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Abstract

Cover systems have been included as a closureagedrm planning strategy for the estimated 1)4898f
waste rock at the Antamina Mine (Peru). A rese@rdgram was initiated by Antamina, Teck, and the
University of British Columbia to determine the rheaitable type of cover system for the waste hahps at
Antamina. The climate regime at the mine site prssspecial challenges given its high elevatiom wigh
rainfall during summer periods, followed by lowrtegligible precipitation during winter months. Téwvers
were constructed of native, low permeability matisrand topsoil, with the aim to reduce net irdiiton and
oxygen entry to underlying waste rock. Runoff amfiltration through the covers systems is captuneth m x
15 m x 2.5 m lysimeters and directed to a watervepance system to 10 tipping buckets that contielyou
monitor flow rate. Ten thermal conductivity senseese installed to measure matric suction and vegath
instrumentation was installed to obtain site-spegfecipitation and net radiation data. This pgpesents a
summary of the design, construction, and early fddservations for the four cover systems underuetain.

I ntroduction

A research program was initiated six years ago @52by Compafia Minera Antamina S.A.
(Antamina), Teck and the University of British @olbia (UBC) to assess the hydrological,
geochemical and weathering characteristics of wastle at the Antamina mine (Peru). This program
includes the construction and monitoring of fiverB& 36 m x 10 m experimental waste rock piles, 25
field kinetic cells, geochemical laboratory studiasd a detailed mineralogical characterizatiothef
waste rock material. A cover study project was tgped in 2008 to help refine the current closure
plan for Antamina’s 1,539 Mt waste rock dumps (@&o)®2007).
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The purpose of cover material on top of waste rdakps containing ‘potentially acid-generating’
material is to function as oxygen and water basriénereby limiting weathering and metal leaching.
The cover must also provide physical stability wiglspect to deformation, shear strength and erosion
The cover systems proposed in this study aim toaedet infiltration to underlying waste rock vieet
combination of a low-permeability and a store-aeldase cover. The low-permeability cover works as
a barrier to infiltration and to limit oxygen entrwhereas the store-and-release acts as a medium
growth layer for vegetation. This cover study véllaluate the performance of four different cover
systems and a control system, by measuring thdtireswater infiltration and oxygen diffusion
through the covers to the reactive waste rock below

There are three complementary components inclutdétei scope of this cover study, they are:

. The field experiment, comprised of the constructma monitoring of four fully instrumented
cover lysimeters and one control, to mimic thedibons of the future platform for the covers
on the waste rock dumps at Antamina.

" Laboratory testing to complete the characterizatbrthe materials used to build the cover
systems and determine input parameters for nuni@nicdels.

" Numerical modelling of the four tested cover systemsing the SoilCover model, with the
specific purpose of predicting a system’s long t@erformance at Antamina and the assessment
of possible modification(s) to the covers design.

This paper will focus on the first component, irdthg details of the design and construction, antl wi
present early results from the four cover systems.

Site Characteristics

Antamina mine, one of the largest zinc and coppedyrcers in the world, is located at approximately
270 km north-east of Lima, at an average altituidé, 80 meters above sea level, in the north-ckntra
Peruvian Andes.

The climate regime at Antamina is characterizedlistinct wet and dry seasons, with high rainfall in
the summer periods, between October and Aprilp¥edid by low to negligible precipitation during the
winter months, from May to September. Average ahpuecipitation is approximately 1,200 mm,
with maximum daily precipitation of 36 mm. Tempena ranges between -4°C and 23°C, with a
mean annual temperature between 5.5°C and 6.0°C.

Surficial geology at the Antamina valley is compdsof glacial till deposited between 10 to 20
thousand years ago, and more recent local venéedlovium, alluvium and/or soils produced from
other weathering processes (Klohn-Crippen, 199@)ir Eypes of surficial soils were identified at the
Antamina mine in the preliminary geotechnical assemnt for the waste dumps and were analysed as
potential cover material:

. Topsoil: Dark brown to black organic, highly plastighly compressible clayey silt containing a
trace of sand and some fibrous roots, which acogrth the Unified soil classification system
(USCS) classifies as MH or OH. Fines content of thpesoil layer ranges from 92% to 100%.
Topsoil layers thickness was estimated from 0.1neh greater than 2.85 m (Piteau Associates
Engineering Ltd., 1997).

" Colluvial soils: Brown, medium to high plastic, sign clayey silt, with varying amounts of
gravel and other coarse angular material. Antamoiluvium is highly variable and its USCS
classification depends on the organic and finederdnranging from MH/OH to CH and CL.
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Colluvium fines content ranges between 10% and 9P%#eau Associates Engineering Ltd.,
1997).

" Fluvial soils and organics: Loose to compact skiynd to sandy silt of medium compressibility,
generally located in local drainages and or swarn@as (Piteau Associates Engineering Ltd.,
1997).

" Glacial tills: Grey to brown, compact to dense\yels silty sand and gravel with cobbles and
occasional boulders up to about 40 cm in diamé&iees content is variable, ranging from 4% to
more than 50% (Piteau Associates Engineering l@P;7). Thickness of the glacial till layer is
variable across the mine site, ranging from a “tblanket” in the areas of the tailings
impoundment to grater than 30 m in the Quebradaa¥@rcha (Klohn-Crippen, 1997). USCS
classification of the material ranges from GC ta Glacial till is expected to be one of the most
abundant soils at the mine site.

These native, surficial materials were preferredtifi@ design and construction of the cover systems
due to their suitability as barrier or store an@ase covers, and their relatively low cost of baing.

Design and Construction of Lysimetersand Cover System
Lysimeters

Construction of the five lysimeters was carried oyt an Antamina team between October and
December 2008, following a design developed by sma and UBC. The lysimeters are inverted
truncated pyramids with two sets of drainage pipesollect runoff and infiltration (Figures 1 and)2
Drainage from runoff and infiltration piping is dicted to separate 1°ranks, for a total of 10 tanks in
this study (Figure 2b). A tipping bucket is locatsdthe outflow of each tank to record flow ratel an
volume. Tanks were included in the design to preathrage capacity and to regulate flow rate i cas
of a storm event, which could produce higher flalhan what the tipping buckets sensors are able to
register.
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Figure1: Lysimeter schematic (dimension in metres). Lysimeters1, 2, 4 and 5 were covered

with a 5.42 mm bituminous geomembrane (Coletanche NTP 4), while Lysimeter 3 was covered
with two layers of a2 mm HDPE geomembrane.
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Figure 2: Photos of (a) Lysimeter 2 showing bituminous geomembrane, runoff collection
pipe and sump; and (b) lysimetersand tanksin an early stage of the construction.

Materials

Golder Associates conducted laboratory tests onn#tve soils used in this study, to assess their
physical properties and their potential as covetenas. Specifically, these laboratory tests ideld:
saturated hydraulic conductivity, USCS classificatand standard Proctor compaction tests. Of the
four previously mentioned native soils only two warsed in this study, topsoil and till. Colluvial,
fluvial and organic soils were not tested giverirtBearce availability and poor suitability to fuion

as covers.

Topsoil was selected as the medium growth layer @mg one topsoil sample was tested. Two
samples of till were tested (from different locasd, given the glacial till variability at Antamina
Results from these tests verified their heterodggnai regards to composition and grain size
distributions, and glacial till was divided intoavtypes; a clayey, coarser glacial till; and aysiiiner
glacial till. Table 1 summarizes the results & froperties assessment tests and the tests pedanm
the materials actually used for the constructiothefcover systems.

Tablel: Cover materialslaboratory testsresults
., |Gravel |Sand |Fines |Liquid |Plasticity | Ks* USCS -

Material | o™ 06) |(9%) |Limit |Index | (mis) | Classification |U/SCS Description
Clayey gravel with

C_:Iayey 31 21 48 36 15 2 1x10 | Ge-CL sand to sar!dy/gravelly

till lean clay with
gravel/sand.
Gravelly elastic silt

Silty till |18 14 68 52 22 7.3x1d | MH with sand to sandy
elastic silt.

Topsoil |11 12 77 78 27 4.6x%0 | OH Sandy organic silt.

*Clayey and silty till saturated hydraulic condwdiies were tested on samples compacted at 95% of
the maximum dry density of standard Proctor teshsbil was testes in a loose state.
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Intrusive Class A was the preferred type of wastekrfor the experiment for two reasons: its
classification as the most reactive or ‘potentialtyd-generating’ material, and because it is dritbe
most common reactive materials that will be placethe waste dumps, according to the long-term
planning at Antamina.

Cover systems

Lysimeters 1, 2, 4, and 5 were partially filled aogsimeter 3 was completed filled with intrusive,

Class A material, in October 2009. The four covgstems (Table 2) were installed in August -
September 2010. The cover systems were desigremhsist of a barrier component (cover material 1)
and a growth medium and store and release covereramaterial 2). The former reduces water
infiltration and air diffusion through the cover carthe latter reduces infiltration by triggering

evapotranspiration (Table 2).

Table2: Cover systems layout
Lysimeter | Cover Material (1) Thickness Cover Matk(R) Thickness
1 Compacted clayey till 600 mm Topsoil with vegietat 300 mm
2 Non-compacted clayey till 600 mm Topsoil with g&gion 300 mm
3 No cover (Control) - No cover -
4 - - Topsoil with vegetation 300 mm
5 Compacted silty till 600 mm Topsoil with vegeteti 300 mm

Construction of the cover systems was carried guytlacing and spreading the waste rock and cover
materials in the lysimeters using a crawler exaavab desired elevations exemplified by Figure 3.
Final slopes were achieved by employing shovelswheelbarrows, whereas slopes and elevations
were controlled with an automatic level. Clayey &ihd silty till layers in Lysimeter 1 and 5 were
compacted with an 800 kg vibrating roller. A vibngt plate compacted the corners and sides of the
cover layers.
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Figure 3: Schematic showing Lysimeter 1 and compacted clayey till cover system.
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The light weight and reduced compaction capacitytled 800 kg vibrating roller required a
modification in the initially desired constructiqprocedure of the cover systems. Compaction of
glacial till layers was specified as 95% of the maxm density of the standard Proctor test, within
+2% moisture content from the optimum moisture eaht To achieve this specification, clayey till
layers in Lysimeter 1 had to be constructed andpamted in four layers of 150 mm thick, while silty
till layers in Lysimeter 5 had to be constructedl amompacted in three layers of 200 mm thick.
Nuclear density tests were carried out as parhefconstruction QA/QC program following ASTM-
2922, by Golder Associates. A number of compactesis were carried out on four test platforms
prior the compaction of the actual cover layersthi@ same materials which later were used to build
the covers. These tests were used to determineffeetive compaction depth achievable by the
available equipment, and the number of roller pasequired for reaching the specified compaction
requirement.

Unusually early rains in late August and early $eyier affected the construction schedule and
material handling. Strong intermittent rains wereryv common at the time of the construction.
Stockpiled materials had to be covered by pladieets to avoid an increase in moisture contents,
which, according to the classification tests perfed on the clayey and silty till, were respectivéds
higher and 1.3% drier than the optimum moisturet@aonfrom the initial standard Proctor tests.
Intermittent rain also hindered the managementeftayey till, since it needed to be spread aretdr
by the sun to achieve the specified moisture canfEéme already compacted layers in the lysimeters
had to be protected by plastic sheets as wellydadaheir soaking and the potential negative dffec
could have on the subsequent cover layers.

Vegetation

High elevation and climate regime of the Antaminaeraffects the kind of vegetation suitable for the
topsoil layer of the cover systems. Vegetationdete for these layers was nati@alamagrostis sp.
(locally known as Ichu) andrifolium repenglocally know as white clover). White clover isaeign
species but will grow faster than ichu, thus protecthe exposed layer of the cover system from
erosion and triggering evapotranspiration in theyestages of the cover life. It is expected thatu

will eventually replace most of the white cloverMEC Earth & Environmental, 2004). Ichu was
transplanted from nearby natural slopes and waeglavery 0.5 m in the topsoil layer of the covers.
White clover was sown in a rate of 7.1 kg/ha (16@mgeach lysimeter). Vegetation was transplanted
and sown in mid January, 2011.

Figure4: Lysimeter 4 with Ichu already in place (January 2011).
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| nstrumentation

Ten tipping buckets, one per tank and collectigrepwere installed to quantify runoff and infilicat
through the cover systems. Ten wooden boxes weit dvaund the tanks and tipping buckets to
shield the instruments. Tipping buckets were plamedhanually adjustable plastic bases, attached to
concrete plate, which allows the regulation of itgruments level. Tipping buckets and tanks were
installed almost at the same elevation. A watevegance system directs water to the from the tank t
the tipping buckets (Figure 5). Given the pipe lowiflocation, a certain amount of water has to be
stored in the tank before it can flow into the tigpbuckets. Tipping buckets data is collected vaith
Campbell Scientific CR1000 datalogger, which isoapled via telemetry on a daily basis. Power for
the datalogger is provided by solar power pandéllesl at site.

water level before water starts
flowing into tipping bucket

e

S

: tipping bucket

Figure5: Schematic of atipping bucket installed next to a tank.

Ten Fredlund Conductivity Sensors (FTC-100) westalted in the centre of the covers to indirectly
measure soil matric suction. FTC-100 sensors aratéd at approximately 150 mm deep in all the
topsoil layers, and at 500 mm and 700 mm deep lithal glacial till layers (Figure 6). FTC-100
sensors are connected to a suction sensor contrBllketion data is downloaded every two weeks.
Power supply for the datalogger is provided byaosd solar power panel installed at site.

Prior to the construction of the four cover systefng® oxygen sampling tubes were installed in the
waste rock exposed face of Lysimeters 1, 2, 4 anth® oxygen sampling tubes are made of PVC
with a 0.318 cm (1/8”) inner diameter. Tubing foiygen measurements were protected from damage
from waste rock placement by PVC and HDPE pipingpiiig laid horizontally was protected by the
latter PVC piping and sealed with expandable foamavoid air entry and disruption to oxygen
measurements. Vertical portions of the oxygen semgpilubes were protected by 2” HDPE pipe,
which was filled with sand and sealed with a beitéonap. All oxygen measurements are measured
with a portable gas analyser.

Two rain gauges were already operating prior thestaction of the experiment, approximately 100 m
away from the lysimeters. Precipitation data islemtéd with a Campbell Scientific CR1000
datalogger, and is uploaded via telemetry on aydadglsis. One net radiometer was installed on
Lysimeter 4 for estimation of evaportranspiratioonf the cover system. These rain gauges and net
radiometer will provide precipitation and net rdaia data for the completing the numerical models
and accurate water balances of each lysimeter.
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Figure6: Schematics of FTC-100 sensorslocated in (a) Lysimeter 4 and (b) Lysimeters1, 2
and 5.

Results

Infiltration results were first recorded in Febrp&011, however consistent data uploading from all
lysimeters was not achieved until late April dugdohnical problems. No runoff has been registered
by any lysimeter to date, and inspection of the*itanks revealed no water collection as of Jul{}.10
The absence of water indicates no runoff has oeduoy any of the cover systems since installation
(October 2010). Approximately 70% of the total ppéation on Lysimeter 1 was reported as
infiltration (Figure 7b). Net infiltration througbovers was only reduced by evapotranspiration.esinc
no runoff was measured.
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Figure7: Rainfall and Lysimeter 1 infiltration between February 15th and May 10th, 2011:
(a) Daily and (b) accumulated.

Net infiltration values recorded from the five Iysters after April 20, 2011 are very similar (Figur
8). Rainfall occurred at the cover study site veithaverage intensity of 4xE0n/s, very similar to the
expected saturated hydraulic conductivities ofdtepacted glacial tills, and lower than the reghef
covers and waste rock. This indicates that neltrafion has been more dependent on rainfall intgns
than on the water barrier hydraulic conductivityaiiall intensities as seen in the recorded peoibd
this study have not been high enough to generateffrirom the topsoil placed on the covers, since
the intensities do not exceed the infiltration cafyaof the topsoil.

Infiltration volumes were calculated with tippingidkets data corrected by calibrations provided by
the manufacturer prior the installation of the iinstents. Tipping buckets will be re-calibrated dgri
the 2011 dry season, and will be calibrated agapnaximately every 6 months.
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Figure8: Accumulated rainfall and lysimeter s net infiltration between April 20th and May
10th, 2011.
Conclusions

To date, data is insufficient to draw major conmuas on the performance of each independent cover
system. Additionally, vegetation has not grown rspread to its full capacity and may further
influence infiltration rates via evapotranspiratidviore representative results, for full scale waste
dump covers is expected as the cover study mataréise subsequent years. Nevertheless, early
results from this research exemplify the importaotoking at the performance of cover systems as
a continuum, which encompasses both climate andratharacteristics. None of these can be assessed
individually and cover designs cannot be importednfone site to another without keeping in mind all
the variables that affect their efficiency. Theules from this study will also feed into additional
studies, which may include an assessment of slopeers at Antamina.

Field-scale experiments, like the one describettigipaper, should be implemented at early stafjes o
the life of a mine, since they require a numbeyexrs before meaningful results and conclusions are
obtained. The results and conclusions may helporgwaste management and operational practices
at the mine, in addition to the mine closure plalstamina’s cover study differs from many other
cover systems worldwide due to the integrationatifdata from this field-scale study with laborgto
results and numerical modelling. The incorporatdriield-scale performance evaluation, under site-
specific conditions, will help constrain and impeoinal cover designs and may reduce costs.

It should also be mentioned that field-scale expents cannot stand alone, and that the best results
are always attained when as many tools as posaiblat our disposal. In this case this represents a
combination of laboratory testing, numerical model| field-scale experiments, model calibration,
and experience.
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