatively evaluate the performance.

6. Conclusions

3-D numerical model consisting of a variety of geological formations and underground tunnels
was constructed. By using the calibrated model, both groundwater levels around the mine and flow
rates of AMD agreed with the measured values, irrespective of the season. In this mine, AMD after
backfilling the underground space was reduced to more than 30% in days with high rainfall and to 5%
in days with little rainfall. In addition, the acidification of groundwater may be expected due to the
rise in groundwater levels. These results imply that backfilling the underground space is effective in
reducing AMD in this mine.
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