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4.1. Introduction

The vadose zone, i.e., the part of subsurface above the water table, is home to a
number of key processes that control the mass and energy exchanges between
the subsurface and the atmosphere. Vadose zone hydrology provides bound-
ary conditions for both atmospheric processes, including micro-meteorology
and climatic changes, and subsurface water migration, with strong impli-
cations in water resources management. The rates, timing, and patterns of
aquifer recharge are controlled by percolation through the vadose zone. Con-
taminants released near the ground surface can be altered, retarded or wholly
removed by biological, chemical and physical processes in the vadose zone
before reaching underlying aquifers. Unsaturated processes control also the
availability of water for agriculture, and are the driving mechanisms in slope
stability, floods and other major engineering geology problems. Few hydrolog-
ical problems of practical interest can neglect the importance of the complex,
non linear dynamics of vadose zone processes. However, in practice, the im-
pact of the vadose zone on hydrologic problems is often ignored or treated
using highly simplified approximations, mainly because of limited available
data in this region. A proper characterization of the vadose zone should also
account for the natural variability of the soil properties at different scales.
Hydrologic characterization of the vadose zone is challenging, particu-
larly when the investigation extends deeper than one or two meters below
ground. Advances have been made in the design of tensiometers to allow for
direct measurement of water pressure, even to great depths. However, direct
measurement of water content still requires the recovery of soil samples for
laboratory analyses. Both of these direct measurements are invasive, based on
drilling. In addition, direct measurement of water content is destructive, re-
quiring sampling. As aresult of their need for drilling, direct measurements are
generally inadequate to yield sufficient spatial coverage for basin-scale inves-
tigations. In addition, direct sampling disturbs the soil, restricting the ability to
monitor transient processes. Finally, it is difficult to use small-scale samples to
describe representative field-scale properties, particularly in loose sediments.
At present, only gypsum block probes (and related instruments) provide in-
direct measurements of water pressure. However, these probes are invasive,
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difficult to use for quantitative investigations and do not permit continuous
recording of moisture contents. A leap forward in our ability to make rapid
and inexpensive time-lapse measurements of volumetric water content was
provided by the introduction of time domain reflectometry (TDR) in the early
1980s (see Section 4.3.1). TDR paved the way for the general acceptance
of indirect measurements of soil volumetric water content. However, TDR is
limited in both its depth and spatial coverage. These limitations have led to the
development of other geophysical techniques for hydrological monitoring.

From a practical standpoint, two compartments can be identified in the sub-
surface that require different approaches for indirect monitoring. The shallow
vadose zone, no deeper than a few meters below ground, can be successfully
imaged, with extensive spatial coverage, by taking measurements from the
ground surface. In contrast, the deep vadose zone, requires measurements
in single-boreholes, between boreholes, or from the surface to boreholes to
achieve sufficient vertical resolution for quantitative hydrologic interpretation.

The development of geophysical techniques for the characterization of
the subsurface has been very rapid over the past couple of decades. Ground-
penetrating radar (GPR) and electrical resistivity tomography (ERT) have
seen the most widespread use to date. This rapid development has been due
to the growing demand for data to constrain distributed hydrologic mod-
els and simultaneous advances in instrument design, providing the oppor-
tunity to collect, store, and process large quantities of high-quality field
data. Of particular importance to hydrologic characterization and monitor-
ing are the abilities of geophysical methods to describe two aspects of the
subsurface:

a. static aspects, which do not change over time, principally related to physical
and chemical properties of the medium;

b. dynamic aspects, which do change over time in response to changes in fluid
saturations and water chemistry.

Similar developments are taking place in the petroleum industry, where
petroleum geophysics is seen more and more often as a means for under-
standing the nature of a site and its evolution in terms of fluid-dynamics.
For example, indirect measurements of changes in fluid saturation are being
used as a key supporting technique for a site’s management during petroleum
production.

This successful use of geophysical data for hydrologic investigations re-
quires:

a. thatthe collected geophysical data have a clear, identifiable and quantitative
petrophysical relationship to environmental variables of interest;
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Figure I. Conceptual scheme for the use of geophysical data to calibrate (invert for) unsaturated
flow parameters

b. that the resolution and sensitivity of geophysical methods in space and time
is fully understood and is appropriate to constrain the hydrologic process
of interest;

c. that indirect measurements be incorporated into hydrologic models in the
most effective way, (i.e., accounting for resolution, sensitivity and scale
effects).

The efforts aimed at fulfilling these requirements constitute the body of
a fascinating and diversified area of research known as “hydrogeophysics”.
Ideally (Figure 1), geophysical data and hydrologic modeling should be linked
through a quantitative calibration based upon the de pendent physical variable -
generally the soil moisture content. This procedure is theoretically capable of
providing estimates of the governing parameters of the hydrologic model, i.e.,
in the case of Richards’ equation, saturated hydraulic conductivity and the
other unsaturated flow parameters.

This chapter provides some background regarding the physical processes
(mainly water flow) in the vadose zone (Section 4.2.1), the available geophysi-
cal techniques (Section 4.2.2), and the petrophysical relationships linking vol-
umetric water content and geophysical response (Section 4.2.3). Section 4.3
will discuss the applications in the shallow vadose zone, with reference to
TDR (Section4.3.1), GPR in surface-to-surface configuration (Section 4.3.2),
and ERT applied at the small scale particularly with the use of surface elec-
trodes only (Section 4.3.3). Section 4.4 will cover applications in the deep
vadose zone, specifically cross-hole GPR (Section 4.4.1) and cross-hole ERT
(Section 4.4.2). For each technique, a brief summary of the methodology is
given, pointing to more detailed references, together with some application
examples.
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4.2. Principles and Methods

4.2.1. UNSATURATED FLOW IN POROUS MEDIA

The flow of water in unsaturated porous media is controlled by differences
in hydraulic head — H [L] defined as the sum of a pressure head y and an
elevation head z:

H=vy®)+:z )

The relationship between pressure head ¥ and volumetric water content,
6 [—], commonly referred to as the water retention curve, depends on the
soil physical characteristics. Several empirical expressions exist that describe
this relationship, each depending on a limited number of constitutive parame-
ters. One of the most widely accepted models is van Genuchten’s (1980). This
four-parameter relationship between pressure head ¥ and volumetric water
content 6 is:

0; — 6
[1+ @ y)]”

where 6, is the residual water content at very high suction (asymptotically
at infinite suction), 6; is the water content at full saturation (approximately
equal to porosity), a[L~'] is inversely related to the mean soil grain size,
and n is an exponent with larger values associated to a wider grain (and
pore) size distribution. The relationship is often simplified by taking m =
1-1/n.

Note that, in general, the pressure saturation curve during drainage is
different from the corresponding curve during imbibition (hysteresis). In ad-
dition, if drainage or imbibition is reversed at some stage, the system follows
generally an intermediate behaviour (scanning curve). In spite of this complex-
ity, a van Genuchten parameterization can be adopted for drainage, imbibition
or scanning conditions, albeit using different parameter values.

If a gradient of total head V H exists in the porous medium, a consequent
flow of water is induced, according to Darcy’s law. As first introduced by
Buckingham, and later described by Richards (1928):

6 =06+ @
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where ¢ is water flux [L/T] and K(y) is the unsaturated hydraulic conduc-
tivity [L/T] at a given pressure head ¥. By assuming that the air phase is
infinitely mobile, the flow of water can be described based only on water
phase properties. Then, by combining the Darcy-Buckingham law (3) with
the principle of mass conservation, one can derive the so called Richards’
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equation;
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where x; are the spatial coordinates and ¢ is time. More complete, multi-phase
flow models have been developed to account for variations in temperature,
fluid compressibility, and a deformable soil matrix, similar to state-of-the art
models in petroleum engineering,

Application of the Richards’ equation is dependent on determination of the
highly non-linear hydraulic properties K () (or K(8)) and 8 (). Laboratory
measurements (see Klute and Dirksen, 1986) can provide valuable information
on the soil characteristics at sampling locations, where pressure-saturation
relationships can be determined and hydraulic conductivity dependence on
saturation can either be measured or inferred from theoretical considerations
(Mualem, 1976). However, as described above, direct sampling has limita-
tions related to spatial and temporal coverage, especially for investigations in
the deep vadose zone. Inverse estimation of hydraulic properties from spa-
tially and temporally distributed measurements of water content provide an
alternative to these direct methods (e.g. Lambot et al., 2002; Linde et al.,
2006). In this chapter we will show how geophysical data can be used to pro-
vide quantitative estimates of the unsaturated hydraulic properties of a porous
medium,

4.2.2. APPLICABLE GEOPHYSICAL METHODS

A range of field geophysical techniques are available to assist with understand-
ing of unsaturated zone processes. The methods permit either static structural
characterization (e.g. the definition of lithogical boundaries, fracture zones,
etc.) orestimation of volumetric or mass water content (or dynamic changes in
these properties). The range of methods allows determination of the follow-
ing properties: seismic velocity (elastic properties), electrical conductivity
(or its inverse, resistivity), dielectric permittivity, mass density. Applicable
techniques are seismic (refraction, reflection and transmission) (e.g. Steeples,
2005), electrromagnetic induction, dc resistivity and induced polarization (e.g.
Binley and Kemna, 2005), TDR, GPR (e.g. Annan, 2005). Other techniques,
such as Nuclear Magnetic Resonance (NMR) are still in a development stage
(Valla and Yaramanci, 2002). In addition, a number of geophysical well log-
ging methods, based on the same physical principles, allow the determination
of properties in the unsaturated zone (e.g. Kobr et al., 2005). While all the
methods above can have some use in vadose zone studies, they vary consid-
erably in complexity and, most important, in actual usefulness.
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The seismic velocity depends on the elastic properties and density of
the soil matrix and only weakly on the volumetric water content. Seismic
methods are traditionally used to determine structural information about the
subsurface and thus may assist in zonation of properties within a hydrological
model. However, the principal seismic method — multicoverage reflection —
is not suitable for shallow applications. Seismic refraction can only give low-
resolution images of the subsurface, and borehole-to-borehole transmission
tomography requires considerable effort in comparison to the information it
can provide for unsaturated zone studies.

Electrical conductivity may be measured using a range of geophysical
techniques: frequency domain electromagnetic conductivity, time domain
electromagnetic conductivity, de resistivity. In addition, induced polarization
(IP) allows measurement of properties related to the conductivity at the fluid -
grain interface.

Inductive electromagnetic techniques may be used to determine geologic
structure or hydrological response through time lapse monitoring. Specifi-
cally, frequency domain methods are particularly useful for mapping lateral
changes in hydrogeologic structure because the lack of direct contact of the
instrument with the ground allows for rapid instrument deployment over large
areas. However, depth profiling with frequency domain methods requires the
use of different frequencies and different coil separations, limiting the practi-
cally achievable temporal and spatial resolution of the electrical conductivity
profile. Time domain methods measure over a wide range of frequencies in
a short time, allowing for efficient depth profiling. However, because these
methods typically require the use of relatively large antenna loops, they are
difficult to deploy quickly at many surface locations, limiting spatial cov-
erage. The ability of time domain electromagnetic methods to make rapid,
nondestructive measurements of electrical conductivity suggests that these
methods could contribute to monitoring transient infiltration and to calibrat-
ing numerical models describing water flow throughout the vadose zone. A
general weakness of inductive methods is that they provide low resolution
images of the subsurface resistivity structure.

Direct contact with electrical sources and receivers through electrodes is
required with DC resistivity methods and thus achieving wide spatial cover-
age is considerably more labor intensive that for inductive methods. Measure-
ments are typically carried out using four electrodes, two for current injection
and two for potential measurement, in order to avoid the problems caused
by contact resistance between soil and electrodes. DC resistivity allows the
determination of spatial variation in electrical conductivity with resolution
principally controlled by electrode spacing. In addition, the dynamic range
of the method is broad, permitting application in highly resistive and highly
conductive environments. This latter property makes DC resistivity ideally
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suited to mapping spatial changes in conductivity which result from changes
in volumetric water content in the soil. When DC current is switched on or
off, a transient phenomenon known as induced polarization (IP) is observed:
the measured voltage does not go to zero instantly, but at a fairly slow rate
(slower than the transient due to electromagnetic induction). IP is caused by
ionic transport in the pore water, and polarization phenomena at the grain-
water interfaces.

Dielectric permittivity is directly related to volumetric water content and
is measured in the field using TDR at small scale, or GPR at larger scales. Both
methods rely on the fact that the velocity of an electromagnetic wave in a soil
is related to the dielectric permittivity. TDR measures this velocity directly
using guided waves, whereas GPR can be used to measure the velocity of an
unguided wave between two antennas, for example positioned at the ground
surface or in different boreholes. GPR is also used to map lithological or
hydrological (e.g. water table) boundaries from reflected signals in surface
profiling mode.

In this chapter we focus on the application of DC resistivity and GPR for
unsaturated zone studies. For more details of other techniques the reader is
referred to Rubin and Hubbard (2005). Before illustrating examples of how
these methods are applied it is necessary to examine the relationships between
measured geophysical properties and fundamental hydrological parameters.

4.2.3. PETROPHYSICAL CONSTITUTIVE RELATIONSHIPS

Electromagnetic geophysical techniques have seen the most widespread use
for the investigation of the vadosc zone. Typically, these techniques mea-
sure the electrical resistivity o(£2m) (or its reciprocal, electrical conductivity
o in S/m) and/or the diclectric constant (or relative dielectric permittivity)
«(=). Our ability to infer hydrologically relevant properties from electrical
properties is key to quantitative hydrogeophysical applications in the vadose
zone. The assumption is usually made that it is possible to identify a unique
monotonic relationship linking soil volumetric water content with either soil
dielectric permittivity or electric conductivity. These relationships are gener-
ally dependent on the geological formation, so that site calibration is needed.
Calibration is particularly important for electrical conductivity, while many
common unconsolidated media require little or no calibration to infer water
content from dielectric permittivity. The need for medium-specific calibration
means that different parameter values could be needed for different geological
formations at the same site.

The relationships between water saturation and electrical resistivity, orig-
inally developed for the interpretation of well logs for the petroleum industry,
date back by many decades. Such are the empirical relationships devised by
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Archie (1942) and Waxman and Smits (1968), which relate effective electri-
cal conductivity to porous medium properties, as well as to water saturation.
More recent are the developments on dielectric models, mostly triggered by
the need to interpret TDR data. Most notable are the commonly used relation-
ship by Topp et al. (1980) and the Complex Refractive Index Model (CRIM)
discussed by Roth et al. (1990). Many other empirical, semi-empirical and
theoretical models exist, but we will restrict our discussion to the models
above, by far the most widely adopted in field applications.

4.2.3.1. Electrical Conductivity

Experimental evidence shows that the bulk electrical resistivity of a rock
sample increases with increasing electrical resistivity of the saturating fluid.
At full saturation, and when the fluid conductivity is overwhelmingly larger
than the solid matrix or the internal surface conductivity, bulk conductivity oy,
and fluid conductivity o, are proportional, according to Archie’s (1942) law:

Ow
%= 4 &)

where F is named the formation factor, which is a function of porosity ¢:
_ a
— W
where @ and m are empirical constants. Theoretically, « should be equal to
1. The cementation exponent m depends on the internal structure of the pore
space, which can be described in terms of tortuosity. The typical range for m
is 1.0-2.5.
If matrix conductivity is non-negligible, Equation (5) can be general-
ized to:

(©6)

Ow 7
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where o; is the effective solid matrix conductivity, another medium-specific
parameter. The matrix electrical conductivity is related to the properties of
the grain coating, mainly composed of clay and oxides, and of the electrical
double layer in contact with an aqueous solution. Note that the formulation (7)
assumes that fluid and solid act as conductors in parallel (see also Rhoades
et al,, 1976). Some evidence indicates that this may not be universally true
(Brovelli et al., 2005).

As water saturation decreases, electrical resistivity increases. This can
be represented by extending Archie’s law (5) to account for water saturation
Sw [-]:

Ow

Op = FS(:, (8)
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where 7 is another empirical exponent having in general values close to 2.
Similarly, Equation (7) can be generalized into the Waxman and Smits (1968)
model, originally developed for shaly sandstones:

oy = Su (ow + i’i) ©

Given the functional form of Equation (8), time-lapse measurements of
electrical conductivity can yield directly variations of water saturation in terms
of ratios in the absence of significant surface electrical conductivity:

op (£2) _ [Sw (fz)]"
op (1) Sw )

where ¢ and 1, are two measurement time instants; note that Equation (10)
does not require knowledge of the formation factor F.

(10)

4.2.3.2. Dielectric Constant

Many studies have been carried out to investigate the relationship between the
bulk relative dielectric permittivity ¥ of a porous medium and its volumetric
water content. The Maxwell-Garnett mixing model is based on the effective
medium approach (EMA) and is not generally valid (i.e., it can only be applied
to high porosity systems), but it provides the upper/lower bound for the bulk
dielectric permittivity (Robinson and Friedman, 2003). Modifications of the
EMA leads to the self-consistent and self similar consistent models or Hanai-
Bruggeman theory; for a review see Chelidze and Guéguen (1999).

Two empirical approaches have gained popularity in practical applica-
tions: one is the complex refractive index method (CRIM), which is a volume
averaging relationship and explicitly incorporates porosity ¢, volumetric wa-
ter content €, and the dielectric constant of solid matrix (), air («,) and water
phase (k) (Roth et al., 1990; Chan and Knight, 1999):

k"= (1 — @) + Oky, + (P — Oy (1

where ¢ is an exponent generally taken equal to /2. If time-lapse measurements
of bulk dielectric constant are collected, CRIM provides a convenient means
of estimating changes in soil volumetric water content with no need to account

for the dielectric permittivity of the solid phase:

o o
0() — 6.1 = <L X (12)
K& — K¢

The second empirical approach was developed for the interpretation of
TDR data. Topp et al. (1980), using a large set of different soils, developed
an empirical relationship to relate the effective permittivity to the volumetric
water content, which takes no explicit account of variations in the properties
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of the solid matrix (e.g. permittivity, porosity, connectivity, etc.):
6=-53x10"24+292x10"2% =55 x 1072 +4.3 x 10°%> (13)

The Topp modelis generally applied unless the medium has properties (e.g.
porosity, magnetic susceptibility, high clay content) that differ from typical
agricultural soils. Unusual soils require calibration and are better served by
the CRIM model.

4.3. Shallow Vadose Zone

It is relatively easy to make measurements in the shallowest couple of meters
below ground. Despite this relatively easy access, direct monitoring tech-
niques have several important limitations:

a. Direct techniques typically require soil sampling (e.g. gravimetric water
content measurement) — or controlled application of water (e.g. saturated
hydraulic conductivity measurement). Both of these approaches disturb the
natural water flow regime;

b. It is difficult to achieve high temporal and spatial resolution using destruc-
tive gravimetric sampling to monitor transient processes;

¢. Direct methods are typically time consuming and labor intensive, limiting
the number of samples that can be collected within a given monitoring
budget.

d. Direct techniques have a limited characterization scale (usually <0.1-1 m),
which may not be relevant for the modeling and management scales of inter-
est (usually > 1-100 m), given the inherent variability of the soil properties.

Nondestructive, indirect techniques (e.g. TDR) can overcome many of
these limitations. Noninvasive, nondestructive, indirect techniques (e.g. GPR)
offer even better solutions, where applicable. However, these surface-to-
surface methods have resolution that quickly degrades with depth limits and,
for some methods, poorly understood sample volumes and sensitivity distri-
butions. Ideally, indirect methods should be used together with direct, invasive
methods to provide in situ calibration of petrophysical relationships and ac-
ceptable spatial and temporal resolution and coverage.

43.1. TDR

4.3.1.1. Methodology

TDR is not always classified as a geophysical method, partly because, unlike
most other hydrogeophysical methods, it was developed by soil scientists
and hydrologists. The method gained wide acceptance in these communities
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when it was demonstrated that: (a) TDR can make rapid, non-destructive,
minimally invasive measurements of volumetric water content; and (b) the
method can be applied in a wide range of soils without the need for medium
specific calibration. The method advanced further due to its ability to measure
both volumetric water content and bulk electrical conductivity in the same
sample volume. Finally, the method has seen broad use both in the field and
in the laboratory because users can design probes to have sample volumes
and spatial sensitivities to satisfy specific monitoring needs. Several recent
reviews provide a comprehensive overview of the theory and application of
the method (e.g. Noborio, 2001; Robinson et al., 2003).

Although several researchers have applied borehole-based TDR (e.g. Ferré
et al., 1996; Dahan et al., 2003), the method is most commonly applied by
inserting two or three parallel metal rods directly into the soil. The rods can be
inserted vertically or sub-vertically, from the ground surface, or horizontally
in excavated trenches. The rods can be inserted and removed immediately after
measurement when conducting areal surveys. Alternatively, many probes can
be connected to a common TDR instrument through a multiplexer to allow
for automated sampling. Because TDR measurements are rapid, generally
requiring only a few seconds once the rods are installed, very high temporal
resolution of dynamic hydrologic processes is possible.

A fast rise-time voltage step is applied to the rods through connecting
(coaxial) cables. The difference in two-way travel times of the step to the
top and bottom of the rods, together with the known length of the probes, is
used to determine the propagation velocity. This is used to infer the dielectric
permittivity, and thereby the water content, as described in Section 4.2.3. The
accuracy of travel time determinations relies on the preservation of sufficient
high frequency energy in the travelling wave to reliably identify the reflection
from the end of the probe. Therefore, like GPR, the primary limitation on
the depth of investigation of TDR from the ground surface is signal loss. For
electrically conductive soils, the maximum depth of investigation may be only
a few centimetres; for dry sand, measurements can be made to several meters
depth. Typically, TDR probes range from 10 cmto 2 m in length. Electrically
resistive coatings have been used to propagate signal through lossy media,
but these coatings have deleterious effects on the calibration of TDR probes
(Ferre et al., 1996). Final advantage of TDR is that the guided wave has well
understood properties, allowing for combination of travel time and signal
attenuation measurements to infer the complex dielectric permittivity (e.g.
Heimovaara et al., 1995; Das et al., 1999).

4.3.1.2. Example
Thousands of positive examples of TDR can be found in the literature. We
present a counter example to demonstrate that any geophysical method, even
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one as widely successful as TDR, must be used and interpreted with cau-
tion. The example application is based on one of the advantages of TDR
measurements made with uncoated rods: the unique relationship between the
measured travel time and the length-weighted average water content along the
TDR probes. Based on this property, the volumetric water content measured
with vertically installed adjacent probes of different length can be used to
monitor infiltration, redistribution, and drainage. This application assumes,
as is widely done, that vertical heterogeneity is more pronounced than horizon-
tal variability, allowing for the differencing of laterally adjacent cumulative
water storage values to produce vertical water content profiles. The method
is applied in a highly homogeneous environment.

Experiments were conducted on an field site on Canadian Forces Base
Borden, Ontario. The site material is a homogeneous, well-sorted, fine- to
medium-grained sand with no significant clay fraction. The top meter of soil
was excavated to provide an undisturbed surface and the entire site was covered
with a greenhouse to eliminate natural recharge. Finally, a 3 m by 3 m drip-
line irrigation system with drip points located on a 15 cm by 15 cm grid was
placed on the surface of the site to provide controlled infiltration.

Six pairs of continuous-rod waveguides were installed. The lengths of
the continuous-rod pairs were 40, 60, 80, 100, 120 and 140 cm. Each rod
had a diameter of 0.4 ¢m and a separation of 3 cm. Measurements were
made with a Tektronix 1502B cable tester (Beaverton, OR) connected to a
personal computer through an RS-232 serial interface. Automated analysis
software was written by the authors to analyze the TDR waveforms based
on the straight-line intersection method used by Topp et al. (1982). Wave-
forms were collected under fully drained conditions and during the advance
of a wetting front. Once the water content profile showed no measurable
change with time, the infiltration system was turned off and drainage was
monitored.

The volumetric water contents determined for each continuous-rod pair,
determined using the Topp equation are plotted against the length of the rod-
pair on Figure 2 for profiles collected during infiltration. Each rod-pair mea-
sures the average water content from the ground surface to the end of the rods;
therefore, the water content measured with each pair increases immediately
with the onset of infiltration. The water content increases in time for all of the
rod-pairs until late time, when the profiles become nearly constant in time. At
each depth, the water content increases continuously in time until steady-state
flow is established.

To produce an interval-differenced water content profile, the water con-
tents measured by any two continuous-rod pairs differing in length by 20 cm
were used to calculated the water content of the nonoverlapping depth interval.



UNSATURATED ZONE PROCESSES 87

Increasing time ———————————pp

40 1
50 -
60 -
70 -
80 -
90 4
100 -
110 -
120
130 -
140 f t {
0.3 0.35 04

Rod length, cm

0.05 0.1 0.15 0.2 0.25
Volumetric water content, cm? cm-3

Figure 2. Avcrage water content estimated from TDR measurcments at the Borden site

The interval-differenced water content is defined as,

9|Ll _GsLs
6 =——-, 14
= (14)

where 6 is the water content, L is the probe length and the subscripts n, s
and / denote the non-overlapping region and the short and long rod-pairs,
respectively. Interval-differenced profiles determined from the continuous-
rod measured water contents are shown in Figure 3.

The water content is unreasonably low at 90 cm depth after 70 minutes
of infiltration. This error is likely due to lateral variations in water content
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Volumetric water content, cm3cm™

Figure 3. Water content along individual depth intervals estimated from TDR measurements
at the Borden site
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between probes and points out the potential errors that can occur when com-
paring measurements with different sample volumes. Similar errors would
apply to any method that mixes lateral and vertical variations to produce a
vertical profile of hydrologic conditions, such as common midpoint profiling
with electrical methods, vertical seismic profiling, or wide angle reflection
and refraction ground penetrating radar. Unlike these other methods, each
TDR probe can be examined independently as well. For example, before the
wetting front reaches the end of the rods, the cumulative flux is equal to the
local infiltration rate at each probe. Assuming that the flux remains constant,
the change in stored water as a function of time as the water passes the ends of
the rods can be used to infer the hydraulic properties of the medium (Parkin
et al., 1995). Assuming unit gradient conditions, the flux can be equated to
the hydraulic conductivity at the final water content; this can be repeated to
characterize the K-8 relationship. Finally, measurements made during free
drainage can be used to infer the hydraulic properties in a manner similar to
a one-step outflow experiment (Kool et al., 1985).

4.3.2. RADAR FROM THE SOIL SURFACE

4.3.2.1. Methodology

The identification of the water table using GPR has been a goal frequently
pursued with varying degrees of success (e.g. Nakashima et al., 2001). Any
method that relies on measurement of the water content cannot identify the
water table directly, except in very coarse soils, due to the formation of a
saturated capillary fringe above the water table. The water table elevation
is very continuous in space, unless the area shows substantial changes in
hydraulic properties over a small scale, aliowing for interpolation of the water
table elevation from borehole-based measurements. In contrast, the top of the
capillary fringe is likely highly irregular, even above a flat-lying water table.
As a result, GPR can probably be more useful as a means to identify temporal
changes in volumetric water content above the capillary fringe e.g. as an effect
of pumping (Bevan et al., 2003; Ferré et al., 2003).

In shallow investigations volumetric water content can be estimated from
GPR velocity measurements using both transmitter and receiver antennas
deployed at the ground surface (see Huisman et al., 2003). The energy
transmitted through the ground follows multiple pathways simultaneously
(Figure 4a). The determination of the propagation velocity is key to esti-
mates of volumetric water content. While other techniques have been pro-
posed (e.g. full-wave electromagnetic inversion — Lambot et al. (2004a,b))
the general approach is to identify distinct arrivals on the radargram (e.g.
Figure 4b) and pick traveltimes for such events, to be used for velocity
calculation.
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The acquisition procedure largely dictates the events that can be used
for velocity determination. Running a single-offset profile (both antennas are
moved simultaneously while maintaining a constant separation) allows for
velocity determination from reflections, only if they come from a horizon
or a body at a known depth. If the correct antenna separation is used, then
the volumetric water content can be mapped quickly over large areas and
averaged over a fairly large scale from velocity determinations based on the
direct ground wave as well (Huisman et al., 2001). It should also be kept in
mind that velocity information from direct ground wave is potentially fraught
with difficulties, especially if other events than the direct ground wave manifest
themselves in the radargram, such as refracted waves (Bohidar and Hermance,
2002) and guided waves (Arcone et al., 2003).

Single-offset transects allow for rapid coverage of large areas. However,
under some conditions, multiple measurements must be made and interpreted
simultaneously. Either the Wide Angle Reflection and Refraction (WARR)
mode, where one antenna is kept fixed while the other is moved, or the
Common Mid Point (CMP) mode, where both antennas are moved simul-
taneously to keep the same mid-point, can be adopted. Both WARR and CMP
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allow generally for a good identification of direct waves through the air and
the ground (Figure 4c). The slope of the direct ground wave dromocrone
yields the GPR velocity for volumetric water content determination. Alterna-
tively, a number of CMP gathers can be collected, similar to seismic reflection
processing, and velocity analysis can be performed on reflection events. The
information coming from different offsets is sufficient to give velocity es-
timates even in absence of independent knowledge of the depth of selected
reflectors. However, unlike in seismic processing, this velocity analysis from
the reflected waves does not generally give very accurate estimates, partly
because some of the hypotheses underlying velocity analysis in seismic re-
flection, such that velocity is generally increasing with depth, are not satisfied
for GPR (Becht et al., 2005).

Off-ground GPR reflection is also a rapidly developing method for the
measurement of volumetric moisture content in the very shallow soil layers.
The method has been used by Chanzy et al. (1996) and, particularly in the field
of hydrogeophysics, by Lambot et al. (2004¢) who used GPR reflection data to
identify simultaneously the water retention curve and hydraulic conductivity
function of a sandy soil using electromagnetic and hydrodynamic inversion
techniques.

4.3.2.2. Example 1: WARR GPR Time-Lapse Monitoring During
Surface Irrigation

An experimental plot was located adjacent to the campus of the Agricultural
Faculty of the University of Turin, Italy. Depth to the water table is approxi-
mately 20 m below ground. Sediments in this area are largely eolian. The soil is
sandy, mixed (calcareous), mesic Arenic Eutrudepts. Two distinct horizons are
identifiable: an upper horizon, approximately 1 m thick, with finer sand overly-
ing a lower layer of coarser sediments. Vegetation is composed of natural grass.

An irrigation experiment was performed at the site on 28 Sept. 2004
by means of a line of sprayers. The soil was initially extremely dry as a
consequence of an exceptionally dry summer period. The irrigation intensity
was always lower than the infiltration capacity of the soil, so no ponding was
observed on the soil surface. Soil water content was monitored by means of
surface-to-surface GPR using a PulseEkko 100 radar system with 200 MHz
antennas. The sampling interval was 0.2 ns, 64-fold vertical stacking was
used, and WARR offset increments equal to 10 cm over a 14 m line were
sampled. A GPR WARR survey was acquired before the start of irrigation, and
roughly every two hours thereafter over the six-hour irrigation period. TDR
rods ranging in length between 0.15 m and 2 m, spread along the irrigated
line, were monitored using a Tektronix 1502 B. Point excavation to a depth
of about 1.5 m was performed in the irrigated plot, and visual inspection
was used to support indirect evidence of the contact between wet and dry
soil.
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The very homogenous structure of the soil is ideal for identifying a sharp
infiltration front on a WARR radargram. As the front infiltrates, a low-velocity
layer develops that is sandwiched between the air above, with the fastest
possible GPR velocity ¢ = 0.3 m/ns, and a fast half-space below having the
GPR velocity of the dry soil. Under such conditions, a critically refracted GPR
wave coming from the interface between the wet layer and the dry layer below
is recorded at earlier arrival times than the direct GPR wave through the low-
velocity wet layer. Figure 5 shows the evolution of WARR surveys over time,
clearly showing the presence of the critically refracted event, and the growth
of the intercept time (at zero offset) of such refracted event as a consequence
of wet layer thickening as irrigation progresses. Note in Figure 5 also the
presence of multiple reflected-refracted events that manifest themselves as
multiples of the critically refracted event at larger arrival times. The presence
of multiples is in fact a transition towards a waveguide phenomenon — see
Example 2 - not quite fully developed under the conditions at Grugliasco.

A classical analysis of critically refracted events (e.g. Bohidar and
Hermance, 2002) leads to the estimation of both velocity of the dry and
wet soil layers, and of the thickness of the wet layer (Table 1). Using the Topp
et al. (1980) relationship, the estimated volumetric water content of the dry
and wet soil are respectively 5 % and 38 %. These values are fully supported by
the TDR data. The depth of the infiltration front estimated by GPR refraction
analysis is also confirmed by direct inspection, even though some discrepancy
is observed at the beginning of infiltration.

4.3.2.3. Example 2: GPR Guided Waves in Soil Layers Along
a Mounain Slope

A study area was located at the north-western tip of the Como Lake, ltaly, to
study the use of GPR for water content mapping along mountain slopes. The
investigated site is part of a small catchment (the S. Vincenzo Creek basin).
The slope parcel selected for detailed monitoring is located close to Monte-
mezzo, at an elevation of 1150 m a.s.1,, its size is roughly 40 m x 40 m, with
a dip varying between 30° and 40°. The slope is characterized by extended
unconsolidated deposits, with medium to large blocks of different nature in
a sandy-gravelly matrix, usually interpreted as moraine deposits. The highly
friable paragneiss bedrock outcrops only in small areas and shows subvertical
foliation. The test site is mainly covered with grass. Infiltration can poten-
tially cause, under very intense rainfall, soil saturation with interflow and
possible triggering of shallow landslides in the soil cover and/or partly in the
underlying bedrock. Both direct (piezometers, tensiometers, etc.) and indi-
rect (geophysical) methods have been used to characterize slope and bedrock
morphology as well as changes in soil volumetric water content over time.
Here we focus on the use of ground-penetrating radar (GPR) in surface-to-
surface configuration. The monitoring has been performed using a PulseEkko
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TABLE 1. Grugliasco site: estimates of GPR velocities and infiltration front depth during the
irrigation experiment of 28 Sept. 2004

Velocity of the Velocity of the Depth from Depth from
wet layer v, dry layer v, refracted GPR excavation
Time (m/ns) (m/ns) {m) {m)
12:20 —_ 0.156 — —
14:30 0.063 0.154 049 0.35
16:30 0.062 0.154 0.88 0.8
18:45 0.064 0.151 1.28 1.25

100 radar system with 100 MHz antennas, with a sampling interval of 0.2 ns
and offset increments equal to 10 cm over the 20 m line. At each station, the
signal was stacked 64 times to improve the signal/noise ratio.

A typical dataset collected using a WARR configuration at the
Montemezzo site is shown in Figure 6, The character of these data is
distinctively different from data in the same configuration collected over a

Distance [meter]
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Time {ns)]
8

Figure 6. WARR with 100 MHz antennas Montemezzo — line 1-22 April, 2004
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Bedrock: v,

Figure 7. Scheme of slope with radar propagation pathways in a thin waveguide

fairly homogeneous subsoil — see Figures 4¢ and 5. In particular, the direct
ground wave at Montemezzo is composed of a wavetrain that becomes longer
at larger offset, with a clear dispersive nature: lower frequencies travel faster
than higher frequencies. Consequently, the change in first arrival travel time
with changing offset cannot be directly related to the GPR velocity of the
shallow soil layer.

A schematic representation of the case of a thin soil layer resting on the top
of bedrock, as observed at this site, is shown in Figure 7. The GPR velocity
in the soil cover is much lower than in the bedrock, primarily because the soil
has a much higher porosity, and can attain a much higher volumetric water
content than the underlying rock. If, in addition, the thickness of the soil layer
is comparable to the dominant GPR wavelength at the frequencies of interest,
the geological structure becomes a refractive waveguide. Such a structure
allows the modal propagation of guided waves in addition to the propagation
of direct, refracted, reflected, and reflected-refracted waves (Arcone et al.,
2003). The data interpretation requires the definition of a model relating the
properties of this propagation to the guide parameters (thickness, soil and
bedrock velocities). The simplest model that can describe this physical system
is an asymmetric slab waveguide, with two infinite parallel planes that define
the interfaces between a core of velocity v, and two cladding layers (the
air and the bedrock) with higher velocities v, and vi. The deployment of
antennas (electrical dipoles) parallel to each other justifies the assumption of
propagation of TE polarized waves, in which the electric field is everywhere
perpendicular to the direction of propagation (Figure 7).

A very robust technique for dispersion analysis is based on the wavefield
transformation widely adopted in seismic processing and in the surface wave
methods to infer the dispersion characteristics of Rayleigh waves (Strobbia,
2003). The data are transformed from the time-offset domain (1-x) into the
frequency-wavenumber (f-k) domain; an automatic search algorithm identifies
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Figure 8. Montcmezzo site: example of experimental dispersion curve inverted for GPR ve-
locities and soil thickness: note the excellent sensitivity of the forward model to changes in
soil velocity v,

the wavenumber corresponding to the maximum of spectral density at each
frequency, and the f-k graphs are easily converted in f—v curves by consider-
ing thatv = 2n f, /k. The resulting dispersion curve is the final product of the
processing phase; an inversion algorithm transforms the dispersion curve into
estimates of the three governing parameters (thickness, velocity of the soil
layer and velocity of the bedrock). The computed dispersion curves are very
sensitive to the model parameters — see in particular Figure 8 for sensitivity
to the velocity in the soil layer,

The Topp et al. (1980) relationship was used to convert bulk dielectric
constant into volumetric water content values (Table 2). Volumetric water

TABLE 2. Estimates of soil and bedrock propertics as derived from GPR guided wave
inversion, Montemezzo site

Vs (M/ns) Vbedrock (M/NS) h (m) ot [~1 foedrock [—]
Oct. 03 0.075 0.106 1.01 0.29 0.15
Apr. 04 0.078 0.11 0.95 0.27 0.14
Oct. 04 0.068 0.102 0.68 0.34 0.16
Dec. 04 0.065 0.098 0.65 0.36 0.18

Feb. 05 0.071 0.111 0.75 0.32 0.13
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content in soil and bedrock follow the same time pattern, even though changes
are relatively small. Note that the estimate of soil thickness changes over time:
this is probably due to the use of a single-layer forward model (Figure 7) in
a situation where wetting and drying of the underlying bedrock may require
the use of more complex, multi-layer waveguide models. Figure 6 shows also
that substantial backscattered energy travel horizontally with a velocity close
to the bedrock velocity. This evidence seems to confirm that the bedrock is
broken into blocks, and is therefore permeable and subjected to volumetric
water content changes.

43.3. DC RESISTIVITY

4.3.3.1. Methodology

The DC resistivity method (see Binley and Kemna, 2005) determines the
spatial variation of resistivity (in 1-D, 2-D or 3-D) using four electrode
measurements. Two of the electrodes are used as transmitter electrodes to
create an electrical circuit and the other two are used to measure the potential
difference which results from the potential field created by the transmitter
electrodes. The measured potential difference relative to the injected current
is an integrated measure of the resistivity within the vicinity of the four elec-
trode array. By varying the positions of the four electrodes the user gains more
lateral or vertical coverage. Surveys are ofien carried out in sounding mode
or imaging mode, the latter often being referred to as electrical resistivity
tomography.

A vertical electrical sounding (VES) is used to determine the vertical
variation of resistivity, i.e., no lateral variation is assumed. Four-electrode
measurements are made on the soil surface with progressively larger spac-
ing, centered at the same position. The resulting series of measurements (a
sounding curve) are then modeled to determine a series of layers of vary-
ing resistivity that is consistent with the observed response. This approach is
widely used to determine lithological boundaries in hydrogeological studies,
over large horizontal and depth scales, some cases with a focus on the study
of vadose zone processes (for example, Chand et al., 2004; Kalinski et al.,
1993). The method has, however, been utilized for investigation of shallow
vadose zone processes. Kean et al. (1987), for example, carried out VES sur-
veys to study changes in volumetric water content over depths of a few meters
following addition of a water tracer. Frohlich and Parke (1989) used VES to
infer changes in volumetric water content to a depth of 3 m during natural
recharge.

Resistivity imaging is more commonly used today for investigating
the shallow subsurface following the introduction in the 1980s and now
widespread availability of computer controlled multi-electrode switching in
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dc resistivity instruments. Surface imaging combines a lateral profile and ver-
tical sounding and data are processed using appropriate inverse methods (see
Binley and Kemna, 2005) to produce a 2-D or 3-D image of the subsurface.
Surveys are carried out by performing profiles along a transect (or transects)
at different electrode spacing.

Surface resistivity imaging is ideal for shallow vadose zone studies as
the depth of penetration does not suffer in the same way as GPR. Electrical
contact between electrodes and soil surface is required, however, which may
limit application in particular environments. In addition, installation of elec-
trodes, layout of cables and data collection is relatively time consuming (in
comparison to electromagnetic induction methods) and thus lateral coverage
may be limited in order to minimize survey times. Survey lengths are typically
tens of meters with data coverage to depths of a few meters.

4.3.3.2. Examples

Surface resistivity has been widely used for mapping changes in volumetric
water content in the shallow subsurface. Barker and Moore (1998) show two
examples of time-lapse imaging using resistivity. In their first example, the
distribution of moisture following injection of a water tracer on the ground sur-
face is mapped to a depth of 4 meters and their results show clearly the impact
of the roots of a nearby tree on the lateral redistribution of moisture. In their
second example, they show changes in resistivity to a depth of 5 meters caused
by water table lowering during abstraction of water from a pumping well.

Benderitter and Schott (1999) and Zhou et al. (2001) have used surface
resistivity imaging to study lateral variability in infiltration under natural load-
ing. Other examples of shallow vadose zone studies using dc resistivity imag-
ing include: Hagrey and Michaelsen (1999), who claim the identification of
preferential flow under forced (irrigation) loading using resistivity imaging at
their site; Panissod et al. (2001), who used resistivity images to map changes
in volumetric water content due to crop water uptake and French and Bin-
ley (2004), who used time-lapse 3-D resistivity imaging to monitor changes
in resistivity to a depth of 0.5 m caused by localised infiltration following
snowmelt (see also Chapter 7 for more details).

The wide range of applications, such as those listed, demonstrates the
flexibility of resistivity imaging for monitoring spatial and temporal variation
in resistivity in the shallow vadose zone due to natural and forced loading.
The determination of moisture contents from resistivity measurements alone
is often difficult because of the impact of other factors (clay content, salinity,
temperature) on bulk resistivity. However, changes in moisture content may be
estimated from time-lapse measurements, provided appropriate petrophysical
relationships are available, although few authors have attempted to make such
quantitative estimates,
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4.4. Deep Vadose Zone

The vadose zone becomes more difficult to investigate with increasing depth.
Boreholes provide useful points of access to the soil, especially below the
water table, where water samples can be recovered more easily. Similarly,
pressure head can be measured more easily below the water table than in the
deep vadose zone. Direct sampling in the deep vadose zone faces the same
limitations with respect to spatial and temporal coverage as in the shallow
vadose zone. In fact, these limitations increase due to increased drilling and
sampling costs with depth. As a result, the dynamics of hydrologic processes
in deep vadose zones is poorly characterized, even though this zone plays a
critical role in determining the travel times and fates of contaminants travelling
to deep unconfined aquifers.

Unfortunately, the surface-based non-invasive methods described above
are less effective for monitoring the deep vadose zone. Specifically, the res-
olution and accuracy of these methods degrade with depth of investigation.
In general, it is more appropriate to use boreholes as access points for these
non-invasive techniques to characterize the deep vadose zone.

4.4.1. BOREHOLE RADAR

4.4.1.1. Methodology

The increasing availability of commercial borehole GPR systems has led to a
number of recent hydrogeological applications of the technique in unsaturated
systems (for example, Hubbard et al., 1997; Eppstein and Dougherty, 1998;
Alumbaugh et al., 2002). Note that most hydrological applications are con-
ducted in transmission mode, while other uses - e.g. geotechnical in fractured
rocks — exploit reflected events. Borehole transmission surveys may be con-
ducted in three different configurations, depending on the survey goals and
practical constraints, in order to determine dielectric properties at the field
scale. In two modes, a GPR signal is transmitted from one antenna placed
in the first borehole, and received by a second antenna in the other borehole.
Measurement of the received electromagnetic wave permits determination
of the first arrival and hence velocity of the wave (v). In one mode, using
a multiple offset gather (MOG), the receiver is moved to different locations
in one borehole whilst the transmitter remains fixed. The transmitter is then
moved and the process repeated. Following collection of all data in this mode
and determination of the travel time for each wave path-line it is possible to
derive a tomogram of velocity within the plane of the borehole pair. In con-
trast, a zero offset profile (ZOP) may be determined by keeping transmitter
and receiver at equal depth. By systematically lowering or raising the pair of
antennas in the two boreholes it is possible to build a one-dimensional profile
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of average inter-borehole travel time over the entire borehole length. If only
one borehole is available, a profile of cumulative travel time to a given depth
can be obtained by laying the transmitter antenna at the ground surface next to
the borehole and lowering the receiver antenna at progressively larger depth
(vertical radar profiling or VRP).

Each of the three considered transmission modes has advantages and dis-
advantages. MOG has the greatest information content, and can represent the
actual (2D) distribution of dielectric properties. However, at least with cur-
rently available borehole GPR systems, acquisition is slow and cumbersome,
and may require many hours for each pair of holes. In addition, tomographic
inversion is required to reconstruct the velocity image. ZOP is fast to ac-
quire and easy to interpret, but only provides 1D information. Both MOG and
ZOP require two closely spaced and parallel boreholes (generally less than
10 m even under ideal conditions). Typically, this requires that holes be drilled
specifically for this purpose. If only one plastic-cased borehole is available,
VRP is still feasible, and can provide a 1D vertical profile of GPR velocity.
However, unlike ZOP, VRP requires that some regularized inversion of travel
time data be performed, and consequently some information must be gathered
on the error structure in the data.

The images of relative permittivity can be converted into volumetric wa-
ter content, or volumetric water content changes over time, as described in
Section 4.2.3. These 1D or 2D datasets can then be used to calibrate unsatu-
rated flow models, as discussed in Section 4.1 (Figure 1) to yield estimates of
hydraulic conductivity and other unsaturated flow field parameters.

Example 1: Cross-Hole GPR Monitoring of Natural Infiltration. Time-lapse
ZOP borehole GPR profiles can supply important information on the hydro-
logic behavior of the deep vadose zone under natural infiltration conditions.
These data can be used to constrain a mathematical model of unsaturated flow
10 provide more quantitative information.

A field site was located near Eggborough, North Yorkshire, UK, adjacent
to a small sand quarry. The field site is one of two selected for detailed study
of the vadose zone in the Sherwood Sandstone — Example 3 in this section will
present results from the other site. The research program aims to utilize cross-
borehole geophysical methods to improve models of vadose zone recharge
dynamics. Twelve boreholes were drilled at the Eggborough site, seven of
which were used for deployment of borehole GPR. The other boreholes were
installed for DC resistivity measurements in both cross-hole and single-hole
mode. From analyses of the cores (West et al., 2003), the sandstone sequence
at the site consists of fluvially derived fining upwards sequences 1 to 3 m
thick, grading from medium grained to fine grained sandstone. The glacial
drift cover (mainly gravels and cobbles in fine matrix) is typically 1-2 m
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Figure 9. Natural gamma logs from boreholes E3, R3, R4, E4 (surveys carricd out Junc 1999).
The horizontal bands indicate zones of relatively high gamma count (inferred layers of finer
sandstone/siltstone)

thick. In each of the GPR boreholes, a 76 mm diameter PVC casing was
installed, surrounded by a sand/cement backfill. The boreholes were logged
using natural gamma and electromagnetic conductivity sondes. The layered
sequence at the site is clearly evident from the cores and from the well logs
(Figure 9). For the purpose of this study two types of sandstone were identified
{medium and laminated).

In order to determine changes in bulk dielectric properties at the Eggbor-
ough site, borehole-to-borehole radar surveys were conducted in ZOP mode.
This type of borehole data acquisition is suitable for situations where the
variations of physical properties in the subsurface are mainly in the vertical
direction. Such is the case for infiltration-dominated volumetric water con-
tent distribution, as in the case presented herewith. Care must be taken to
ensure that critical refraction at the soil/air interface does not produce the
first arrival of energy at the receiver antenna. If such first arrival is mistaken
for a direct wave through the soil, serious errors can be made in the esti-
mation of soil dielectric properties (Siggins, 1992). Also, critical refractions
could occur at the interface between high and low velocity layers in the se-
quence (Rucker and Ferré, 2004). Monthly cross-hole radar monitoring was
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Figure 10. Volumetric water content data derived from GPR profiles at Eggborough between
Aug 1999 and Feb 2001. Solid line indicates average profile, dashed lines show minimum and
maximum obscrved values at each depth

performed from August 1999 to February 2001. GPR velocity was converted
into volumetric water content using a calibrated CRIM formulation. The data
show small changes of volumetric water content over time and fairly large
spatial variability with depth (Figure 10). It could be concluded that the infil-
tration at the site takes place under quasi-steady state conditions. Knowledge
of effective precipitation (rainfall minus evapotranspiration) together with the
volumetric water content profile in Figure 10 ensures that the travel time of
water — and potential contaminants — from the ground surface to the water
table can be computed: at the Eggborough site this is roughly equal to 4500
days. However, in order to estimate the unsaturated hydraulic properties of
the Sherwood Sandstone the above information must be analyzed by means
of the mathematical models based on the formulation in Section 4.2.1.
One-dimensional Richards’ equation modeling of the infiltration process
was performed under spatially heterogeneous (layered), steady-state condi-
tions. Both layer structure (composed of the upper drift, and a sequence of
medium and laminated sandstone), derived from stochastic geostatistical sim-
ulation of gamma ray counts obtained from borehole logs, and Richards’ equa-
tion parameters were simulated using a Monte Carlo (stochastic) approach,
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Figure 11. (a) Best simulation with no window averaging and comparison with time-averaged
data, (b) Best simulation with vertical averaging window = 2 m, (c) Best simulation with
vertical averaging window = 5 m. Data profile is shown by the dashed line, simulated profiles
by solid lines

constrained on a priori information regarding the possible range of hydraulic
parameters. The results of the Monte Carlo analysis show that, in order to
match the GPR-derived volumetric water content profiles, it is necessary to
take into account the vertical scale of measurements, with an averaging win-
dow size of the order of the antenna length and the Fresnel zone width (2—3 m—
see Figure 11).

Example 2: Vertical Radar Profile Monitoring of Natural Infiltration. One-
dimensional profiles of volumetric water content with depth can be obtained
using either a ZOP (Example 1) or a VRP configuration, as shown in this
example. VRPs carry information on (1) the distribution of radar velocity as
a function of depth, from which volumetric water content distributions can
be inferred, and (2) the presence of reflecting horizons within the formation,
often associated with lithological contacts.

High-resolution, time-lapse VRPs were acquired at a crude oil contami-
nated site in Trecate, Piemonte, Northern Italy, on a few existing boreholes
originally developed for groundwater monitoring and remediation. In 1994,
the site was the scene of an inland crude oil spill following an oil well blowout.
Details of the incident have been reported elsewhere (Burbery et al., 2004).
The Po river plain aquifer at Trecate comprises an extensive, unconfined silty
sand and gravel unit in excess of 60 m thickness beneath the site. Ground-
water levels at the site show seasonal fluctuations of 5 to 6 m, with higher
levels experienced during the summer period due to irrigation. Information
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on site stratigraphy can be derived from drilling logs and Geoprobe (Salina,
Kansas, USA) cores. A thick sequence of poorly sorted silty sands and
gravels in extensive lenses, typical of braided river sediments, characterizes
the site stratigraphy. An artificial layer of clayey-silty material, less than 1
m thick, originally placed as a liner for rice paddies overlies most of the
site.

Periodic VRP acquisition was performed in § different boreholes with
approximately one survey per fortnight, from October 2002 to December
2003, using a PulseEKKO 100 system with 100 MHz borehole antennas. The
transmitter was laid on the ground radially, its centre positioned at 0.70 m from
the borehole axis; the receiver antenna was lowered at 5 cm steps, starting at
0.75 m below ground. We adopted a 64-fold vertical stack and a time sampling
interval equal to 0.4 ns. Periodically, a test was made on the VRP signal quality
by repeating a whole VRP at short time distance: an average error of roughly
0.5 ns was measured with the receiver antenna above the water table (consistent
with results by Alumbaugh et al. (2002)), 4 ns below the water table. Note that
a link exists between the travel time picking errors and the vertical resolution
of VRP: the latter depends on our ability to distinguish travel time values of
neighbouring traces, which is strongly linked to the travel time picking error
discussed above. On this basis, the VRP vertical resolution at the Trecate site
has been estimated around 0.25 m.

VRP data processing is relatively simple, involving: (a) careful calibration
of the system time zero via walkaway tests in air, possibly repeated before and
after the VRP acquisition (time zero correction); and (b) careful dewowing
to remove the low frequency noise (“wow”) induced by dynamic range lim-
itations in the radar equipment. The problem caused by the “wow” becomes
more severe as the receiver antenna is lowered deeper into the subsurface. This
happens because, while the “wow” has the same energy at all depths, the radar
wavelet signal becomes weaker with depth. In order to preserve the timing of
the first break, Gerlitz et al. (1993) suggested using a residual median filter,
and provided relevant rules for calculating the median filter length. According
to this approach, a filter length of 80 ns was applied to the Trecate VRP data.
Examples of processed VRP data are shown in Figure 12.

Travel times, as derived from picking of first arrivals, must be inverted into
interval radar velocity values. Such inversion involves as many unknowns as
equations. However, the apparent simplicity of the problem hides the inherent
instability of the solution caused by errors in the data (travel times). If such
errors are not accounted for, erratic non-physical radar velocity values will
appear in the solution. The problem requires some form of regularization based
on the estimated errors in the data. We adopted an Occam inversion, similar to
that proposed by Lizarralde and Swift (1999). The amount of regularization
in this formulation is a function of the error level in the data. An example of
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Figure 12. Examples of VRP data acquired at the Trecate site at the end of Winter and at the
end of Summer, showing (a) the sharp change in slope corresponding to the location of the
water table; (b) the pronounced water table oscillations due to regional irrigation; and (c) the
presence of clearly identifiable reflections at about 2 m and 6.5 m below ground

volumetric water content profiles derived by inversion of VRP and utilization
of Topp et al. (1980) relationship are shown in Figure 13.

More information can be extracted from VRP data than only first ar-
rivals. The energy arriving after the first break is ofien generated by reflec-
tions at lithological interfaces (see Figure 12) that are associated with sharp
changes in the electromagnetic impedance and, ultimately, in permittivity
values and radar velocities. The interfaces below the downhole antenna pro-
duce reflections of the direct signal (down-going wavefield), and the upward
traveling wave is detected by the receiver antenna. This up-going wavefield
can be easily identified in records since its slope is opposite to the down-
going, direct wavefield. Processing the records can enhance the reflections
and produce an image of the interfaces in the subsoil, as in conventional
VSP processing (Hardage, 2000) — see Figure 14. The information derived
from VRP reflections has been correlated with information from drilling
logs, and interfaces have been corrected, when needed, to their actual depth
location.

The VRP-derived volumetric water content profiles have been used to
calibrate a dynamic Richards’ equation model via a Monte Carlo inversion
approach, similar to that described in Example 1. It has been possible to
identify the value of subsurface hydraulic parameters, in particular hydraulic
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Figure 13. Examples of volumctric water content profiles derived from VRP data at the Trecate
site. Each line corresponds to a date between March and November 2003. The dynamics due to
water table oscillations and precipitation/cvaporation is clearly visible, together with the cffect
of lithological control around 6 m b.g.

conductivity, of the main lithological units. The volumetric water content pro-
files at this site are highly dynamic and vary over a larger range, thus stressing
the system sufficiently to identify its governing parameters and increasing the
signal to noise ratio of the measurements.

Example 3: Cross-Hole GPR Monitoring of a Tracer Injection. Monitoring
of natural flow in the vadose zone is useful in many respects, but is both
time-consuming and potentially inconclusive in terms of identification of un-
saturated flow parameters. The latter problem may arise because under natural
conditions the porous medium may never be stressed sufficiently to deliver
information on the governing parameters (see Example 1). An obvious way
around this problem is to conduct tracer experiments by introducing a known
volume of water in the vadose zone, and monitoring its time-space evolution.
Binley et al. (2002b) present results from a water tracer experiment carried
out at a UK sandstone site. Here we focus on how borehole GPR data were
used to help determine the hydraulic conductivity of the sandstone.
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Figure 14. Sequencc of VRP processing to extract up-going reficctions from VRP data: (a)data
after dewowing and static shift for instrument time-zero; (b) corrected for statics computed
on first arrivals; (c) reflection enhancement via residual median filtering; and (d) reflections
double corrected back with statics from first arrivals

At a field site in Hatfield, SouthYorkshire, UK, six boreholes were installed
in June/July 1998 to a depth below the water table (approximately 12 m) as
part of a project (run by the UK universities of Lancaster and Leeds) aimed
at characterizing the unsaturated properties of the Permo-Triassic Sherwood
Sandstone - see also Example 1. The boreholes were drilled in order to moni-
tor the migration of injected water tracers using cross-borehole (transmission)
radar and cross-borehole 2- and 3-D electrical resistivity tomography (ERT).
In addition, a tracer injection borehole was drilled to a depth of 3.5 m at the
centre of the borehole array. The site lithology is similar to that at the Eggbor-
ough site (Example 1) but slightly less heterogeneous. Drift thickness at the
site is typically 2 to 3 m. The sandstone underneath is composed of two main
sub-lithologies: medium grained sandstone, which comprises most of the soil
column, and sub-horizontally laminated fine to medium sandstone. Labora-
tory experiments were conducted (West et al., 2003) to identify the parameters
of a CRIM: porosity ¢ = 0.32, dielectric constant of the grains x5 = 5.

Approximately 2.1 m?® of tracer was introduced in the injection borehole
over 3 days. The injected water was prepared using mains supply water, with
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Figure 15. Cross-borchole radar zero offset profile results for borehole pair showing change
in volumetric water content (A#) using CRIM model at various times following injection of
tracer. Horizontal arrow shows position of centre of mass of change in volumetric water content

the addition of a small quantity of NaCl to maintain an electrical conductivity
of approximately 660 uS/cm, equivalent to observed local groundwater con-
ductivity. Injection of the tracer was performed using a constant head device.

Before, during and after injection, ZOP transmission radar measurements
were collected between the two radar boreholes, 5 m apart, using the Sensors
and Software PulseEKKO radar system equipped with 100 MHz borehole
antennas. Figure 15 shows changes in volumetric water content with respect
to background (before injection) as a function of depth at increasing elapsed
time afier the end of injection. The injected bulb and its evolution over time
is clearly identified by ZOP cross-hole GPR.

A 3D, finite element, Richards’ equation model was run to reproduce the
tracer experiment. Trial and error fitting of the vertical saturated hydraulic
conductivity of the medium sandstone was performed on this model, while
the remaining van Genuchten (1980) parameters were kept constant during
the exercise, their values estimated from the literature. The vertical motion
of the slug centre of mass, as illustrated by the ZOP radar, was chosen as
the key feature describing the injection experiment. As shown in Figure 16,
the centre of mass motion is extremely sensitive to changes in the saturated
hydraulic conductivity of the sandstone, as selected in the numerical model.
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Figure 16. Comparison of measured (based on ZOP radar) and simulated movement of the
centre of mass of the tracer

This phenomenon can be explained as follows: (a) the higher the hydraulic
conductivity, the faster the vertical downward movement of the bulb (gravity
dominates capillary forces); but (b) the higher the hydraulic conductivity, the
quicker the disappearance of the bulb itself (flow rates are higher and water
escapes from the bulb more quickly). As a result, an effective (field) saturated
hydraulic conductivity of the sandstone can be identified to be 0.4 m/d. Varying
this value by only a few tenths of m d~' changes the simulation behavior
substantially (see, for example, the case in Figure 16 with K5 = 0.1 m d "
adding confidence to the discriminatory power of the calibration. It is worth
noting that knowledge of the antecedent water content prior to tracer injection
(obtained from the pre-tracer ZOP surveys) was critical in calibrating the
unsaturated flow model.

4.4.2. BOREHOLE RESISTIVITY IMAGING

4.4.2.1. Methodology

Surface resistivity imaging is rarely applied to the study of deep vadose zone
processes because of the limited sensitivity at depth. Park (1998) is perhaps the
only published study that uses surface arrays to examine flow in the unsaturated
zone at a depth of over 10 m, albeit under forced loading. Under natural
loading, changes in volumetric water content at depths of over a few meters are
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likely to be small and surface imaging techniques limited in use. To enhance
sensitivity with depth, electrodes may be installed in boreholes. Recognising
this Binley et al. (2002) demonstrated how borehole-based electrode arrays
may be used to characterise seasonal variation in volumetric water content to
depths of 10 m over a period of over two years at a sandstone site in the UK.

Single borehole arrays have limited lateral coverage, however, electrode
arrays in pairs of borehole may be utilized using cross-borehole electrical
resistivity tomography to obtain high resolution images of resistivity at depth.
Cross-borehole resistivity is an extension of conventional surface resistivity
imaging and uses similar inverse modelling techniques (see Daily et al.,
2004a). Daily et al. (1992) is the first demonstration of how this technique
can be applied in hydrogeophysics, in their study of vadose zone flow, Other
vadose zone studies using cross-borehole resistivity include Ramirez et al.
(1996), Slater et al. (1997), Zaidman et al. (1999), Binley et al. (2002b),
French et al. (2002) and Daily et al. (2004b).

As pointed out by Binley and Kemna (2005), the main advantages of cross-
borehole resistivity imaging, in comparison to surface resistivity imaging,
are: (1) high resolution at depth is possible and (2) investigations can be made
without the need for surface access (for example, surveys under buildings
are possible). The method suffers from a number of disadvantages, however.
These are: (1) boreholes are required (which often need to be purpose drilled),
(2) the images cover only the region between the boreholes, (3) the boreholes
must not be too far apart otherwise sensitivity is reduced, (4) data acquisition
often requires more sophisticated instrumentation and is often more time
consuming, (5) data noise levels are usually higher than those using surface
electrodes, and (6) data processing techniques are more complex.

Example: Cross-Borehole Electrical Resistivity Tomography Monitoring of
Tracer Migration. The vadose zone tracer test reported ecarlier - Exam-
ple 3 in Section 4.3 - and fully described in Binley et al (2002b), also
included application of cross-borehole electrical resistivity tomography. Bore-
hole electrodes were installed at 0.73 m intervals between 2 and 13 m in four
boreholes at the site and supplemented by a number of surface electrodes.
Binley et al. (2002b) show results from 3-D resistivity imaging (using all four
boreholes) and 2-D imaging (using pairs of boreholes). Here, we illustrate
sample results from one pair of boreholes in order to show comparison with
borehole GPR results (Figure 15). Resistivity data were collected under back-
ground (pre-tracer) conditions and then regularly for a period of five days
following injection of the 2.1 m? volume of tracer (injected continuously for
three days).

Figure 17 shows development of the water tracer as it migrates vertically
through the unsaturated zone. In Figure 17a only two thirds of the tracer



