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1. Introduction

Acid mine drainage (AMD) or acid rock drainage (ARD) fluids are generally
characterized by low pH and very high concentrations of sulfate, heavy metals (e.g.,
copper (Cu), lead (Pb), zinc (Zn), and cadmium (Cd)), and toxic metalloids (e.g., arsenic

(As) and selenium (Se)), which pose serious threats when released without appropriate
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treatment, not only to the environment, but also to residents living around the affected
areas (Tabelin et al., 2018). AMD is typically associated with many active, closed, and
abandoned mines (Younger, 2001; Gault et al., 2005; Molson et al., 2005; Boulabah et
al., 2006; Kimball et al., 2007; Lim et al., 2008; Hien et al., 2012; Hierro et al., 2014;
Skierszkan et al., 2016; Zhao et al., 2017). ARD is also a major problem in many
underground and tunnel construction projects when the excavated debris and/or waste
rocks contain pyrite, which is the most abundant sulfide mineral in nature and the
primary cause of acidic leachate formation (Tabelin and Igarashi, 2009; Tabelin et al.,
2012a,b, 2013, 2017a,b; Tatsuhara et al., 2012; Andrea, 2014; Anawar, 2015).

The most common mitigation strategy for AMD—ARD is chemical neutralization,
which is a method whereby the acidic effluents are mixed with alkaline materials like
limestone, lime, or caustic soda to raise the pH and precipitate most of the heavy metals
and metalloids (Iakovleva et al., 2015). Although effective, the long-term suitability of
this approach depends on the volume and geochemical properties of the AMD—-ARD
being treated, as well as the total duration of treatment required at a specific site. As
such, the treatment becomes costly and unsustainable because AMD—ARD contain high
concentrations of heavy metals and are generated over a long period (>100 yr). The
generation of large amounts of sludge that must be properly managed is also an
important issue. Several advanced pyrite passivation techniques have been recently
proposed for more sustainable management of AMD-ARD, such as carrier
microencapsulation (Satur et al., 2007; Park et al., 2018a,b; Li et al., 2019) and galvanic
microencapsulation (Tabelin et al., 2017c), which show selectivity for pyrite and
arsenopyrite, even in the presence of silicates. However, these techniques are still in the

experimental stages and remain untested under in situ conditions. Given this, the
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sustainability of existing AMD—ARD management strategies should be improved until
more effective and sustainable methods are developed.

One potential way to improve the sustainability of current AMD—ARD treatment
strategies is to limit the formation of acidic leachates at source by the application of
hydrogeological methods (e.g., ground-sealing with low permeability materials) that
reduce the amount of water in contact with pyrite-rich waste or wall rocks. In addition,
covers with oxygen-barrier effects have been proposed as a viable option to minimize
AMD, whilst also controlling gas flow and oxygen supply (Bussiére et al., 2003;
Lahmira et al., 2016). Some of these approaches could reduce the capacity of current
water treatment plants or wetland-based treatment methods, by not only reducing the
volume, but also improving the quality of AMD for treatment. However, for this
approach to work, it is crucial to first understand both the sources and flow patterns of
AMD-ARD within the mining area. The sources of AMD-ARD are typically identified
by detailed geochemical and isotopic surveys of the target mine, which have been
conducted in Japan (Iwatsuki and Yoshida, 1999; Okumura, 2003; Mahara et al., 2006)
and in other countries (Razowska, 2001; Hazen et al., 2002; Sracek et al., 2004; Lee and
Chon, 2006; Leybourne et al., 2006; Hubbard et al., 2009; Gammons et al., 2010;
Galvan et al., 2016; Canovas et al., 2017; Migaszewski et al., 2018). In addition, AMD—
ARD flow patterns can be predicted by combining numerical models with on-site
hydrological surveys.

Once the sources of AMD are known and its flow patterns established, various
countermeasures to limit the flow of AMD or retard the movement of contaminants
could be evaluated using numerical models calibrated to on-site data. When properly

calibrated, numerical models are capable of reproducing the groundwater flow in and
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around the mine site and changes in these flow patterns in response to various
environmental parameters (e.g., changes in rainfall intensity). For example, several
studies have successfully predicted both the geochemical evolution of groundwater
(Bain et al., 2000; Molson et al., 2005; Castendyk and Webster-Brown, 2007;
Yamaguchi et al., 2015; Pabst et al., 2018) and its movement through natural geological
media using numerical modeling techniques (Wunsch et al., 1999; Sracek et al., 2004;
Tomiyama et al., 2010a, 2010b, 2016; Bahrami et al., 2016; Ethier et al., 2018;
Ramasamy et al., 2018).

One of the biggest challenges in the simulation of groundwater flow in closed and/or
abandoned underground mines is how to consider a number of large excavated spaces
and tunnels in the numerical model. For example, in a study of the Kamaishi mine (a
skarn-type deposit), the modeling approach assumed that the excavated areas were
hollow spaces with groundwater discharge by setting the walls as a fixed total head
boundary (Japan Nuclear Cycle Development Institute, 1999). Modeling of
underground oil storage in Japan by Yamaishi et al. (1998) calculated the groundwater
discharge by assuming that the permeability values of rock tanks (i.e., empty spaces)
were equal to infinity in the numerical model. In both of these previous studies, the
groundwater was discharged outside the numerical model domain and excluded from
the numerical calculation after discharge. This was a reasonable assumption because
groundwater percolating into the excavated areas was pumped up to the ground surface
in both the Kamaishi mine and underground oil storage facility.

However, such an assumption for large, empty underground spaces in numerical
modeling is not applicable to the excavated areas of many metal sulfide underground

mines, because these spaces are often back-filled with sand slime, tailings, and
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sludge/precipitates formed by neutralization, which means these are no longer empty
spaces. Tomiyama et al. (2019) showed that AMD formed in the old mine workings
(i.e., drift and shaft) of a closed mine flowed through and interacted with the back-filled
materials into the empty spaces, and that the geochemical properties of AMD fluids
were dramatically changed. Based on this previous study, it is probably more
appropriate to consider old mine workings as porous media where water flow is
governed by Darcy’s law rather than as free discharging boundaries.

In this study, we evaluated the assumption that back-filled excavated areas of old
mine workings can be modeled as porous media, where groundwater flow is governed
by Darcy’s law. The site selected for this study was the Yatani mine, which is a closed
underground mine located in Yamagata Prefecture, Japan, where several different
mining methods were adopted and detailed drawings of the excavated areas are
available. A numerical model was constructed based on the topography of the mine and
mining methods, as well as the geological and hydrological properties of the site. The
model calibration was based on hydraulic conductivities (k) of volcanic rocks and faults.
In addition, we compared and verified the results of the model with actual AMD fluxes
measured on-site, and we then used the verified model to evaluate possible

countermeasures to reduce AMD flux from the closed mine.

2. Site description
2.1. Geology and history of the mine

The Yatani mine is located 28 km southwest of Yonezawa City, within the Bandai—
Asahi National Park (Fig. 1). It is situated in the green tuff area of northeast Japan, and

comprises granitic basement overlain by Neogene volcanic and sedimentary rocks.
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Surface mining began in 1870 after the discovery of gold (Au) ore outcrops. When these
were exhausted, mining continued underground for several decades. Taihei Mining Co.
Ltd. acquired mining rights to the area in 1952 and began mining Pb and Zn ores. By
1978, the monthly crude ore output was >10,000 tons with average Pb and Zn grades of
2.0% and 4.4%, respectively. Decreasing metal prices and the appreciated Japanese yen
eventually made the operation unprofitable, and it was closed in 1988 (Sato et al.,
1978).

The Yatani ore deposit is of hydrothermal origin, formed within green tuff host
rock. It includes two types of veins: one rich in Pb and Zn, and the other containing Au
and silver (Ag). The Pb—Zn ore deposits constitute the main veins of the mine, reaching
a maximum width of ~10 m, and which closely follow NE-SW- and E-W-trending
faults in the area. The Pb—Zn veins comprise mainly quartz, galena, sphalerite, and
pyrite, and sometimes include native Au and argentite. The Au—Ag ore veins contain
quartz, native Au, argentite, pyrite, and rhodochrosite. In both types of veins, the ore
minerals exhibit banded textures, indicating that quartz crystallized first, followed by
precipitation of galena and zincblende, and finally by deposition of native Au and
argentite (Taniguchi, 1969).

Two mining methods were used at the mine, involving the cut and fill method in
deeper parts using sand slime, sludge and precipitates, and tailings as filling materials,
and the shrinkage stoping method in shallower parts (Fig. 2). A mineral concentration
system with its own power substation and repair facilities was constructed underground.
Old mine workings deeper than the drainage level (2L level) are kept submerged and

AMD is currently treated by neutralization.
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2.2. Hydrogeochemistry

The old mine workings of the Yatani mine have been generating AMD. Tomiyama
et al. (2019) investigated the formation and geochemical evolution of AMD on-site and
found that AMD is being formed by the interaction of groundwater with sulfide
minerals, sand slime, and tailings back-filled into excavated mine areas (Fig. 3;
Tomiyama et al., 2019). Groundwater recharge areas were identified on the mountain
slope at an elevation of ~900 m. The formation of AMD in the drifts and shaft was more
extensive than that in the deeper drainage levels. Principal component analysis was
applied to the hydrogeochemical data to identify the causes of AMD formation. The
first, second, and third principal components revealed that the increased ion
concentrations in the mine drainage are the result of water—mineral reactions in
excavated mine areas, contribution of groundwater in deep reducing environments, and

isotopic fractionation during precipitation, respectively (Tomiyama et al., 2019).

3. Materials and methods
3.1. Sample collection and analysis

To identify sources of heavy metals and evaluate possible countermeasures to
reduce AMD flux, mine drainage samples were collected and analyzed on 1 August and
9 October 2007, on the same dates as the flux measurements, from the locations shown
in Fig. 4. Samples S-1 to S-10 were collected from prominent parts of the drainage
tunnel (—2L level) where significant discharge of groundwater was observed (e.g., from
cracks in drainage tunnel walls). Samples M-1 to M-5 were also collected from the five
points where AMD fluxes were measured. All samples were stored in 1 L

polypropylene bottles before filtering through 0.22 pm membrane filters. Temperature
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and pH were measured on-site using a thermo-pH meter (KS-701; Shindengen Electric
Manufacturing, Japan), and electrical conductivity (EC) was measured on-site using an
EC meter (B-173; Horiba, Japan).

All sample analyses were performed at the Analytical Center of Mitsubishi
Materials Techno Corporation (Tokyo, Japan). Zn, total-Fe, total-Mn, Pb, and Cu were
analyzed by either inductively coupled plasma—mass spectrometry (ICP-MS; Agilent
7700X; Agilent Technologies Japan, Japan) or inductively coupled plasma—atomic

emission spectroscopy (ICP—AES; ICAP-575; Thermo Fisher Scientific K.K., Japan).

3.2. Numerical simulation
3.2.1. Calculation method

Modeling of the Yatani mine assumed that the mined area above the drainage tunnel
(2L level), which is located near the middle of the mining area, was an unsaturated
zone. Saturated—unsaturated groundwater flow analysis was applied to the groundwater
flow in the unsaturated zone (Table 1) using non-commercial Dtransu-3D-EL software
(Hishiya et al., 1999) together with G-TRAN/3D pre- and post-processing software for
Dtransu-3D (Geoscience Research Laboratory, Japan; Tomiyama et al., 2010a).
Dtransu-3D-EL software solves the equation for saturated—unsaturated groundwater
flow derived from mass conservation principles and Darcy’s equation, which can be

written as follows:

dc do 0 do
i v S.. _r S. 1
pfoy T p{BSs + Cs(6)} 5t = ox; {pK ijKr(6) ox; + pK lﬁKr(H)pr} (1)
where ¢ is the pressure head (L), € is the volumetric water content (-), ¢ is time (T), Ss is

the specific storage (L"), Cs(0) is the specific moisture capacity (L '), K5 is the

directional components of the unsaturated hydraulic conductivity function (L T 1), Ki(0)
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is the relative hydraulic conductivity (-), psis the solvent density (M L), p is the fluid
density (M L), p, is the ratio of psto p (-), B = 1 is the saturated zone, = 0 is the
unsaturated zone, and y is the solute density ratio (Hishiya et al., 1999). The source code
of Dtransu-3D-EL software is publicly available (Okayama University, 2019). This
source code has been used in previous studies for research into geological disposal of
high-level radioactive waste, unsaturated zone water flow within excavated mine sites,
and groundwater flow within the sediments of coastal plains (e.g., Kurikami et al.,
2008; Yamaguchi et al., 2015; Takamoto et al., 2017). In order to predict and analyze
seasonal variations of the AMD fluxes, two seasons of the year in which the AMD flux
increased (i.e., high rainfall days) and decreased (i.e., low rainfall days) were selected
for the model calibration. Results of the numerical simulation of groundwater flow were
verified on 1 August and 9 October 2007, by measuring the AMD flux at five different
points along the drainage tunnel (Fig. 5). Steady state analysis of groundwater flow was
performed using these actual measurements as boundary conditions of infiltration down

from the ground surface.

3.2.2. Model set-up and calibration

The model domain has an area of 33 km?, an elevation range of 2.0 km, and is
bounded by a topographic ridge, below which the excavated areas and drainage tunnel
are located (Fig. 6a). The topography was reproduced in the numerical simulation using
a digital elevation model (DEM) created based on digital maps published by the
Geospatial Information Authority of Japan (Geospatial Information Authority of Japan,
2018). The distribution of each stratum and fault was based on the detailed geological

maps of Sato et al. (1978) and Taniguchi (1969). The excavated areas were classified
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into shrinkage stoping, cut and fill with tailings, and cut and fill with sand slime, based
on records of the mining operations (Fig. 2). The element size was set to x =50 m and z
= 50 m, with thicknesses of 1 to 500 m. The drainage tunnel was modeled with an actual
height of 2 m, width of 2 m, and length of 2,250 m. The vertical shaft and drifts were
then put together within the excavated areas. The size of the mining area was 1050 m in
the E-W direction and 600 m deep, with an assumed thickness of 2 m.

The hydraulic conductivities of volcanic rocks and faults in the mine area were
adjusted within allowable ranges for the trial-and-error calibration, which involved
combinations of k£ values, with the best-matched cases being selected by comparing
calculated and measured AMD fluxes. The hydraulic conductivities (k) and unsaturated
properties of numerical blocks representing surface soil, volcanic rocks, granitic rocks,
and dikes and faults, as well as the excavated areas were based on either in situ
measured values or estimated from the results of previous studies (Table 2; Fig. 6b).
Hydraulic conductivities (k) were calculated from water injection test results conducted
during a deep borehole survey in the northern part of Azuma, located just 10 km east of
the Yatani mine (New Energy and Industrial Technology Development Organization,
1987), and surface soil permeability data collected throughout Japan (Umeda et al.,
1995). Neogene volcanic rocks that are the host rocks of the deposit at the mine have a
wide range of hydraulic conductivities (k). For this reason, the model was calibrated
using each possible value. There are E-W- and NE-SW-trending faults in the mine
area, which are potential groundwater flow paths. Considering the heterogeneity of the
strata, incorporating the faults into the model is important. However, the permeability of
faults at the Yatani mine site and in nearby areas is unknown, so the sensitivity analysis

was performed with reference to actual measurements from another mine study
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241 (Tomiyama et al., 2010b), in conjunction with the permeability values of the volcanic
242 rocks (Table 3). Hydraulic conductivity (k) values of the excavated areas were based on
243  previous studies (Fala et al., 2005; Tomiyama et al., 2010b; Ethier et al., 2018).

244  Shrinkage stoping was considered anisotropic with a horizontal/vertical saturated

245  hydraulic conductivity ratio (kn/kv) of 1076, based on a previous study related to

246 hydrogeology of several mine sites in Japan (Kondo, 1958).

247 The properties of the various geological strata under unsaturated conditions were
248 consistent with the moisture characteristic curve and saturated versus unsaturated

249  hydraulic conductivity coefficients of the van Genuchten (1980) model, which are given

250 by

0 -6, 1 "
251 (@) =g—p" = [1 ¥ |a<p|n] (2)
32 s =st[i-(1-st) O

253  where Se is the effective water saturation (-), ¢ is the pressure head (L),  is the

254  volumetric water content (-), 6;s is the saturated water content (-), 8- is the residual water
255 content (-), a is the van Genuchten (1980) parameter (L '), m and » are the van

256  Genuchten (1980) parameters (-), k7 is the relative hydraulic conductivity (-), and / is a
257 parameter representing the degree of pore connectivity (-). The van Genuchten

258 parameters used for the current simulations are presented in Table 4, and the

259  corresponding curves are shown in Fig. 7. In the hydraulic conductivity curves, the
260 minimum unsaturated hydraulic conductivity was set at 107'* m s™! (Pabst et al., 2018).
261

262  3.2.3. Boundary conditions

263 The boundary conditions of the numerical simulations were as follows: i. the river

264 was assumed to be connected to the groundwater surface and was set with a fixed head

11



265 Dboundary condition (pressure head = 0 m); ii. the ground surface (except that of the
266 river) was set as an infiltration boundary condition (Table 1). The infiltration rate was
267 calculated from the water balance of the surface basin as follows:

268 P=R+E+1 4)

269 where P (mm d!) is precipitation, R (mm d!) is runoff, £ (mm d!) is

270  evapotranspiration, and / is infiltration (groundwater recharge). Precipitation values
271 were based on measurements from a monitoring station in the mine area (Fig. 1), and
272 runoff values were taken from the river water flux data of Mogami River (Ministry of
273  Land, Infrastructure, Transport and Tourism, 2008). Evapotranspiration values were
274  calculated following Takahashi (1979).

275 Water mass-balance values for each month are shown in Fig. 8. The values for

276  runoff were an annual average of 3.5 mm d! (runoff rate = 0.57), and the estimated
277 infiltration for each month was 0 to 3.4 mm d!. The relationship between measured
278 AMD flux and estimated average infiltration for the preceding three months has a high
279  degree of correlation (Fig. 9). Therefore, the average recharge volume of rainwater was
280 calculated from the estimated infiltration in the three months immediately prior to the
281 actual measurement date of the AMD flux (high rainfall days = May 1 to July 31, 2007;
282  low rainfall days = July 9 to October 8, 2007). The average of infiltration rate was 1.2
283 mm d ' during the high rainfall days (recharge rate = 0.08) and 0.42 mm d! during the
284  low rainfall days (recharge rate = 0.03). Steady-state analysis of groundwater flow was
285 performed using these infiltration rates during high- and low-rainfall days as boundary

286 conditions for infiltration from the ground surface.

12
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Both the drainage tunnel and vertical shaft were set to seepage boundary conditions,
which were incorporated into the numerical model by setting the total head value from

636 to 644 m at designated positions.

4. Results and discussion
4.1. Contaminants in the water samples

The geochemical properties of water samples collected from the drainage tunnel are
summarized in Table 5, and spatial variations in pH and EC are shown in Fig. 10. The
pH, EC, and temperature of the seepage water samples were in the ranges of 6.72—7.31,
21.5-91.1 mS m™', and 11.6°C—~17.4°C (1 August 2007), and 6.64-7.37, 21.5-108.6 mS
m !, and 12.1°C-17.5°C (9 October 2007), respectively. Sample S-1 had the highest pH
and lowest EC. The sampling site of S-1 was at a NE-SW-trending fault (Sato et al.,
1978), and the water was emanating from fractures in the wall rocks (Fig. 4). This
suggests that sample S-1 may be river water that has infiltrated the drainage tunnel
through the fault.

The pH, EC, and temperature of the mine drainage samples were in the ranges of
5.12-6.37,100.1-178.3 mS m!, and 15.9°C~18.9°C (1 August 2007), and 5.27-6.53,
104.3-141.9 mS m !, and 16.0°C—19.3°C (9 October 2007), respectively. EC, pH, and
concentrations of heavy metals vary with location. EC values and concentrations of
heavy metals increase with decreasing pH from the adit mouth to veins and shaft (Fig.
10). Drainage sample M-5 from the drift has the highest EC (178.2 mS m') and lowest
pH (5.12). A similar trend was observed for concentrations of heavy metals in the mine
drainage samples. Zn, total-Fe, and total-Mn concentrations in samples collected at the

adit mouth (sample M-1) were ~20, ~30, and ~40 mg L, respectively, while those

13
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from near veins, the drift, and the shaft (sample M-5) were ~2 times higher,
respectively. Fluxes of heavy metals (Zn, T-Fe, T-Mn, and Pb) in the drainage water are
shown in Fig. 4. The actual mine drainage was measured at the same locations as the
drainage water sampling sites, and the element flux values were calculated by
multiplying the element concentrations by the volume discharge of mine drainage. For
example, in the case of Zn, the fluxes at the adit mouth (point M-1) were 58.1 and 37.7
g min! during the high and low rainfall days, respectively, which were 1.4 and 1.8
times higher than the Zn flux around the shaft and drift (point M-5; 2200 m from the
adit mouth). The other heavy metals (T-Fe, T-Mn, and Pb) display the same trend, and
60%—-80% of the heavy metals in AMD from the wellhead are generated from the
vertical shaft and drifts (i.e., the excavated areas). However, water was sampled only
twice, on 1 August and 9 October 2007. The total AMD flux measured at the
neutralization treatment plant increased during the snowmelt season of March—May
2008, with pH decreasing over that time (Fig. 5). This suggests that the groundwater
flux, infiltrating from the mountain slope to the excavated area and reacting with sulfide
minerals, increased during the snowmelt season (Tomiyama et al., 2019). Therefore,
when the total AMD flux increases and pH decreases in the snowmelt season, 60%—
80% of the heavy metals in AMD from the adit mouth may be generated from the

vertical shaft and drifts.

4.2. Model calibration
Table 6 and Fig. 11 compare the modeled total AMD fluxes by groundwater flow
analysis with those measured on-site. The calculated AMD flux strongly depends on the

permeability of the Neogene volcanic rocks and faults. The AMD flux was highest in
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Case D-4 where Neogene volcanic rocks (k=2.1 x 10”7 m s ') and faults (k=1 x 10*
m s ') have higher permeability, and lowest in Case A-1, where it is assumed that the
Neogene volcanic rocks (k=3.3 x 10 m s!) and faults (k=1 x 10" m s ) have lower
permeability. The results for cases where hydraulic conductivities (k) of rock and faults
were 3.5 x 10 m s and 1.0 x 10~ m s!, respectively, (3.52 m® min' during high
rainfall days and 2.67 m® min"! during low rainfall days) were the closest to the

measured total AMD flux (3.47 m® min!' and 2.62 m® min™!, respectively).

4.3. Model verification

Variations in water flux along the mine drainage were also evaluated by numerical
modeling and compared with those measured on-site. Figure 12 shows the relationship
between the AMD fluxes predicted by the numerical model and those measured on-site
for the cases where rock and faults hydraulic conductivities are 3.5 x 10 *m s ™' and 1.0
x 10 m s!, respectively. The actual AMD flux were measured at the adit mouth and in
four locations along the drainage tunnel (—2L level) from the adit mouth at 780, 1255,
1712, and 2200 m. The total AMD flux measured on-site gradually increased as AMD
flowed through the drainage tunnel towards the adit mouth. The measured AMD fluxes
around the shaft and drifts (2200 m from the adit mouth) were 1.14 and 0.77 m® min™!
during the high and low rainfall days, respectively, which accounted for 29-33% of the
total AMD flux. In comparison, the modeled AMD flux at the same locations were 1.20
and 0.84 m*® min™' during the high and low rainfall days, respectively, and accounted for
31%—-34% of the total AMD flux. These results show that the numerical model
successfully predicted not only the AMD fluxes at various locations along the drainage

tunnel, but also the contributions of various locations along the drainage tunnel to the
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total AMD flux. Moreover, the numerical model correctly predicted the increasing trend
of total AMD flux towards the adit mouth, when taking into account the presence of
faults and its permeability. Fig. 13 shows a cross-section of the total water head
distribution along the drainage tunnel (—2L level) during high-rainfall days. The
numerical model predicted that the groundwater flowing into the shaft originated from
the unsaturated zone just above the excavated area, while the groundwater flowing into
the excavated area comes from the hill slope north of the old mine workings. The
modeling indicates that a faster groundwater flow (max Darcy flow velocity =30 m d!)
was obtained in the upper excavated area around the shaft than in the surrounding areas,
which then flowed down into the areas mined using shrinkage stoping. In the drainage
tunnel, significant discharge of groundwater was observed from the top part of the shaft,
supporting the model results. These results suggest the presence of preferential
groundwater flow areas within the old mine workings of the Yatani mine, and are
consistent with 60%—-80% of the heavy metals in the AMD being generated from the
excavated areas. In the region from the hill slope on the north side to the lower part of
the excavated area, regions with Darcy flow velocities between 0.01 and 0.1 m d™' were
widely distributed and groundwater flow in the saturation zone was also predicted.
Groundwater flow below the old mine workings predicted by the numerical model most
likely corresponds to the lower groundwater flow shown in Fig. 3. Based on these
results, groundwater and/or AMD flow in back-filled old mine workings in underground

mines could be modeled as porous media governed by Darcy’s law.

4.4. Reduction of the AMD flux
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In the Yatani mine, AMD is currently neutralized by the addition of calcium oxide
that removes most of the heavy metals, and the treated water is discharged into a nearby
river. One possible way to lower the cost of AMD treatment is to reduce the AMD flux.
This could be achieved by back-filling the excavated areas with low permeability
materials (e.g., a mixture of cement and sludge—precipitate or cemented paste). Using
the calibrated numerical model, the applicability of this approach was tested by
assuming that the shrinkage stoping areas were filled with a low permeability material
(k<10%ms!;ie, 10° ms™'). The numerical model predicts that, under these
conditions, the total AMD flux decreases to 2.24 and 1.72 m*® min™' during high and low
rainfall days, respectively. Most of the decrease in total AMD flux was due to the
decrease in AMD fluxes around the shaft and drifts, and the decreases with respect to
the measured values of 1.14 and 0.77 m® min! (during the high and low rainfall days,
respectively) are 84% and 82%, respectively. In this case, taking Zn as an example, it is
estimated that the total AMD Zn flux will be reduced by 61% and 48% during high- and
low-rainfall days, respectively.

Figure 14b shows cross-sections of the groundwater flow vectors around the mining
area, and Fig. 14c¢ shows the result when assuming the shrinkage stoping areas were
infilled (for high rainfall days). In Fig. 14b, the groundwater flow infiltrating from the
periphery of the excavated areas through the faults was reproduced. However, Fig. 14c
indicates that the infiltration of groundwater is suppressed by infilling the excavated
areas and the Darcy flow velocity becomes slow. Therefore, filling of the excavated
areas with low-permeability materials may be effective in limiting the formation of

AMD and the flux of heavy metals in the Yatani mine.
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5. Conclusions

Groundwater flow patterns in the Yatani mine area located in Yamagata Prefecture,
Japan, were elucidated using a numerical model. The model was constructed based on
the topography around the mine, detailed geological maps of the area, and measured
and/or estimated hydrological properties of the various deposits and geological strata
under saturated—unsaturated conditions. The model calibration was performed using
hydraulic conductivities of volcanic rocks and faults, with the best-matched case being
selected by comparing calculated AMD and measured AMD fluxes. In addition, the
numerical model was verified using actual AMD fluxes measured on-site in order to
evaluate possible countermeasures for the reduction of AMD flux. The modeled AMD
fluxes along the drainage tunnel (—2L level) agreed with the measured data, when the
excavated areas were considered to be porous media with a specific hydraulic
conductivity and the presence of faults and permeability were taken into account. Back-
filling old underground mines was shown to be a potentially useful countermeasure to
reduce AMD flux. The model results indicate that the flux of Zn in AMD could be
reduced by up to 61% if the excavated areas are back-filled with low permeability
materials, regardless of the rainfall intensity. The approach used in this study is
applicable to vein-type deposits that are mined in the same way as the Yatani mine. The
assessed AMD reduction was similar to that of other studies (e.g., Yamaguchi et al.,
2015). It is possible that a trace of oxygen may oxidize pyrite to sulfate, making it
difficult to prevent acidification (Yamaguchi et al., 2015). Furthermore, we only
modeled an area over several kilometers and geochemical data were not integrated into
the model. When cement-based materials are used for infilling, changes in water quality

due to oxygen suppression and neutralization reactions are expected. Recent studies
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have examined chemical transfer processes in waste rock piles (e.g., Lahmira et al.,
2016; Ethier et al., 2018), and chemical modeling is the next step in improving our

understanding of such large-scale mining areas.
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Table 1. Basic configuration of the numerical model.

Side and bottom Impermeable
Ground surface Infiltration:
1.2 mm d! (high rainfall days

CB;’IEE‘Z‘;/S 0.42mmd’flgﬁl\?v rainfall dayys))

River Pressure head: 0 m

Drainage level and Seepage

vertical shaft (total head: 636-644 m)
Finite Number of elements 79368
element Number of layers 8
method grid  Bagic element size x=50m; y=1-500m; z=50 m
Method of Saturated—unsaturated
analysis three-dimensional seepage analysis




Table 2. Hydraulic conductivities and horizontal/vertical saturated hydraulic conductivity ratios (ki/ky) of geological strata and excavated areas. The
fault has not been measured for permeability at the Yatani mine site or nearby, and the sensitivity analysis was performed with reference to actual

measurements for the Tomitaka mine in Japan.

Type of geological strata and Hydraulic conductivity

excavated area k(ms™ kiks Reference
Surface soil 92x107° 1 Umeda et al. (1995)
Neogene volcanic rocks ZZXX 11%;” 3251 XX 11(%:;’ 1 NEDO (1987)

Granitic rocks and dikes 56x10°8 1 NEDO (1987)

Faults 25x10° 1 Tomiyama et al. (2010b)
Shrinkage stoping 1.0x 1072 10°  Tomiyama et al. (2010b)
Drainage tunnel 1.0 x 107 1 Tomiyama et al. (2010b)
Cut and filled with tailings 7.0x 1077 1 Ethier et al. (2018)

Cut and filled with sand slime 5.1x107 1 Fala etal. (2005)




Table 3. Model calibration cases based on the hydraulic conductivity of Neogene volcanic rocks and faults.

Hydraulic conductivity k Neogene volcanic rocks
(ms™) 33x10° 35x10% 48x10% 21x107

1.0x107  CaseA-1 CaseB-1 CaseC-1 CaseD-1
25x10°% Case A2 CaseB-2 CaseC2 CaseD-2
1.0x 107 Case A-3 CaseB-3 CaseC-3 CaseD-3
1.0x10% CaseA4 CaseB4 CaseC4 Case D4

Faults




Table 4. Residual water content 8, saturated water content @5, and van Genuchten (1980) parameters a, /, and 7.

0:(-) Os(-) a(m?) 1() n(-) Reference
Tailings 0.00 042 0.15 0.5 1.87 Ethier et al. (2018)
Sand slime 0.01 0.29 3 0.5 372 Fala et al. (2005)
Granite 0.00 0.03 0.0001 0.15 226 Tutumi et al. (2013)
Andesite 0.00 0.104 0.06 0.5 3.57 Imai et al. (2013)




Table 5. Contaminant properties of the water samples.

Distance

Concentration (mg L)

Collection . EC Temp
Sample type date Sample rrflr(())lilha(drg ) PH mSm™) (°C) Zn  Total-Fe Total-Mn  Pb Cu
S1 703 672 215 120 <001 004 <001  <0.001 <0.01
S2 1,230 6.84 338 121 <001 003 0.4 <0001 <001
S3 1360 711 237 152 <001 002 0.12 <0.001 <001
S4 1420 702 387 121 001 0.05 0.28 <0001 <001
1 August S5 1,555 712 451 1.6 029 1.6 42 0002 <001
2007 S6 1,704 723 368 171 <001  0.04 026 0002 <001
S7 1,840 725 692 174 034 0.03 19 <0.001 <001
S8 1910 731 911 174 <001 003 022 <0.001 <001
S9 1,985 720 365 148 <001 002 <001  <0.001 <0.01
Seepage water from S-10 2,069 704 528 163 0.08 0.01 0.15 0004 001
the drainage tunnel
wall S1 703 737 214 160 <001 003 <001  <0.001 <0.01
S2 1,230 700 337 121 <001 003 0.75 <0001 <001
S3 1360 679 215 152 <001 003 0.08 <0001 <0.01
S4 1420 705 388 11.8 <001 003 0.24 <0001 <001
9 October S5 1,555 6.85 443 114 029 1.5 37 0001 <001
2007 S6 1,704 664 366 170 <001  0.07 024 0002 <001
S7 1,840 700 66.0 173 0.14 0.05 7.0 0004 <001
S8 1910 694 858 175 <001 <001 008 0001 <001
S9 1,985 698 731 173 0.02 <001 15 <0.001 <001
S-10 2,069 691 1086 163 021 <001 L1 0002 <001
M1 0 637 1001 159 24 32 37 0.12 0.01
M2 780 637 1020 160 26 35 40 0.14 0.01
1 August
2007 M3 1255 622 1342 179 38 51 56 0.20 0.02
M4 1,712 608 1435 185 43 59 64 022 0.02
Mine drainage in the M-5 2200 512 1782 189 51 75 76 0.30 0.02
drainage tunnel M1 0 653 1043 160 26 34 36 0.09 0.01
M2 780 624 1078 175 27 37 40 0.11 0.01
9  October
2007 M3 1255 615 1270 178 35 48 51 0.15 0.02
M4 1,712 605 1419 186 41 59 59 0.18 0.02
M-5 2200 527 1378 193 49 72 69 0.22 0.02




Table 6. Modeled results of the total AMD flux. Numerical values are for high (top) and low (bottom) rainfall days. The actual AMD flux values for

the former and latter were 3.47 and 2.62 m® min, respectively.

Hydraulic Neogene volcanic rocks
conductivity
k(ms") 33x10°  35x108  48x10%  21x107
0.60 273 343 0.88
7
10> 10° 0.46 2.10 2,66 823
0.98 3.02 3.67 10.06
6
Fals 25x10 0.70 231 286 837
L0x 105 1.60 3.52 411 10.48
: 1.06 267 321 8.68
3.67 5.85 6.54 13.95
1010 3.03 423 508 10.77
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