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Abstract

Covering coal mining tailings with layers of soil reduces the generation of acid mine drainage. These layers are designed
to minimize water seepage and the flow of oxygen into tailing deposits. In Brazil, tailings from mineral coal processing
are rich in pyrite, are often stored in piles, and are covered with layers of soil on the surface. This study provides results on
the performance of four experimental soil cover models on tailings resulting from coal mining in southern Brazil. Pilot-
scale physical models were constructed on-site, and the water balance of the covers, suction, volumetric moisture content,
temperature in the tailings/cover layers, and quality of released effluent were measured. The covers designed with soil and
bottom ash significantly reduced the volume of water seepage through the tailings and improved the quality of the gener-
ated effluents. Moreover, the results demonstrated that the performance of the cover depends on climate variations, and its

behavior varies seasonally.

Keywords Acid mine drainage (AMD) - Dry covers - Unsaturated water flow

Introduction

The coal mines in southern Brazil produce tailings as part
of their ore-processing operations. When the disposal of
tailings (also known as coal refuse) is unsuitable, they can
cause air, soil, and water pollution. One of the main envi-
ronmental problems associated with improper disposal of
such tailings is acid mine drainage (AMD), which is char-
acterized by the formation of a metal-rich acid effluent with
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higher concentrations of metals than that provided by envi-
ronmental legislation, originating from the contact of the
tailing with water and oxygen from air. AMD, the result
of the oxidation of pyrite (FeS,), produces an acid effluent
with a high concentration of sulfate, iron, and other sulfide
minerals (aluminum, zinc, and manganese).

One possible strategy for overcoming this problem is to
use dry covers, which are layers of materials applied over the
tailings to inhibit chemical reactions that would occur inside
the deposits of this material, thereby preventing the forma-
tion of AMD. Dry cover can use several layers of soil, non-
reactive, or geosynthetic materials. In the case of coal min-
ing facilities, the covers are designed to minimize oxygen
or water ingress in tailing deposits using cover layers that
maintain a high degree of saturation (Bussiére et al. 2007,
MEND Manual 2000; Nicholson et al. 1989; Yanful 1993).
When correctly designed, dry covers act as barriers to help
reduce the volume and/or pollution load of the water seeping
through tailings (Adu-Wusu and Yanful 2006; Tallon et al.
2011), resulting in lower effluent treatment costs. Barriers
reduce pollution in different ways, such as by excluding oxy-
gen, consuming oxygen, or excluding water (Albright et al.
2010; Daniel and Koerner 1993; MEND Manual 2000). The
layers comprising the dry cover may have different functions,
such as waterproofing, drainage, and surface protection. In
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regions exposed to wet and dry climate cycles, it is appro-
priate to use several layers to cover the tailings, so that the
saturation degree of the materials remains unchanged, and
to prevent dryness, which leads to the formation of cracks
and preferential routes for oxygen and water ingress into the
tailings, thus reducing the cover’s performance (Song and
Yanful 2011). Capillary barrier covers maintain the satura-
tion of the cover’s clay layer and have been used to cover
coal mine tailings (Hotton et al. 2020; Weeks and Wilson
2005). This type of cover can reduce oxygen diffusion coef-
ficients and acidity generation rates (Nicholson et al. 1989;
Yanful 1993), resulting in lower treatment costs for effluents
from waste disposal sites.

In Brazil, studies have been conducted not only on dry
covers to cover solid waste but also on the use of alterna-
tive materials (non-reactive waste) to replace the soil lay-
ers (Almeida 2016; Almeida et al. 2015; Borghetti Soares
et al. 2009, 2010; Borma et al. 2002, 2003; CETEM 2001;
Mendonga 2007; Mendonga et al. 2006; Souza 2018; Souza
et al. 2003; Ubaldo 2005). The Mineral Technology Center
(CETEM), a research unit of the Ministry of Science, Tech-
nology and Innovation, has developed a three-stage proce-
dure to evaluate the potential use of dry covers over coal
processing tailings: (a) characterization (physical, chemical,
and mineralogical) of the potential cover layer materials; (b)
preliminary numerical modeling to determine the best layer
configurations using the physical characterization data of the
materials and the climate data of the region; and (c) pilot-
scale field tests to check the performance of the designed
covers.

This article discusses the results obtained from 5 years
of field monitoring of covers designed to cover coal mine
tailings. Borghetti Soares et al. (2009, 2010) discussed the
stages of characterization, numerical modeling, and design
and implementation of a pilot unit. It is particularly impor-
tant to study the performance of dry covers as they undergo
moisture variations during dry and wet seasonal cycles,
which may result in long-term degradation with increased
hydraulic conductivity and, consequently, seepage (Albright
et al. 2010; Lu et al. 2015; Mellies and Schweizer 2011;
Wang et al. 2014).

The performance of the covers were studied in a test pilot
unit that contained four experimental cells: two containing
only tailings, acting as benchmarks, and two with covers
of soil and non-reactive materials (mineral coal ash from a
thermal power plant) spread over the tailings. The cover and
tailing layers of the cells were instrumented with sensors
to measure the suction, moisture content, and temperature.
The climate conditions were measured at a weather station
installed at the site. The volumes and quality of the released
effluents were measured over time to determine geochemical
and physicochemical parameters. The results demonstrated
the effectiveness of the designed soil covers, with significant
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reductions in the pollutant load of the effluent and the vol-
ume released in the tailings, and lower treatment costs.

Study Site

The pilot unit for cover performance was installed in a coal
mine located south of Santa Catarina State, Brazil. The
region has a temperate mesothermal climate, character-
ized by both intertropical air masses and cold polar masses,
the latter being responsible for the mesothermal character.
Cold front oscillations affecting the Santa Catarina terri-
tory throughout the year have two characteristics: unstable
weather and heavy rainfall throughout the year (Borma et al.
2002). The average annual rainfall is 1479.9 mm/year, with
the highest monthly averages occurring between September
and March, and the lowest between April and August. The
highest temperatures occurred from December to February
and the coldest from June to August. The potential evapo-
transpiration was high from October to March and lows from
April to September. However, in the region under study, pre-
cipitation was higher than evapotranspiration; hence, there is
a water surplus of 670 mm/year (Borma et al. 2002).

Materials and Methods
Dry Cover Design

Our evaluation of covers had several stages, including: char-
acterization of the materials to be used, numerical modeling
of the water flow in different cover configurations, and on-
site performance monitoring of the field pilot unit to check
the performance (O “Kane et al. 2002) of the two better-per-
forming covers based on the numerical modeling (Borghetti
Soares et al. 2009, 2010).

At the characterization stage, different materials (regional
soils and mineral coal ash) were selected that could be used
to form dry cover layers. The characterization consisted of
geotechnical grain size analyses (ABNT 2016a), consistency
limits (ABNT 2016b, c), actual density (DNER 1994), per-
meability (ABNT 2000), compaction (ABNT 1986), min-
eralogical testing (x-ray diffraction, MeV, and x-ray fluo-
rescence), and leaching and solubilization tests for waste
(tailings and ash). A description of the test results can be
found in Borghetti Soares et al. (2009), Mendonga (2007),
and Ubaldo et al. (2006).

One-dimensional numerical models were produced using
SoilCover software (GeoAnalisys 2000), Evapotranspiration
flow was applied to the surface, with free drainage on the
underside, to simulate the different tailing-cover systems.
The modeling results revealed two promising models with
the best performance in terms of reducing the volume of
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effluent release and maintaining high degrees of saturation
in the waterproof layer (Borghetti Soares et al. 2009). The
models used climatic data for 5 years (2000—2004) obtained
from a nearby climatic station (evaporation and precipita-
tion), with material parameters obtained through labora-
tory and field tests, such as saturated permeability (tailings
in situ and compacted materials in the laboratory), com-
paction parameters by Proctor normal energy (ashes and
clays), retention curve (filter paper method), and unsatu-
rated permeability curve with the Van Genuchten method
(1980). Twelve models were constructed with different cover
configurations, and two models achieved the best results,
maintaining high degrees of saturation in the clay layer and
the lowest infiltrated volume into the tailings. These models
were represented by cells 3 and 4, which were reproduced
in the field.

The third stage of the project was to construct a pilot unit
consisting of laboratory and experimental models (cells) to
reproduce the best-performing dry covers in the numerical
modeling stage. In addition to the two previously selected
experimental models, another two cells were constructed
containing only mining tailings (one without cover and the
other with a compacted tailing layer on the surface) to be
adopted as benchmarks, totaling four cells. Details of the
implementation of the experimental model can be found in
Borghetti Soares et al. (2010). The geometry of the experi-
mental models consists of excavations in the shape of an
inverted pyramid, made inside a 3-m-high embankment,
to contain the experimental cells, as shown in Figs. 1 and
2. The bottom and sides of the excavations were covered
with a high density polyethylene (HDPE) geomembrane of
0.6 mm thickness, and the excavations were later filled with
uncompacted granular tailings (maximum particle diameter
37 mm) from mineral coal processing. The excavations cov-
ered areas of approximately 16 m? at the base and 64—80
m? at the top. A lysimeter, 2 m in height and 2 m in diam-
eter, was placed inside the excavation to collect part of the
effluent release volume, which was directed to a collection
well through drainage pipes within the embankment, for
geochemical and physicochemical quality analyses. Covers
were implemented in the experimental models, which were
compacted in 30 cm thick layers, at standard Proctor energy,
using a manual compacter (“frog” and vibratory plate). A
30 cm thick layer of uncompacted topsoil was placed over
the cover layers to protect the lower layers. Figure 1 shows
the details of the experimental models and the cross-section
of the embankment with four experimental models.

Materials Used in Experimental Models
Four experimental models were implemented on-site, the

mixed tailings consisted of a 3:1 mixture of coarse tailings
and fine coal tailings (particle size less than 1 mm): (a) Cell

1: coarse tailings; (b) Cell 2: coarse tailings 4+ compacted
mixed tailings (30 cm thick); (¢) Cell 3: coarse tailings +com-
pacted mixed tailings (30 cm thick) + compacted clay (30 cm
thick) + uncompacted topsoil (30 cm thick); (d) Cell 4: coarse
tailings + compacted mixed tailings (30 cm thick) 4+ compacted
coal ash (30 cm thick) + compacted clay (30 cm thick) +com-
pacted coal ash (30 cm thick) +uncompacted topsoil (30 cm
thick). Table 1 lists the geotechnical parameters of each layer
of tailings and cover; Table 2 lists the consistency limits of
clay materials (the other materials did not exhibit plasticity).

Data Collection Methodology

The monitoring consisted of: (a) weather data collection,
by automatic data logging, using a weather station installed
on site (model WeatherLink, Davis Instrument Corp) to
obtain hourly data for rainfall, wind speed and direction, air
humidity, environmental temperature, atmospheric pressure,
daily rainfall data (Ville de Paris rain gauge), and potential
evaporation (evaporation tank class A, in 2011 only); (b)
volume measurement of water balance in experimental
cells, by measuring daily released volumes in tailing-cover
models and surface runoff volumes, whenever it rained; (c)
effluent sample collection, to determine the quality of the
samples using physicochemical and geochemical analyses of
the effluent released in the tailing cells; and (d) automatic
data logging of moisture, matrix suctions, and temperature
measured by sensors installed in the cover and tailing layers.

A set of sensors consisting of temperature, moisture, and
matrix suction sensors was installed at the center of each
cover layer, except in the clay layers (of cells 3 and 4), in
which two sensors were installed. In the coarse tailing, a set
of sensors was installed one meter below the top elevation
of the embankment. A total of 45 instruments were installed
and connected to a data logger (model CR10X, Campbell
Scientific) with hourly automatic data logging. The sen-
sors used to measure moisture were the Campbell Scien-
tific time-domain reflectometer model CS616, and moisture
was measured from 0 to 60% with 3% accuracy. To measure
matrix suctions, granular matrix sensors, Watermark 2000,
and model 253 were used from 0 to 200 kPa. The tempera-
tures in the layers were measured using Campbell Scientific
temperature sensors, model 108, which enabled the measure-
ment of temperatures between -5 °C and +95 °C, with up
to 0.1 °C accuracy.

Results
Weather data

Weather data were measured on-site using a weather sta-
tion, model WeatherLink-Davis Instrument, with hourly
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Fig. 1 Aerial view of pilot unit and experimental cells and cross-section of the embankment with an experimental model (cell 4)

data logged on a laptop. The annual rainfall data for the
monitoring period are listed in Table 3. Figure 3 shows the
rainfall distribution during the monitoring period. The data
in Table 3 show that there was a variation in the annual total
rainfall in relation to the average annual rainfall index of the
region, which is 1479.9 mm/year, evidencing the importance
of checking the performance of the covers, considering not
only the average rainfall data but also the drier and wetter
periods. The rainfall data measured by the weather station
were consistent with those obtained from a rain gauge (Ville
de Paris) installed on the site.

@ Springer

The air temperatures measured at the weather station
were typical of the region, with the highest in December
to February and the lowest in June to August, as shown in
Fig. 4 for 2009. In the other years, the temperature variation
trend was the same.

In addition to the rainfall data and maximum and mini-
mum air temperatures, the other data recorded at the weather
station (wind speed and direction, relative air humidity,
and atmospheric pressure) were used to determine the
actual evaporation in the experimental models using the
Vadose program (GeosStudio 2008), which adopts the
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Fig.2 Experimental models

Table 1 Geotechnical parameter of materials

Materials Site density Laboratory compaction*  Site compaction Degree of K G, n Class
compaction

v, (g/lcm?) Yo (glem®) oy (%) y4(glem®) @ (%)  GC (%) USCS
Topsoil 1.35 - - - - - 5.22%107° 2.65 0.52 CL
Coarse tailing 1.35 - - - - - 1.6x1072 241 0.44 GW-GC
Mixed tailing - - - 2.0 - - 9x1073 2.34 0.20 GW-GC
Clay (cell 3) - 1.68% 16.3% 1.69 15.4 100 3.25%107° 2.67 0.35 CL
Clay (cell 4) - 1.75 14.7 104 3.25%107° 2.67 0.35 CL
Bottom ash - 0.99% 42.0° 0.90 34 90 245%x107* 2.04 0.52 SM
#Compacted in Standard Proctor Energy
Table 2 Consistency limits of clay materials measured in cells 3 and 4, respectively, which were cov-
Material L Lp P o St ered Wlth. soil cover. on the tailing. Rainfall vYas m.easure.d

hourly using a pluviograph and confirmed daily using rain

Clay 30 12 18 20 59.5  gauge data, as described in the previous section. Whenever
Topsoil 57 28 29 41 68.5 it rained, the surface runoff volume of the water in the cells

o, =saturated gravimetric volumetric moisture

(S=100%); S; p=degree of saturation in plasticity limit

Penman—Wilson equation to estimate actual evaporation
(Fredlund et al. 2016; Wilson 1990).

Water Balance in Experimental Cells and Water Flow
Data in Cover Layers

The portions of water balance were periodically measured
on-site during the years of monitoring. Figures 5 and 6 show
the accumulated volumes of the water balance portions

was carried to the individual water tank of each cell, where
the surface runoff volumes were measured. The seeped
volumes in the experimental cells were measured daily for
each cell considering the seepage volumes in the lysimeters
(carried to the collection well) and in the tank outside the
embankment.

By scrutinizing the data in Figs. 5 and 6, it was found
that cell 3, consisting of a compacted clay layer and a pro-
tective layer, performed better than cell 4. The cover of cell
4 significantly reduced the seepage volumes in the tailings
(volume accumulated on 01/01/2012 was equal to 448 mm),
but the reduction was more efficient in cell 3 (volume accu-
mulated on 01/01/2012 was equal to 17 mm). With regard

Table 3 Annual rainfall in the

2008
monitored period

Year

2009 2010 2011 2012 Average

Rainfall (mm) 1416

1915 1635 1939 1037 1588

@ Springer
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Fig. 3 Rainfall distribution years: a 2009 (wet) and b 2012 (dry)
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Fig.4 Typical maximum and minimum air temperatures in the exper-
imental station (2009)
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Fig.5 Cell 3 water balance

to the accumulated volumes of surface runoff, cell 3 had
larger volumes than cell 4, suggesting that there was more
rainwater seepage in cell 4, with greater saturation of the
cell 4 cover layers.

Figure 7 shows the total accumulated seepage volumes of
the four cells. The measured water seepage corresponded to
67% of the rainfall volume when the tailings were not cov-
ered. The application of cover layers resulted in a significant
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Fig.7 Seepage volumes in experimental cells

drop in the seepage volume, reaching approximately 91%
drop in cell 4 and 99.7% drop in cell 3, compared to the
seepage volume in cell 1. In this aspect, cell 3 performed
the best, as it not only reduced the seepage volume but also
required fewer cover layers, which would imply a decrease
in construction costs.

The suction and saturation data of the layers of cells 3
and 4 were obtained by reading the instruments installed
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in half of them. The readings were obtained hourly and
stored in a data logger. The period monitored using elec-
tronic instrumentation was from the start of 2008 to October
2012. Figure 8 shows the variations in the saturation of the
cell 3 layers. A seasonal variation trend was observed in the
saturation in the layers, which was modified in 2012, the
driest of the monitored period, when the rainfall was less
than in the previous years, particularly in the first months of
the year. As expected, the topsoil exhibited lower saturation
degrees than the clay layer because it was more exposed to
the weather. Notably, the clay layer in cell 3 had saturation
degrees of less than 85% throughout the monitoring period,
which is not sufficient to minimize the oxygen ingress of air
into the lower layers (MEND Manual 2000; Yanful 1993).
Both moisture sensors installed in the clay layer of cell 3
practically matched the moisture content.

Figures 9 and 10 show the variations in the saturation
degree with time in cell 4 layers. Similar to cell 3, the satura-
tion data of cell 4 layers exhibited a seasonal variation trend,
dropping in 2012, which was the driest in the monitored
period. However, it is noticeable that during a large part of

Fig.8 Saturation of cell 3 layer:
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the monitored period, the clay layer had saturation degrees
of over 85%, thereby effectively barring oxygen flow from
the air to the lower layers in wetter periods. However, in
November and May of each year, the saturation degree in
the clay layer had values below 85%. The topsoil of cell 4
had higher saturation degrees than that of cell 3, indicating
greater water retention in the topsoil layer of cell 4. For the
granular layers (ash), this seasonal variation was also noted,
such that the topmost ash layer had slightly higher saturation
degrees than the deeper ash layer situated below the clay.

During the monitoring period, it was found that, for
every cell, in wetter seasons, the seepage volume increased,
whereas in drier seasons, the seepage volume dropped, as
shown in Fig. 10. This behavior can be ascertained in cell
4, indicating that the lower ash layer did not act as a capil-
lary barrier to water flow. At specific monitoring times, the
saturation degrees were also high in the lower ash layer. In
the case of cell 3, the seepage volumes were low, except for
the period between the end of 2008 and start of 2009, when
its released effluent was not a good quality, as will be shown
by the geochemical and physicochemical analyses.
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Fig. 10 Monthly seepage volumes in cells

The clay layer of cell 3 had a saturation degree of less
than 85%, regardless of the period analyzed (wet or dry).
In addition, in the same cell, the degree of saturation of the
clay layer ranged between 60 and 85%, with 59% in 2012
between March and April. This is below the plastic limit of
clay, which can lead to the formation of cracks (Tollenaar
et al. 2017). However, as noted in the monthly seepage data
in Fig. 11, no increase in the seepage volume, but rather
a drop in effluent quality (pH < 3.0), was noted after this
drought period in 2012. In 2009, the saturation degrees in
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the clay layer of cell 4 were greater than in the clay layer of
cell 3, reaching values higher than or close to 85% for most
of the year. During the driest period in 2012, the lowest
saturation degree found in this cell was approximately 65%,
which is still above the plastic limit of clay, suggesting that
there was no formation of cracks at the measuring depth.
Neither model with a designed compacted clay cover (cells
3 and 4) had saturation degrees greater than 85% in the clay
layer throughout the monitoring period and that cell 4 cover
was more efficient in minimizing oxygen ingress for the



Mine Water and the Environment

Aosind
« v

Fig. 11 Details of typical coloring of effluents collected per cell
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tailing by presenting saturation degrees greater than 85%.
Moreover, during drier periods, cell 4 was found to have a
significantly reduced seepage volume in the tailings, with
the clay layer acting as a hydraulic barrier. The sensors used
to measure the suction had several problems (e.g. malfunc-
tion after installation, defect after time of use, and wear in
contact with acid effluent), with mainly installed at deeper
layers; therefore, it was only possible to obtain the varia-
tions in suction in layers closer to the surface and installed
in the topsoil.

Physical-Chemical and Geochemical Data
of Effluent Release

Effluents released into the experimental cells were periodi-
cally collected from individual drainage outlets installed
inside the collection well (Fig. 2). The physicochemical
parameters were measured on-site, and more continuously
read data from these parameters were first obtained from
2009, after completing the physical structure and operat-
ing standards of the analysis laboratory situated next to the
experiment site. Figure 11 shows typical aspects of the efflu-
ent release samples in the cells. Figure 12 shows the pH X Eh
diagrams of the cells containing only tailings: cell 1 (uncov-
ered) and cell 2 (with a compacted mixed tailings cover in
the upper part). These cells had pH values of less than 2.0,
with the formation of an acid effluent. The effluent released
into cell 1 was dark in color (orangey—brown), indicating
the presence of Fe3*, unlike the effluent released into cell
2, the color of which suggested little or no Fe** formation.
However, in the case of the effluents released from cells 3
and 4 (with covers), the pH values were between 6.0 and
7.0, in wetter seasons, with a drop in pH (and increase in
Eh) in drier seasons, mainly in the effluent release in cell 4,
as shown in Fig. 13.

The equations of AMD formation for pyrite oxidation
are widely known in the literature (Boscov 2014; MEND
Manual 2000; Moodley et al. 2018; Rose and Cravota III
1998; Souza 2001). In the case of the effluent released in cell
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Fig. 12 EhxpH of effluents released into cells 1 and 2

2, the mixed tailings layer seemed to minimize Fe** oxida-
tion. The effluent released in cell 3 was acidic in two periods
(Fig. 13a): (a) January 2009, associated with exceptional
rainfall during this period, resulting in higher volumes of
effluent release than those normally found in cell 3, and (b)
2012, the driest period of monitoring. For cell 4 (Fig. 13b),
the effluent releases varied seasonally, with lower pH values
in the drier periods (less saturation of the clay layer) associ-
ated with low rainfall. The pH values are consistent with the
measured Eh. The electrical conductivity (EC) values were
higher in the cells without soil cover, as expected (Fig. 14).

The redox potentials were high in cells 1 and 2 and in line
with the pH values obtained in these cells, typical of AMD.
As shown in Fig. 15, the temperatures read by the sensors
installed in the tailings (1 m deep) indicated that tempera-
tures were higher in the cells containing tailings with no soil
cover (cells 1 and 2), because the reactions associated with
the AMD are exothermic.

Effluent samples released from the tailings were collected
and analyzed for Fe, Fe**, Al, Mn, Cu, Zn, acidity, and SO,.
Applying a compacted tailings cover on the surface of cell 2
resulted in a total iron concentration very close to the Fe?*
concentration (Fig. 16), indicating that that the mixed tailing
layer seems to have had limited oxygen access to generate
Fe*". In contrast, cells 3 and 4 generally reached iron con-
centrations between 10 and 25 mg/L.

Conama 430 (2011) establishes the following effluent
release conditions in water bodies: pH between 5.0 and 9.0;
minimum concentrations: Cu< 1.0 mg/L; Zn <5.0 mg/L;
Mn < 1.0 mg/L; and Fe < 15 mg/L. There is no mention
of Al and SO, limits, which are defined by state agencies.
For instance, the Ceara State Environment Council (Coema
2017) has established concentrations of Al< 10 mg/L and
SO, <500 mg/L.

The Al, Mn, Zn, Cu, and SO, concentrations were high
for the uncovered cells (1 and 2), far above the acceptable
limits, and much lower in cells 3 and 4 with a soil cover.
For cells 3 and 4, Al, Zn, and Cu concentrations reached
acceptable limits, though the Mn and SO, concentrations
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still indicated a need for water treatment. In general, the soil ~ a substantial drop in treatment costs. In the uncovered

cover reduced the polluting potential of the tailings, thereby  cells, the net acidity was between 40 and 140 g/L CaCOs;,

reducing the need for water treatment. whereas in the covered cells, it was orders off magnitudes
The net acidity (in terms of CaCOj; equivalence) was  less, between 50 and 300 mg/L CaCOs;.

significantly reduced by the soil covers, representing
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Cell 1

Fig. 16 Concentrations of total Fe and Fe.”* in cells 1 and 2

Conclusions

This article addressed the results of soil-cover experimen-
tal trials constructed on site in the state of Santa Catarina
in southern Brazil. The data demonstrated the importance
of measuring on-site climate conditions. Since there was a
variation in the annual total rainfall relative to the average
annual rainfall index, it was important to check the cover
performance in both drier and wetter seasons, and not just
the average rainfall data. The results demonstrated that the
cells designed with clay covers or non-reactive waste consid-
erably reduced the volume of effluent released by the tailings
by 91% to 99% compared to the uncovered cells.

There was also a significant improvement in the qual-
ity of the effluent released when soil covers were applied,
though sulfate and manganese concentrations still exceeded
regulatory limits. The clay layers designed as waterproof-
ing agents failed to maintain saturation degrees greater than
85% throughout the monitored period, with the clay layer
surrounded by coal ash exhibiting higher saturations than
the clay layer just covered by top soil, which was always
less than 85%. In the case of cell 4, in which the cover was
designed with coal ash layers between the clay layers, satura-
tion degrees always exceeded the plastic limit of clay, though
it consistently exceeded 85% during the wetter periods.

These results suggest that the formation of cracks would
have been minimized in the clay layer, but oxygen still
reached inside the tailings, as evidenced by a decrease in
pH and a slight increase in acidity and some metal concen-
trations. In wetter seasons, the effluent released into cell 4
had a better quality than in the drier periods; however, in
drier periods, there was a very sharp drop in the seepage
volume. In general, the covers were effective in reducing
effluent volume and improving the quality of the effluent,
implying lower leachate treatment costs. Cell 3 had a con-
structive advantage over cell 4, as it was still efficient though
designed with fewer layers.
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Dry covers can mitigate of the effects of the AMD in
regions with seasonal variations in precipitation if high
degrees of saturation in the clay layer are maintained
throughout the year. For these regions, covers with thicker
layers, such as impervious and drainage layers, can reduce
losses by evaporation and could be an alternative way to
improve the global performance of dry covers.
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