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Pollution due to the formation of acid mine drainage (AMD) in former sulfide mines is a well
known problem all over the world. The acidification of soil and water due to the oxidation of pyrite
would generate a significant release of toxic heavy metals (e.g., copper (Cu), lead (Pb), zinc (Zn),
and others) that could be transported in the surrounding aquatic environment over long distances and
cause a serious health problem for humans when consumed directly (e.g., drinking) or indirectly (e.g.,
cooking). To deal with this problem, several researches have been done over the last decades, which
tackle this issue with active (e.g., neutralization of AMD) or passive (e.g., reactive permeable walls
for AMD and constructed wetlands) approaches. However, most of these remediation technologies
require excessive amounts of money and/or energy and need to be monitored over long periods of
time. In this context, an interesting novel approach is the utilization of layer systems to prevent the
leaching of heavy metals and improve the acidic conditions, which can bringing back vegetation to
these areas. Therefore, in this research we investigated the leaching characteristics and mechanism in
the release of heavy metals from surface weathered rocks and evaluated the effectiveness of different
soil layer systems at a flat and sloping surfaces at a former mine. These results will be used to design a
remediation method for surface weathered rocks at the former mine sites under different topographical
settings to enhance acidic environmental conditions.

Chapter 1 introduces the background of acidic soil contamination due to mining activities and
current remediation technologies as well as the introduction of the soil layer system concept for engi-
neering purposes. The statement of the problem and objectives of the study are also stated to organize
the research activities.

Chapter 2 deals with the characterization of the selected closed mine site where the field observa-
tions were done and samples were collected. A brief introduction of the closed mine site as well as
some historical monitoring data are described. The mineralogical and chemical compositions of the
surface rocks indicated that conditions were acidic and trace amounts of sulfide minerals were found
at the rocks that would continue to release heavy metals. In addition, the performance of candidate
materials to be used in the layer systems was evaluated, which resulted in the selection of a mixture of
CaCO; and surface rocks as the material to be used in the neutralization layer, clay collected near the
site as the material to be used in the low-permeable layer, and silty soil collected from a nearby rice
field as the material to be used in the vegetation layer.

In chapter 3, laboratory column experiments were carried out to elucidate the effects of different
bedrock thicknesses on the leaching of heavy metals and major ions from the surface weathered rocks.
The results showed that low pH and oxidating conditions were observed over a long period regardless
of the thickness of the rock layer. However, a reduction in pH and an increase of leaching of heavy
metals were observed with an increase in the thickness of the layer, except for Pb that did not follow
this general behavior.

In chapter 4, we constructed three layer systems at a flat surface at the closed mine site by consider-
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ing the characteristics of the site, the materials selected for the layers and the release of heavy metals
from the rocks. The porewater chemistry, volumetric water content, and temperature in the layers were
monitored over 20 months. When only a weathered rock layer was present, the pH values were acidic
and the heavy metals were easily released into the porewater, but did not present any significant dif-
ference with regard to depth and season. However, when a neutralization layer was constructed on top
of the weathered rock layer, the pH values were around the circumneutral region and concentration
of heavy metals was drastically reduced. Moreover, when a low-permeable layer was included on top
of the two layers described above, not only the pH remained in the circumneutral region and concen-
tration of heavy metal were dramatically reduced, but also a reduction in the infiltration velocity of
water though the layer was achieved. Thus, the final three soil layer system is recommended for the
remediation of the flat surface.

In chapter 5, a similar evaluation as that in chapter 4 was done, when the topographical conditions
were different. In this part, three layer systems were constructed on a sloping surface at the former
mine to evaluate them. When only a weathered rock layer was used, low pHs and high concentrations
of heavy metals were found, irrespectively of depth and season. Nevertheless, when a vegetation layer
and soil cement layer (constructed to maintain the slope) were constructed on top of the weathered
rock layer, pH values were around the circumneutral region and heavy metals were almost removed
from the porewater. While the grown of vegetation in the layer (observed after the first winter season)
at the surface prevented a rapid infiltration of water at the shallowest depths, the introduction of a
low-permeable layer consisting of geomembrane underneath the vegetation and soil cement layers
was effective in reducing the percolation. This last soil system appeared to be the most promising to
remediate the acidic conditions and reduce rapid water infiltration. Also, a comparison between the
results obtained for the weathered rock layer at the flat and sloping surface was done. A decrease in
pH and an increase in the leaching of heavy metals for the sloping surface were observed compared to
those for the flat surface, which suggests that an enhance of the acidification and heavy metal load in
the porewater can be attributed to a longer interaction between rock and water due to the topographical
condition. '

Finally, a comparison of heavy metal leaching from the column experiments and that from field
observations was discussed in chapter 6. An increase in the heavy metal release with a thicker rock
layer was confirmed except for Pb. The main mechanisms of heavy metal leaching were found to be
the two: the easy dissolution of labile phases and the ongoing oxidation of sulfide minerals. Also, the
formation of anglesite (PbSOy4) as a secondary mineral was found to be the controlling phase in the
dissolution of Pb from the rocks.

Chapter 7 provides the conclusions of the research as well as a tentative remediation scheme for
the surface weathered rocks. This scheme combines a layer system for flat surfaces (neutralization
and low-permeable layers) and a layer system for sloping surfaces (vegetation, soil cement, and low-
permeable layers) to prevent rapid infiltration of water through the rock layer-and to mitigate the
acidic conditions of the weathered rocks, which would reduce the formation of AMD and improve the
conditions for vegetation.
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