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Chapter 6

Assessing preferential flow through an

unsaturated waste rock pile using

spectral analysis∗

6.1 Introduction

In most natural soils irregular paths exist where water and solutes move faster bypassing most of

the porous matrix. These mechanisms are of great importance in mining related problems where

the chemical composition of mine water release depends on the residence time of the water within

the medium.

One of the main cause of preferential flow is the high heterogeneity of natural soil textures.

These can include (1) macropores generated by cracks or spatial arrangement of well-structured

soils [6], (2) earthworms burrows [28] and root channels [37] in unstructured soils, (3) hetero-

geneity of the granular matrix [71] and (4) textural boundaries that result in horizontal redirection

∗ Trinchero, P., Beckie, R., Sanchez-Vila, X., Nichol, C. in preparation for submission .
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(i.e. funneling) of water [54, 55]. Preferential flow is also attributable to instability of the wetting

front that can be either related to the textural structure of the matrix [23] or induced by specific

behaviors of the fluids involved [4, 47].

In the last decades several works have documented the existence of preferential flow through

the assessment of field evidence. Roth et al. [78] analyzed horizontal averaged concentration pro-

files of chloride that developed after solute was applied at the surface. They observed that the

initial pulse of solute split into a main pulse, moving slowly, and a second deeper front (moving

quickly). The development of preferential flow mechanisms in a medium having a water repel-

lent topsoil was studied by Ritsema et al. [76] who argued that, in these media, water and tracers

are horizontally redistributed before finding a preferential flow path. Flury et al. [31] studied the

flow pathways of water in 14 different soils through the use of dye-tracers. They found that the

maximum penetration of water was deeper in structured than in nonstructured soils. Their results

also showed that the flowpaths were dependent on the initial soil water content (’wet’ or ’dry’) al-

though a common model was not found. Observations of the vertical distribution of environmental

isotopes (tritium, oxygen 18 and deuterium) demonstrated the existence of preferential flow in the

vadose zone of the Negev desert (Israel) [65]. Water discharge and tracer arrival time at different

lysimeters located at the bottom of a waste rock pile were studied by Nichol et al. [70] to assess

the existence of preferential flow. The results of the tracer experiments showed a great spatial

variability with some lysimeters having a fast response to the perturbation generated at the surface

and others where flow and transport where mainly driven by the matrix.

An extensive body of literature exists that deals with different approaches to model flow in un-

saturated structured soils [87, 36]. In these media, the difficulty to apply flow and transport models

based on Richards’ equation has been overcome by the development of dual-domain approaches

that 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) [96] or considering that

the rate of flow and transport is different in each zone (dual-permeability models) [35].
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The difficulty of implementation of mechanistic models (i.e. dual porosity models) arises

from the need of a rigorous microscopic description of the medium to obtain reliable ’upscaled’

hydraulic parameters. This description is often infeasible in real applications where the size of the

medium and the high heterogeneity of its textural structure make impossible a detailed characteri-

zation of its hydraulic properties. An alternative procedure consists in lumping all the parameters

together and focusing on the average behavior of the system. The approach that we pursue here

assumes the medium is a linear filter and simulates the output of the system (e.g. outflow, con-

centration, etc.) as the input convoluted with the filter, which is also called a transfer function

T F. This methodology has been extensively used in many hydrogeological studies in particular

concerning the analysis of spring flow from karst aquifers [26, 59, 24].

In this work we model unsaturated water flow in a complex, highly heterogeneous system

using a simple linear representation. The aim of this approach is to identify the average behavior

of the system and specifically the mean rate of preferential flow occurring and some characteristic

time scale of the flow through the matrix. The model is implemented by computing the empirical

T F of lysimeters at the base of Nichol et al’s (2005) experimental waste rock pile. The T F is then

parametrized by decoupling the two flow components (fast and slow). A similar approach was

used by Molenat et al. [64] to simulate the response of a catchment to a rainfall event. The fit of

the parametric T F with the empirical one allows to estimate the two above-mentioned parameters.

6.2 Study area and monitoring scheme

The data set that we examine here comes from the instrumented waste-rock pile experiment of

Nichol et al. [70] at the Cluff Lake Uranium Mine in northern Saskatchewan (Canada). The waste

rock at the mine is composed of aluminous gneisses and granitoids from the Precambrian Peter

River Gneiss formation. Waste rock is defined as any rock that must be removed to gain access

to ore-grade material at a mine. The waste rock at the Cluff Lake Mine has a broad grain size
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distribution, which included boulders up to 1.5 m in diameter. The proportion of fine material

(< 2mm) was sufficiently large (> 20%) that the waste rock was expected to behave more like a

soil than a coarse granular material [88].
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Figure 6.1: Simplified cross section of constructed pile experiment and plan view of experiment

core (inset A).

The instrumented experimental waste-rock pile was constructed at the site in 1998 and was

designed to mimic the behavior of the upper 5 m of a much larger unsaturated waste rock pile.

Simplified plan and cross sectional views of the pile are shown in Figure 6.1. The instrumented

core of the pile has a footprint of 8 m by 8 m and is 5 m high. Outflow from the base of the pile

is collected in a contiguous grid of 16 lysimeters (Figure 6.1, Inset A). This design leads to the

formation of a water table at the base of the pile. The pile rests 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 central core of the pile and prevent lateral diversion of

flow around the zero pressure lysimeters at the base. The sides provide lateral no-flow boundaries

to matrix flow, allowing all flow to be captured at the basal lysimeters but also limit 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

matches the range of textures seen in excavations of existing waste rock piles on site. It is highly
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heterogeneous, ranging from 1.5 m diameter boulders to clay, with areas that are matrix supported

and areas with matrix-free cobbles and boulders. Outflow from each 2 m by 2 m lysimeter is

separately piped to an instrumentation hut where outflow is measured using tipping-bucket rain

gauges. The raw data set consists of the event times of each tip of each rain gauge flow meter.

A rain gauge on top of the pile recorded incident natural and artificial rainfall events. Additional

information about the setup can be obtained from [70]

6.3 Modeling approach

6.3.1 General overview of the methodology

We use linear systems theory and rainfall and outflow data to identify a non-parametric empirical

transfer function. We then fit a model with two parameters to the empirical transfer function to

provide a parameterized transfer function model. 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(t) =

∫ ∞

−∞

f (t − τ)X(τ)dτ (6.1)

According to the spectral representation theorem, a stationary stochastic process X has a spec-

tral representation of the form

X(t) =

∫ ∞

−∞

expiωt dZX(ω) (6.2)

where dZ(ω) are the complex Fourier amplitudes of a process with ortogonal increments Z, ω is

the frequency and i = (−1)1/2 [75].
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From the properties of the orthogonal processes it follows that

E
[

dZX(ω)dZ∗X(ω′)
]

= δi jφXX(ω)dω (6.3)

where E [ ] is the expected value, the asterisk denotes the complex conjugate, φXX is the

spectral density or spectrum of X(t) and δi j is the Kronecker delta.

Equation (6.2) and (6.3) allows us to express (6.1) in spectral representation

φYY (ω) = |F(ω)|2 φXX(ω) (6.4)

where φYY (ω) is the spectrum of the output signal and |F(ω)|2 is the transfer function (T F).

6.3.2 Estimation of the T F

In our work we are concerned about the spectral signature of the water that after infiltrating at the

top of the pile is released at the bottom and collected in each lysimeter. The data we use comes

from an eight-month period (March 1 to October 31, 2000). During the winter season the top of

the pile is frozen and so rainfall does not produce input. Thus, we have not included this part of

the time series in our study.

The transfer function is given by the spectrum of the output (i.e. outflow through a given

lysimeter) divided by the spectrum of the input (i.e. effective infiltration in the section projected

vertically for each given lysimeter) and can be expressed as follows

∣

∣

∣Femp(ω)
∣

∣

∣

2
=
φqq(ω)

µ2φrr(ω)
(6.5)

where
∣

∣

∣Femp(ω)
∣

∣

∣

2
is the empirical transfer function, φqq(ω) and φrr(ω) are the spectra of the
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output and input, respectively, and µ is a normalization coefficient.

6.3.3 Data analysis

For the study period, rainfall data consists of a time series of 3221 unevenly spaced tipping-bucket

raingauge event times. The effective input (i.e. effective infiltration) is given by the rainfall minus

the evapotranspiration (no runoff is observed at the site). Horizontal redistribution also plays an

important role within each section of the pile. The normalization coefficient, µ, in (6.5) implicitly

accounts for both evapotranspiration and internal water redistribution and is calculated as the ratio

of the water released by the given lysimeter divided by the volume of precipitation for the given

section during the period considered (see Table 6.1). The average value of µ = 0.63 indicates that

37% of rainfall does not reach the lysimeters, which we associate to evapotranspiration. The fact

that two lysimeters (lysimeter 6 and 13) have a µ larger than 1 is indicative of the importance of

horizontal redistribution in these kinds of media as already observed by [76].

To reduce numerical leakage, before computing the periodogram each series has been tapered

using a cosine bell taper. Then the spectrum has been estimated by mean of the periodogram

computed using the Lomb algorithm [58].
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Figure 6.2: Periodogram of the rainfall (a) and of the outflow through lysimeter 9 (b).
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lysimeter number water released (m3) µ

1 0.68 0.53

2 0.77 0.60

3 0.39 0.30

4 0.62 0.48

5 0.44 0.34

6 2.01 1.56

7 0.82 0.64

8 0.57 0.44

9 0.56 0.43

10 0.86 0.67

11 0.89 0.69

12 0.71 0.55

13 1.37 1.06

14 0.82 0.64

15 0.80 0.62

16 0.75 0.58

AVERAGE 0.82 0.63

Table 6.1: Summary of the water released by each lysimeter during the period considered and ratio

µ of the water released divided by the volume of precipitation corresponding to each section (1.29

m3)

The periodogram of the rainfall is showed in Figure 6.2(a). The periodogram is flat indicating

that the rainfall events have a short time correlation. Figure 6.2(b) shows the spectrum of the

outflow through lysimeter 9 for comparing purposes. This section of the pile is acting as a low-

pass filter attenuating the input signal at high frequencies. The residual energy of the signal at

high frequencies is produced by a fast flow component (i.e. preferential flow) that results in an

asymptotic behavior of the spectrum.

6.3.4 Conceptual model

The two components of flow (i.e. fast and slow) have been decoupled assuming that the rate

of flow is different in the two zones of the domain (i.e. matrix and macropores). 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. Using spectral representation we can express
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the water outflow in the basal lysimeters as follows

dZq(ω) = (Fmatrix(ω)(1 − α) + α)dZr(ω) (6.6)

where dZq and dZr are the spectral amplitudes of the outflow and the effective infiltration respec-

tively, α 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.

If we take the expected value of dZq times its complex conjugate we can express the TF of the

whole system as follows

|Fwhole(ω)|2 = (Fmatr(ω)(1 − α) + α))(F∗
matr(ω)(1 − α) + α)) (6.7)

An explicit expression of (6.7) is obtained by considering the matrix as a linear reservoir

[27]. In this case we can express the relationship between the effective infiltration and the outflow

through the matrix as follows

dV(t)

dt
= rmatr(t) − qmatr(t) (6.8)

where rmatr = (1 − α)r and qmatr are the effective infiltration and the outflow through the matrix,

and V is the volumetric soil moisture given by

V(t) =

∫ z0

0

θ(z, t)dz (6.9)

where θ is the local soil moisture content and z0 is the vertical extent of the unsaturated zone in

this case the full height of the rock pile. The outflow qmatr is related to V by



122

CHAPTER 6. ASSESSING PREFERENTIAL FLOW THROUGH AN UNSATURATED

WASTE ROCK PILE USING SPECTRAL ANALYSIS

qmatr(t) = al(V(t) − V0) (6.10)

where al is the soil-moisture-reservoir coefficient and V0 is the minimum soil-moisture storage

approximately equal to the field capacity times the vertical extent of the unsaturated zone (V0 =

θ0z0).

It is worthwile to note that the soil-reservoir-coefficient has dimensions of inverse time unit

(
[

T−1
]

) and is somehow representative of the lag-time of the water released by the matrix. In

other words, the inverse of the soil-reservoir-coefficient is a characteristic time which quantifies

the velocity of dissipation of a perturbation taking place at the surface of an equivalent matrix

reservoir.

By combining (6.8) and (6.10) and using spectral representation we can write Fmatr as follows

Fmatr =
1 − iω/al

1 + ω2/a2
l

(6.11)

By substituting Fmatr and its complex conjugate into (6.7) we obtain an explicit expression of

the TF of the system

|Fwhole(ω)|2 =
1

1 + Ω2
(1 − α2) + α2 (6.12)

where Ω = ω/al. From Figure 6.3 we see that, when there is no preferential flow (α = 0), Fwhole

decreases linearly with the logarithm of the dimensionless frequency (Ω) meaning that at high

frequencies the energy of the impulse response is almost null. As already observed in the previous

section, in the presence of preferential flow, the transfer function shows an asymptotic behavior

where the energy of the impulse response signal at high frequencies is proportional to the square

of α.
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Figure 6.3: Dimensionless parametric TF as a function of different α values.

6.4 Results and discussion

As already stated in the previous chapters, the presence of preferential flow in a given section of

the pile is directly reflected by the shape of the spectrum of its outflow time series. This means

that a section where the flow is mainly driven by the matrix acts as a perfect low-pass filter while a

section where an important fraction of the infiltration is channeled and released by the macropores

has a spectrum showing an asymptotic behavior.

Figure 6.4(a) shows the spectrum of the outflow through lysimeter 8 and 9. Altough both

lysimeters released almost the same quantity of water during the period considered (see Table 6.1),

their spectral density functions are different at high frequencies where the energy of the output

signal through lysimeter 8 is higher than that through lysimeter 9. This behavior is confirmed by

looking at the outflow through both lysimeters after the application of a single artificial rainfall

event on 18 July 2000 (Figure 6.4b). Lysimeter 8 shows a fast and sharp response to the artificial

recharge while the outflow through lysimeter 9 is smooth showing a slow response.
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Figure 6.4: Periodogram of the outflow through lysimeter 8 and 9 (a) and outflow through the

same lysimeter after the application of a single artificial rainfall event (indicated by the arrow) (b)

lysimeter a1(day−1 α

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 0.14

7 0.04 0.08

8 0.03 0.10

9 0.02 0.04

13 0.04 <0.01

14 0.03 <0.01

15 0.03 <0.01

16 0.04 0.05

Table 6.2: results of the calibration for each individual lysimeter

The empirical TF of each lysimeter has been computed following the methodology and the

data treatment explained in the previous sections. Each empirical TF has been parametrized using

Equation 6.12. The two fitting parameters (al and α) have been calibrated by a trial and error ap-

proach that minimizes the sum of squared differences between the empirical TF and the parametric

TF. The results of the calibration are shown in Figure 6.5 and summarized in Table 6.2 for each

lysimeter with the exception of lysimeters 10 11 and 12 that have a noisy time-series that makes

the calibration unreliable.
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Figure 6.5: Empirical TF (dotted line) and simulated TF (solid line) for each lysimeter
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From the table we can see that the soil-moisture-reservoir coefficient (al) is quite constant rang-

ing from 0.02day−1 to 0.04day−1. The meaning of this parameter can be understood by looking at

the solution of (6.8) that takes this form

V − V0 = (Vs − V0) exp(−alt) (6.13)

where Vs is the initial soil-moisture content averaged over the vertical extent of the unsaturated

zone. By analogy with radioactive decay, we can define a characteristic time of the matrix in the

following form

tc =
1

al

ln(2) (6.14)

tc represents the time when half of the perturbation (i.e. recharge) occurring at the top of an

equivalent matrix system, is dissipated (i.e. released) at the bottom. The characteristic times ob-

tained from the calibration range between 17 and 34 days. It is worthwhile to note that in our

methodology we in effect homogenize the matrix by lumping its intrinsic heterogeneities within

only one parameter (al). In the calibration process, al 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 8 months in duration. This makes difficult to

correlate the estimated characteristic time with the residence time calculated using the classical

methodology of net infiltration divided by mean volumetric content times effective volume, or by

travel time of a tracer through the system.

The calibrated α values show a high space 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. [70] local regions that are matrix-supported and local

regions with matrix-free cobbles and boulders were observed during construction. From Table 6.2
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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 es-

timation of this value is not possible because of the very low energy of the corresponding outflow

time-series at high frequencies. Another set of lysimeters (lysimeter 1,5,9 and 16) shows a moder-

ate rate of preferential flow ranging from 3% to 5% while the remaining lysimeters (lysimeter 6,7

and 8) show an important component of preferential flow ranging from 8 to 14%. It is interesting

to note that the lysimeters belonging to each group are spatially clustered. This scale of clustering

suggests heterogeneity larger than the largest boulder size and may be related to the construction

technique or the random position of the very large (> 0.5m diameter) boulders within the pile.

Figure 6.6 displays a scatter plot of the α value and the amount of water released by each

lysimeter during the period considered. The points of the plot are quite dispersed indicating a

poor correlation between the two variables. It is interesting to note that there are lysimeters that

release a relatively large amount of water despite showing a limited presence of preferential flow

(e.g. lysimeter 13) while others lysimeters are largely influenced by preferential flow but release a

relatively small quantity of water.

lysimeters α

SW(1+2+5+6) 0.07

NW(3+4+7+8) 0.04

SE(9+10+13+14) 0.01

NE(11+12+15+16) 0.02

Table 6.3: results of the calibration for a combination of four lysimeters aggregated (see Figure

6.7)

The same analysis that was carried out for individual lysimeters has also been performed on

outflow data created by aggregating the outflow from contiguous lysimeters into quarters of the pile

as indicated in Figure 6.7. The results of the calibration to these aggregated outflows are shown

in Figure 6.8 and summarized in Table 6.3. The soil-reservoir coefficient has been considered

constant equal to the arithmetic mean of the calibrated values of the individual lysimeters (al =

0.03). Quarters SW and NW have a calibrated α that is approximately equal to the mean of the α



128

CHAPTER 6. ASSESSING PREFERENTIAL FLOW THROUGH AN UNSATURATED

WASTE ROCK PILE USING SPECTRAL ANALYSIS

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.0  0.5  1.0  1.5  2.0  2.5  3.0

α

Water released (m
3
)

l.1
l.2
l.3
l.4
l.5
l.6
l.7
l.8
l.9

l.13
l.14
l.15
l.16

Figure 6.6: Water released during the period considered (March 1 - October 30, 2000) versus

calibrated α

1 5 9 13

2

3

4

6

7

8

10

12

11

14

15

16

SW SE

NW NE

Figure 6.7: Location of the lysimeters aggregated into quartes



6.5. CONCLUSIONS 129

values of their individual lysimeters. An analogous reasoning cannot be made for the remaining

two quarters since we lack of reliable calibrated values of lysimeter 10, 11 and 12 although it is

evident that as the scale of the lysimeter increases the variability of α decreases. This observation

is confirmed by a further ’upscaling’ obtained by aggregating all the lysimeters together. The

calibration of the resulting TF (Figure 6.9) gives an estimated α lower than 0.01 indicating that at

large scales the pile is acting as an equivalent matrix reservoir.
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Figure 6.8: Empirical TF (dotted line) and simulated TF (solid line) for the qarters (a) SW, (b)

NW, (c) SE and (d) NE.

6.5 Conclusions

We modelled unsaturated water flow through a highly heterogeneous unsaturated medium using

a simple linear representation. Such a model cannot accurately describe the complexity of the
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Figure 6.9: Empirical TF (dotted line) and simulated TF (solid line) of the all lysimeters aggre-

gated into one.

medium at the local scale but is useful to obtain a first-order identification of the averaged pro-

cesses occurring within it. The main advantage of this methodology lies in its simplicity that

allows to infer information about the characteristic time of the hydraulic response of the matrix

and the degree of preferential flow occurring within each section of the pile by looking at the spec-

tral signature of the input and the output. The main conclusions of the study can be summarized

as follows

1. The ratio between the amount of rainfall and the amount of water released by each lysime-

ter in the same period (March 1 to October 31, 2000) highlights the important role played by

horizontal redistribution. This effect is implicitly taken into account by the model through the

normalization coefficient µ (Equation 6.5).

2. The calibration of the model allows one to infer information about the characteristic time

of the flow through the matrix (Equation 6.14). 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 slower
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than the eight-month period of data analyzed.

3. The calibrated α values show a high space variability. The different degrees of preferential

flow observed within each section of the pile are spatially clustered indicating a dependence of

preferentail flow patterns with textural heterogeneities occurring as a result of the construction

procedure.

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.

5. If we repeat the calibration exercise considering larger sections of the pile (quarters, entire

section) we see that the variability of α decreases and the behavior of the pile tends to approximate

that of an equivalent matrix reservoir. This outcome is especially important in mining related

problems. In fact at large scale the water pile is masking the effects of preferential flow leading

to estimate of the residence time that can overestimate the (true) mean residence time of the water

within the pile.





Chapter 7

Conclusions

In this chapter we summarize the main conclusions of this thesis.

The physical meaning of hydraulic parameters estimated using the assumption of aquifer ho-

mogeneity and the role played by heterogeneity in groundwater applications has been investigated.

A number of frameworks have been provided to properly acount for heterogeneity and to obtain

quantitative and semi-quantitative information of the underlying heterogeneous structure.

As already observed by Meier et al. [62] and Sanchez-Vila et al. [83], the storage coefficient

estimated from pumping tests interpreted using the Cooper-Jacob method, S est, is indicative of the

flow point-to-point connectivity between the well and the observation point. Similarly, the porosity

estimated from tracer tests interpreted using homogeneous isotropic medium, φest, is indicative of

transport connectivity [29]. Our mathematical framework aims at giving insight into the weak cor-

relation between the indicators of flow and transport connectivity already highlighted numerically

by Knudby and Carrera [51]. Using a small perturbation approach we provided an approximated

analytical solution that gives an explicit expression to φest. The resulting expression involves two

terms. The first one depends on the transmissivity values located along the flow path line such

that large transmissivity values, i.e., larger than the equivalent homogeneous transmissivity of the

133
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aquifer, leads to estimates of φest smaller than φ (considered constant) and vice versa. The second

term incorporates the hydraulic response of the aquifer (flow connectivity) induced by pumping,

which is measured by the estimated storage coefficient, S est defined by the observation point mov-

ing along the same path line. Point-to-point transport connectivity gets amplified/reduced when

the time of the hydraulic response along the flow path line decreases/increases in the direction of

flow.

The comparison of the analytical expression of S est [83] and φest explains the weak correlation

between the two indicators of connectivity. The indicator of flow connectivity, S est, can be viewed

as a weighted averaged over the entire domain, while the indicator of transport connectivity φest

is a weighted averaged along the flow path line. Moreover, the transport weighting function (pro-

portional to the radial distance) is remarkably different from that of flow connectivity, the latter

assigning large weights to all the points located between the observation and the pumping well.

A proper identification of the connectivity patterns of an aquifer is important for a correct

delineation of capture zones around a pumping well. Here the analytical framework has been ex-

tended to compute these connectivity patterns using a limited and sparse number of measurements.

The lack of complete knowledge of the variables involved in the problem is overcome by treating

them as regionalized variables. The methodology allows conditioning the results to three types of

data measured over different scales, namely travel times of convergent tracer tests, ta, estimates of

the storage coefficient from pumping tests interpreted using the Cooper-Jacob method, S est, and

measurements of transmissivity point values, T .

The geostatistical framework has been tested using a synthetic field. The results show that

when only a limited number of T measurements (16) is available, the predicted shape of the capture

zone tends to that of an equivalent homogeneous field. In this scenario, the isoprobability contour

lines obtained from 300 conditional simulations show a high uncertainty. The incorporation of

tracer test data or the availability of more transmissivity measurements reduces the uncertainty

improving the delineation of the protection area.
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Another slightly different application that has been extensively studied in this thesis is the

analysis of pumping tests in leaky aquifers. The development of a new methodology (DIP method)

for the interpretation of this kind of hydraulic tests has been the starting point for the definition of a

framework that allows to better understanding the physical meaning of the estimated parameters.

Although the DIP method is based on the assumption of homogeneity, it allows obtaining two

independent estimates that are based on different parts of the drawdown curve, thus providing

indirect information about the heterogeneous distribution of the local transmissivity values.

A Monte Carlo approach has been used to give a framework that allows to better understand-

ing the implications of the assumption of homogeneity in the estimates obtained with the different

methods commonly used in the interpretation of pumping tests in aquifer-aquitard systems (Han-

tush inflection point method, Walton type-curve method and DIP method). Since each method

give different emphasis to different portions of the drawdown curve and, consequently to different

volumes of the aquifer-aquitard system, we conclude that using all analysis methods jointly may

provide additional information (specifically, about contrasts in the local value of the transmissivty

at the pumping well) than using each method independently. The study of the correlation functions

between different transmissivity estimates and the value of transmissivity at the well confirms that

methods based on the first part of the drawdown curve (DIP1, inflection point method) are indica-

tive of the local transmissivity (nearby the well). The correlation tends to vanish with the distance

from the well.

Additional degree of heterogeneity is observable in unsaturated flow conditions, especially

in unstructured soils (e.g. waste rock piles) where the role of preferential flow is enhanced. In

such media, the difficulty of implementation of mechanistic models (i.e. dual porosity models)

arises from the need of a rigorous microscopic description of the medium to obtain reliable ’up-

scaled’ hydraulic parameters and its application is usually limited to investigations purposes. In

this thesis we propose a methodology to obtain first order identification of the averaged processes

occurring within the medium (i.e. degree of preferential flow and some characteristic time of the
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flow through the matrix) based on the study of the spectral signature of the input (net infiltration)

and output (flow discharge). An application of the methodology at different scales suggests that

at large scales the system behaves like an equivalent matrix system, thus masking the preferential

flow and leading to estimate of the mean residence time that are larger than its actual value.
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