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[1] Waste rock piles are an outcome of open pit and underground mining operations.
Unprocessed low-grade rock is disposed of in piles from several meters high to 100 mþ
high. Waste rock piles may still contain sufficient concentrations of metals to be a potential
source of pollution. The evaluation of the potential risk involves properly characterizing
flow through these piles under unsaturated conditions. The main flow characteristic of the
piles is the presence of a large range of grain and pore sizes. Based on data from an
instrumented rock pile located in Saskatchewan Canada, unsaturated flow through the pile is
modeled as a linear system after separating a fast and a slow component. Water reaching the
base of the pile is monitored by 16 contiguous zero-tension lysimeters. The fast component,
flowing through macropores, is assumed to be released instantaneously, while the slow
component is simulated using a linear-reservoir model that assumes the presence of an
interconnected porous matrix. An empirical transfer function (TF) is computed as the ratio
of the spectra of signals between the output (basal outflow) and the input (rainfall time
series). Determination of a parametric transfer function model provides information on the
characteristic time of water storage in the matrix and on the fraction of the water within
each subsection of the experimental pile that is channeled through the macropores. An
analysis of the output signal at different support scales is performed, indicating the
nonlinearity of the macropore fraction scaling processes.
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1. Introduction
[2] Mining is a significant economic activity and has a

clear socioeconomic impact in communities worldwide.
The nature of mining processes and activities also create
the potential for negative environmental impacts both dur-
ing the mining operations and after the mine is closed.
Mines produce two dominant types of waste material : tail-
ings which are fine particles derived from the processing
plant; and coarse-sized waste rock extracted from the mine
in order to access the ore grade material. Coarse waste rock
is typically stored in large dumps or piles sometimes over
tens and even hundreds of meters high. Dumping results in
a high porosity for the waste material, with the pore sizes
spanning a larger range than most natural soils, potentially
leading to the formation of macropores. Dumping of such
an unclassified material also results in a clear impossibility
of properly characterizing the medium, adding the issue of
uncertainty to that of heterogeneity.

[3] Water infiltrating through the piles after rainfall
events reacts with the existing minerals, changing the solu-
tion chemistry in the process. Determination of in situ geo-
chemical reaction rates in mine waste-rock piles remains a
challenge [Birkham et al., 2003]. A large number of
attempts to predict chemical reactions within rock piles can
be found in the literature [e.g., Sracek et al., 2004; Kabwe
et al., 2005; Molson et al., 2005; da Silva et al., 2009].
Prediction of solute release to the environment is limited
by the inability to accurately predict field-scale weathering
rates. While the geochemistry of mine waste has received
significant attention, the effect of flow on geochemistry has
not, and despite recent efforts, processes controlling flow
through waste rock are not yet well understood [e.g., Webb
et al., 2008; Poisson et al., 2009; Reiter, 2009].

[4] The chemical composition of water released from
mine waste is strongly controlled by the residence time of
the water within the medium. Waste rock piles are highly
heterogeneous leading to a separation of fast and slow
flows. Matrix flow is the term used to describe flow in a
partially saturated porous media that can be largely
described using Richards’ equation, which sometimes
requires accounting for a degree of spatial heterogeneity or
hysteresis. A recharge event at the surface will generate a
wetting front (approximately the horizontal plane at which
there is an increase in water content and water velocity)
which propagates downward. Wetting fronts propagate
faster than the true velocity of water within the pile, with
measured differences being 10s to 1000s of times faster
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[e.g., Rasmussen et al., 2000; Nimmo, 2007]. When gravity
forces dominate, the wetting front velocity can be most
simply expressed by the kinematic velocity, which also
equals the slope of the unsaturated hydraulic conductivity
to moisture content curve when fronts are small [e.g.,
Smith, 1981; Yamada and Kobayashi, 1988; Rasmussen et
al., 2000]. This latter formulation is also the limit reached
for Philip’s infiltration for small changes in water content
[Philip, 1958; Jury et al., 1991]. More exact solutions ac-
commodating both capillary and gravity forces can be
derived [e.g., Rasmussen et al., 2000].

[5] In contrast to matrix flow is preferential flow, which
designates when there is a flow component that is spatially
concentrated, or has a significantly different residence time
(true water velocity) than the majority of the other water in
the system. Preferential flow is typically identified in a
tracer test when the initial pulse of solute splits into a main
pulse, moving slowly, and involving the largest fraction of
water, and a second more quickly moving front [e.g., Roth
et al., 1991; Eriksson et al., 1997]. In the last decades,
numerous studies have documented the existence of prefer-
ential flow at the field scale and it should be considered the
norm, rather than the exception, but varying in intensity.
Mechanisms of preferential flow include: (1) macropores
generated by cracks or spatial arrangement of well-structured
soils [Beven and Germann, 1982], (2) earthworms burrows
[Edwards et al., 1989] and root channels [Gish and Jury,
1983] in unstructured soils, (3) heterogeneity of the granular
matrix [Nicholl et al., 1994], and (4) textural boundaries that
result in horizontal redirection (i.e., funneling) of water
[Kung, 1990a, 1990b]. Preferential flow is also attributable
to instability of the wetting front [Dekker and Ritsema,
1996; Bauters et al., 1998; Hill and Parlange, 1972]. Fur-
ther insight in the problem can be found in reviews and
recent work on preferential flows [e.g., Jury, 1999; Gerke,
2006; Jarvis, 2007; Nimmo, 2007].

[6] An extensive body of literature exists that deals with
different approaches to model flow in unsaturated struc-
tured soils [Simunek et al., 2003; Gerke, 2006; Jarvis,
2007]. Starting from the more general flow equation, differ-
ent alternatives have been used to simplify the flow prob-
lem, including a single domain Richards’ equation,
formulations with heterogeneity or hysteresis, and the de-
velopment of dual-domain approaches. The latter consist in
either assuming that flow and transport are restricted to
fractures and macropores where the matrix is considered an
immobile zone (dual-porosity models) [van Genuchten and
Wierenga, 1976] or considering that the rate of flow and
transport is different in each zone (dual-permeability mod-
els) [Gerke and van Genuchten, 1993]. Field experiments
support the applicability of these dual models [White et al.,
1986] and they have been used to describe flow in mine
materials [e.g., Decker and Tyler, 1999].

[7] The difficulty of implementing mechanistic approaches
such as dual porosity models arises from the need of a rigor-
ous microscopic description of the medium to obtain reliable
hydraulic parameters at the scale of interest. This description
is often infeasible in real applications where the size of the
medium and the high heterogeneity of its textural structure
make a detailed characterization of its hydraulic properties
impossible. Usually a tracer test is required to be able to
parameterize these models. Recent field scale studies specific

to mine waste rock [e.g., Nichol et al., 2005; Webb et al.,
2008] have identified significant preferential flow behavior.
The range of grain sizes in waste rock and the subsequent
scales of heterogeneity complicate the use of laboratory scale
tracer tests to parameterize large scale models. Field tests are
not often practical due to the substantial residence times in
scale-appropriate test waste rock piles. Water table fluctua-
tion methods can be used to recover averaged flow data
underneath piles [e.g., Lopez et al., 1997].

[8] Here we investigate a new method, based on flow
data, to separate preferential flow from matrix flow by fo-
cusing on the average behavior of the system. The approach
we pursue assumes that the medium behaves as a linear fil-
ter and simulates the output of the system (in this case, the
outflow) as the convolution of an input signal with a linear
filter, the latter being defined by means of a transfer func-
tion TF. This methodology has been extensively used in
many hydrogeological studies [Jury, 1982; Jury et al.,
1986; White et al., 1986] including the analysis of spring
flow from karst aquifers [Dreiss, 1983; Long and Derickson,
1999; Denic-Jukic and Jukic, 2003].

[9] The linear filter approach aims at identifying the av-
erage behavior of the system and specifically the mean rate
of preferential flow occurring and a characteristic time
scale of the flow through the matrix. The model is imple-
mented by computing the empirical TF of lysimeters at the
base of Nichol et al. [2005] experimental waste rock pile.
The TF is then parameterized by decoupling the fast and
slow flow components. A similar approach was used by
Molenat et al. [1999] to simulate the response of a catch-
ment to a rainfall event. The fit of the parametric TF to the
empirical TF allows the estimation of the parameters that
characterize the fast and slow flow components. An analy-
sis of how this model upscales when increasing the size of
the lysimeter is also performed.

2. Study Area and Monitoring Scheme
[10] The data set that we examine here comes from the

waste-rock pile experiment instrumented by Nichol et al.
[2005] at the Cluff Lake Uranium Mine in northern
Saskatchewan (Canada). The mine rocks are composed of
aluminous gneisses and granitoids from the Precambrian
Peter River Gneiss formation. The waste rock at the Cluff
Lake Mine has a broad grain size distribution, which
includes boulders up to 1.0 m in diameter. The proportion
of fine material (<2 mm) largely falls at the boundary of
piles considered rock-like where there are insufficient fines
(<20%) to fill the gravel to boulder interstices, or soil-like
(>20%) where larger particles are generally surrounded by
fine-grained material [Smith and Beckie, 2003].

[11] An instrumented experimental waste-rock pile was
constructed at the site in 1998 and was designed to mimic
the behavior of the upper meters of a much larger unsatu-
rated rock pile. Simplified plan and cross sectional views of
the pile are shown in Figure 1. The instrumented core of
the pile had a footprint of 8 m by 8 m and is 5 m high. Out-
flow from the base of the pile was collected in a contiguous
grid of 16 lysimeters (Figure 1, inset). The pile rested on a
contoured cement pad lined with a PVC geomembrane.
Plywood lined with a 60 mil HDPE geomembrane was
placed from the base of the pile to the surface to isolate the
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central core of the pile and prevent lateral diversion of flow
around the zero pressure lysimeters at the base. The sides
provided lateral no-flow boundaries, allowing all flow to be
captured at the basal lysimeters but also limited the possible
lateral extent of spatially distinct flow pathways. Waste rock
was placed in the pile using a large excavator, taking care to
prevent damage to instrumentation. The resulting waste rock
texture matched the range of textures seen in excavations of
existing waste rock piles on site. It was highly heterogene-
ous, ranging from 1.0 m diameter boulders to clay, with
areas that were matrix supported and areas with matrix-free
cobbles and boulders. No runoff was permitted and the soil
surface was not vegetated. Outflow from each 2 m by 2 m ly-
simeter was separately piped to an instrumentation hut where
outflow was measured using tipping-bucket rain gauges. Tip
intervals range from less than a second to tip intervals of 10s
of minutes. The raw data set consists of the event times of
each tip of the outflow meters. The raw tip data was con-
verted to flow rate using meter-specific calibrations, errone-
ous data were manually removed, gaps filled, and then flow
was interpolated to a 15 min time interval. A weather station
with a rain gauge on top of the pile recorded incident natural
and artificial rainfall events. Additional information about
the setup can be obtained from Nichol et al. [2005].

3. Modeling Approach
3.1. General Overview of the Methodology

[12] The methodology is based on linear systems theory.
The idea is to relate rainfall and outflow data in order to
identify a nonparametric empirical transfer function. We
then fit a model with two parameters to the empirical transfer
function to provide a parameterized transfer function model.

[13] In linear systems, convolution is used to describe
the relationship between three signals: the input signal X,
the impulse response (i.e., the output of a delta function
input signal) f, and the output signal Y. This relationship
can be expressed as follows:

Y ðtÞ ¼
Z 1
�1

f ðt � �ÞX ð�Þd�: ð1Þ

According to the spectral representation theorem, a station-
ary stochastic process X has a spectral representation of
the form

X ðtÞ ¼
Z 1
�1

ei!tdZX ð!Þ; ð2Þ

where dZX ð!Þ stands for the complex Fourier amplitudes
of a stochastic process with orthogonal increments ZX, ! is
the frequency, and i ¼ (�1)1/2 [Lumley and Panofsky,
1964; Priestley, 1981].

[14] From the properties of an orthogonal process it fol-
lows that

E dZX ð!iÞdZ�X ð!jÞ
� �

¼ �ij�XX ð!Þd!; ð3Þ

where E [ ] is the expected value, the asterisk denotes the
complex conjugate, �XX is the spectral density or spectrum
of X(t), and �ij is the Kronecker delta.

[15] Equations (2) and (3) allow expressing (1) in spec-
tral representation

�YY !ð Þ ¼ jF !ð Þj2�XX !ð Þ; ð4Þ

where �YY !ð Þ is the spectrum of the output signal and
jF !ð Þj2 is the transfer function (TF).

3.2. Estimation of the TF From Outflow Data
[16] The spectral signature of the water released at the

bottom of the pile and recorded as outflow in each lysime-
ter is now analyzed. Data comes from an eight-month pe-
riod (1 March to 31 October 2000) with fluxes of 10–8 to
10–6 m s�1. During the winter season the top of the pile is
frozen and so precipitation does not produce input. Drain-
age decreases monotonically from November to March,
following a similar drainage curve in each lysimeter to a
flux of <1 � 10�9 m s�1. The winter part of the time series
is not included in this study.

[17] The two variables compared are rainfall r and out-
flow q. In each individual lysimeter the transfer function is

Figure 1. Simplified cross section of constructed pile experiment and plan view of experiment core
(inset).
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given from (4) as the ratio between the spectrum of the out-
put �qq !ð Þ (i.e., outflow through a given lysimeter) divided
by the spectrum of rainfall �rr !ð Þ (the same for all lysime-
ters) and can be expressed as

jFemp !ð Þj2 ¼
�qq !ð Þ
��rr !ð Þ

; ð5Þ

where jFemp !ð Þj2 is the empirical transfer function and � is
a normalization coefficient. This coefficient is incorporated
in the model to account for the differences between the the-
oretical cumulative infiltration value within a given cross
sectional area of the soil surface to the cumulative outflow
measured through the projection of that cross sectional area
to the outflow measurement depth. In our experiment this is
the footprint of 2 m � 2 m individual lysimeters, or larger
areas covering several lysimeters at once.

3.3. Data Analysis
[18] We examine transfer functions for all 16 individual

lysimeters at a first stage. Additionally, we aggregate the
output signal to represent multiple lysimeters, considering
the pile divided into quarters and globally as a single unit.

[19] The rainfall data for the study period consists of a
time series of 3221 unevenly spaced tipping-bucket rain
gauge event times. Data was then converted into a flow
time series without data smoothing.

[20] A computationally efficient method for spectral
analysis is the fast Fourier transform. Unfortunately, this
method requires the time series data to be evenly spaced. In
order to avoid spurious effects of symmetrization techni-
ques, in our analysis we made use of the periodogram com-
puted using the Lomb algorithm [Lomb, 1976], which is
especially suited for unevenly spaced data. Also, a spline
cosine bell taper is applied to minimize the influence of
large peaks to adjacent frequency bins [Press et al., 1986].

[21] The periodogram of the rainfall is showed in Figure
2a. The periodogram has no obvious trend with respect to
frequencies, indicating that rainfall can be considered a sta-
tionary stochastic process, with short time correlation. Figure
2b shows the spectrum of the outflow through lysimeter 9

for comparison. This section of the pile is acting as a low-
pass filter attenuating the input signal at high frequencies.
The residual signal at high frequencies is produced by a fast
flow component (i.e., preferential flow) that results in an as-
ymptotic behavior of the spectrum. The relative noise of the
spectrum (as well as all the other ones presented in this pa-
per) is related in part to the acquisition system, based on tip-
ping buckets rather than a continuous record.

3.4. Conceptual Model
[22] The two components of flow (i.e., fast and slow)

have been decoupled assuming that the rate of flow is differ-
ent in the two zones of the domain (i.e., matrix and macro-
pores). In our model we assume that there is no interchange
between the two zones and that the water that infiltrates
through the macropores is released instantaneously (in a
higher pile large delay could be expected and included in
the model). Using spectral representation we can express
the water outflow in the basal lysimeters as follows:

dZq !ð Þ ¼ Fmatrix !ð Þ 1� �ð Þ þ �½ �dZr !ð Þ; ð6Þ

where dZq and dZr are the spectral amplitudes of the out-
flow and the effective infiltration, respectively, � is the
fraction of the effective infiltration that is driven through
the macropores, and Fmatrix is the spectral amplitude of the
impulse response of the matrix.

[23] If we take the expected value of dZq times its com-
plex conjugate we can express the TF of the whole system
as follows:

TF ¼ E Fmatrix !ð Þ 1� �ð Þ þ �½ �f F�matrix !ð Þ 1� �ð Þ þ �
� ��

; ð7Þ

An explicit expression of (7) is obtained by considering
the matrix as a linear reservoir [Duffy et al., 1984]. In this
case we can express the relationship between the effective
infiltration and the outflow through the matrix as follows:

dV tð Þ
dt
¼ rmatrix tð Þ � qmatrix tð Þ; ð8Þ

Figure 2. Periodograms of (a) rainfall and (b) the outflow through lysimeter 9.
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where rmatrix ¼ 1� �ð Þr and qmatrix are the effective infil-
tration and the outflow through the matrix, and V is the vol-
umetric soil moisture per unit area given by

V tð Þ ¼
Z z0

0
� z; tð Þdz; ð9Þ

where � is the local soil moisture content taking only the
matrix into account, and z0 is the height of the rock pile.
The linear model adopted implies that the outflow qmatrix is
related to V by

qmatrix tð Þ ¼ al V tð Þ � V0½ �; ð10Þ

where al is the soil-moisture reservoir coefficient and V0 is
the minimum soil-moisture storage approximately equal to
residual moisture content (for example, measured at the
end of the winter period) times the vertical extent of the un-
saturated zone (V0 ¼ �0z0).

[24] In the linear model, water infiltrating at surface will
immediately begin to raise the total water content [V(t)]
(equation (9)) leading to an immediate change in outflow
(equation (10)), that will increase linearly with precipita-
tion. We recognize that a matrix wetting front would
require a finite time to reach the base of the pile for an out-
flow response to occur. This means that some outflow vol-
ume is attributed to outflow from the matrix reservoir at
short times, and hence some macropore flow (�, equation
(6)) may be underestimated. This duality has important
implications in upscaling and model predictability to be
explored later.

[25] It is worthwhile to note that the soil-reservoir coeffi-
cient (al) has dimensions of inverse time units ([T–1]). In a
coarse portion of the pile, with steep soil water and hydrau-
lic conductivity characteristic curves, a small change in
water content would lead to a large change in hydraulic
conductivity and flux rate at the surface, and hence a rapid
movement of a wetting front. In the linear model, a large al
value in (10) leads to closer match of input and output flow
rate (9), and hence a lower overall change in storage over
the event. In this way, 1/al can be somewhat related to a
characteristic time that is representative of the lag time of
the water released by the matrix. It is not equal to a propa-
gation velocity of a wetting front, but quantifies the time
scale of dissipation of a perturbation taking place at the sur-
face of an equivalent matrix reservoir.

[26] By combining (8) and (10) and using spectral repre-
sentation we can write Fmatrix as

Fmatrix ¼
1� i!=al

1þ !2=a2
l

: ð11Þ

By substituting Fmatrix and its complex conjugate into (7)
we obtain an explicit expression of the TF of the system

TF !ð Þ ¼ 1
1þ �2

1� �2
� �

þ �2; ð12Þ

where � ¼ !=al. From Figure 3 we see that when there is
no preferential flow (� ¼ 0) TF decreases as a power law
in the logarithm of the dimensionless frequency � (actually
��2). As already observed in section 3.3, in the presence of

preferential flow, the transfer function shows an asymptotic
behavior where the impulse response of the signal at high
frequencies is proportional to �2.

4. Calibration, Model Performance, and
Discussion
4.1. Individual Lysimeters

[27] First, we analyze the � coefficients. As stated
before, this coefficient relates the outflow to the theoretical
inflow at the area located at the top of the pile correspond-
ing to the soil surface projection of the footprint of the flow
measurement area at depth.

[28] Thus, in our experimental setup, it accounts mainly
for horizontal water redistribution within the different sec-
tions of the pile, and is intrinsically linked to the structural
heterogeneity of the medium. Information about this spatial
dependency can be obtained a priori by analyzing the
amount of water released by each lysimeter (Table 1).
While the average flow recorded in the system is 0.82 m3

per lysimeter in the considered period, actual registered

Figure 3. Dimensionless parametric TF as a function of
different � values.

Table 1. Summary of the Water Released by Each Lysimeter
During the Period Considered

Lysimeter Number Water Released (m3)

1 0.68
2 0.77
3 0.39
4 0.62
5 0.44
6 2.01
7 0.82
8 0.57
9 0.56

10 0.86
11 0.89
12 0.71
13 1.37
14 0.82
15 0.80
16 0.75

Average 0.82
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outflow values range from 2.01 m3 in lysimeter 6 (244% of
the mean value) to 0.39 m3 for lysimeter 3 (47%). Notice
that in a real pile the infiltrated amount would not be equal
to rainfall due to the combination of runoff and evaporation
processes at the top of the pile. These effects could either
be filtered a priori (performing a water balance at the soil
surface), or included within �. It is worthwhile to note that
the individual outputs are highly heterogeneous. This is
illustrated for example by the analysis of the outflow in
lysimeters 8 and 9 (Figure 4). Analyzing the responses to
the individual artificially induced precipitation event of 18
July 2000, the outflow from lysimeter 8 shows a fast and
sharp response, while that of lysimeter 9 is smooth and slow
(Figure 4b). Thus, although both lysimeters released almost
the same total amount of water during the full nine-month
period (i.e., similar � value), their spectral density functions
are very different (Figure 4a), in particular when looking at
the output signal at high frequencies (i.e., short times).

[29] Next, each empirical TF has been parameterized
using equation (12). The two fitting parameters (al and �)
have been determined by a trial and error approach that
minimizes the sum of squared differences between the em-
pirical TF and the parametric TF. The results of the fitting
are shown in Figure 5 and summarized in Table 2 for each
lysimeter with the exception of lysimeters 10, 11, and 12
that have a noisy time series that makes the calibration
unreliable (Figure 6).

[30] From Table 2 we can see that the soil-moisture res-
ervoir coefficient (al) has a limited range from 0.02 to 0.04
day–1. Further interpretation of this parameter can be under-
stood by looking at the solution of (8) that takes this form:

V � V0 ¼ Vs � V0ð Þexp �altð Þ; ð13Þ

where Vs is the initial soil-moisture content averaged over
the vertical extent of the unsaturated zone. By analogy with
other physical processes undergoing first-order decay, we
can define a characteristic time of water remaining in the
matrix in the following form:

tc ¼
ln 2ð Þ

al
: ð14Þ

Here tc represents the time when half of the volume of the
recharge impulse occurring at the top and not flowing
through macropores has reached the bottom. The character-
istic times obtained from the calibration range between 17
and 34 days. This is averaged over all events of varying
duration and starting water content (Vs) within the eight-
month period. For a 5 m pile, this means average character-
istic velocities ranging from 0.14 to 0.29 m d�1.

[31] It is worthwhile to note that in the calibration pro-
cess, al values are strongly influenced by the fastest compo-
nents of the discharge through the matrix while the very
slow base discharge is implicitly neglected because of the
time series that we analyze is only eight months in dura-
tion. The total infiltrated amount leads to an average infil-
tration of 0.31 m yr�1. An additional experiment performed
at the site included a tracer test running from September
1999 to August 2002. The first year of data determined that
cumulative tracer recovery per lysimeter ranged from 11%
to 117% of the tracer mass applied above each lysimeter
which encompasses both variations in total flow, and in
macropore or preferential flow (�) [Nichol, 2002; Nichol
et al., 2005]. From the measured transport data preliminary
estimates of median transport time for the whole pile
ranges from 2.0 to 3.9 years, This reinforces that al is
related to average response time rather than actual resi-
dence time.

[32] In short, the fitting process leads to calibrated al

values being quite constant. Thus, it is considered that this
parameter is mostly related to the textural properties of the
matrix, rather than to the spatial arrangement of the struc-
tured soil.

[33] The fitted � values show a high spatial variability.
This occurs as a consequence of the direct dependence of
preferential flow on the spatial arrangement of matrix-
supported and matrix-free zones. In the study of Nichol
et al. [2005] local regions that are matrix supported and
local regions with matrix-free cobbles and boulders were
observed during construction. From Table 2 we see that
there is a set of lysimeters that has a very low fraction of
preferential flow (lysimeters 2, 3, 4, 13, 14, and 15). This
fraction is lower than 1% out of the total flow volume but
an accurate estimation of this value is not possible because

Figure 4. (a) Periodograms of outflow through lysimeters 8 and 9 compared to (b) actual outflow
collected at the same lysimeters after the application of a single artificial rainfall event (indicated by the
arrow).
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the signal of the corresponding outflow time series at high
frequencies is very low. Another set of lysimeters (lysime-
ter 1, 5, 9, and 16) shows a moderate rate of preferential
flow ranging from 3% to 5% while the remaining lysime-
ters (lysimeter 6, 7, and 8) show an important component
of preferential flow ranging from 9% to 15%. It is interest-

ing to note that the lysimeters belonging to each group are
spatially clustered. This scale of clustering suggests hetero-
geneity at scales larger than the largest boulder size and
may be related to the construction technique or the random
position of the very large (>0.5 m diameter) boulders
within the pile. On the other hand, the � value and the

Figure 5. Empirical TF (dotted line) and simulated TF (solid line) for each lysimeter (except lysimeters
10, 11, and 12).
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amount of water released by each individual lysimeter dur-
ing the period considered (given by �) do not display a
clear spatial correlation (see Figure 7).

4.2. Lysimeters Organized Into Clusters
[34] The same analysis that was carried out for individ-

ual lysimeters has also been performed on outflow data cre-
ated by aggregating the outflow from contiguous lysimeters
into quarters of the pile as indicated in Figure 8. The results
of the calibration to these aggregated outflows are shown in
Figure 9 and summarized in Table 3. Notice that in order to
produce the mean values we used a zero value for lysime-
ters 10, 11, and 12, where we could not make a reliable cal-
ibration. It turns out that all quarters (except one) provide a
calibrated � value that is lower than the weighted mean of
the � values of their individual lysimeters (the weights here
are taken as the proportion of the released water divided by
the total one). This observation is confirmed by a further
upscaling obtained by aggregating all the lysimeters to-
gether. The calibration of the resulting TF (Figure 10) gives
an estimated � equal to 0.02 indicating that at large scales
the pile is mostly acting as an equivalent matrix reservoir,
while the weighted average from the 16 small lysimeters is
close to 0.04.

[35] The somewhat surprising point is that the � values
do not upscale arithmetically. The reason is associated with
the slight heterogeneity in al, meaning that water does not
reach the bottom of the pile at exactly the same times. The
high frequency responses that would contribute to higher
values of alpha in individual lysimeters combine together
to form an averaged response at the pile level which has
a lower spectral frequency. Thus, when looking at the

upscaled lysimeter, some of the water really flowing
through a macropore is considered as flowing through the
matrix. This way, the actual separation between the two
flow systems is scale dependent. This observation has a
strong implication in the potential release of chemicals
from the pile, associated with the different processes taking
place in the macropores and the matrix.

[36] It is worth noting that the geometry of waste rock
piles is dynamic. Piles grow with time during mine opera-
tions. At the same time, the base area increases. Thus we
can use our site as a surrogate for the real behavior of ‘‘real’’
sites being expanded laterally during the mine life. First, we
analyze the outflow from a small area (in our case one ly-
simeter), and then we keep analyzing larger areas with time
(in our case, a quarter and then the full set). Our results indi-
cate that the � values for large areas cannot be obtained
from arithmetic averaging of the values at smaller sizes, but
rather a slightly larger value is obtained. Depending on the
problem at hand this result is conservative or risky. For
example, for leachate evaluation the safe option is using the
smallest possible � values, and so arithmetic averaging will
be on the safe side. Another interesting result is that al is
quite constant, and thus can be upscaled without problems.

5. Conclusions
[37] We modeled water flow through a highly heteroge-

neous unsaturated medium using a double porosity model,
including macropores and the presence of a conductive ma-
trix. The latter is modeled by a linear transfer function

Table 2. Results of the Calibration for Each Individual Lysimeter

Lysimeter a1 (d�1) �

1 0.02 0.03
2 0.02 <0.01
3 0.03 <0.01
4 0.03 <0.01
5 0.02 0.03
6 0.03 0.15
7 0.04 0.07
8 0.03 0.08
9 0.02 0.03
13 0.04 <0.01
14 0.03 <0.01
15 0.03 <0.01
16 0.04 0.05

Figure 6. Empirical TF for lysimeter 10, 11, and 12. The noise prevented obtaining a reliable
calibration.

Figure 7. Water released during the period considered
(1 March – 30 October 2000) versus calibrated �.
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from the top to the bottom of the pile. It is worth noting
that our work relies on a simplified approach that aims at
capturing quantitative information about the behavior of a
very complex medium using just two lumped parameters.
By construction, the model neglects important features of

unsaturated media, such as their hysteretic nature or the dif-
ferent spatial and temporal signature of preferential flow.
Nonetheless, we argue that the main advantage of this
methodology lies precisely in its simplicity. In fact, instead
of using mechanistic models, which in these conditions
pose problems in terms of reliability, the model is kept as
simple as possible, while capturing the essential features of
interest (i.e., the preferential flow fraction and some charac-
teristic time of the flow through the matrix). The main con-
clusions of the study can be summarized as follows:

[38] 1. The variability in the amount of water released by
each lysimeter highlights the important role played by hori-
zontal redistribution. This effect is implicitly taken into
account in the model through a normalization coefficient �

Figure 8. Location of the lysimeters aggregated into
quarters.

Figure 9. Empirical TF (dotted line) and simulated TF (solid line) for the lysimeters aggregated into
quarters (a) SW, (b) NW, (c) SE, and (d) NE.

Table 3. Results of the Calibration for a Combination of Four
Lysimeters Aggregated (Figure 8) and All Lysimeters Aggregated
Togethera

Lysimeters a1 (d�1) �
P

�i�i=
P
�i

SW(1 þ 2 þ 5 þ 6) 0.02 0.07 0.09
NW(3 þ 4þ7 þ 8) 0.03 0.02 0.04
SE(9 þ 10 þ 13 þ 14) 0.03 0.02 0.01(�)
NE(11 þ 12 þ 15 þ 16) 0.03 0.01 0.01(�)
SW þ NW þ SE þ NE 0.03 0.02 0.04

aThe �i values are the amount of water released in each individual ly-
simeter and the sums go from i ¼ 1 to either 4 or 16. (�) indicates the aver-
age is performed with an incomplete data set.
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(equation (5)). In a more general problem this same coeffi-
cient can also be used to include processes reducing infiltra-
tion through the pile, such as evapotranspiration or runoff.

[39] 2. The fitting of the parameteric transfer function
model allows one to infer information about the character-
istic time of the flow through the matrix (equation (14)).
The results show that al is quite constant, being related to
the textural properties of the matrix and not to the spatial
arrangements of the well-structured soil. The characteristic
time inferred does not account for the flow components that
travel slower than the eight-month period of data analyzed.

[40] 3. The fitted � values display large spatial variability.
The different degrees of preferential flow observed within
each section of the pile are spatially clustered, indicating a
dependence of preferential flow patterns with textural hetero-
geneities occurring as a result of the construction procedure.

[41] 4. A poor correlation is observed between the degree
of preferential flow of a given section and the relative
amount of water released by the same section.

[42] 5. If we repeat the calibration exercise by considering
upscaled sections of the pile we see that the variability of �
decreases and the behavior of the pile tends to approximate
that of an equivalent matrix reservoir. The resulting upscaled
� values are in general smaller than the predicted values that
would be obtained by performing a weighted average of the
small-scale values. This outcome would be especially impor-
tant in determinations of actual leaching rates.

Appendix A: Spectral Amplitude of the Impulse
Response of the Matrix

[43] Combining equations (8) and (10) one can express
the relationship between the effective infiltration and the
outflow through the matrix as follows:

1
al

dqmatrix tð Þ
dt

þ qmatrix tð Þ ¼ rmatrix tð Þ: ðA1Þ

Equation (A1) can be rewritten using spectral represen-
tation

Z 1
�1

exp i!tð Þ 1
al

i!dZq þ dZq � dZr

� �
¼ 0; ðA2Þ

where dZq and dZr are the Fourier amplitudes of qmatrix and
rmatrix, respectively. It turns out that the only solution of
(A2) is given by

dZq ¼
1

1þ i!=al

� �
dZr: ðA3Þ

From (A3) we can obtain the spectral amplitude of the
impulse response of the matrix

Fmatrix ¼
1� i!=al

1þ i!2=a2
l

: ðA4Þ
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