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ABSTRACT

Air movement and associated oxygen transport throuaste rock dumps has the
potential to significantly enhance the rate of atidn of pyrite-bearing material. While
this is a desired outcome for most heap leach tipas airflow in waste rock storage
facilities can result in significant increases engration and acceleration of acid rock
drainage. Hence, a good understanding of inteirfédwa through waste rock dumps is
required to control ARD and minimize any associdizoility.

The principal mechanisms contributing to airflondarxygen transport in a waste rock
pile include (i) diffusion, (ii) advection due tatteermal gradient (chimney effect) and/or
wind pressure gradients and (iii) advection dukammetric pumping. While diffusion is
typically limited to a near-surface zone of a fewtars depth, advection and barometric
pumping have the potential to move air (and oxygempuch greater depths into the pile.
In general, the more permeable the waste rock mftend the greater the height-to-
depth ratio of the waste rock pile, the greatéhéspotential for advective air movement.
The reactivity of the waste rock material as weltlze coarseness (hence air
permeability), and the spatial variability of thgseperties within a pile, have a strong
influence on the magnitude of thermally inducedeaion. In contrast, air movement
due to barometric pumping is controlled by the wastk porosity, changes in ambient
air pressure and the heterogeneity of air permgabil the waste rock dump. Results of
field monitoring and numerical modeling using TOUBMID are presented to illustrate
the concepts on air movement in waste rock pilssudised in this paper.

During the design and construction phase, airflaw lse controlled by judicious
placement of reactive waste rock and use of sgkeplacement techniques to control the
internal structure of the waste rock facility (argroduction of horizontal layering,
prevention of inclined, high-permeability, chann@ishimneys")). Several closure
measures are available to minimize airflow inclgdfr) placement of a low-permeability
cover to reduce air entry, (ii) placement of a meaetive cover material to isolate
reactive material from the zone of active airflomdfor regrading of the waste rock pile
to obtain a geometry and internal structure lessequtible to advective airflow.

! Robertson GeoConsultants Inc., Suite 640, 580 bjoBtireet, Vancouver, BC, Canada,
V6C 3B6, (604) 684-8072 tel, (604) 684-8073 faxadnwels@infomine.com.

2INRS-Eau, Terre et Environnement, Centre Geosdigué de Quebec, 880 ch. Ste-
Foy, Quebec, QC, Canada
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INTRODUCTION

A complex interaction of physical, hydrological,ogemical and microbiological
processes contribute to acid rock drainage (ARD& dxidation of pyrite-bearing rocks
can be summarized by the following exothermic rieactNordstrom, 1977):

FeS; + H.0 + 3.5 0, -> 2 H+ + 2 SO.* + Fe?*

In addition to pyrite, the presence of both watet axygen is required to sustain pyrite
oxidation and thus ARD. While most mine rock pitestain sufficient pore water to
sustain this reaction, in many cases air moveméhtnithe pile is sufficiently slow, thus
controlling oxidation by limiting the oxygen supplyherefore, it is important to
understand, and attempt to control, the mechantisatontribute to air movement in
waste rock piles as a means of mitigating ARD pobida.

Oxygen transport, also referred to simply as aifloccurs in waste rock piles by
advection and diffusion in response to concentnatiwessure and thermal gradients. The
magnitude of oxygen transport is controlled by mplex interaction of various physical
and chemical properties of the waste rock. Charizetén of these properties along with
field monitoring needs to be completed in ordesdequately assess and predict ARD.
The results of characterization and monitoring weak then be used to calibrate an air
transport and ARD production model of the mine rpi&s.

This paper provides an overview of the theoretical practical aspects of airflow in
waste rock dumps. First, we provide a brief revadvihe key mechanisms of airflow
(convection, diffusion, barometric pumping) anditfiendamental controls. Second, we
discuss the tools available for assessment andcpedof airflow, including material
characterization, field monitoring, and numericadaling. Examples of field monitoring
and numerical modeling from well-studied waste rpit&s at three different mine sites
are presented to illustrate the concepts on airemawt in waste rock piles discussed in
this paper. Finally, airflow control options applide both during and after pile
construction are discussed.



Infomine E-Book Air Flow in Waste Dumps

MECHANISM OF AIR FLOW
Diffusion

Waste rock piles from hard rock mines are largeiaedations of generally coarse-
grained material containing sulphides (mostly gyrthat remain only partially water
saturated, i.e. gaseous and liquid phases aretamewlusly present in the pore space
between the solid grains. Initially, following tb&idation of the sulphides, a partial
depletion of the oxygen present in waste rock plEsurs. Oxygen concentration
gradients are thus created between the gas phtse thie wastes and the atmospheric
air surrounding the pile. This oxygen concentragiosdient drives gaseous oxygen
diffusion from the surface to the interior of thaste rock pile. Gaseous diffusion is the
main process providing oxygen within waste rockuacglations after their initial
placement and diffusion remains active thereaftdoag as the oxidation process
contributes to the depletion of oxygen concentra@o (mol/m3) in the gas phase within
the waste rock pile.

In partially water saturated porous media, theofeihg form of Fick's Law describes the
molar diffusive flux Jo (mol/m2 of oxygen from the atmosphere to the interiowakte
rock piles:

dol’ !

4

df

Jo=-un-8 .t D

Fick's Law states that the mass flux of oxygerrapprtional to the oxygen concentration
gradient and the effective diffusivity De (m2/shefmagnitude of the effective

diffusivity is lower than the diffusion coefficielo (m2/s) in a free fluid because of the
presence of solids hindering diffusion by incregdime tortuosity of the transport
pathways. In equation 1, a linear relationshipssuaned between the effective diffusivity
De and Do, tortuosity t' (dim.), porosity n, andg gaturation Sg. Other commonly used
effective diffusivity models are discussed in theiew by Aachib (1997).

A simple analytical solution allows the predictiohone-dimensional oxygen
concentration profiles in materials where it is ®mmed by a first-order reaction, which is
often applied to pyrite oxidation. In such systeths, oxygen mass loss Ro (mol/jn3
directly depends on its concentration Co (mol/m@8]j the kinetic constant Ko (s-1):

A fixed concentration § is imposed on the surface and the oxygen condantr&o is
obtained as a function of the distance z (m) froendurface:
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The oxygen molar flux from the surface Jo mustdpgaéto the total oxygen
consumption in the system and it is obtained froenfollowing relationship:

J:J=C;"‘-.,K-:J'De

These relationships strictly apply to systems incwlidiffusion is homogeneous with
constant values of De and Ki. Even though such itiond seldom apply, it is still
possible to use the relationships to obtain repitasige oxidation constants.

As an example of the application of the previouatienships, we can use the oxygen
profile measured by Yanful (1991) in a test coluphipartially saturated mine tailings
with a porosity n of 0.32 and a gas saturation f3950. The oxygen diffusion

coefficient Do and its concentration in air Co knewn to be 2.0x10-5 m/s2 and 0.2095,
respectively. Under such conditions, the effectlifusivity of oxygen De would be
2.24x10-6 m/s2 according to equation 1, assumitagtaosity t' of 0.7. The De of mine
tailings is typically in the order of 10-6 m/s2.

Figure 1 shows equation 3 fitted to the relativeaamtration of oxygen Co{Cmeasured
in the column. In a semi-log plot, the slope of lihe fitted through the relative
concentration data allows the estimation of thegexyoxidation kinetic constant Ko as
2.6x10-4 s-1. Note that the estimated value okthetics constant depends a lot on the
calculated value of effective diffusivity De. Ittisus preferable to independently measure
De in the lab or field (Aachib, 1997). The molargadlux of oxygen corresponding to
these conditions can be estimated from equatitinwve choose to determine the mass
flux of oxygen Fo (kg/m3 we substitute the partial density of oxygen inpai° (0.279
kg/m3) for G in equation 4. We thus obtain 82.4 kg/m2/yeangfy@n consumption,
which is equivalent to the oxidation of 88.1 kgogfite per unit area of tailings each
year, based on the stoichiometry of the pyrite atah reaction.
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Figure 1. Relative oxygen concentration in a mine tailingkimn (after Yanful, 1991).

If the kinetics constant K (s-2) related to oxygemsumption in pyrite oxidation is
lower, oxygen will penetrate deeper by diffusiothi partially saturated material.
Figure 2 (left) illustrates theoretical oxygen ex calculated with equation 3 for
different oxidation rates and a constant effectiifusivity De of 10-6 m/s2. For reaction
rates typical of mine tailings (10-5 to 10-4 s<d@jygen remains shallow within the
material and penetrates typically less than 1 roredbeing totally consumed by pyrite
oxidation. For oxidation rates typical of wastek@iles (10-7 to 10-8 s-1), oxygen can
reach much greater depths by diffusion, even bey@nah. Figure 2 shows the
"penetration depth" do (m) of oxygen, defined a&sdbkpth at which relative oxygen
concentration reaches 0.05, for different valueld ahd the same De. For such
conditions, the following empirical relationshipaals the prediction of the oxygen
penetration depth:

_ 0003 s

d, =
- Fid

[

Equation 4 can also be used to estimate the massffloxygen related to the conditions
illustrated in Figure 2. Such calculations showt tha diffusive oxygen flux from the
surface of a reactive material is reduced whenrtaterial is less reactive. Oxygen
diffusion is thus a less efficient means of supplyoxygen into waste rock piles
compared to tailings, because they are typicafly feactive than mine tailings.
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Figure 2. Oxygen diffusion as a function of the oxidationddics constant K (s-1). Left:
oxygen profiles vs depth. Right: oxygen penetratepth at which the relative
concentration is 0.05 and the related oxygen magd$rom the surface.

Convection

Pyrite oxidation is strongly exothermic producirgp® kJ of heat per mole of pyrite
oxidized. The release of heat from pyrite oxidatioives temperature up within waste
rock piles, which has been reported as high a<C7(Gelinas et al, 1994). This increase
in temperature can completely modify the mechamesponsible for oxygen transfer in
waste rock piles. Following an initial increasdemperature in waste rock piles of
sufficiently high air permeability, temperature afehsity driven gas convection currents
are initiated in waste rock piles. The resultingexdive transport "draws" atmospheric
air into the waste rock piles, which is a much meffecient oxygen transfer process than
diffusion.

In partially saturated porous media, the generahfof Darcy's Law can be used to
describe gas flow. Instead of the hydraulic head,fipw is driven by the pneumatic
head h (m). In a one-dimensional system where flogurs along direction |, Darcy's
Law can be written as follows:



Infomine E-Book Air Flow in Waste Dumps

=1
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For a perfect gas, the pneumatic head hg (m) ieeegpd as follows (Massmann and
Farier, 1992):

S 7
F..I]np

g'mp,

==+
»frgz

Where z (m) is the elevation relative to a refeeclewvel, R is the gas constant (8.314
Pa?m3/mol?K), T is absolute temperature (K), ésgravitational acceleration (9.81
m/s2), m is the molar mass of the gas phase (kg/mas the gas pressure (Pa) and po is
the reference gas pressure (Pa). According toxjpeession of the pneumatic head, gas
flow can occur under gradients in (i) temperatuyéiy composition (affecting the molar
mass m) and/or (iii) pressure p. None of thesegqe®es can be neglected in waste rock
systems.

Due to the generally high temperatures presentistavrock piles, temperature-driven
convection of the gas phase is commonplace (HaaridRitchie, 1987; Pantelis and
Ritchie, 1991; Lefebvre, 1995). The magnitude di@w into a waste rock pile by
thermal convection depends on the difference irptFature within the pile relative to
atmospheric air temperature. Figure 3 shows inidicatof increased thermal convection
during the winter months (higher temperature gradjeas evidenced by higher oxygen
concentrations within the Nordhalde, in Germanythft site, during the late autumn and
early winter, when temperatures in the upper postiof the pile fall below the pile's
internal temperature, the oxygen profiles show\arall increase in concentrations
within the lower ports, indicating the onset ofrthal convection. This pattern is most
marked in the boreholes closer to the edge of lkeywhere oxygen concentrations at
depth remain high throughout the winter months.

Kuo and Ritchie (1999) have recently proposed caitjpmal changes in the gas phase
as a significant contribution to gas convectionola@mmon processes that can lead to a
change in the molar mass of the gas phase in wastepiles include (i) oxygen
consumption in the gas phase related to pyriteatixid as well as (ii) the increase in
water vapor in the gas phase caused by increasgzbtatures.

Finally, variations in barometric pressure at thdace of waste rock piles can also
influence the pneumatic head and therefore indasdlgw. This process of "barometric
pumping" is discussed in more detail in the negtiea.

As can be deduced from this brief review of the atous processes affecting gas
convection in waste rock piles, it is not a processily described by analytical solutions,
as is the case for oxygen diffusion. Instead, phi€ess is highly non-linear because the
three driving forces temperature, gas composito, air pressure are interdependent.
For example, an increase in air temperature (dpgrite oxidation) produces changes in
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the gas composition and internal air pressure phogucing more advective airflow into
the pile, which in turn produces more internal hgptThis non-linear feedback
mechanism leads to "self-acceleration” of pyritelakion and ARD often observed in
advection-dominated waste rock piles. Another noedr aspect of advective airflow is
the strongly non-linear dependency of the relativgpermeability on water saturation.
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Figure 3. Relationship of oxygen concentrations in the 1Part to temperatures in the
1.5 m and 19 m ports for Borehole 36, Nordhalden@ay (From Smolensky et al,
1999).

Airflow is also highly affected by the internal stture and anisotropy of waste rock
material making it difficult to estimate "effectivparameters for back-on-the-envelope
calculations of oxygen mass flux or oxygen pengmat-or example, Wilson, Newman
and Ferguson (2000) have proposed a conceptuall robaie and water flow in waste
rock to describe the "chimney" effect of high peatniéity semi-vertical layers of coarse
material created by free dumping of waste rocka f2002) provides a thorough review
of waste rock construction methods, of their effacthe internal structure and on its
influence on water flow. Similar effects are liketyinfluence airflow.

Barometric Pumping

Massmann and Farier (1992) have described theteffd@arometric pressure changes on
gas transport whereas Lefebvre, Smolensky and Hp¢&P98) made preliminary

10
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simulations of the effect of barometric pressurangfes on ARD production in waste
rocks. Figure 4 shows observed variations of i @dygen concentration in the well-
instrumented Nordhalde pile in response to atmasppeessure changes. The process
involved is the compression of the gas phase withenwaste rock pile, which then
allows the entry of atmospheric oxygen into the p8uch effects would be more
important for thicker unsaturated waste rock padeshown by Massmann and Farier
(1992). However, anisotropy may be capable of ecingrthe local entry of oxygen in
zones where waste rock material would locally beenprmeable. Much remains to be
understood on the net effect of barometric pumpim@xygen supply and ARD
production in waste rock piles. Even though incesaa barometric pressure would
enhance oxygen entry, decreases in pressure wenddd oppose gas flow within waste
rock piles. No detailed study has yet been catogurecisely determine the net effect of
this potentially important oxygen supply process.
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Figure 4. Fluctuations in oxygen concentrations and baramptessure for Borehole 37,
Nordhalde, Germany (from Smolensky et al, 1999).
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ASSESSMENT AND PREDICTION OF AIRFLOW

A complex interaction of physical, hydrological,oghemical and microbiological
processes contribute to ARD. To be able to assebpr@dict airflow in a system as large
and complex as a waste rock pile, a three-prongptbach is used. The first step
involves physical and geochemical characterizatifaihe waste material in order to
constrain some of the numerous properties comigpWRD. The second step involves
field monitoring to understand the pile's currealhévior. The data collected during field
monitoring can be used to constrain propertiesdtadifficult to determine in the lab.
The results from the characterization and monitpvitork are then used to calibrate a
numerical model, which constitutes the third stefhe approach. The model can be used
to identify the main processes responsible forantrconditions within a waste rock pile
as well as predict future behavior.

In the following sections we provide an overviewtlod tools available for assessment
and prediction of airflow in waste rock piles.

Material Characteristics

The first step in characterizing material from astearock dump involves collecting field
samples from test pits and/or from drill cuttingsg( Swanson et al, 2000). Test pitting
provides an excellent opportunity to observe lasgale structures (i.e. chimneys, rubble
zones) whose properties cannot be captured withrdatry testing. In conjunction with
test pitting, a drilling program may be implementedollect samples from greater depth
for physical/geochemical testing and to perforndfi@easurements of moisture content,
paste pH and conductivity. A dual-wall top-hammerqussion drill rig (also known as
"Becker Hammer") should be ideally used for thisgmse as it minimizes crushing of the
sample during drilling and recovery (samples otap" Ocan be recovered). In any
event, drilling should be carried out with compegsair (not water!) as a drilling fluid to
minimize the geochemical disturbance to the custiddl samples should be logged with
respect to gradation, lithology, mineralisationtwemphasis on carbonate and sulphide
content), and degree of alteration/oxidation.

Physical testing of mine rock samples typicallylugies grain size analysis, permeability
tests, in situ water content and moisture retenfitve particle size distribution (PSD)
determined from the grain size analysis has impoitaplications on various physical,
hydrological and geochemical processes that cartgito ARD. The PSD determines the
size and shape of pores, which governs permeahitigéykey property controlling fluid
flow. In partially saturated media, such as wastk ipiles, the effective permeability is,
in part, a function of the capillary properties,igfhcan be derived from the PSD curve.
In addition, the PSD influences whether advectiodiffusion is the dominant oxygen
supply mechanism. The PSD also influences how yhigepoxidation rate evolves

12
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through time, i.e., whether it is controlled by thi#usion of the oxygen through the rock
fragments or by the chemical surface oxidation (agtebvre et al, 2001a).

The degree of saturation is another important ptgdfecting the various processes that
contribute to ARD. Usually the degree of saturat®onalculated from gravimetric water
contents measured in situ or determined in thelkabonjunction with capillary

properties, water content is a key factor contngliihe effective permeability of liquids
and gases in unsaturated soils. The degree ofsatuis also used in determining the
global heat capacity of the pile and the gas diitysin air (Lefebvre et al, 2001a).

The degree of saturation is commonly determinethbylab for various values of matric
suction to yield a soil water characteristic cufS8/CC). The position on this curve
determines whether fluid flow in the pile is contated in the coarse or fine material.
Therefore, in situ suction measurements (made t@ithiometers) in combination with a
PSD and/or SWCC can be used to constrain the siégoermeability of the pile
(Lefebvre et al, 2001a; Swanson et al, 1998). Pabitigy can be measured in situ in
addition to being inferred from SWCC and PSD curReEgmeability of the liquid phase
can be measured in observation boreholes if the isasaturated; otherwise, infiltration
tests can be used (Swanson et al, 2000). Air pdifitgacan be measured via gas
pumping or injection tests. In some cases theaimpability of waste rock can also be
determined by monitoring the response of interimgbi@ssure in response to atmospheric
pressure changes (Weeks, 1978).

In waste rock dumps where diffusion is the domimaathanism, the O2 diffusion
coefficient may also be determined in the fielchgsgas pumping or injection tests (e.g.
Garvie and Brodie, 1999).

Leachate flow data provide another means of canstaliquid flow and liquid mass
transport properties in waste rock piles. Flow data be analysed using hydrograph
separation, infiltration modeling, saturated flowaeling and water balance calculations
(e.g. Gelinas et al, 1994). The application of ¢heethods, however, becomes more
difficult when only part of the leachate flow id@ncepted (Lefebvre et al, 2001a).

Geochemical screening tools include conductivity paste pH in the field as well as
static lab testing including rinse pH and conduttitests, modified acid base accounting
(ABA), and leach extraction tests (e.g. Shaw e2@02). Modified ABA is used to
classify whether samples are acid generating or ra@utralizing and gives a qualitative
indication of pyrite oxidation rate. The pyrite dation rate can also be indirectly
supported by the leach extraction tests. Leaclaetxtm tests indicate the amount (by
weight) of soluble material in a sample. Using desuical speciation modeling,
concentrations in the leachate can be relatedgeat®&d in situ concentrations, which
can, in turn, be used to verify pyrite oxidatiotesa

For a more accurate estimate of the oxidationabthe waste rock material, kinetic tests

are required. Hollings, Hendry and Kirkland (20@@}ermined oxidation rates for
various size fractions of waste rock using threkependent methods: sulphate

13
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measurement in effluent from kinetic cells, sulghaiease rates from humidity cells and
oxygen consumption rates in kinetic cells. Benr@tmarmond and Jeffery (2000) found
that oxidation rates measured by lab-scale testsighty cells and column tests) could
be used in predicting short-term behavior of falile piles, irrespective of particle size
distribution.

By analogy, effective oxidation rates can be egihat the scale of an entire waste rock
dump, if the flow rate and geochemistry of leachiatehing the base of the waste rock
pile is known.

Field Monitoring

Field monitoring is essential for understandinghibbavior of waste rock piles under
current conditions as well as calibrating ARD praitten models to predict future
behavior. To quantify the external processes actpan the pile, it is necessary to collect
location specific meteorological data includingqpéation, temperature, air pressure
and wind speed/direction. Infiltration and watewvilas well as oxygen and heat transport
within the waste rock pile are all strongly depeartden climate conditions (Lefebvre et

al, 2001a). Hockley et al (2000) found that oxygr@msport in the Nordhalde waste rock
dump shows a strong seasonal effect, with conveckioninating only in the winter
months. The data collected from the meteorologitations form the basis of the
boundary conditions imposed on the pile in numésgaulations.

As a part of the drilling program, the boreholesistl be instrumented for pore gas and
temperature monitoring. For example, thermistoewiffor temperature) and nylon pore
gas sampling tubes (for O2 and CO2 measurememd)ecéixed to the outside of the
casing prior to insertion in the borehole (ShawlgP002; Bennett and Timms, 1999).
Helgen, Davis and Byrns (2000) used a drive pailtgas probe as well as a down hole
inflatable packer fitted with temperature and O&gling probes to collect O2 and
temperature profiles. Temperature and O2 are kegnpeters for model calibration as
well as determining fluid flow, heat transfer angife oxidation properties (see below).
Near surface temperature data can also be usedeémuning heat transfer properties
such as heat conductivity and diffusivity. Oxygewnl &emperature monitoring should be
carried out for a minimum of one year to evaluaassnal variations (Shaw et al, 2001)
and to evaluate whether a pile is actively heatipgat pseudo steady-state, or cooling
down (Bennett and Timms, 1999).

Other properties which may be monitored in thedfiatlude in-situ air pressure, water
content and soil suction (e.g. Nichol, Smith andlge, 2000; Rowlett and Barbour,
2000). Coupled with a surface barometer, in-sityppe@ssure measurements indicate the
magnitude by which the pile responds to outsidengba in air pressure, which can be
used to constrain the pile's effective air permégifiWeeks, 1978; Bennett, Garvie and
Ritchie, 1993; Hockley et al, 2000). Water contesnt be used to calculate the degree of
saturation, which directly relates to the effectpegmeability and global heat capacity of

14
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the pile and the gas diffusivity in air. In situ aseirements of soil suction can indicate
whether fluid flow is concentrated in the coarsdime materials, which provides an
additional constraint on permeability.

If budget allows, the construction of a trial dum@n excellent opportunity to test
potential ARD control and mitigation options suchraaterial placements, face
treatments and capping treatments. Instrumentationld include lysimeters, a pore gas
collection system, thermistors, pressure transdumed a weather station. A well-
instrumented and well-characterized trial dump lsamised to calibrated/validate a
numerical airflow and ARD production model (seeowél

Numerical Modeling

Airflow and ARD production in waste rock piles i€amplex process involving
multiphase flow (gas and water), chemical reactibest transfer, and mass transfer in
the liquid phase (infiltration) and in the gas phésdvection, diffusion). Numerical
simulation is needed to handle all these procemsgsinderstand their interactions. Only
very few numerical models are currently availablegpresent the physical processes
acting within waste rock piles. FIDHELM was devetdpoy ANSTO and has been
widely applied to theoretical as well as field geobs (e.g. Pantelis and Ritchie, 1991,
Pantelis, 1993; Kuo and Ritchie, 1999). The nuna¢sanulations of waste rock piles
described in this paper were carried out with TOUAWD developed by Lefebvre
(1994 and 1995). TOUGH AMD is adapted to the madgebf acid rock drainage,
especially in waste rocks, and allows the represiemt of the main physical processes
involved (Table 1). For a detailed descriptionto§ thumerical simulator, the reader is
referred to Lefebvre et al (2001b).

The numerical simulation of acid rock drainageasycomputer intensive because it
involves the simultaneous solution of four unknom®essure, water saturation, oxygen
mass fraction and temperature) at every numeritdlejement. It is thus desirable to use
relatively coarse grids that still capture the aiaégeometric features of the system and
allow the representation of different material type our experience, the selection of an
appropriate conceptual model is typically the mogiortant, but also most difficult, step
of airflow modeling.

Once a conceptual model has been formulated, & qathemical properties of the
waste rock material(s) need to be selected. Sirase/raf the physical properties required
for this model are interrelated, it is imperatitattan internally consistent set of
parameters is developed. Lefebvre et al (2001a@wesvthe physicochemical properties
required for model input and summarizes their matktecal relationships. In most
applications, those parameters are initially dgwetbfrom a combination of field and lab
measurements, empirical formulae and/or the liteeatThe large spatial heterogeneity
and structural controls on material propertiep@nticular air permeability) often require
the development of "effective” properties that @gresentative of material properties at
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the scale of the model grid. Adjustments of thostail estimates are commonly required
as part of model calibration.

The airflow model also requires the definition oindary and initial conditions with
respect to temperature, air pressure, water setarand oxygen concentration. As
outlined above, airflow and ARD production is aliignon-linear and dynamic process,
which evolves over time. It is therefore essent@kimulate the progression of ARD
from the start of pile construction to the timamkrest. In many applications, dump
construction is relatively short relative to thevelepment of ARD. In those instances,
the phase of dump construction can be ignoredmtdliconditions can be assumed to
equal ambient atmospheric condition throughouwthste rock pile. However, if
significant pyrite oxidation is known to have oamd already during dump construction,
the process of dump construction may have to balated explicitly (e.g. using a series
of model grids).

Once initial and boundary conditions are speciftbd,airflow model has to be
calibrated. Because of the large number of unknawnsique model calibration is rarely
possible. Instead, parametric runs are typicallyentaken, in which key parameters are
systematically varied until a good match betweeseoled and simulated system
behaviour is achieved (as inferred from in situ sueaments of temperature, oxygen, air
pressure and/or seepage).

In many waste rock piles, the main properties grficing ARD production are material
permeability and reactivity. Permeability contrtiie flow of fluids, especially gas, in the
piles and thus the potential for the onset of tlemas convection, which supplies the
atmospheric oxygen required to sustain the pywsitdation process within the piles.
Reactivity determines if the oxygen brought in iile is consumed fast and thus close to
the edges of the pile, or rather slowly so thaait penetrate deeper into the pile prior to
being consumed. Contrary to intuition, greater tigdg does not necessarily lead to
higher temperatures. On one hand, if the reactisitsery large, the oxygen is all
consumed near the edge of a pile where heat Idbg tatmosphere is strongest. When
oxygen can penetrate deeper into a pile, the leézdised by pyrite oxidation has a better
chance to accumulate leading to higher temperat@eshe other hand, if the reactivity
is too small, the heat released is not capablearéasing temperature in the pile
significantly. These examples illustrate the nemdaftransient calibration using a range
of observations including in situ air temperatune axygen concentrations.

Table 1. Processes simulated by TOUGH AMD

System Phases and Components

The system includes two fluid phases (liquid and gas) and four components (water, air, oxygen
in air, and heat). All components are present in both phases. The state of the system is fixed
by four primary variables: fluid pressure, water saturation, oxygen mass fraction in air and
temperature. Six secondary variables for each fluid phase allow the calculation of fluxes
(saturation, relative permeability, viscosity, density, specific enthalpy and capillary pressure).

Multiphase Fluid Flow
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A multiphase formulation of Darcy's Law represents the simultaneous flow of gas and liquid
phases under flow potentials including the effects of fluid pressure, temperature and density.
Fluid pressures include capillary pressure, which is a function of water saturation. Relative
permeability for each fluid phase is also related to water saturation.

Heat Transfer

Conduction (Fourier's Law), fluid flow (gas and liquid), and gaseous diffusion of heat are
simulated. Latent heat related to liquid vaporization and condensation is considered. The heat
stored in solids is considered as well as the heat in fluids. A semi-analytical method is used to
calculate conductive heat loss to impermeable confining units at boundaries.

Gaseous Diffusion

Diffusion of all mass components in the gas phase is modeled using Fick's Law and an effective
diffusion coefficient for a partially water-saturated porous media. A simple "linear" model is
used to calculate the effective diffusion coefficient from the water saturation.

Pyrite Oxidation Kinetics

A reaction core model is used to calculate the pyrite oxidation rate with first order kinetics
relative to oxygen concentration. The reactions consume oxygen and produce heat according to
pyrite oxidation thermodynamics. Pyrite remaining and sulphate production are tracked. There
is no speciation of dissolved components and no calculation of the geochemical conditions of
the solution, nor any consideration of secondary dissolution or precipitation.

Dissolved Mass Transport

Dissolved mass transport of the sulphate produced by pyrite oxidation is considered by a
simple mass balance after each time step. Other dissolved components such as metals can also
be tracked.
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CASE STUDIES

In the following we present case studies from thwe#-characterized waste rock piles
where a detailed characterization, monitoring aod@ing program was carried out to
assess airflow mechanisms and ARD control stragetfie Doyon Mine in Canada
(Gelinas, Lefebvre and Choquette, 1992 and Geéhat1994), the Nordhalde in
Germany (Hockley et al, 1997; Smolensky et al, 1986d the Questa Mine in the
U.S.A. (Shaw et al, 2002; Lefebvre et al, 2002).

Site Description

The Doyon gold mine is located in Abitibi, Canada¢g has been operating since 1978.
The South Dump was constructed between 1983 and d98 contains approximately
11.5x106 m3 of waste rock. The South Dump is aBo0tm long by 500 m wide and has
a maximum height of about 35 m. The material casgisedominantly of sericite schist
with a pyrite content of 7%. The Dump first prodd@eidic seepage in 1985. The ARD
produced is characterized by pH near 2.0 and digablved solids (mainly sulfates, iron,
aluminum, and magnesium) reaching up to 200,00Q.rn#glid effluents are collected by
a ring of drainage ditches around the dump and jdintgp a water treatment plant where
acidity is neutralized and heavy metals are pristipd.

The Nordhalde is one of 14 waste rock piles locatedle Ronneburg mining district
located in former East Germany where extensiveiunamining was carried out
between 1946 and 1990 (Hockley et al, 1997). SIe&2, Wismut GmbH has been
carrying out extensive mine rehabilitation workhis area. A large portion of the
rehabilitation effort has focused on the controlleldcation of mine waste rock to the
Lichtenberg pit. The Nordhalde stands approximafélyn above the original ground
surface at its crest, and contains some 27x106fm@&ste material. Two distinct
materials form the pile. Acid generating mateniaferred to as Zone A, forms the largest
portion of the dump volume and consists mainlylafes containing 1-2% pyrite. Typical
seepage from this zone has a pH of about 2.7 dfatesaoncentrations in excess of
10,000 mg/L. In some portions of the dump, the geiderating material is overlain by
so-called Zone C material, which contains enougharzate material to neutralize the
acidity produced by oxidation of its suphides.

The Questa molybdenum mine, owned and operateddbydgrp Inc., is located in the
Sangre de Cristo Mountains in Taos County, nortingw Mexico. From 1965 to 1983
large-scale open pit mining at the Questa mineuared over 297 million tonnes of mine
rock, which was end-dumped into various steep yal&ljacent to the open pit. As a
result, the mine rock piles are typically at angfileepose and have long slope lengths (up
to 600m), and comparatively shallow depths (~30-6(Bhpaw et al, 2002). The Sugar
Shack South rock pile contains about 18x106 m3inEnmock covering a surface area of
approximately 1200 m by 450 m with a maximum thess (in the valley center) of little
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over 100 m. The rocks are mixed volcanics with\aerage pyrite content of about 3.5%.
The climate on the mine site is semi-arid with ngldnmers and cold winters. Mean
annual precipitation at the mill site is about 406. Average net infiltration into the
mine rock piles is estimated to range from 30 tar80/yr.

Interpretation of Monitoring Data

All three waste rock piles were instrumented to itwonn situ temperature and gas
concentrations. Figure 5 shows oxygen and temperatofiles from these three piles
over the period of one year. The physicochemicatltmns measured in these waste
rock piles are quite different. The processes lgath such conditions must then be
distinct as well. The Doyon pile shows high tempanes, especially at the edge of the
pile where the profiles shown were measured. Ttersperature and oxygen
distributions are attributed to strong thermal gaisvection in the pile (Lefebvre and
Gelinas, 1995). This is inferred from the upwardvature of the temperature profiles
and the decreasing upward oxygen concentratiorisbizee, Gelinas and Isabel (1992)
have also shown that seasonal changes in the ndace temperature profiles at this site
would indicate strong upward gas flow.
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Figure 5. Temperature and oxygen profiles in three wastk piles: Doyon Mine in
Canada, Nordhalde in Germany and Questa in theAU.S.

In contrast, the Nordhalde temperature profilessshmderate values although the shape
of the profiles are similar to Doyon. Lefebvre daelinas (1995) have shown that such
temperatures could not be reached if diffusion vileeesole oxygen supply mechanism in
the Nordhalde. Also, as illustrated by Figure &semal changes in the oxygen profiles
imply that upward gas convection controls oxygeppsy at this site.

At the Questa site, temperature profiles also réagi values but they have steadily
increasing values and regular curvature. The hegiperature values imply strong pyrite
oxidation that must occur over the entire thicknefsthe pile according to the steady
temperature increase with depth. The high oxygeceatrations indicate that strong
lateral gas flow must be responsible for a larggiuof oxygen required to maintain
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such conditions. Table 2 summarizes the differezthanisms acting in these three sites

(Lefebvre et al, 2000).

Table 2. Physicochemical processes in the Doyon, NordhahdeQuesta waste rock piles

Processes Nordhalde Doyon Questa
Oxygen Diffusion and Vertical .
. - Lateral convection

Supply convection convection

Heat Transfer Conduction Conduction Conduction and latent heat
effects

Water Liquid infiltration Liquid infiltration Infiltration and vaporization

Transfer

Modeling Results

Numerical modeling was carried out at all threessitsing TOUGH AMD to confirm the
initial interpretation of monitoring data. FiguresBows some of the numerical modeling
results obtained for the Nordhalde (top) (Lefeb@molensky and Hockley, 1998;
Smolensky et al, 1999), Doyon (center) (LefebvB94land 1995), and Questa (lower)
(Lefebvre, Lamontagne and Wels, 2001c and Lefebived 2002) waste rock piles. In all
three cases, temperature is shown as color shduasas arrows indicate the gas
velocity. In all three cases, the calibrated madplroduced the general physical
conditions measured in these piles fairly well (pame Figures 5 and 6).
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Figure 6. Simulated temperature and gas velocity for thedNalde (top, Lefebvre,
Smolensky and Hockley, 1998), Doyon (center, Lefep%994) and Questa (bottom,
Lefebvre et al, 2002) waste rock piles.

The numerical simulations provide a quantitatiyeresentation of processes inferred
from the field observations (Table 2). The Nordeaklishown to have light upward gas
advection leading to a moderate increase in tertyperal he Doyon pile has a very
strong thermal convection at the edge of the pitelpcing a very high increase in
temperature. At Questa, the peculiar geometry®fhgar Shack South waste rock pile
at Questa (a thin veneer of waste rock end-dumpedamountain side at an angle of
about 30 degrees) leads to a very strong lategaithl gas convection along the length of
the pile and thus a strong increase in temperatinis.convection allows oxygen
concentrations to remain high over the entire (it shown).

The calibrated models provide quantitative estimafeseveral parameters critical for an
assessment of ARD generated within each pile, dmefuoxygen mass flux within the
pile, the depth of oxygen penetration, and glob&dation rate. Table 3 summarizes
those parameters for the three waste rock pileestuThe model simulations suggest
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that ARD production at Doyon is about 40 times tgethan at the Nordhalde. Simulated
ARD production for the Questa pile falls in betwekase two extremes.

Table 3. Simulated ARD conditions in three waste rock puesig TOUGH AMD.

Parameter Nordhalde Doyon Questa
Air velocity (m/day) 0.2 50 100
Depth of Oxygen Penetration (m) ~50 ~50 >30 (full width)
Oxidation Rate (kg 02 /m3/yr) 0.058 2.6 0.33

23



Infomine E-Book Air Flow in Waste Dumps

AIRFLOW CONTROL STRATEGIES

Waste rock dumps are almost always constructedah a fashion that they remain
unsaturated, consequently, both liquid and air floust be considered when mitigating
ARD production. In most cases, there is sufficgmite water to sustain oxidation,
therefore, controlling airflow and hence O2 sugpdgomes the major practicable means
of controlling ARD. Airflow can be minimized bothudng pile and after pile
construction.

Options to minimize airflow during construction

Pile geometry is a key parameter controlling awfisatterns in waste rock piles.
Numerical simulations demonstrate that pile geoynetamely sloping of the pile and the
presence of benches, could initiate convectionrddgss of the specific distribution or
permeability of the materials contained within fie (Lefebvre, Lamontagne and Wels,
2001c). Benches provide preferential gas entryeatitdpathways, even when they do not
represent large irregularities on the scale oftthste rock pile, therefore their presence
should be minimized.

The height and slope of the pile should also bertakto consideration when trying to
curtail convection. Kuo and Ritchie (1999) develbpephase diagram to delineate when
bulk convection (convection occurring in the certttthe dump) will and will not occur,
based on pile height and a term related to buoydnegn instabilities.

Choosing an appropriate method of pile construgbiavides another means of
controlling airflow. Where permissible by mine dgsiand budget, the use of face
dumping should be avoided. In this method of pdestruction, gravity sorting leads to
the formation of basal rubble zones and inclinedrbbedded layers of coarse and fine
material (Herasymuik, 1996; Wilson, Newman and Esog, 2000). The fine layers
provide conduits for water flow into the pile, wdithe rubble zone at the base allows for
influx of O2-rich air. The inclined coarse layetkwa for venting of warm gases to the
surface (chimney effect). In essence, the strudtpie with high vertical permeability
that results from face dumping promotes convection.

Instead, truck dumping should be used as an atteen@eans of pile construction. This
method limits the formation of structures with higgrtical permeability and allows for
the introduction of horizontal compacted layerdwatlow permeability. These
compacted layers provide vertical barriers to ligaind gas flow, thereby inhibiting
convection. Using this method, special waste ragkjis for reactive wastes can be
constructed in a way that layers of the reactieeemptially acid generating waste can be
encapsulated by a low permeability, potentiallydaweutralizing layer before acidic
conditions have a chance to develop (Day, FlemramyDemchuck, 2000). In periods
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of reduced mining activity, hence reduced wastelpcton, intermediate till layers can
be placed to further isolate the wastes.

The co-disposal of tailings and waste rock is aettigng technology for mine waste
management. By incorporating tailings into the imaif the waste rock during
construction of the pile (bulk co-mingling), theid@paces that would normally be
occupied by air are instead filled with a saturated permeability material that can
maintain saturation under larger suctions than evastk alone (Wilson, Newman and
Ferguson, 2000). As a result, oxygen transponmgdd to diffusion through water,
effectively minimizing oxidation rates. Tailingsrcalso be introduced as distinct layers
within the waste rock. Numerical simulations on eyon waste rock pile show that in
addition to being a capillary barrier, these layss® limit gas convection to the outer
edge of the pile (Lefebvre et al, 2001b).

Options to control airflow after construction

While taking measures to control airflow duringepdlonstruction is ideal, it is not always
a workable option. Even when these measures hareused during construction, the
pile usually requires some form of post-constructizodification for closure.

In many cases, waste rock dumps are face-dumpeaehiches with coarse rubble zones
occurring along the base and slopes at the angkpote (430 or 1.1:1 grade). Resloping
of the pile can be carried out to minimize the ltmscand cover the rubble zone at the
toe, which form principle pathways for airflow intioe pile (Lefebvre, Lamontagne and
Wels, 2001c). Typically, slopes are re-graded to (81), which represents the
maximum slope that dozers can safely traverse. Maailesimulations have suggested
that while resloping does significantly change fas patterns and temperature
distributions within the pile, it may not entiredyop convection and acid rock drainage
without additional control strategies (Lefebvremantagne and Wels, 2001c).

In conjunction with resloping, low permeability @rg may be placed to limit the influx
of water and/or air into the waste rock dump. Téguirements for the low permeability
cover depend a lot on whether the cover is interidguevent flow of water or air into
the pile. Typically, the permeability required tantrol airflow is a lot less stringent than
for controlling infiltration. For instance, low paeability covers typically require a
hydraulic conductivity in the range of 1x10-9 talDx10 m/s corresponding to an
infiltration rate of 3 to 30 mm/yr. Airflow modelghof the Sugar Shack waste rock pile at
the Questa mine site demonstrated that convectiold @ssentially be shut down by a
cover with a permeability of 3x10-13 m2, roughlyaalent to a hydraulic conductivity
of 3x10-6 m/s or an infiltration rate of over 9000Gm/yr (Lefebvre, Lamontagne and
Wels, 2001c). Clearly, such a cover would not begadte for controlling infiltration.

In simulations of the Doyon waste rock pile, it v&d®wn that placement of a low
permeability cover (10-14 m2) along the sides t& pnd not on the top was sufficient to
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significantly change convection patterns and waslipted to decrease the global
oxidation rate and curb ARD production (Lefebvrale2001b).
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CONCLUSIONS

The key mechanisms controlling oxygen transpod waste rock piles are diffusion,
convection and barometric pumping. The processésfokion and advection are well
understood and numerical models are availabletbimate their relative importance and
magnitude. However, the effects of barometric purgmn oxygen transport and ARD
production are still poorly understood and reqtuttere research.

A detailed characterization program including matesampling/characterization, field
monitoring and numerical modeling is required towala quantitative assessment of
airflow and ARD production. Once a numerical mda&s$ been calibrated it can be used
to predict the effect of various control strategresfuture airflow and ARD production.
Numerical modeling of airflow and ARD productionsisll under development. Our
ability to simulate and predict airflow in wasteckgiles is likely to improve with
advances in numerical methods and computer capauityetter instrumentation of
waste rock piles.
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