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Highlights:

e Modeling transport of internal and external tracers reveals mass transfer mechanisms
in mine waste rock

e Heterogeneity determines non-Fickian scaling of tracer breakthrough curves

e Single- and dual-porosity models do not fully capture tracer release from waste rock

e Waste-rock piles are best conceptualized as multi-porosity systems

Abstract: Accurate predictions of solute release from waste-rock piles (WRPSs) are paramount
for decision making in mining-related environmental processes. Tracers provide information
that can be used to estimate effective transport parameters and understand mechanisms
controlling the hydraulic and geochemical behavior of WRPs. It is shown that internal tracers
(i.e. initially present) together with external (i.e. applied) tracers provide complementary and
quantitative information to identify transport mechanisms. The analysis focuses on two
experimental WRPs, Piles 4 and Pile 5 at the Antamina Mine site (Peru), where both an internal
chloride tracer and externally applied bromide tracer were monitored in discharge over three
years. The results suggest that external tracers provide insight into transport associated with
relatively fast flow regions that are activated during higher-rate recharge events. In contrast,
internal tracers provide insight into mechanisms controlling solutes release from lower-
permeability zones within the piles. Rate-limited diffusive processes, which can be mimicked
by nonlocal mass-transfer models, affect both internal and external tracers. The sensitivity of

the mass-transfer parameters to heterogeneity is higher for external tracers than for internal
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tracers, as indicated by the different mean residence times characterizing the flow paths
associated with each tracer. The joint use of internal and external tracers provides a more
comprehensive understanding of the transport mechanisms in WRPs. In particular, the tracer
tests support the notion that a multi-porosity conceptualization of WRPs is more adequate for

capturing key mechanisms than a dual-porosity conceptualization.

Keywords: waste-rock piles, acid-rock drainage, heterogeneity, tracer tests, dual porosity,

mass transfer.

1. Introduction

Accurate predictions of solute release from waste-rock piles (WRPSs) are paramount for decision
making in mining-related environmental processes. Such predictions rely on robust conceptual
and mathematical models of transport, which are informed by experimental observations in field
and laboratory environments (e.g. Amos et al., 2014; Jodeiri Shokri et al., 2016; Lahmira et al.,
2017; Lefebvre et al., 2001; Lorca et al., 2016; Pedretti et al., 2015, 2017; Smith and Beckie,
2003). Tracer tests are experimental tools widely used nowadays for the identification and
quantification of dominant transport mechanisms in the subsurface (e.g. Cvetkovic et al., 2016;
Liang et al., 2016; Molinari et al., 2015; Wilson et al., 2016; Xie et al., 2016; Zaramella et al.,
2016). In WRPs, tracer tests can be used to characterize complex unsaturated flow and transport
patterns, which are controlled by physical and chemical heterogeneities (e.g. Blackmore et al.,
2014; Eriksson et al., 1997; Marcoline, 2008; Neuner et al., 2013; Nichol et al., 2005; Peterson,
2014; Silva et al., 2014). Although our work mainly focuses on conservative tracer tests, reactive
compounds can also be used to identify geochemical processes within the waste rock at both
laboratory and field scales (e.g. Prasad and Kumar, 2015; Ramirez-Pérez et al., 2013; Strdmberg
and Banwart, 1999).

External tracers are used in the majority of hydrogeological applications (e.g. Molinari et al.,
2015; Pedretti and Bianchi, 2018) and can be applied either at one location (e.g. an injection well)
or on a surface, such as in the case of WRPs through an artificial rain event. In the context of
WRPs, Blackmore et al. (2014) analyzed the results of an external tracer test performed on waste
rock in laboratory columns and experimental piles in the field. The results showed that the
physical heterogeneity of these materials generates non-symmetric breakthrough curves (BTCs)

characterized by persistent concentrations at times longer than the time of BTC peaks, a behavior
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defined in the literature as BTC tailing (e.g. Pedretti and Bianchi, 2018). Using a combination of
mathematical techniques, Blackmore et al. (2014) found that a one-dimensional (1D) dual-
porosity-based mobile-immobile (MIM) model was able to simulate observed BTCs, while a 1D
advection-dispersion equation (ADE) solution could not reproduce BTC tailing. The MIM model
is based on a 1D advection-dispersion equation (e.g., Domenico and Schwartz, 1990), which
embeds a nonlocal operator to simulate the non-equilibrium storage of the tracer in an “immobile”
domain and allows for fitting non-Fickian tailing on experimental BTCs (e.g. van Genuchten and
Wierenga, 1976; Simunek et al., 2003).

Internal tracers are defined as those compounds that already exist in the subsurface and that are
mobilized in response to external stresses, such as a natural or artificial recharge event or a change
in geochemical conditions of the systems. Internal tracers offer an alternative to understand and
parameterize the formation and persistence of drainage generated from in-situ geochemical
processes. In WRPs, soluble by-products from chemicals used in blasting operations at mine sites
are potential internal tracers present on the surface of waste-rock particles throughout the entire
pile. These internal tracers are likely associated with the full spectrum of grain sizes, including
the finest-grained matrix materials. Examples of these compounds commonly associated with
mine sites include nitrogenous compounds (ammonia and nitrate) and perchloride (Aziz and
Hatzinger, 2008; Bailey et al., 2013; Chlot et al., 2015; Jermakka et al., 2014; Karlsson and
Kauppila, 2016; Mahmood et al., 2017; Revey, 1996). In other contexts, these types of tracers

have been associated with blasting occurring during road construction (e.g. Degnan et al., 2016).

There is limited evidence or literature documenting the use of internal tracers to provide
quantitative insights into WRP flow and transport processes. In Bailey et al. (2013),
concentrations of total sodium and chloride were used as conservative tracers to identify the first
flush of water through the waste rock. Bailey et al. (2013) concluded that blasting agents proved
effective for quantifying, for instance, the small portion of WRPs that has been flushed compared
with its total drainage system (less than 10% in their case). At present, however, we know of no

attempts to interpret internal tracers using a process-based model, such as a dual-porosity model.

This study analyzes external bromide and internal chloride tracer data from two well-
characterized experimental WRPs at the Antamina Mine site in Peru. Bromide and chloride BTCs

were observed in the piles over 1000 days, providing a sufficiently long data record to evaluate
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transport mechanisms occurring in the piles. The interpretation of the tests is carried out using a
mathematical approach similar to the one adopted by Blackmore et al. (2014) and includes
temporal-moments analysis and MIM-based modeling. We analyze and discuss the results,
focusing on the information that each tracer is able to provide based on the resulting

parameterization obtained from the fitting of the experimental curves.

Based on the results and analysis from the Antamina data set, the specific goals of this work are:
(1) to present an approach to quantify transport processes occurring within WRPSs using both
external and internal tracers, and (2) to discuss the advantages and disadvantages of each tracer
to assess specific mechanisms occurring within heterogeneous waste-rock piles. The ultimate
purpose of this analysis is to evaluate whether the combined use of internal and external tracers
can provide a more complete assessment of the mechanisms and processes controlling solute
transport in WRPs compared to the assessment performed by the analysis of an individual tracer.
In particular, the use of different tracers suggests a modeling approach able to more effectively
describe transport in heterogeneous WRPs (e.g., through a multi-porosity conceptualization of
the system).

2. Materials

2.1 Site description

The experimental WRPs are located at the Antamina Mine, about 270 km north of Lima (Peru)
in the Peruvian Andes (Figure 1a). The mine has a typical Andean climate with two distinct
seasons; a wet season from October to April and a dry season for the remainder of the year. The
area receives between 1200 mm and 1500 mm of precipitation per year, of which approximately
80% falls in the wet season as rain. Over the 1000 day study period (from June 2009 to May
2012), the Antamina site received a total of 3900 mm of precipitation. Median air temperatures
(T) at Antamina are around T = 5.5 °C, with limited seasonal and daily fluctuations (e.g. Lorca et
al., 2016).

Waste rock produced at Antamina is subdivided into three classes named A, B and C, based on
their expected reactivity and potential to generate poor-quality drainage (i.e., lower pH values and
higher metal loads). Class A is expected to have the greatest potential for producing poor-quality

drainage. This material represents rocks close to the highly mineralized zones of the mine with
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larger amount of sulfides, lower amount of carbonates and finer grain size than Class B and C.
Class C has the lowest potential to generate poor-quality drainage, representing coarse carbonate-
rich rocks with low sulfide content. Class B material is described as having an intermediate
potential between Class A and C. Figure 2 shows the grain size distributions (GSD) and soil-
water characteristic curves (SWCC) of the two classes A and C, obtained from previous studies
(e.g., Bay et al., 2009; Peterson, 2014; Speidel, 2011). Note that about 90% of the Class C
material has a particle size greater than 10 mm, while Class A material has a much higher

component of material finer than 1 mm (approximately 20%).

There are five experimental WRPs at Antamina, each with the same geometry of 36 m (I) x 36
m (w) x 10 m (h) (Figure 1b) and waste-rock mass (My,z) of about M, =19000-25000 tonnes.
This study focuses primarily on Piles 4 and 5. Pile 4 contains >80% Class C material and <20%
Class B material. Pile 5 contains about 50% of Class A and 50% Class C waste rock (Figure 1d).
All experimental WRPs were constructed using an end-dumping approach, resulting in a sequence
of depositional units or “tipping phases” (TPs) with an angle of repose close to 37°. In a cross-
sectional view, all planar contact surfaces between TPs dip parallel to the external slope (or
batter).

At the base of each WRP is one large 36 m (I) x 36 m (w) lysimeter, D, to collect the exfiltrating
drainage. Three 4 m x 4 m sublysimeters, A, B and C (Figure 1c) are embedded within lysimeter
D along the centerline of the WRP to collect drainage from specific sections of the WRPs, similar
to the approach described by Nichol et al. (2005). Figure 1d presents a vertical projection showing
the classes of waste rock intersected by the drainage flow paths. Because flow in WRPs is
generally sub-vertical (e.g. Amos et al., 2014), sublysimeter C is expected to mainly reflect the
flow starting as recharge from the pile batter, which has shorter flow paths than the center of the
pile. On the contrary, the batter is expected to have the smallest influence on sublysimeter A and
B and be more representative of flow occurring in the core of the pile, with average flow-path
lengths comparable to the pile’s vertical height (~10 m). Outflow drainage from all lysimeters is
directed to an instrumentation hut for continuous recording of flow rates and volume via
calibrated tipping buckets and for bi-weekly geochemical sampling. This includes measurements
of concentration of total bromide and chloride, which are used as primary tracers in this study.

For both compounds, the detection limit was established at 0.01 mg/l. Additional details about
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the construction of all five WRPs, calibration of the instrumentation and other in-situ equipment
can be found elsewhere (Bay et al., 2009; Corazao-Gallegos, 2007; Lorca et al., 2016; Peterson,
2014).

2.2 Tracer tests

External tracer tests were performed on Piles 4 and 5 using a similar approach. Bromide (Br™),
applied as a well-mixed solution of lithium bromide, was used as a conservative tracer because
of its very low reactivity, relative absence in the mineral composition of the waste rock, and low
natural background concentrations of 0.11 mg/l and 0.18 mg/Il for Piles 4 and 5, respectively.
Rainwater contains negligible bromide in this region, with concentrations near to or below 0.01
mg/l (Flury and Papritz, 1993). Bromide was applied in an artificial rainfall event to areas of ~14
m (w) X 24 m (1) located on the crowns (Figure 1c) of the experimental piles in January 2010, the
middle of the first full wet season following the piles’ construction. The total tracer mass (M;,;)
applied was ME7~* = 2.32 x 10* g for Pile 4 and MJ ;™ = 2.28 x 10* g for Pile 5. The tracer
solution was applied over a single 5-hour artificial rainfall event with rates g,,=124.8 mm/d and
qr = 129.6 mm/d for Pile 4 and Pile 5, respectively. These rates were selected in consideration
of the piles’ coarse-grained materials to be comparable to extreme rain events typical of the wet
season at Antamina and to attempt to activate fast flow paths in the unsaturated WRPs (Shipitalo
and Edwards, 1996), usually associated with macropores and characterized by low air-entry

pressures.

Dissolved chloride (C17) in the drainage from Piles 4 and 5 was adopted as an internal tracer.
Although the origin of chloride in this system is not completely clear, it is likely a residual of the
decomposition of perchlorate (Cl10;) or dissolution of Cl~-rich salts (e.g. ammonium or sodium
salts). These compounds are typically associated to blasting agents present directly in the
explosives and/or in explosion boosters, as documented in other mining sites (e.g., Bailey et al.,
2013; Karlsson and Kauppila, 2016). Class A waste rock in Pile 5 is expected to contain a higher
initial concentration of Cl~, relative to Class B and C material, as it comes from highly-
mineralized zones where more explosives were used to fragment rock into workable size
fractions. Similar to bromide, Cl~can be considered a conservative tracer because of its very low

reactivity and the absence of chloride-bearing minerals within the waste-rock assemblages.
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Unlike the external tracer, the exact initial mass of the internal tracer Cl~is unknown. An estimate
of this initial mass can be obtained from the cumulative mass recovered from long-running field-
barrel experiments existing at the Antamina site. These field barrels contain the same type of
material as present in the experimental piles. After about 1000 days of monitoring, the results
showed almost-complete flushing of CI~ measured at the base of the barrels, as concentrations
were observed to drop and stabilize around 0.05 mg/l, which is comparable to chloride
concentrations in typical rainfall (e.g. Andrews et al., 2013). Based on this information and
assuming 100% recovery of C1~ and homogeneous distribution of chloride-containing residue on
the surfaces of the waste rock at the time of pile and barrel construction, an initial chloride mass
MET*=4.35 x 10* g is estimated in Pile 4 and M£>=5.74 x 10* g in Pile 5, after proper
volume-based rescaling. Further details of these calculations and information regarding the

Antamina field-barrel analysis program can be found in Blackmore (2015).

3. Methods

3.1 Moment analysis

Cumulative bromide and chloride mass recovered at each lysimeter was determined as the zeroth

moment of the observed BTCs and described as

M) = [ [C() = Cp] Q) dt ®

where C is the total concentration, C, is the background concentrations of each compound, Q is
the discharge rate measured at the lysimeters at a time t and T is the total experimental time.
Bromide background concentrations in Pile 4 and 5 drainage were measured prior to the January
2010 tracer test.

Higher-order temporal moments were also calculated from the BTCs to estimate mean solute -
residence time and effective solute dispersion within WRPs. We followed the approach by
Eriksson and Destouni (1997), which incorporates a flow-corrected time () to account for
temporal variability in flow volumes and enables a direct comparison between different BTCs
from different piles and lysimeters. In the following we provide the essential elements from the
equations adopted for our study; the complete description and derivation of these equations is

provided by Eriksson and Destouni (1997).
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The mean solute resident time is estimated from the first temporal moment of the BTC (7) defined

as
_— fooo T M(1,2) dt
- ) 000 M(t,z) dt @)
where
V(t
T="Tg VLT) 3)

in which Tg is the total experimental time, V' is the time-dependent cumulative flow volume and
Vr is the total cumulative flow volume observed during the experimental period. Note that M in

(2) is expressed as a function of flow-corrected time.

The effective spreading is estimated from the second temporal moment of the BTC (¢2) defined

as

2 fooo(r—f) M(t,z) dt
T f:oM(T,Z) dt

(4)

Since ¢ is a measure of spreading around the mean arrival time, which can be different among
experiments, a normalized effective spreading can be expressed in terms of coefficient of
variation (CV;) defined as

Vo2
CVp = — (5)

T

3.2Numerical modeling

Mobile-immobile (MIM) models were fitted to the observed BTCs from the lysimeter D. The
MIM model simulates the presence of mobile and immobile porosity. In the former, transport
along the mobile porosity moves according to mechanistic processes described by the ADE (i.e.
advection, pore-scale dispersion and diffusion). For the latter, transport does not occur, such that
the immobile porosity acts as a temporary storage of solutes moving in the mobile zones. Solute
exchange may occur between mobile and immobile zones, which is controlled by a kinetic, first-

order, time-invariant mass rate coefficient w. Mathematically, the MIM model can be written as
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where the suffixes “m” and “im” refer, respectively, to mobile and immobile. 6,,, is the mobile
porosity, C,, is the concentration in the mobile zone, D,, = D* + |a,|q, , D* is the effective
molecular diffusion, a, is the coefficient of local dispersivity, g, is the vertical flux in the
unsaturated zone. The term T, is a sink/source term that defines the non-equilibrium mass
transfer occurring between mobile and immobile zones, and can be defined as

[im = Oim ag% = w(Cpn = Cim) ()
where 6;,, is the porosity characterizing the immobile zone, and C;, is the concentration in the
immobile zone. The MIM model reduces to the ADE solution setting I, = 0 in (6), for instance
when Kinetic mass transfer does not occur and transport is restricted exclusively to the mobile
porosity. We use HYDRUS-1D (Simunek et al., 2005) to solve both the ADE and MIM models.
The atmospheric input parameters, the approach to estimate recharge and definition of model’s
boundary conditions can be found in Blackmore et al. (2014), and apply identically to Pile 4 and
Pile 5 (as both WRPs are adjacent to each other at the Antamina site). Using the estimated
recharge to each pile, calibrated flow parameters were found using a manual trial-and-error
approach, by first matching the observed flow results for the piles (Supplementary Material) and
then fitting the observed BTCs (figures presented hereafter). The resulting best-fitted parameters
are reported in Table 1.

4. Analysis and Discussion

4.1 Cumulative mass recovery and temporal moments

We first analyze cumulative bromide and chloride recovery curves from the different lysimeters
to gain initial insights about the behavior of internal and external tracers at different locations of
the pile and time. The results are presented in Figure 3, in which the horizontal axes represent
cumulative outflows normalized to the area A of each lysimeter (Q' = Y.Q/A). For the external
tracer, the initial time (t,) is the time of bromide application whereas for the internal tracer ¢t is

the time of pile construction and waste rock deposition when chloride was present following
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blasting. In the vertical axes, different normalization methods are adopted to display the mass

recovery for the internal and external tracers.

For the external tracer bromide, a normalization factor (M,) is adopted to compare the recovered
mass across all lysimeters (Figure 3a,b). The factor M, rescales the amount of mass applied to the
pile at the beginning of the bromide tracer test (M2"~* and ME"~5  respectively in Pile 4 and Pile
5) in light of the different footprints of the lysimeters. We first recall the expected dominant sub-
vertical flow patterns in the piles, a postulation supported by the negligible bromide mass
recovered at sublysimeter C, which is not located below the pile crown. Assuming perfectly
vertical flow, M, can be computed as the mass of bromide applied in the area on the crown of the
pile directly above each lysimeter. We thus set ME™=* =0.05ME;~* and ME™5 =
0.05 MB%~> for sublysimeters A and B, given that each of the sublysimeters represent 5% of the
crown area and therefore under the assumption of vertical flow would recover 5% of the mass
applied on the crown. For lysimeter D, M™% = 0.90 MZ"~* and ME"~5 = 0.90 ME!,~>, given
that all bromide mass not entering sublysimeters A and B can be potentially collected by the basal

lysimeter. As indicated above, no significant Br~ mass was recovered in sublysimeter C.

For the internal tracer chloride, a normalization factor is found on the basis of the total mass
estimated using the field barrels (M§'=* and M§'=5, respectively in Pile 4 and Pile 5) (Figure 3
c,d). Assuming vertical flow and homogeneous distribution of Cl1~ in the system, the relative CI~
mass that could be potentially recovered by each lysimeter is proportional to the mass of chloride
contained in the pile’s sub-volume above each lysimeter. Note that, differently from bromide, CI~
can exfiltrate from the entire waste-rock pile (and not exclusively from the volume below the
crown). By accounting for the contribution of the batters to the normalization factors, we found
that the vertical projection above sublysimeters A and B accounts for about 2% of the entire
volume of the experimental piles, and above the sublysimeter C for about 1%. Thus, we set
M§* =0.02 M5t and M5 = 0.02 MSL S for sublysimeters A and B, and M§'T* =

0.01 ML and MEY> = 0.01 MEL® for sublysimeter C. For lysimeter D, M§*™* = 0.95 ML

ini ini ini

and M§°5 = 0.95 M5L°, given that all chloride mass not entering sublysimeters A, B and C can

be potentially collected by the basal lysimeter.
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An initial visual inspection of the recovery curve shapes in Figure 3 indicates a different behavior
for external and internal tracers in the piles. In both piles, bromide recovery curves (Figure 3 a,b)
appear steeper and solute arrival times spread over a narrower time window relative to chloride
curves. This observation suggests the generally faster breakthrough of external tracers relative to
internal tracers. The early-time recovery from lysimeter D shows the first 50% of the total applied
bromide was recovered at Q" = 0.25 in Pile 4 and Q' ~ 0.35 Pile 5. The total bromide recovery
at the end of the observation period was about 60% to 70% in both piles. The larger than 100%
mass apparently recovered from sublysimeter A in both piles, however, suggests that
heterogeneity could have focused more mass towards the center of the pile than it would be
expected by a homogeneous distribution of vertically oriented solute path-lines. Indeed,
recovering more Br~ mass than ME"~* = 0.05 M5%,~* and ME"> = 0.05 ME"~> , for each pile
respectively, means that part of the tracer has to arrive from other places than vertically above the
lysimeter, thus reflecting heterogeneity. Strong flow heterogeneity is likely occurring in WRPs
(e.g. Eriksson et al., 1997; Lahmira et al., 2016, 2017; Lorca et al., 2016; Pedretti et al., 2017),
and solute discharge is not expected to be equally distributed at the base of the piles. This behavior
is consistent, for instance, with the experimental observations by Nichol et al. (2005) from

external tracer tests.

The impact of heterogeneity on solute release from the experimental piles is also well visible from
the analysis of the internal tracers (Figure 3 c,d). A first observation is that in Pile 4 the CI™
recovered curves are quite comparable, while in Pile 5 a clear distinction is observed between
Lysimeter D and the other curves. The behavior of lysimeter D curves reveal that proportionally
more Cl mass is recovered in Pile 5 than in Pile 4, consistent with the expected higher amount of
blasting residuals in Class A materials, which are found in larger proportions in Pile 5 than in Pile
4. However, note that the amount of recovered mass at the end of the experiment is lower than
20-25% at the end of the experimental time. It is indeed possible that field barrels (which contain
materials with a more limited average particle diameters and more homogeneous grain- size
distributions than experimental piles) could be more easily flushed than field-scale experimental
piles (which contain materials with wider range grain- size distribution, including metric-scale
boulders). The larger sampling of physical heterogeneity by experimental WRPs implies more
flow channeling and, in turn, a larger part of the WRPs would have been less efficiently rinsed

than under homogeneous conditions. Thus, field-scale WRPs may have received lower effluent
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concentrations of chloride relative to field barrels over the same time of flushing. This

phenomenon is also discussed, for instance, in Eriksson and Destouni (1997).

The recovery curves for both tracers display strong tailing, suggesting that the release of
contaminants from the piles may occur at very slow rates. The observed BTCs (with
concentrations above background limits) in Figure 4 suggest that the tracers are still present in
the system at the end of the analyzed period. This inefficient flushing is associated with physical
and mineralogical heterogeneity and the corresponding well-known scaling issues existing in
WRPs linked to flow/transport channeling (e.g. Eriksson et al., 1997; Pedretti et al 2017).
Quantitative evidence of the impact of flow channeling on experimental piles can be inferred from
the analysis of temporal moments. Calculated first and second temporal moments for Pile 4 and
5, derived from bromide BTCs, show that the Pile 4 mean residence times (7) are about 2x shorter
and normalized spreading (CV;) about 4x larger relative to those values estimated for Pile 5.
Specifically, mean residence times and normalized spreading from sublysimeter A and B of Pile
4 are T ~140 d and CV, ~0.74, whereas the same values for Pile 5 are approximately 7 =280 d
and CV, ~0.22. Temporal moment analysis for chloride assumed this tracer was pervasive on
waste-rock surfaces and the likelihood of chloride existing on waste-rock surfaces within the
mobile or immobile domains is equal. Calculated chloride temporal moment values indicate the
mean residence times are generally comparable between Pile 4 and 5 (i.e., T =449 £35 days),
however normalized spreading values are quite comparable in Pile 4 (i.e., CV, = 0.40-0.56) and
in Pile 5 (i.e., CV =0.52-0.67), contrasting with the much sharper spreading discrepancy between

the piles than was observed for bromide.

For the external tracer, the shorter residence times and larger normalized spreading in Pile 4,
compared to Pile 5, supports the idea of advective transport in Pile 4 being dominated by fast flow
paths. Pile 4 has more coarse-grained Class C rock than Pile 5, which results in a higher effective
hydraulic conductivity in Pile 4 than in Pile 5. It is noticeable that, despite Pile 4 being
characterized by fast-flow transport, the effective bromide spreading is larger in Pile 4 than in
Pile 5, and larger for bromide than for chloride in Pile 5. Here, effective (macro) dispersion is
controlled by the strong variability in the hydraulic conductivity field (Malmstrém et al., 2004),
thus generating more dispersion in the arrival time of solute at the base of the piles. Again, this is
consistent with the channeling of flow and solutes in WRPs.

12
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4.2 Numerical modeling

The internal and external tracers show distinctly different transport properties, even though both
are conservative and transported through the same waste-rock material. We hypothesize that the
external tracer and internal tracer access distinct flow paths and examine this hypothesis via
numerical modeling. We first recall the work by Blackmore et al. (2014), who used the MIM
model to fit the observed bromide BTC from Lysimeter B in Pile 5 (hereafter referred to as Pile
5B). This was done to estimate transport properties of Class A materials at the experimental-pile
scale. Indeed, under the assumption of vertical flow, the BTC from Pile 5B should reflect the
composition of drainage being transported through the Class A material, which constitutes the

majority of waste rock situated vertically above the sublysimeter.

Here, we first extend the results by Blackmore et al. (2014) by fitting the MIM model to the Pile
5B internal tracer (C17) BTC and comparing them with the corresponding ADE curves for both
internal and external tracers. The ADE curves are obtained setting I;,,=0 in (6) and leaving the
other MIM-estimated parameters unchanged. Then, using a similar conceptual model and
modeling approach targeting one specific class of materials under the assumption of vertical flow
(justified by the results presented in Section 3.1), we explored transport properties of Class C, the
other end-member of the waste rock, which dominates Pile 4. Since Class C is the most abundant
in the vertical projection above sublysimeter A (Figure 1d) in Pile 4 (hereafter referred to as Pile

4A), it was used to analyze the external and internal tracer BTCs.

We observed that the measured bromide BTC for the external tracer in Pile 4A (Figure 4) shows
a steep early arrival of contaminants and non-symmetric tails with concentrations fluctuating
around C=1 mg/l. This behavior, characteristic of a dual-porosity-like solute transport, can be
well fitted by a MIM model. Plotting concentrations on log scales to emphasize the behavior on
the tails, we note that the curves obtained from the MIM model (Figure 4) are able to better
capture the observed BTC tailing of the external tracer than the ADE model. As well, the ADE
model strongly underestimates bromide concentrations at ¢ >600 d, while the MIM sustains
concentrations over longer time scales. Similarly, in Pile 5B, observed bromide BTCs shows
some tailing, which is adequately simulated by the MIM model. It is noted, however, that the
observed Pile 5B BTC is more symmetric than in Pile 4A, and the ADE model provides a good

fit for t <600d. However, the ADE model does not sustain concentrations at longer time scales.
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Fitted chloride BTCs suggest that the MIM model is able to capture the observed chloride
transport processes in Pile 4A over the entire observed period, which present a slow increase in
concentrations at t <200d and BTC tailing - lower concentrations later. In contrast, the ADE
model largely underestimates the observed concentrations and particularly so late in the test.
Similar observations can be made for Pile 5B. Both ADE and MIM models mimic the observed
BTC at early stages (t <200 d); however, the ADE drops suddenly towards very low
concentration at ¢t > 300d whereas the MIM model is able to simulate the average behavior of
chloride BTC.

4.3 Discussion

Our results suggest that the 1D ADE model does not adequately fit the experimental results at
long time scales. While this is a well-known limitation of an upscaled ADE which relies upon
macrodispersion (e.g. Harvey and Gorelick, 2000; Molinari et al., 2015), we found it to be true

for both types of tracers and for both piles.

The ability of the MIM model to better fit the observed curves in both piles can be attributed to
the model formulation, which better represents the transport occurring as in bimodal domains
(e.g. Pedretti et al., 2016; Salamon et al., 2007; Zheng et al., 2011). In the MIM, advection
dominates the mobile porosity, which is where flow tends to be channeled and solute transport
focused. The other porosity is not affected by flow channeling and remains immaobile, such that
solute can be exchanged by diffusion-like processes only. In a WRP, immobile zones can occur
(for instance) as “shadow” zones below large boulders. MIM models outperform ADE models

particularly at “late times”, or on the BTC tails.

In analyzing the resulting fitted parameters (Table 1) and the mass-transfer rates, w, we note that
bromide w values for Pile 5 are more than one order of magnitude smaller than those estimated
for Pile 4. However, for chloride, the resulting w rates are comparable between the two piles. To
corroborate the validity of the estimated mass-transfer rates, Figure 5 presents the results of a
sensitivity analysis for this parameter. The results indicate a change of one order of magnitude in
mass-transfer rates has a stronger effect on the external tracers than on the internal tracers. For
the internal tracer in Pile 4A, the BTCs are relatively insensitive to the mass-transfer rate and it

is therefore difficult to evaluate which mass transfer rate best fit the chloride BTC. In Pile 5B, the
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model is insensitive to a 10 x higher mass-transfer rate (green lines), whereas the application of

a 10 x lower value (black dotted lines) slightly underestimates observed results.

The higher estimated w in Pile 4 than in Pile 5 for the external tracer can be attributed to a lower
residence time of water in the mobile zone in Pile 4 than in Pile 5. Considering that tailing in both
BTCs takes place at comparable time scales (t ~600d), the mass transfer needs to be quicker in
Pile 4 to generate a similar effect of transport than in Pile 5. The similar rates for chloride suggest
that the relative influence of the different residence times for the piles does not affect the mass
transfer process of internal tracers as much as it does the external tracer. The residence times
depends on the type of tracer and the specific hydraulic properties of the pile. First, the recharge
rates depend not only to the rainfall rates but also to the characteristic hydraulic properties of each
pile (resulting in different VG parameters, for instance — Table 1). Second, the application of the
external tracer on the crest of the pile simulates an artificial extreme rainfall event, which activates
preferential flow channels, leading to a relatively short residence time. Consequently, the external
tracers target flow paths that are not easily accessible by the internal tracer. Instead, internal
tracers are mobilized principally by natural recharge, which is generally lower than the extreme
artificial rainfall events used for the external tracer application. It is thus possible that, although
there are the different grain-size distributions and spatial distribution of heterogeneity in Pile 4
and Pile 5, the mean residence time controlling mass-transfer processes of internal tracers can be

very similar in the two piles and controlled by the natural rainfall events.

The different behavior of the tracers is due to the characteristics of the piles, which cannot be
fully captured with the MIM model. This demonstrates the potential limitation of a dual-porosity
approach to fully conceptualize transport in WRPSs, which is made up of multiple porosities with
different flow regimes. The MIM model assumes that the fastest portion of the flow systems acts
as a unique mobile zone, all the remaining parts of the domain acting effectively as a unique
immobile porosity. In reality, flow does not exclusively occur in one specific zone in WRPs. For
instance, in Pile 4, the MIM model assumes that the mobile porosity is primarily represented by
flow channeling through the coarser-grained materials of the pile grain-size distribution (Figure
2), and thereby generating fast arrival of bromide, resulting in heavily tailed bromide BTCs. The
remaining part of the system is expected to be characterized by relatively slower matrix flow,

with non-zero advective rates. The actual portion of the pile in which flow rates are zero may only
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be a subset of the total porosity. However, the MIM model assumes both slow matrix and actual

immobile zones to be a unique no flow zone.

Considering the behavior of internal and external tracers and given these results, we believe that

a better-suited parameterization of the WRPs accounts for at least three porosities:

1. A porosity component associated with fast flow channels, either open voids or coarse
granular materials, activated under strong recharge events, such as the one explored by
the initial behavior of bromide;

2. A porosity component associated with a slower flow in the matrix, activated or controlled
by natural rainfall events; and,

3. A no-flow porosity component, i.e. the immobile domain, in which transport occurs

through diffusive processes only.

A three-porosity approach to transport in porous media was proposed by Zinn and Harvey (2003)
and Molinari et al. (2015), which explained why effective porosities do not necessarily sum to the
total porosity of a system. A three-porosity approach is embedded for instance in dual-
permeability model formulations (e.g. Simunek et al., 2003). It could also be possible to account
for a continuum of porosities and corresponding mass transfer rates, as in the multi-rate mass
transfer models (e.g. Haggerty and Gorelick, 1995), an option not yet implemented in public
releases of the HYDRUS environment and not tested here. Although a higher number of
parameters could allow for a better fitting of the simulated and measured data, it may make
finding a physical justification for a multi-porosity model increasingly difficult and requiring
more attention when using greater than three porosities. The development of a three- or more (i.e.,

multi-porosity) and multi-rate modeling approach remains open for future developments.

Conclusion

Externally applied tracers and internally applied tracers are sensitive to distinct components of
WRPs, and can be analyzed to characterize transport processes in heterogeneous waste-rock piles.
While externally applied tracer tests require the purchase of the tracer and greater efforts to be
conducted (e.g. the simulation of an artificial rainfall event and the tracer mass), internal tracers

offer the advantage of being distributed throughout the waste-rock pile. At the same time, the
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estimation of the existing mass of internal tracers can be difficult compared to the exact

knowledge of the mass applied in external tracer tests.

In this work, we studied internal and external tracers to improve the understanding of transport
processes, and to better characterize the mechanisms controlling transport. To this end, this study
focused on two well-characterized experimental WRPs (Pile 4 and Pile 5) from the Antamina
Mine. In both piles, a conservative external tracer (bromide) was applied to the pile’s crown in
an artificial high-rate recharge event. A conservative internal tracer (chloride) was present

throughout the waste rock at time of placement.

The results suggest that combining internal and external tracers provides an improved
understanding of processes occurring within heterogeneous WRPs compared to the analysis of
individual tracers. In particular, it was observed that physical heterogeneity does not equally
affect internal and external tracers. The externally applied tracer provides insight to transport
along fast-flow paths, while the internal tracer is more able to identify characteristics of matrix
flow. More specifically relative to this case study, the external tracer in the coarser-grained Pile
4 was substantially more sensitive to flow channeling than in the finer-grained Pile 5. In contrast,
the internal tracers, more sensitive the matrix material, behaved similarly in both WRPs, with
comparable BTCs shapes, moments and effective transport parameters.

The comparison of multiple tracers provides insight into a more effective parameterization of
solute transport modeling in heterogeneous WRPs, relative to an analysis based of a single tracer.
In particular, the tracer results suggest a conceptual model for transport in WRPs that would

consist of at least three porosity components:

(1) a porosity associated with fast-flow channels, activated under strong recharge events;

(2) aporosity associated with a slower-flow matrix material, activated or controlled by natural
rainfall events;

(3) a no-flow porosity, i.e. the immobile domain, in which transport occurs through diffusive

processes only.

It is also possible that a continuum of porosities would allow for a better fitting of the BTCs,

leading however to a more complex interpretation of the physical processes occurring in the
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WRPs. The development of a three- or multi-porosity modeling approach is left open for future

developments or further studies.
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Figure 1 (a) aerial view of the Antamina experimental waste rock piles and geographical

location of the site; (b) 3D conceptual model (Q=outflow); (c) schematic planar view of the

piles; (d) vertical section of the piles, highlighting the geometrical distribution of waste rocks

(by classes) compared with the vertical projection of the sublysimeters.
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Figure 2 (a) Grain Size Distribution (GSD) and Soil-Water Characteristic Curves (SWCCs) for

the two classes of waste rocks analyzed in this work.
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Figure 3 Cumulative mass recovery curves against normalized cumulative outflow in the four

lysimeters in Pile 4 and Pile 5, respectively on the left and on the right. (a,b) Recovery curves of

external tracer (bromide) normalized by the injected mass on the crown. (c,d) Recovery curves of

internal tracer (chloride) normalized by the relative initial mass estimated using field barrels. The

mass is proportional to the characteristic areal footprint of each lysimeter.
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Figure 4 Experimental BTCs from external and internal tracer tests in Pile 4 — Lysimeter A and
Pile 5 — Lysimeter B. The use of the vertical log scales aim to emphasize the ability of MIM
models to reproduce the BTC tailing, while ADE model underestimates the observations at late

time.
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Figure 5 Sensitivity to the mass transfer rate w in Pile 4 and Pile 5 for internal and external tracers.

For each panel, the reference curve is shown in red and marked by *. The sensitivity is performed

by changing w by factors 0.1 x (black dotted lines) and 10 x (green lines).
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Tables
Table 1 Calibrated parameters of flow and transport in Pile 4 and Pile 5.
Property Units Pile 4A Pile 5B-top8m | Pile 5B - bottom 2m
Waste rock class 90% C-10% B A C
Van Genuchten @ | [m™1] 2.8 1.8 5.9
Van Genuchten n [-] 1.22 1.3 1.5
K [md™1] 4.0 0.06 8.0
s [-] 0.23 0.24 0.29
0, [-] 0.05 0.15 0.06
Om [-] 0.07 0.06 0.28
Oim [-] 0.16 0.18 0.05
A [m] 2.0 0.3 0.1
w (Br7) [d~1] 1.0x 107 45%x107° 5.0 x 107°
w (CI7) [d71] 45x%x107* 45x%x107* 5.0 x 1074
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