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Abstract: In the past thirty years many mining projects in Chile and Peru have used: (i) polymeric
geomembranes and (ii) design-and-build cutoff trenches, plastic concrete slurry walls, and grout
curtain systems to control seepage at tailings storage facilities (TSFs). Geosynthetics are a viable
alternative at a TSF dam for clay cores or impermeable materials, mainly because of their marked
advantages in cost, installation, and construction time. This article describes the use of geosyn-
thetics liners and cutoff trench—plastic concrete slurry walls—grout curtain systems in TSF dams in
Chile and Peru mining, with the objective to decrease seepage to the environment, considering
different dam material cases such as: cycloned tailings sand dams, borrow dams, and mine waste
rock dams. Finally, this article discusses aspects of geosynthetic technology acceptance in the local
regulatory frameworks, lessons learned, and advances. It focuses on the use and implementation of
geosynthetics in TSFs in Chile and Peru, which have some of the highest TSF dams in the world, as
well as a wet environment, dry environment, extreme topography, and severe seismic conditions.
These conditions constitute a challenge for manufacturers, engineers, and contractors, who must
achieve optimal technical solutions, while being environmentally aware and economic.

Keywords: mine copper tailings; mine gold tailings; seepage; environment; process water
management; geomembrane liner; liner leakages; cutoff trench; plastic concrete slurry walls; grout
curtain; seepage collection system

1. Introduction
1.1. Environmental Issues Related to Tailings Storage Facilities

Historically Chile and Peru have been known as mining countries. Some of the
biggest copper mining operations in the world take place in these countries, in some
cases achieving 150,000 metric tons per day (mtpd) of sulfide copper ore production.
These nations have focused their economies on mining over recent decades. These cop-
per mines, which use concentration metallurgical processes, produce a total of approxi-
mately 145,500 mtpd of mine tailings that must to be stored in a responsible and sus-
tainable manner [1].

Considering the selective properties of the physical-chemical metallurgical process,
the unprofitable fraction, which represents for copper minerals about 97% of the ore
processed, is classified as waste and is called mine tailings or gangue [2]. In general,
copper gangue is the mine waste that remains after the copper concentrate is extracted
from the ore. Copper mine tailings are described as like a slurry of ground rock (con-
taining different metals, e.g., Co, Cd, Al, Cr, As, Mn, Pb, Fe, Zn, Hg, Ni, Va, Cu, and Mo,
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among others), process water (containing different nonmetal elements, e.g., sulfates, ni-
trates, chloride, ammonia, among others), and chemical reagents (e.g., copper sulfate,
sodium cyanide, sodium ethyl xanthate, pine oil tar, fatty acid soaps, collectors, dithio-
phosphates, foaming agents, flocculants, and lime, among others) that remain after flo-
tation processing. The chemical structure of mine tailings is complex and diverse, and
varies according to the mineralogy and how the ore is treated. These mine wastes are
generally made up of slurry; they are conveyed in pipelines or flumes to a TSF. In the
past, in some cases mine tailings have been discharged into lakes, rivers, and the sea;
nowadays, this is banned, and currently mine tailings are managed on land in different
topographical areas [2].

Therefore, from an environmental perspective, most mine tailings cannot be classi-
fied as inert material, and must be managed in a responsible manner with due care for
nature [2-4]. Mining wastes, specifically mine tailings, must be isolated from interaction
with water, soil, and air. Even in circumstances where mine tailings material is geo-
chemically inert, the quantity of tailings may overload the capacity of the environment
[5,6].

This means TSFs, which in some cases store hundred million of tons of mine tailings
and have a 200 m dam height, must be designed and built for:

. Safe storage of mine tailings, process water, and rainfall water;

e  Mitigating leakage from the TSF through the dam and adjacent zones, for environ-
mental care of soils, and ground water;

e  Controlling internal dam erosion (piping issues);

e  Providing filter and drainage capacity of the dam;

e Improving the long-term physical and geochemical stability of the TSF (operation
closure and post closure), considering severe seismic activity and potential extreme
floods.

Over the past decades many TSFs in Chile and Peru have considered the use of the
following materials to build dams: cycloned tailings sand (hydrocyclone underflow), and
borrow or mine waste rock materials. Some factors that need to be analyzed to select an
optimal dam material are: impoundment/dam ratio, construction materials availability,
geochemical characteristics, seismic conditions, and the topographic/climate characteris-
tics for construction schedule issues.

Several social and environmental issues associated with mine tailings governance in
Chile and Peru are linked to the potential pollution of the environment (soil, ground
water, surface water, and air) [2,5]. A key environmental feature to take into account is to
depress dust emission carried by winds from TSFs to communities. Particulate matter
emission mitigation will play a key role in respect to regulatory air quality admissible
limits. Some mine tailings particulate matter control solutions to apply are: cover (soil or
borrow material), phytostabilization, top soil, and chemical agglomeration [7].

In the past decades, there were relevant advances in mine tailings dewatering
technologies (best available technologies considering high solid content by weight (Cw)
in tailings), TSF infiltration mitigation, and mine tailings control worldwide. However,
mine tailings spill accidents still happen, such as the events at Mount Polley (Canada,
2014), Fundao Samarco (Brazil, 2015), Corrego do Feijao Brumandinho (Brazil, 2019), Ja-
gersfontain (South Africa, 2022), and Williamson (Tanzania, 2022), mainly due to: (i)
natural causes (floods, earthquakes, debris flows, etc.) and (ii) human origin causes (dam
failure, inadequate tailings/water management, inadequate construction, etc.) [2]. These
events confirm that for mine tailings, there is not yet a level of safety for neighboring
communities that would guarantee their physical stability and protect ecosystem. As a
consequence, tailings transport and storage activities require careful control and respon-
sible social and environmental governance [8].

Likewise, mine tailings frequently face social and environmental controversy, con-
sidering the proximity of the TSF to villages, towns, and cities, the potential environ-
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mental effects on the surrounding soil and water, the use of land with heritage and cul-
tural significance, and dust emissions, among others [9].

For its part, seepage from process water (contacted water with mine tailings) of TSF
also signifies an important issue that the mining industry must address, due to its po-
tential negative impacts on the health of the population, nature, and other economic ac-
tivities” development, such as that of cities, forestry, agriculture, fishing and livestock [3]

(see Figure 1).
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Figure 1. Schematic view of process water (water in contact with mine tailings) management and
seepage control in TSF.

Nowadays, socioenvironmental conflicts affect 50% of the current mine tailings
production in Chile and Peru, and future forecast indicate that due to the increase in the
generation of commodities such as Au, Ag, Cu, and Mo, the quantities of mine tailings
will increase, generating the expansion of the current TSFs and the implementation of
new sites [3].

Today, unprecedented levels of mine tailings production are being reached in Chile
and Peru, in the order of 800 million metric tons and 400 million of metric tons of mine
tailings per year, respectively [3]. They are stored in valleys with steep topographies lo-
cated in the Andes mountain range, where the heights of the tailings storage dams exceed
100 m and even in some cases 200 m and 300 m (see Table 1).

All the aspects mentioned above show that, today, the governance of TSFs is a con-
cern of great relevance for society. Mines must face not only the challenges of technical
and economic aspects associated with designing, constructing, operating, closing, and
post-closing of their TSFs, but also those manifested from the ecological nature, making
necessary the establishment and development of a holistic mine tailings management
system that considers all the issues necessary to ensure the adequate performance of
these TSFs, minimizing their risk of instability and favoring safe operation in accordance
with the sustainable development of our society [9,10].

Table 1. Characteristics of tailings storage facilities with the highest dams in the world —mining
projects in Chile and Peru [3].

Tailings Storage Mine Name Country Tailings Production Dam Construction Projected Dam
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Facility Name Rate (mtpd) Material Height (m)
Los Leones Andina Chile Closure Phase Borrow material 160
Pampa Pabellon Collahuasi Chile 170,000 Mine waste rock 90
Talabre Chuquicamata Chile 200,000 Mine waste rock 50
Los Quillayes Los Pelambres Chile Closure Phase  Cycloned tailings sand 198
El Mauro Los Pelambres Chile 205,000 Cycloned tailings sand 237
Ovejeria Andina Chile 75,000 Cycloned tailings sand 130
Las Tortolas Los Bronces Chile 125,000 Cycloned tailings sand 150
Pampa Austral Salvador Chile 35,000 Borrow material 36
Caren El Teniente Chile 180,000 Borrow material 70
Quebrada Blanca  Quebrada Blanca Phase II ~ Chile 140,000 Cycloned tailings sand 310
La Brea Caserones Chile 50,000 Borrow material 248
Candelaria Candelaria Chile Closure Phase Mine waste rock 160
Los Diques Candelaria Chile 75,000 Mine waste rock 156
Andacollo Carmen de Andacollo Chile 55,000 Mine waste rock 150
Quebrada Linga Cerro Verde Peru 240,000 Cycloned tailings sand 305
Quebrada Enlozada Cerro Verde Peru Closure Phase  Cycloned tailings sand 200
Quebrada Ayash Antamina Peru 145,000 Mine waste rock 265
Las Bambas Las Bambas Peru 140,000 Mine waste rock 220
Constancia Constancia Peru 90,000 Mine waste rock 170
Quebrada Honda Cuajone and Toquepala  Peru 150,000 Cycloned tailings sand 180
Quebrada Cortadera Quellaveco Peru 127,500 Cycloned tailings sand 300
QuebradaTunshuruco Toromocho Peru 140,000 Mine waste rock 245

A discussion of design, construction, and operation applications with geosynthetics
elements at TSFs located in Chile and Peru will be presented in the following sections.

1.2. Aim of the Article

This article describes the use of geosynthetics liners and cutoff trench—plastic con-
crete slurry wall-grout curtain systems in TSF dams in Chile and Peru, considering dif-
ferent dam materials such as: cycloned tailings sand dams, borrow dams, and mine waste
rock dams, with the objective to decrease seepage to environment.

In addition, the following key technical and design aspects are discussed in this ar-
ticle: (i) types of geosynthetic materials (PVC), (HDPE), (LLDPE), (ii) thickness and per-
formance of geosynthetics, (iii) types of cushion layers for geosynthetic materials, (iv)
constructability, (v) QA/QC, and (vi) sustainability.

Finally, this article discusses aspects of geosynthetic technology acceptance in the
local regulatory frameworks, lessons learned, and advances. It focuses on the use and
implementation of geosynthetics in TSFs in Chile and Peru, which have some of the
highest TSF dams in the world, as well as a wet environment, dry environment, complex
topographical characteristics, and extreme seismic conditions. These conditions consti-
tute a challenge for manufacturers, engineers, and contractors, who must achieve optimal
technical solutions, while being environmentally aware and economic.

2. Process Water Management and Seepage Control in Tailings Storage Facilities
2.1. Seepages in Tailings Storage Facilities

Seepage is the movement of process water (water that has had contact with mine
tailings) through and around the TSF embankment. The main characteristics altering the
flux of seepage in a dam are infiltration mobility of the unsaturated zone with mine tail-
ings and depth to the ground water table [11,12].

The preferred method to control flux of seepage through TSF dams has been to in-
crease stability of the embankment, decreasing the phreatic line. Evaluation of the flux
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and pathway of seepage is conducted using hydraulics. The same parameters that are
considered during the engineering study stage to forecast the phreatic line can be con-
sidered to estimate the flux of seepage during the TSF operation phase. Similarly, pa-
rameters, such as permeability of the TSF dam and rock-soil foundation system, that
might influence the phreatic line, also change seepage fluxes [11,12] (see Figure 2).
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Figure 2. Typical process water management and seepage control in a TSF.

Seepage study can require data from geologic, geotechnic, geomechanics, hydro-
logic, and hydrogeologic evaluations, and characterizations of fluxes such as: (i) runoff,
(ii) infiltration—percolation, and (iii) consolidation of mine tailings [11,12].

Geological factors influencing seepage are the occurrence of damaged rock, karstic
rocks, fine soil lenses, and geologic failures with large differences in hydraulic conduc-
tivity characteristics. Hydrological information is influenced by rainfall pattern, topsoil
presence, vegetation, surface conditions, and provides data to estimate infiltration fluxes
[11,12].

Hydrogeological analysis can resolve: (i) the degree of anisotropy and critical path
of the seepage, (ii) the rock and soil conditions for ground water fluxes studies, (iii) the
consolidation degree of the mine tailings and foundation soil, (iv) the capillary stratum
and the size of the unsaturated zone, and (v) hydraulic conductivity, transmissivity, and
the storage capacity of the mine tailings and underlying aquifer [11,12].

2.2. Seepage Control

There are two alternatives for managing contact process water in TSFs: keeping it in
the TSF or capturing it after it exits the TSF. Infiltration actions are studied in the engi-
neering stages of TSFs [13-15]. The main goals are to maintain secure the TSF dam sta-
bility, decrease leakages, and protect the chemical characteristics of the water in the en-
vironment. Alternatives for seepage mitigation include: (i) installation of geosynthetic
liners beneath the entire impoundment zone of the TSF, (ii) building a drainage system
for seepage collection, (iii) constructing a seepage collection sump, (iv) pumping systems
(recycled process water), (v) seepage treatment systems, sometimes in conjunction with
hydraulic barriers, (vi) installation of low-permeability barriers (e.g., cutoff trenches,
plastic concrete slurry walls, grout curtains), (vii) thickening and filtering of tailings prior
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to disposal (thickened, paste or filtered tailings), and (viii) decreasing the hydraulic head
in the embankment by locating the supernatant process water pond away from the TSF
dam. Some of these alternatives are described in the follow paragraphs below
[1,3,7,11,12,16].

2.2.1. Geomembrane Liners
e  Management of Gold Tailings Storage Facilities

The TSFs are the final waste impoundment for the flotation and cyanide leach tail-
ings, and the settling basin for the mill process water. The correct operation of a TSF al-
lows it to recycle water from the grinding and leaching circuits. The dimension of the TSF
is based upon the total quantity of tailings generated over the life of the mine, the sol-
id-liquid separation time required, and the adequate management of process water
(contact water with tailings) to be kept on hand. In some cases, the possible water volume
from a storm event (non-contact water) needs to be considered. The ground sulphide ore
and mill water makes the slurry, which is beneficiated by a physical-chemical separation
process (flotation). During the rougher stage of flotation, mine tailings without cyanide
are produced and impounded in a flotation TSF (Figure 3), while concentrates are con-
ducted to a cleaner stage of flotation. At this stage, typically sodium cyanide is added
along with air and/or oxygen, which are catalysts for the chemical reaction of gold and
silver [17]. Mine tailings produced from gold cyanide milling operations contain traces
of: (i) residual cyanide; (ii) spent cyanide solution; (iii) and solubilized metal-cyanide
complexes, which can be toxic for nature and humans [4,17]. Considering these issues,
cyanide tailings detoxification is incorporated in the process previous to tailings deposi-
tion in the TSF.

Sulphide Gold Ore
(40 Tons of Ore per  |——P=

Reclaimed Process Water

Crushing (Recirculated Solution)
1 ounce of Gold) and Milling | <€

YIFE

Rougher Flotation Tailings
i | | [ Flotation TSF ‘

Flotation - Cleaner Stage

3

Flotation - Rougher Stage

Treat and Release

Partially Lined
-
Pre-Leach Thickener Reclaimed Process Water
> (Recirculated Solution)
Cleaner Flotation Tailings \/ | Cyanide Leach Tailings
l_l §
Cyanide Tailings g e
Loaded Carbon Carbon in Leach (CIL) Detoxification Cyanide Leach TSF 2 E
Gold
L= | Recovery
Plant !

Fully Lined

Figure 3. Typical sulphide gold ore flowsheet process—gold mine tailings management [4].

Additionally, cyanide-leach TSFs are typically fully lined: a GCL-geotextile-geomembrane liner is
placed at the upstream face of the dam and impoundment to prevent seepage through the im-
poundment [4,17]. An example of this process is found at the Tambomayo gold mining project lo-
cated in Arequipa, Peru, where mine tailings are disposed into a TSF fully lined with a geotex-
tile—geomembrane system to prevent seepage and leakages to the environment (Figure 4).
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Figure 4. Gold mine tailings management—fully lined TSF—Tambomayo TSF, Peru [7].

e  Management of Copper Tailings Storage Facilities

Conventional flotation cells are applied in sulphide copper mining and consist of a
tank with a mechanical agitator device made to disperse air into the ore slurry, as is
presented in Figure 5, assembled typically in a diverse-stage circuit, with rougher,
cleaner, and scavenger cells. Lastly, the copper concentrate is conducted to a metallur-
gical plant, while mine tailings are thickened and conducted to the TSF for long-term
storage [4].

Sulphide Copper Ore
(0.5t0 1.0 % Copper )

Reclaimed Process Water

> Crushing (Recirculated Solution)
and Milling

A

v
Flotation - Rougher Stage ——
Copper
Concentrate

Flotation - Scanvenger Stage Copper

Flotation - Cleaner Stage

l Tailings Thickener

N

Flotation TSF

Evaporation
Precipitation

Partially Lined Treat and Release

Figure 5. Typical sulphide copper ore flowsheet process—copper mine tailings management [4].

In the past, management of mines made the storage as cheap as possible, which led
to the development of the upstream dam construction method, but accidents at the El
Cobre tailings dam in Chile [18] and Amatista tailings dam in Peru [19] resulted in the
upstream dam construction method being banned in both countries. At present, most of
the TSFs dams are constructed by the centerline and downstream construction methods,
because of seismic stability issues. Copper TSFs are typically partially lined [11] to miti-



Water 2023, 15, 196

8 of 32

gate infiltration through the foundation and the TSF dam. A cutoff trench, plastic con-
crete slurry wall and grout-curtain system are installed along the upstream toe of the
dam, and a geotextile—geomembrane liner system is placed at the upstream face of the
dam. This means that TSF dams have a continuous impervious layer running all along
their upstream face from the bottom cutoff trench, which waterproofs the riverbed [4].

An example of this process is at Los Pelambres copper mine, located in Salamanca
(Chile). There, mine tailings are disposed into the Los Quillayes TSF, which is partially
lined with a geotextile—geomembrane system in order to prevent seepage and leakages to
the environment (Figure 6). This dam was constructed with cycloned tailings sand and
has a final height of 198 m.

Figure 6. Copper mine tailings management—partially lined TSF—Los Quillayes TSF, Chile.

2.2.2. Cutoff Trench, Slurry Walls, and Grout Curtain Systems

Hydraulic barriers are built below the TSF and consist of cutoff trenches, plastic
concrete slurry walls, and grout curtains. These control systems are installed: (i) under-
neath the upstream portion of a TSF dam constructed by the downstream method, and
(ii) the central portion of a TSF dam constructed by the centerline method; they are not
compatible with upstream TSF dams. When considering hydraulic barriers, an adequate
water-quality monitoring program is needed [11,12,20,21].

Cutoff trenches, usually 1.5 to 6.0 m in depth, are the most widely used kind of hy-
draulic system for TSF dams, especially in terrains with big quantities of natural fine
soils. Pumping may be necessary in the construction phase of cutoff trenches considering
the presence of ground water. An example of cutoff trenches is shown in Figure 7.

Plastic concrete slurry walls are built in terrains with a level of morphology and
containing fine-grained or saturated soils. These civil works are not adequate with frac-
tured bedrock elements. Plastic concrete slurry walls are built by creating a trench to a
zone of low-hydraulic conductivity material and then installing the plastic concrete or
with a soil/bentonite slurry in the trench. Depths average 12 m and hydraulic conductiv-
ity can be obtained as low as 107 cm/sec as in a clay material [11,12,20,21].

Grout curtain systems used as a barrier to seepage fluxes are made of: (i) cement, (ii)
silicate materials, or (iii) acrylic resins. Grout curtain systems are limited to sites with
fractured rock and can be allowed to depths of 30 m. Permeability registered can be as
low as 108 cm/s [11,12,20,21].
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Figure 7. Example of cutoff trench and grout curtain system construction in a TSF.

To guarantee the impermeability of the rock under a plastic concrete in a slurry
wall-grout curtain system, an additional project should be considered that consists of a
waterproof curtain based on injections of cement-bentonite grout to a depth such that it
provides sufficient guarantees of the impermeability of the whole system (see Figures 8
and 9). For the above, the background of drilling and infiltration tests will be studied in
order to recognize in depth the quality of the foundation rock and thus define the depth
of the impermeable grout curtain. According to the results, the grout curtain can be de-
signed with one, two or three injection lines. If considered necessary based on the data
obtained, the execution of complementary explorations within the first exploration line
would be proposed to specify the depth of the injections.

The injections of the waterproof curtain must be carried out taking the following
criteria as a guide.

e  Perforations: The perforations for the injection curtain will be made with rota-
ry-percussion equipment or rotary probes, in the places established in the project,
always using clear water as a lubricating and dragging fluid. Its minimum diameter
in rock will be 50 mm for rotary percussion and HQ3 for rotation with core extrac-
tion. To cross the fluvial fill, the drilling must consider the placement of casing pipes
to the rock and thus ensure a controlled injection process;

e  Water: The water used in the injection works, which may be available in the area or
brought from another place, must be clean, with a pH close to neutral and comply
with the standard established for mixing water for cement mortars and Portland
concrete;

e  Cement: The cement used in injections must be pozzolanic in order to guarantee its
resistance to the aggression of contact waters, have a Blaine specific surface of the
order of 5000, must not present lumps or foreign matter, and have a manufacturing
age of less than three months;

e  Bentonite: The bentonite to be used must be sodium and have a liquid limit greater
than 250% and a plasticity index greater than 200%.
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Figure 9. Example of detail of plastic concrete slurry wall with cement-bentonite grout curtain in
TSF.

Some examples of different configurations of cutoff trench—grout curtain systems in
mining tailings storage dams are presented in Figure 10, where it is possible to see a
central core-type dam, a downstream core dam, and a rockfill dam with an upstream
liner.
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2.2.3. Slimes (Fine Fraction of Mine Tailings)

Tailings impoundments were a good field for experimentation since—as opposed to
water dams—with these, the service of the geomembrane is limited in time, because
during the TSF’s operation, the geomembrane is covered with tailings in the TSF reser-
voir zone discharged from the spigot located along the dam crest, and the supernatant
water pond forms far away from the dam [22]. The disposal of non-dewatered mine
tailings from the TSF dam produces the mine tailings beaches which typically have a
disposal slope. It is considered that the progressive covering by the mine tailings acts as a
seal that decreases leakages from eventual tears generated [23]. Considering the cycloned
tailings sand dams, slimes are discharged from the dam crest into the TSF reservoir zone.
Slimes are very fine material, have a low disposal density and retain a great percentage of
water. This process implies in higher water losses trapped in voids of slimes, with a very
low hydraulic conductivity of about ~10-¢ cm/s [24]. This tailings discharge method al-
lows a high freeboard, and wide beach distances achieved at TSFs are in the order of 500
m. In order to mitigate infiltration through the TSF dam foundation, a cutoff trench,
plastic concrete slurry wall, and grout—curtain system can be built along the upstream toe
of the dam to collect the seepage. A geosynthetic liner composed of a geotextile and
geomembrane is installed at the upstream face of the cutoff trench (see Figure 11), thus
providing the dam with a continuous impervious layer running all along its upstream
face, from the bottom cutoff trench, which waterproofs the riverbed.

RETURN SEEPAGE TO RETURN WATER TO MILL
TSF PROCESS WATER POND >
SUPERNATANT
GEOMEMBRANE LINER
RETURN SEEPAGE TO ?ROCESS
COLLECTION SUMP 4 WATER POND )

HYDRAULIC BARRIER
MONITORING WELLS

CUTOFF TRENCH AND GROUT CURTAIN SYSTEM

& seepace '
COLLECTION 2\1}:]{23%

Figure 11. Schematic example of seepage collection system in TSF.

The seepage collection sump is an excavation lined with geosynthetic and ge-
omembrane material to store filtrations. It allows the filtrations collected by the drainage
system to be stored and its mission is to prevent any type of leaks, and is located down-
stream of the toe of the dam. The seepages are driven through pumping that recirculates
them to the tailings deposit water pond, and then returned to the mill for reuse in the
metallurgical process (see Figure 12).
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Figure 12. Seepage collection sumps in a TSF-Chile.

3. Types of Geotextile and Geomembrane used in Tailings Storage Facility Dams
3.1. Geosynthetic Base Layer—Geotextiles

The type of geotextile commonly used at the upstream face of dams at TSFs is a
nonwoven, needle-punched geotextile. These materials are manufactured from the fibers
of polypropylene polymers, and are highly durable and resistant to attack by chemicals,
ARD (acid rock drainage), and bacteria [25].

The geotextiles manufactured in this process have good mechanical benefits, high
elongation, which gives them adequate site suitability, excellent properties for protection
(often referred to as the cushion effect), and very good filtration and separation functions
[26].

Their main function is to provide cushion properties for the upper liner layer of
geomembrane [27].

3.2. Geosynthetic Liner Layer — Geomembranes

The most common types of geomembrane materials used in TSFs include: polyvinyl
chloride (PVC), high-density polyethylene (HDPE), and linear-low-density polyethylene
(LLDPE) geomembrane liners. These liners are available in smooth and rough textures, as
well as in a white, black, and green color, for use in different applications [27,28].

A PVC liner (flexible and easy handle) may require as little as 20% of the field seams
required by a HDPE liner (tough and nonflexible) [27,28].

Textured HDPE liners were developed to compete with the slope-stability charac-
teristics of smooth PVC, much as LLDPE liners were developed to compete with the
flexibility characteristics of PVC [27,28].

The selection of geomembrane type depends on cost; more flexible geomembranes
can improve the liner strength and puncture-resistance of the liner system [27,28].

A rigorous QA/QC plan needs to be applied at the geosynthetics installation stages.
It is also necessary to have manufacturing quality control/assurance (MQC/MQA), and
construction quality control/assurance (CQC/CQA), to ensure the compliance of manu-
facturers and installers [27,28].

The following tables show a characterization of geotextiles and geomembranes com-
monly used in Chile and Peru mining in upstream face dams as a TSF liner (See Tables 2 and
3). Some physical properties are considered: strength/tensile properties, flow properties,
and durability.
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Table 2. Nonwoven, needle-punched geotextile properties [29-37].
] ) Test Unit of Required Required
Properties of Material Method Measure Value Value
2
Weight Per Area Unit ASTMDS261 “i//r; 2P0 2180
Apparent Opening Size, Sieve No. ASTM D4751 mm <0.15 <0.21
Grab Tensile Strength ASTM D4632 N 21110 2600
Grab Elongation ASTM D4632 % =50 =50
Puncture Strength ASTM D4833 N 2665 >350
Trapezoidal Tear ASTM D4533 N 2445 2240
Permittivity ASTM D4491 1/s <1.2 <14
Flow Rate ASTM D4491 1/min/m? <3100 <4500
UV Resistance (after 500 h) ASTM D4355 % >70 >70
Table 3. HDPE smooth-textured, black-colored geomembrane properties [29-37].
Properties of Material Test Method Unit of Measure Required Value
Thickness ASTM D5199 mm (mil) >1.5 (60)
Density ASTM D1505 g/cm? >0.94
Strength at Yield ASTM D6693 N/mm >22
Strength at Break ASTM D6693 N/mm 240
Elongation at Yield ASTM D6693 % 212
Elongation at Break ASTM D6693 % >700
Tear Resistance ASTM D1004 N >186
Puncture-Resistance ASTM D4833 N >480
Oxidative Induction Time ASTM D3895 Min >100
Carbon Black Content ASTM D1603 % 2.0-3.0

It is recommended to install a cushion comprising a nonwoven, needle-punched
geotextile layer below the geomembrane to prevent punctures. In some cases when the
HDPE or LLDPE geomembranes are exposed to UV rays for several days, it is recom-
mended to install a sacrificial, nonwoven geotextile layer over the geomembrane to pro-
vide UV ray protection. The following Table 4 shows a geomembrane liner design matrix.

Table 4. Geomembrane liner design matrix [38].

Foundation Liner Overliner Effective Normal Stress (MPa) (o)
Conditions Bedding Soil Material 0 <05 0.5< o< 1.2 o>12
(o) ® 9%
Firmor Coarse grained COfarse grfained 2.0 mm HDPE 2.0 mm HDPE 2.5 mm HDPE
High Stiff- Fine grained 1.5 mm HDPE 2.0 mm HDPE 2.5 mm HDPE
. . Coarse grained 1.5 mm HDPE 1.5 mm HDPE 2.0 mm HDPE
ness Fine grained . .

Fine grained 1.0 mm HDPE 1.5 mm HDPE 2.0 mm HDPE

2.0 mm 2.0 mm 2.5mm

Coarse grained Coarse grained ~ LLDPE LLDPE LLDPE

Fine grained 1.5 mm 2.0 mm 2.5mm

Soft or Low LLDPE LLDPE LLDPE

Stiffness 2.0 mm 2.0 mm 2.5 mm

Fine grained Coarse grained ~ LLDPE LLDPE LLDPE

Fine grained 1.5 mm 2.0 mm 2.5mm

LLDPE LLDPE LLDPE
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(a): Foundation condition’s description is a relative measure of stiffness. The foundation conditions
need to be investigated and tested to determine compatibility with the geomembrane. (3): Liner
bedding soil refers to the soil in direct contact with the underside of the geomembrane. To assess
compatibility with the geomembrane, testing and design calculations are required. (y): Overliner
refers to the material placed directly onto the geomembrane. To assess compatibility with ge-
omembrane, testing and design calculations are required. (9): Effective normal stress is the maxi-
mum stress onto the geomembrane due to the tailings and other externally applied loads.

3.3. Geomembrane Liner Leakage Rates

No geomembrane liner is absolutely impermeable. Therefore, a zero leakage rate
through a single geomembrane is impossible to achieve, and it should not be specified,
and should not be a regulated requirement. In the USA, the philosophy is that all indi-
vidual geomembrane liners leak; hence the use of double geomembrane lining systems.
These do not leak provided a hydrostatic head is not allowed to build up on the second-
ary (lower) liner. Giroud [39,40] has shown that water vapor diffuses through an HDPE
geomembrane, without any holes, at the rates (liters per hectare per day —Iphd) shown in
Table 5.

Table 5. Calculated unitized leakage rates, 1 L per hectare per day (Iphd), due to permeation of
water through an HDPE geomembrane (1 mm) [39,40].

Water Depth on Top of the Geomembrane, hw

0m 0.003 m 0.03m 0.3m 3m >10 m
(0 ft) (0.01 ft) (0.1 ft) (1 £t) (10 ft) (>30 ft)
Coefficient of Migration, mg(m?/s) 0 9 x 1020 9 x 10718 9 x 10716 9 x 1014 3x 10713
Unitized leakage rate, qs - - - - - -
(m/s) 0 9 x 1017 9 x 1015 9 x 1013 9 x 101 3 x 1010
(Iphd) 0 8§ x 105 0.008 0.8 80 260
(gpad) 0 8 x 106 0.0008 0.08 8 28

Values of leakage rate in liters per hectare per day (gallons per acre per day).

The presence of holes in the geomembrane leads to the leakage flow rate increases
shown in Table 6. Therefore, a 1 mm HDPE geomembrane, again without physical holes,
under a 300 mm hydrostatic head will “leak” at a flow rate of 0.8 L per day (Ipd). In this
case, the leakage flow rate through a 2 mm diameter pinhole with a 300 mm head is 400 L
per day (Ipd). As the head increases to 3 m, the leakage flow rate becomes 1300 L per day
(Ipd).

Electrical leak location surveys, performed by now on several hundred geomem-
brane lining systems throughout the world, typically show 2 to 12 leaks per 10,000 m? to
be present in high- to low-area geomembrane liners on which state-of-practice CQA has
been performed [39,40]. These leaks vary from pinholes at T-seams to bulldozer blade
gouges as long as 1 m at the toes of slopes.
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Table 6. Calculated leakage rates due to pinholes and holes in a geomembrane (1 mm) [39,40].

Water Depth on Top of the Geomembrane, hw

Defect 0.003 m 0.03m 0.3 m 3m 30 m
Diameter (0.01 ft) (0.1 1) a fy) (10 ft) (100 £t)
1 mm 0.006 0.06 0.6 6 60
, (0.004 in) (0.0015) (0.015) (0.15) (15) (15)
Pinholes 0.3 mm 0.5 5 50 500 5000
(0.012 in) 0.1) ) (13) (130) (1300)
2 mm 40 130 400 1300 4000
Holes (0.08 in) (10) (30) (100) (300) (1000)
11.3 mm 1300 4000 13,000 40,000 130,000
0.445 in) (300) (1000) (3000) (10,000) (30,000)

Values of leakage rate in liters/day (gallons/day).

4. Geosynthetic Solution Applications in Tailings Storage Facility Dams
4.1. Geosynthetic Constructability Issues

Mining operations in Chile and Peru are placed mainly in mountainous areas of the
Andes Range, mostly in the semiarid to hyperarid climate conditions. Due to the severe
climate and adverse topographic conditions, the construction of TSFs presents extreme
challenges, considering geosynthetic installation procedures in complex topographies,
difficulties in sourcing specialized contractors, and demanding strict schedules.

The typical geomembrane sheet installation in a TSF dam requires grading slopes
not higher than 2H:1V (see Figure 13). In order to adequately develop the system panel
staging plan of the liner, the geosynthetic contractor should have a clear understanding
of the predominant wind direction(s) and consider that in some cases the dams may be
more than 50 m high (starter dams). Under these extreme topographical characteristics,
the installation of sandbags to secure the geomembrane sheet static position is necessary.

Figure 13. Geomembrane installation —typical construction activities, 2H:1V dam slope-Peru.

The geomembrane sheets are unrolled down the dam slope as a first step. Then in a
second step, the geomembrane sheets are cut to the appropriate length to cover the in-
clined dam slope. In a third step, the geomembrane sheets are joined by manual ther-
mofusion weld seaming along the dam slope. Then, the geomembrane sheets are joined
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by manual extrusion weld seaming along the length of the dam [41]. As a final step, it is
necessary that all welds and geomembrane sheets be inspected using industry-accepted
QA/QC controls and test procedures [41]. The following Figure 14 shows the typical
panels-joining works used in TSFs.

" Overlap Length

Lower Min.0.10m
Geomembrane | . Air/Vacuum
sheet ‘ A ChannelTest| |-ceccceem e mm -

sheet
; \ - &

[ \_Upper |
Duwal /- Geomembrane

Weld
TYPICAL DETAIL ~"e€t
|| HOT WEDGE DOUBLE TRACK FUSION WELD

Not to Scale

Extrusion Weld Overlap Length

. Min.0.10m
ppiim— —
| Lower / & Upp:!' ]
Geomembrane SOMETRWane:
Sheet Sheet
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Figure 14. Geomembrane seams—typical details.

4.2. Starter Dams of TSF Built with Borrow Materials

The starter dam is the initial embankment of the tailings storage facility in the start
up phase, when it is required to correctly ensure the impermeability of the riverbed. For
this purpose, a continuous impervious layer along the upstream face of the starter dam is
usually used, as well as the installation of a cutoff, plastic concrete slurry wall, and grout
curtain system.

A low-permeability layer is installed on starter dams constructed with borrow ma-
terials. This consists of a 1.5 mm flexible HDPE geomembrane bedding with two
nonwoven, needle-punched geotextiles. These two geotextiles have the function of an-
ti-puncture layers that protect it against possible puncture damage. The starter dam is
constructed with horizontal 0.5 m-thick lifts of selected borrow fill material for building
the body and filter layer of the dam.

Once the dam contractor has finished the first construction stage, from the cutoff
and grout curtain system to the intermediate berm at mid-height level of the borrow
dam, a QA/QC engineer verifies that the surface fully complies with the technical speci-
fications. Any deviation regarding placement of the waterproofing system is immedi-
ately corrected.

In the checked areas, the geosynthetic contractor immediately starts placing a 200
g/m2 nonwoven geotextile on the silty sand filter layer, typically 1 m wide. The geotextile
is commonly conveyed to the site in 4.5 m-wide x 100 m-long rolls. Then, the geotextile
sheets are unrolled down the dam slope and cut to the appropriate length to cover the
entire inclined dam slope. Once cut, the geosynthetic material is placed vertically along
the top-bottom of the starter dam slope, with an overlapping of at least 15 cm between
adjacent geosynthetic sheets. Along the overlapping, the geotextile sheets are joined by
manual thermofusion seaming. Figure 15 shows a geotextile and geomembrane liner in-
stallation schematic view on a starter dam constructed with borrow materials:
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Figure 15. Schematic view of a starter dam with typical geosynthetics installation.

Then, in the toe of the starter dam slope, the placement of geotextile and geomem-
brane is carried out in the cutoff, plastic concrete slurry wall, and grout curtain system.
Once the installation of the anti-puncture geotextile is in progress, the geosynthetic con-
tractor begins to place the HDPE geomembrane. The geomembrane is commonly sup-
plied in 7 m-wide x 150 m-long rolls. The geomembrane rolls are placed along the tem-
porary crest of the starter dam, the edge of the geomembrane sheet is unrolled to cover 2
m on the flat dam crest, and after verification of the correct alignment the sheet is com-
pletely unrolled down the slope. The geomembrane sheets are anchored in trenches at
the intermediate berm of the TSF dam. Adjoining sheets overlap at least 10 cm, and are
joined by thermofusion seaming. The seams are executed by a machine creating a dou-
ble-track seam. A relevant aspect of this type of seam is the presence of a small channel
that allows performing a nondestructive test with air under pressure. HDPE geomem-
brane panel joints between stages 1 and 2 are seamed by manual extrusion weld seaming
along the dam’s intermediate berm. All the executed seams are tested. Figure 16 shows
the typical geosynthetic installation schematic view described above.
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Figure 16. Starter dam upstream face geotextile-geomembrane liner installation first stage fin-
ished —TSF Starter Dam, Chile [42,43].

After the HDPE geomembrane is anchored at the lower and upper levels, the ge-
omembrane is protected from the wind by placing sandbags over it during the time it is
exposed to the environment, waiting for the tailings to be added. Once the first con-
struction stage has finished, a second stage starts from the intermediate berm to the
starter dam crest. The dam contractor and geosynthetic contractor follow the same geo-
synthetic installation procedures described above. The following Figure 17 shows an in-
stallation of a 100,000 m? geomembrane liner at the upstream face of a TSF starter dam,
after the second stage of construction was complete, reaching a 60 m height.

Figure 17. Starter dam upstream face geotextile-geomembrane liner installation second stage fin-
ished —TSF Starter Dam, Chile [42,43].
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The geosynthetic liner system thus creates a low-permeability layer running all
along the longitudinal axis of the started dam from the bottom cutoff trench—plastic
concrete slurry wall-grout curtain system up to dam the crest.

4.3. Cycloned Tailings Sand Dams

Most cycloned tailings sand dams in Chile and Peru are constructed using the cen-
terline method and downstream method over a borrow material starter dam, using cy-
cloned tailings sand (underflow) produced by hydrocyclones, containing no more than
18% of fines (material passing ASTM No. 200 sieve size), to develop the dam’s ultimate
configuration with a 4H:1V downstream slope. The process of cycloned tailings sand
dam construction involves five main steps:

1. Dispose of hydrocyclone underflow materials (cycloned tailings sand) in a loose 0.5
m thick layer;

2. Allow the deposited hydrocyclone underflow materials to drain;

Compact the underflow materials with smooth vibratory rollers;

4. Construct the geometry of the dam (slopes and crest width, providing adequate
freeboard);

5. Install the waterproofing liner at the upstream face of the dam.

w

Figure 18 shows a schematic view of cycloned tailings sand dam construction. The
cycloned tailings sand obtained in a hydrocyclone station is hydraulically transported by
pipelines along the dam crest and discharged through spray bars that are mounted on the
delivery pipeline, installed on a wooden trestle system (Figure 19). The dam is raised in
lifts of compacted cycloned tailings sands, being mechanically compacted by smooth vi-
bratory rollers, to achieve 95% of the maximum dry density per ASTM D698 (Proctor
Standard Test). A minimum of 5 m of freeboard between the dam crest elevation and the
elevation of the impounded tailings (slimes) against the dam must be maintained at all
times.

Upstream Downstream
Hydrocyclones
Slimes (Overflow) Rl
:’ Cycloned Tailings Sand (Underflow)
.Q
L4
Lons 5 Ny S~
N/ <& -
— e R = Permeable Sand (Unsatured)

Starter Dam

Drainage System

Figure 18. Schematic view of cycloned tailings sand dam construction.
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Figure 19. Panoramic view of TSF starter dam with geomembrane liner and mine tailings hydro-
cyclone station—TSF, Chile.

To provide an appropriate site for construction maneuvers, the crest of the cyclone

tailings sand dam must at least have a width equivalent to 20 m and a slope upstream of
the dam equivalent to 2H:1V. Thus, it is possible to install the wooden structure for the
placement of the cyclone tailings sand pipes, as well as having a sufficient width for the
circulation of construction and maintenance vehicles. In addition, it is necessary to install
an anchorage trench for the geotextile-geomembrane lining that will be placed on the
slope upstream of the dam. Finally, a place is needed for the slimes pipe system.

N

The construction sequence for the dam overgrowths is the following:

Is necessary to install a new wooden structure to assemble the sand transport pipes;
The louver discharge pipe must be relocated;

An anchor trench for the geosynthetic materials must be built along the entire crest
of the dam;

A new roll of geotextile and geomembrane needs to be installed on the slope up-
stream of the dam.

The following construction procedures show:

A typical cycloned tailings sand dam crest with wooden trestles for tailings sand
pipelines, slimes pipeline with spigots, and geosynthetic liner (Figure 20);

A geosynthetic installation schematic view of a cycloned tailings sand dam using the
downstream construction method (Figure 21);

A construction procedure in cycloned tailings sand dam crest (Figure 22).
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Figure 20. Cycloned tailings sand dam upstream face waterproofing—TSF, Chile [44].
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Figure 21. Cycloned tailings sand dam upstream face waterproofing construction detail.
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Figure 22. Cycloned tailings sand dam upstream face waterproofing construction process—TSF,
Chile.

4.4. Mine Waste Rock (Rockfill) Dams

Some mining operations use the mine waste rock from the stripping mine phase, or
from mine waste rock dumps, for building a rockfill dam for their TSFs (see Figure 23).
This solution is adopted usually when:

1. The mining waste rock materials have no potential to generate AMD (acid mine
drainage);

2. There is a lack of borrow material availability and high waste rock/ore ratios;

There are short hauling distances between the waste rock sources and the TSF site;

4. There are flatter terrains, such as in the Atacama Desert areas, where mines need to
build TSFs with a ring-dike configuration with large dams (more than 4 km long).
This presents difficulties regarding transport and construction of cycloned tailings
sand dams.

@

2 i

Figure 23. Panoramic view —mine waste rock dam upstream face waterproofing construction de-
tail— TSF, Peru.
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In the mine waste rock dam section, zoning is needed with different materials, with
the objective to accomplish with the piping and filter criteria [45]. This design criteria can
be achieved by varying soil layers specifications thickness and the degree of compaction.
Rockfill material (mine waste rock) with a maximum particle size of 25.4 cm is commonly
placed in 1 m lifts, expected to generally require no processing except for the removal of
oversized particles. This lift zone will be spread by a dozer DR10 and compacted with a
vibratory drum roller or by the mine haul fleet. A filter layer is built between the tailings
and the rockfill material on the upstream face of the dam. In order to function as a filter,
this zone consists primarily of silty sand-sized particles, with some gravel and minimal
fines content. These materials will be placed in 0.3 m lifts (Figure 24).

HDPE Geomembrane

Non Woven Geotextile
Cushion 400 gr/m2

Figure 24. Front view—mine waste rock dam upstream face waterproofing construction de-
tail —TSF, Peru.

A low-permeability core of 2 mm HDPE geomembrane cushioned by one 400 g/m?
anti-puncture, nonwoven geotextile is placed on the upstream face of the dam. The
nonwoven geotextile protects the geomembrane against possible puncture damage by
the dam materials. The following Figure 25 shows typical detail of a geotex-
tile—-geomembrane liner on the upstream face of a rockfill dam.

Downstream Construction Method
2.0mm
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Figure 25. Mine waste rock (rockfill) dam upstream face waterproofing construction detail.
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5. Discussion
5.1. Lessons Learned Considering Experience

The use of geosynthetics depends on many factors, such as: material of the dam,
type of mine tailings, and climate and topographic conditions, among others. The fol-
lowing paragraphs include some key issues that need to be considered in the design,
construction, operation, and closure of TSFs.

5.1.1. Advantages

The following aspects are considered advantages in the use of geosynthetics in TSF
dams.

¢ Nouse of clay layers: geotextiles and geomembranes allow a chance to minimize the
use of costly clay soil filter materials in the dam. The geomembrane lining system is
adequate, because it is flexible and resists differential settlement, allowing control of
the hydraulic gradients, and providing both physical and environmental contain-
ment of tailings [46-48];

e  Simplicity: geotextiles and geomembranes help in the installation process so that the
overall construction schedule period is minimized [46—48];

e Safety: geosynthetics increase the undrained shear strength of the dam with a hy-
drostatic loading during a seismic event, providing an acceptable factor of safety
that is safer than the concrete-faced rockfill dam alternative [46—48];

e Long-term performance: geotextiles and geomembranes offer better effective per-
formance against acid-mine drainage (AMD) generation, and their structural prop-
erties do not change due to the effects of oxidization and leaching caused by sul-
fide-rich mine tailings [46—48].

5.1.2. Disadvantages

The following aspects are considered disadvantages in the use of geosynthetics in
TSF dams.

e Risk to puncture: geomembranes are more susceptible to damage caused by differ-
ential deformations, settling of the support surface, or sensible when exposed to
small, sharp protrusions [46—48];

e Water and mine tailings loading in order to provide adequate geotex-
tile—geomembrane systems resistance: it is necessary to consider water loading, ex-
cessive mine tailings confining pressures [46-48];

e  Susceptible to climate change: severe temperature changes cause thermal material
contraction. Geotextiles and geomembranes can be affected by wind and can be
damaged by UV rays if they are permanently exposed to them [46—48].

5.2. New Trends

Bituminous geomembrane (BGM) liners are a bituminous waterproofing system,
unique in terms of their 5.10 m width. A BGM combines an elastomeric bitumen-based
binder and an internal structure made from nonwoven polyester geotextile; it is designed
to guarantee excellent mechanical and chemical resistance over the long term. Some key
benefits are:

e  Resistance to aggressive environments even without adding an anti-puncture geo-
textile;

e Compatible with all subgrades and covering material (hot-mix, asphalt, concrete,
stone, gravel);

e Excellent resistance to ageing (UV, weather, biological agents and oxidation);

e  Suitable for extreme weather conditions (rain, wind, extreme cold (-40 °C));

¢  Remarkable dimensional stability and flexibility guaranteeing permanent support
with the supporting ground;
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e Durability under real conditions exceeding 40 years;

e  Friction angle up to 34°, greater than any other geomembrane;

e  Figure 26 shows an example of application of BGM in the Toromocho TSF project in
Peru.

Figure 26. Mine waste rock dam upstream face waterproofing with bituminous geomem-
brane —TSF, Peru.

An alternative bituminous geomembrane (BGM) liner is implemented in mine op-
erations around the world and shows the low permeability of this type of geomembrane
in cases of dams with gentle slopes. Figure 27 shows an example of construction details of
implementation of a BGM liner.
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Figure 27. Mine waste rock dam upstream face waterproofing with bituminous geomem-
brane —construction details.
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The joints between the BGM sheets are welded at a high temperature using a simple
gas torch, ensuring an additional advantage over other types of geomembranes. The in-
stallation of BGM panels is a fast, controlled activity, considering that special equipment
is not required.

A new technology emerges in the era of industry 4.0, which corresponds to intelli-
gent geosynthetics with the use of fiber optics, in order to acquire real-time data on de-
formations, displacements, and stresses of the tailings dam [49,50].

The intelligent geotextile can be considered as a sensor, which can measure temper-
ature changes in the optical fiber in order to detect leaks together with the drainage
properties of the geosynthetic. The filtration characteristics of the geotextile also allow
the stability of the soil by inhibiting the process of internal erosion.

On the other hand, an advantage of considering a geotextile as a sensor is its high
coefficient of friction properties when interacting with the ground. This friction interface
also allows for the transfer of soil displacements from the geotextile to the fiber optic line
[49,50] (see Figure 28).

The data storage, warning
and visualization

Optical fiber composite

((ts

l

Connections and
data transfer

e)))

Optical interrogator

Figure 28. Example of smart geosynthetic with fiber optics technology.

5.3. Hydrogeological Aspects to Note

Tailings dams in Chile and Peru are usually located in mountain ranges, or sur-
rounded by island hills, due to the fact that the outcropping rock forming a topographical
height acts as a natural dam, reducing the amount of artificial embankment that will be
necessary to build for the construction of the reservoir. The permeability of the basement
rocks will be controlled by the density of fractures and their connectivity [50]. Although
current regulatory frameworks already require structural studies to characterize the
permeability of these rocks, these can underestimate the hydraulic conductivity through
the rock. Eventually, a flow of contacted process water may infiltrate through the sec-
ondary permeability of the fractured-rock aquifer, which is normally connected to the
overlying alluvial aquifer in the surrounding areas of the dam [51-54]. In addition, the
possibility of seepage will increase as the tailings height grows (confining pressures in-
creases), and the exposed rock area covered by tailings increases. In this context, another
advantage of geomembrane liners is that they have the feasibility of being installed, not
only in the dam, but along all exposed rock surfaces on the sides of the tailings storage
facility, thus reducing the contact of process water with rock walls, which are susceptible
to presenting permeability due to fractures or other structural weaknesses (Figure 29).
Therefore, the widespread installation of geosynthetic liners is a guarantee of protection
against infiltrations through fractures in the rock, being an economic measure and easy to
develop [51-54].
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Figure 29. Example of use of geosynthetic liner in the zone of a TSF in contact with rock-TSF Peru.

5.4. Final Remarks

The following key technical, design, and construction aspects are considered in the
practice.

e Types of geosynthetic materials: many types of geomembranes have been used in
TSFs, including: polyvinyl chloride (PVC), high-density polyethylene (HDPE), and
linear-low-density polyethylene (LLDPE). The criteria for the selection of the geo-
synthetics are based on technical environmental and cost issues;

e  Thickness and performance of geosynthetics: the current state-of-the-art practices to
prevent leakage, to provide durability, and to enhance resistance to UV rays;

e  Types of cushion layers for geosynthetic materials: the criteria used to choose mate-
rials on which to place geomembranes, with a focus on limiting damage by punc-
turing;

e  Constructability: a key aspect is the installation of the geosynthetics on the upstream
face slope of the tailings dams, taking into consideration the mine tailings discharges
(spigots), wind, and rainfall conditions;

e QA/QC: quality assurance and quality control—the geosynthetic quality is moni-
tored at all stages of design, manufacturing, construction, and operation;

e  Sustainability: the application of geosynthetics is environmentally friendly because
(i) they minimize the environmental impacts of borrow material pits and quarry
operations by providing filters, grading the materials in the dam, and (ii) they mit-
igate tailings dam seepage.

6. Conclusions

At present, management of the mining tailings stored in the territory must be carried
out in a responsible and controlled way, in order to avoid any negative impact to the
ecosystem and surrounding communities. The implementation of geosynthetic liners and
cutoff trench—plastic concrete slurry wall-grout curtain systems allow the reduction and
control of seepage flows from the TSFs. To ensure the quality and efficiency of these
seepage control systems, it is necessary to carry out an appropriate design, adequate
construction, and permanent monitoring during the operation, closure, and post-closure
stage of the TSF.
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Regardless of the mining tailings management with the best available technologies
(BATs) being considered (conventional tailings, thickened tailings, paste tailings, or fil-
tered tailings), seepage control systems should always be implemented, as all types of
tailings release contact water, either in smaller or larger quantity.

Management of gold mining tailings with the use of sodium cyanide reagents re-
quires a complete lining with a geomembrane in the area of the tailings deposit reservoir,
according to the code for the management of tailings with cyanide residues. On the other
hand, management of copper mining tailings requires at least partial lining with a ge-
omembrane in the area of the upstream face of the dam.

Although geomembrane liners are not completely impermeable, they are nearly
waterproof when compared to other materials like clay soils. The main function of geo-
synthetics on TSFs is to serve as a liner layer between different materials to mitigate
eventual leaks that may occur. The covering by the mine tailings acts as a seal that at-
tenuates seepage derived from eventual perforations or tears in the geomembrane liner
generated during its useful life.

There is a possibility that, by applying variable environmental thermal conditions
considering climate change, the geomembrane may change its properties so that it no
longer provides long-term resistance to the physical and chemical factors to which it will
be exposed. In this case, at the joints, the risk of infiltrations is somewhat high. Experi-
mental studies are recommended regarding the comparison of lifetime of the welded
areas versus the geomembrane sheet.

The experience of Chile and Peru, which have the highest tailings dams in the world,
and climate conditions ranging from wet to hyper arid, complex topography, and expo-
sure to seismic events, represent a worldwide example of state of the art practice in en-
gineering and construction of this type of civil works.

For these reasons, the use of geosynthetics in TSFs in environmentally responsible
mining is growing daily. Moreover, this is encouraged by regulatory frameworks that
support environmentally friendly mine tailings management solutions that control tail-
ings seepage and reduce environmental impacts.

Author Contributions: Conceptualization, C.C. and E.A.; formal analysis, C.C.; investigation, C.C,;
resources, E.A.; writing—original draft preparation, C.C.; writing—review and editing, C.C. and
A.P; visualization, C.C. and A.P.; supervision, E.A. and P.V. All authors have read and agreed to
the published version of the manuscript.

Funding: The research is funded by the Research Department of the Catholic University of Temu-
co, Chile.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

TSF Tailings storage facility

BATs Best available technologies
AMD Acid mine drainage

Cw Slurry tailings solids content by weight
mtpd Metric tonnes per day

HDPE High density polyethylene
LLDPE Linear low-density polyethylene
pPVC Polyvinyl chloride

BGM Bituminous geomembrane

GCL Geosynthetic clay liner

masl Meters above sea level

UV rays Ultraviolet rays

QA/QC Quality assurance and quality control
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MQA/MQC Manufacturing quality assurance/control

CQA/CQC Construction quality assurance/control
Iphd Liter per hectare per day
Ipd Liter per day
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