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Abstract

Abstract

The research subject of this PhD thesis consists in the development and application of
techniques for analyzing well-log, well-test, and tracer data to infer the distribution of
hydrologic properties in heterogeneous geologic settings, including fractured rock and
complex aquifer systems.

This thesis is organized in an introductory section presenting the state of the art about
heterogeneous geologic media characterization and a focus on flowmeter log analysis.

The second chapter regards applications of an integrated surveying approach where an
hydrogeophysical characterization was used for a complex aquifer in calcareous and
gypsiferous formation. The most important topic is the joint use of the Electromagnetic
Borehole Flowmeter (EBF) in single hole mode and the Ground Penetrating Radar in single
and cross borehole configuration.

The third chapter is a completion of the studies performed and described in chapter two, with
an extensive study involving a conventional hydrogeological characterization (pumping test,
core analysis) with flowmeter log in cross hole mode and its application to design and
interpretation two tracer tests. The aim is to provide an approach to optimize a set of
hydrogeological and geophysical survey techniques.

In chapter four another application of the flowmeter log is presented. This application has
been designed to monitor infiltration in the vadose zone of a sandy-gravelly soil and use
results as calibration data for the geophysical investigation (ERT and Georadar Borehole
survey).

This thesis involved coordination of laboratory and field work; collaboration with
geophysicists, geochemists and geologists in interdisciplinary studies.

Main applications of this work include advanced hydrogeological characterization,
groundwater and vadose-zone contaminant remediation as well as optimal utilization of

water resources.

Vil



Chapter 1. State of the art

Chapter 1

Heterogeneous geologic media studies and flowmeter log
analysis
Geological heterogeneity is recognized as a major control on reservoir production and a
constrain on many aspects of quantitative hydrogeology. Hydrogeologists and reservoir
geologists need to characterize groundwater flow through many different types of geological
media for different purposes.
For example, close the source of contamination, local heterogeneities in hydraulic and
geochemical characteristics strongly influence the development of a solute/contaminant
plume. Preferential pathways of solute spreading occur along horizons of high hydraulic
conductivity (K), while along regions of small K solute tends to lag behind in. To accurately
model the movement and spreading of the plume near the solute source (on a scale of a few
tens of meters) a detailed measurements of the local heterogeneity are needed. In a stratified
aquifer near Mobile (Alabama) Molz et al. (21986) showed that even at a scale of 32 meters,
tracer movement and spreading were governed largely by the vertical distribution of hydraulic
conductivity.
The type of geological heterogeneity that needs to be taken into account depends on the
scale of the problem under consideration (Schulze-Makuch and Cherkauer, 1998; Beliveau,
2002; Neuman, 2003). Nevertheless must be kept in mind that significant heterogeneity is
present everywhere, on a scale down to centimeters (Allen-King et al., 1998), and even in
aquifers originally treated as homogeneous equivalent porous media.
In unlithified sediments, geological heterogeneity that controls flow is represented by
variations in lithofacies, whereas in hard, crystalline bedrock, it is also represented by
fractures. The hydrogeology of unlithified sediments and of fractured rocks has received
much attention by hydrogeologists interested in the question of heterogeneity (Fraser and
Davies, 1998; Huggenberg and Aigner, 1999).
Two classes of models describe flow in heterogeneous media: continuous and discrete
methods.
Continuum is based on the following assumption: flow is considered on a volumetrically
averaged basis at a macroscopic scale in what is assumed to be equivalent to an ideal porous
medium. Application of the principle of mass conservation to the averaged volumes allows
the derivation of the governing partial differential equation of the flow.

The minimal volume over which the governing equations of flow apply is generally referred to

1
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as a representative elementary volume (REV) (Bear, 1972). This method is called equivalent
porous medium method.

Eaton (2006) argues that the dimensions of REV are defined according to the purpose of the
investigation, but it must be of a size range within which measurable characteristics are
statistically significant and remain more or less constant. Therefore, in a heterogeneous
continuum, the REV size must be smaller than the major variations in hydraulic conductivity
for this approach to be applicable to quantitative hydrogeology.

From a flow modeling perspective, the size of REV can be defined as a volume across which
hydraulic head changes are not significant (Anderson and Woessner, 1992), which is in effect
the size of the model grid cells. Therefore REV size must be able to capture the geological
heterogeneity for a given modeling application.

The continuum approach could be appropriate to explain flow in highly heterogeneous
settings such as strongly fractured rocks. In this case flow through each individual fracture is
not considered but overall flow through the fracture network is assumed to be reproduced
well by an equivalent porous medium (Hsieh, 1998) (Figure 1)

When hydraulic properties due to flow through pore space and fractures are considered
simultaneously in superimposition, this constitutes a double porosity model (Pirson, 1953).
Some of the fluid flows in the matrix, while the rest flows in the fracture system. The matrix
flow is of Darcy type.

The most important and difficult thing to model is the exchange of fluid between the matrix
and the fracture system. Generally, this exchange is assumed to be in an quasi-steady state
and depends on the differences between the matrix fluid pressure and the fracture system
fluid pressure. This assumption effectively ignores the pattern of flow in an individual matrix
block. Fluid exchange actually takes place at the surface of the blocks, while the rate of

exchange depends basically on the fluid pressure and on the geometry of the matrix blocks.
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(a) (b)
h=1 h=0
Q 0.2
0.8 D.;i l
(c) (d)

(e)

TTIT
IR

Figure 1:fractured geological heterogeneity and its representation in numerical flow models: (a) real fracture
network; (b) distribution of head in real network; (c) discrete fracture (DF) model; (d) distribution of head in
DF model; (e) continuum model; (f) distribution of head in continuum model (from Hsieh, 1998).

Discrete fracture and other methods. The discrete fracture approach considers the structure
of the model domain to be a network of transmissive fracture (Hsieh, 1998).

The discrete fracture approach takes into account flow through each fracture characterized by
a location, orientation, size and transmissivity. Often, fractures are represented in three

dimensions by intersecting circular or elliptic disks (Dershowitz and Einstein, 1998)
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Figure 2: representation of three-dimensional fracture geometry as intersecting disks in space (Dershowitz
and Einstein, 1998).

The major difficulty with this approach is that it is extremely computationally intensive and it
is generally practical only at a very small scale site.

Simpler approaches limit the analysis to two dimensions analysis (Min et al.,, 2004) or
represent the three-dimensional network of disks with a network of channels but neither of
these techniques is in widespread use for computational reasons.

From Figure 1 it is clear that both continuum and discrete fracture approaches can reproduce
the basic elements of the heterogeneous flow field but cannot reproduce all the details.
Another approach is represented by the percolation theory (Berkowitz and Balberg, 1993) in
which statistics about connections between elements that represent pores or fractures
provide information about the hydraulic conductivity of larger systems. This connectivity is
associated with a critical threshold, the percolation limit, above which a system will conduct
flow. Few hydrogeologists (e.g. Koudina et al, 1998) applied percolation theory to
understanding flow through heterogeneous rocks.

According to heterogeneity approaches described above, the simulation of flow through
heterogeneous geologic media requires a formulation to structure the model domain. The
geostatistical formulation assumes a groundwater domain with continuously variable
properties, in which the spatial distribution of these properties is uncertain. Therefore if a
discrete fracture network conceptualization is used, it is considered impossible to collect
enough field data to completely characterize the locations, orientations, extents and
transmissivities of the discrete fractures (Eaton, 2006). So, fracture geometric properties and
parameters of the flow model are considered to be random variables whose probability

density functions are estimated from field data (Hsieh, 1998).
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As above mentioned, natural geologic formations are heterogeneous, and few transmissivity
values do not provide sufficient information to contaminant transport or more simply to
locate the screened intervals of monitoring wells. Furthermore contaminant transport
analysis based on aquifer properties averaged over the vertical dimension are frequently
inadequate (Molz et al., 1990). An appropriate site characterization or the assumption of
homogeneity conditions can moreover lead to incorrect design of remediation projects or

data analysis.
Flowmeter log: a state of the art

Because of the recognized need to improve predictions of flow and transport of pollutants,
especially in heterogeneous and fractured aquifers, from the ‘8o the interest in borehole
flowmeters log for environmental applications increased (eg. the determination of K logs).
Vertical flowmeter logging measures substantially, vertical movement of fluid in a borehole.
The three main types of vertical flowmeters are differentiated by the method used to measure

flow and the range of flow that they can measure. These three types of flowmeters are:

. heat-pulse, that uses the velocity of a heated packet of water that moves with the
flow;

. electromagnetic, that is based on Faraday's Law of Induction;

. spinner, that uses an impeller that revolves in response to fluid flow.

Hess (1982, 1986), Morin et al. (1988) and Hess and Paillet (1989) reviewed heat-pulse
technology, while Hufschmied (1983), Molz et al. (1990) and Rehfeldt et al. (1989) have shown
major interest in application of spinner flowmeters.

These authors emphasized that the main handicap to widespread use of borehole flowmeter
log for environmental purpose was the lack of commercially available meters of sufficient
precision and sensitivity. Major problems included inability to sense low flows and, especially
for spinner flowmeters, calibration of the rotation-flow relationship.

The electromagnetic (EM) borehole flowmeter was developed in 1989 by the Tennessee
Valley Authority (TVA). This flowmeter immediately has appeared very promising for
characterizing three-dimensional hydraulic conductivity field (Young and Waldrop, 1989).

The Electromagnetic Borehole Flowmeter consists of an electromagnet and two electrodes
that are cast in a durable epoxy (Figure 3 and Figure 4). The epoxy is molded in a cylindrical
shape to minimize turbulence associated with channeling water past the electrodes and

electromagnet. Having no moving parts, the flowmeter operates according to Faraday's Law
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of Induction, which states that the voltage, €, induced across a conductor moving at right
angle through a magnetic field, B, is directly proportional to the velocity, V, of the conductor:
e=BIV Eq.1
With | the distance between the electrodes in the magnetic flow meter.

Flowing water is the conductor, the electromagnet generates a magnetic field, and the
electrodes are used to measure the induced voltage. Electronics connected to the electrodes

transmit a voltage that is directly proportional to the velocity of the water.

Figure 3: electromagnetic borehole flowmeter produced by Quantum Engineering corp. Black arrow shows
the possible direction of the flow measured by two electrodes.
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Figure 4: Schematic diagram of the TVA electromagnetic borehole flowmeter (EPA/600/R-98/058).

Two probes are available - one with a half-inch inside throat diameter and another with a one-

inch throat diameter. The performance specifications of both probes are presented in Table 1.
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1.27 cm (1/2 inch) id Probe 2.54 c¢m (1 inch) id Probe
Minimum Flow 0.010 L/min 0.04 L/min
Minimum Velocity 0.131 cm/sec 0.131 cm/sec
Maximum Flow 10 L/min 40 L/min
Maximum Velocity 131 cm/sec 131 cm/sec

Table 1: Performance Specifications of the EBF Probes

To prevent bypass flow around the recording section of the flowmeter, a collar or inflatable
packer can be used to seal the area around the exterior of the flowmeter for large diameter
wells. However, whenever it is not possible to block all bypass flow around the flowmeter,
then blocking a constant percentage of bypass flow will provide data adequate for computing
the vertical distribution of hydraulic conductivity. Such a condition is typical when testing in
wire-wrapped screens.

Ambient flow is usually recorded throughout the screened interval of the well first. This is
typically initiated with the flowmeter at the bottom of the screen where flow rates should be
zero. The probe is then raised one increment. After any flow disturbance caused by the probe
movement has subsided, the vertical flow at that station is recorded. This process is repeated
throughout the entire screened or uncased region. These ambient flows reveal the presence
of vertical pressure gradients, positive or negative, between strata, and provide a baseline for
analyzing induced flow into the well during pumping. The test can also be initiated in the solid
casing above the screen where the ambient flow rate should also be zero and proceed
downward as described above.

Once the ambient flow pattern has been recorded, the induced flow test is initiated by
pumping either from or into the well at a constant rate. The water surface is monitored to
determine when equilibrium conditions have been achieved. The probe is then systematically
moved vertically with flow rates recorded at predetermined intervals throughout the well
screen or uncased region. Data at each depth are displayed on a digital readout and stored in

a data file of a portable computer.

Paillet et al. (1987), indicate that a critical need for new methods to determine local in-situ
fracture permeability using the access provided by exploratory boreholes exists. At time of the
work the most effective method for measuring in situ permeability consisted in local pumping

tests, after isolation of borehole sections by means of downhole packers. This is a very time
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consuming method, and it requires complicated equipment. Paillet et al. stated that “the
measurement of fracture permeability in the vicinity of boreholes would be improved
considerably if a sensitive flowmeter was available to measure the flows into or out of
boreholes under an imposed flow field”. Satisfactory results in these studies depended on the
existence of vertical hydraulic head gradients resulting from recharge or hydraulic
connections between two or more independent fracture-permeability systems. An induced
flow system might be imposed, e.g. during a pumping test, and then the flowmeter is used to
identify flow rates into and out of individual fractures. The authors investigated the
distribution of fracture permeability in granitic rocks by measuring the distribution of vertical
flow in boreholes during periods of steady pumping at two sites: one of moderately fractured
and another of intensely fractured rocks. An heat pulse flowmeter was used for accurate
measurement of the vertical flow as low as 0.2 liter per minute. Results indicated, by the
detection of inflow and outflow zone the importance of assessing the effective permeability
of fractures in situ.

Reilly et al. (1989) studied a hypothetical ground water system numerically in order to
demonstrate that significant amounts of flow can occur within long-screen wells installed in
homogeneous aquifers. The authors applied a vertical hydraulic gradient to the regional
model. A local system that consisted of a three dimensional section of the regional model was
simulated in order to analyze and quantify the wellbore flow (Figure 5). The most important
result of the study by Reilly et al. (1989) is the clear prediction that a flow rate detectable with
borehole flowmeters occurs in aquifer with very small typical vertical head differences. The
authors conclude that, under this “common” conditions, samples from monitoring wells with
long screen might be almost useless for quantifying the concentration of contaminants. Their

warning seems to have been largely ignored.
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Figure 5: boundary conditions of the Reilly et al. model,(1989).

Young and Pearson (1991) introduced one of the first systematic field methodology involving
flowmeter log. It includes performing short-duration single well pump or injection tests in
screened wells followed by a flowmeter log in trolling mode. On the cumulative discharges
measured at different depths in the well, profiles of hydraulic conductivity are determined.
They present the results from 37 wells at a research site (Columbus Air Force Base,
Mississippi). Although the aquifer was very heterogeneous (with transmissivities varying over
four orders of magnitude), collected data were used to map the three-dimensional hydraulic
structure of the aquifer. Conclusions based on the flowmeter data were validated by results
from several tracer tests conducted with different pumping and injection schemes.

Keys (1990), in a complete review of conventional borehole geophysical methods, supports
the thesis that these methods are useful at defining the general lithology of rock mass
encountered by boreholes but they are not very useful at identifying individual fractures.
Caliper logs indicate those intervals where fracturing has weakened the borehole wall rock so
that the borehole is locally enlarged. Natural gamma logs indicate where fractures may be
associated with lithologic contacts or where radioisotopes may be deposited as fracture
infillings. Electrical resistivity and acoustic logs indicate where rock properties have been
altered adjacent to fractures. All of these techniques, sample rock properties over too large

volumes to be directly affected by fracture permeability, but each of them provides useful
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indications on the effects of fracture on the bulk properties of rocks.

According to Molz and Young (1993), the borehole flowmeter offers the most direct technique
available for developing a log of hydraulic conductivity in the horizontal direction. They
introduced the calculation of K distribution, for a granular aquifer, or a flowpath distribution,
for a fracture flow, based on flowmeter data. Applications of both spinner and
electromagnetic flowmeters to granular and fractured-rock aquifers are described, and results
indicate that the electromagnetic meter is capable of supplying a new level of detail
concerning the K distribution. The authors introduce the concept that borehole flowmeter
measurements can be viewed as a natural generalization of a standard fully penetrating
pumping test, where just the steady pumping rate was measured, whereas in a flowmeter test
the vertical flow rate distribution within the borehole or well screen is recorded.

Molz and Young declare that few models for the interpretation of vertical flow in wells have
been developed: the Cooper-Jacob (1946) equation, based on relating drawdown to pumping
rate in a well screened and fully penetrating confined aquifer, and the study by Javandel and
Witherspoon (1969). In both methods it is assumed that flow in the aquifer is horizontal

(Figure 6).
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Figure 6: layered geometry within which flow measurement are collected and analyzed (adapted and
modified from Molz, 1993)

In the Cooper-Jacob method (1946), the horizontal flow in each layer is assumed as if it were
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coming from an aquifer of infinite horizontal extent and thickness A,. Then for each layer, i,

one can write:

AH, (1 1) :Mm{ﬁ KiAZit} Eq.2

7K. Az, r S.

1 I w 1

Where AH; = drawdown in ith layer, AQ, = flow from ith layer into the well under stressed
conditions, AQ; = ambient flow from i-th layer, K, = horizontal hydraulic conductivity of the i-
th layer, Az;=i-th layer thickness, I = effective well radius, t= time since pumping started,
and §, = storage coefficient for the i-th layer.

If it is possible to assume that head losses associated with flow within the well are negligible,

KAz, /S;

and that the hydraulic diffusivity of each layer, I remains constant and equal to the

hydraulic diffusivity of the aquifer T/S , Where T is the transmissivity and S is the Storage

coefficient, so Eq. 2 can be solved for K; yielding

< _M.n[g n} a3

' 2mHAz, |, VS

w

T/S can be obtained from standard pumping tests, while AH; can be obtained from

multilevel head measurements.

Further details about head losses can be found in Rehfeldt et al. (1989).

Molz et al. (1989), mentioning the work of Javandel and Witherspoon (1969), suggested an
alternative data analysis method. In idealized, layered aquifers, flow at wellbore radius r,,

rapidly becomes horizontal. Under such conditions, the flow into the well from a given layer,

for example due to pumping, is proportional to the transmissivity of that layer (Az,)

AQ, — Aqg, =aK,Az, =aT, Eq. 4

with o = costant, Eq. 4 occurs when the dimensionless time tp>100

(- Kt Eq. 5
e |

11
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with K the average horizontal hydraulic conductivity:

R:—z }Z‘AZ‘ Eq. 6

and b is the aquifer thickness, S; is the aquifer specific storage, t is time since pumping started
and r,, is wellbore radius.

The sum over the aquifer thickness of the Eq. 4is

> (AQ, - Aq; )= QP(PumpingFlowRate) = &> KAz, = QP = ) KAz, % = aKb =

Eq. 7
.
Kb
Substiting for ain Eq. 4
QP
AQi _Aqi :K_bKiAzi Eq 8
and solving for K,/K gives:
E:M Eq.9
K QPAz,
To obtain Eq. 9 it is assumed that (AQi _AQi) and Qp do not change with time

(pseudosteady-state). This will occur when 1S /4Tt <0.01 (similarly to Cooper and Jacob

solution) where S and T are aquifer storage coefficient and transmissivity, respectively.

Thus, from the flowmeter basic data it is quite easy to derive a plot of Ki/Kyieraged VErsus
elevation. Therefore if one has the value of K,yeraged (€g. from a pumping test), one can easily
obtain dimensional values for K; by multiplying the ratio Ki/Kjyeraged by the pumping test
results.

In predicting fluid transport through fractures, the heterogeneity of the distribution of
hydraulic conductivity in the fractured rock mass would require an unrealistic large number of
boreholes to yield a representative sample of the fracture population. Furthermore the
distribution of fractures identified from borehole studies may not indicate how individual
fractures and fracture set are integrated into large scale flow system (Long et al., 1982).

Paillet (1993) presents new insights into inter-well flow connectivity in fractured rock aquifers.

12
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The author introduces a systematic approach to fracture characterization designed to define
the distribution of fractures along boreholes, and defines the nature of fracture flow paths
across borehole arrays. This scale effect is one of the most challenging aspects of fracture
studies using borehole methods. Estimation of the local hydraulic apertures of fractures is
important, but this information is not sufficient to describe larger scale flow paths through
fractured rock. Paillet (1993) used high resolution flow logging of boreholes during pumping
to identify those fractures associated with flow into or out of observation and pumped
boreholes. This information is then integrated over several different scales of borehole
separation to infer the hydraulic properties of natural and induced flows in the vicinity of the
study site. Such information is much more directly applicable to contaminant dispersal studies
in fractured rock aquifers than simple descriptions of the frequency and orientation of
fractures encountered by a few exploratory boreholes (Paillet, 1993).

The author define “cross-borehole flow testing” the measurement of the flows in both
pumped and observation boreholes in an aquifer test. The aim of the test is to understand
how the individual fractures identified in the boreholes are connected into larger-scale flow

paths in the rock mass between boreholes (Figure 7).

PUMPED WELL OBSERVATION WELL

u

Y X

Figure 7: schematic illustration of fracture characterization, with two fracture zones intersected by the
pumped and observation boreholes (Paillet, 1993)

Paillet introduced the “transient flow” concept as the change of the flow field between
pumped and observation boreholes over time, starting from flow under ambient condition
before pumping and evolving into a quasi-steady flow across the borehole array after the

pump has been turned on for several hours (Figure 8).
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Figure 8: an example of transient vertical flow in an observation borehole connected to the pumped well

(Paillet, 1993).

An analytical model for vertical groundwater flow in an observation well due to pumping in an
adjacent well was suggested by Lapcevic et al. (1993). They assumed that both wells intersect
the same discrete fractures and all flow in the observation well is due to well bore storage.
This model is the first step in the development of more complicated models which will
account for both wellbore storage and the contribution from other fractures. Single fractures
are assumed as analogous to a confined aquifer, which is homogeneous, isotropic and of
infinite extent.

Kabala (1994) analyzed the theory, assumptions, limitations and the relative errors of the
flowmeter test methodology, proposing the “double flowmeter” test which eliminates those
errors and provides measurements of the downhole distributions of the horizontal hydraulic
conductivity, and specific storativity, and to analyze if it is possible to account for wellbore
storage in the flowmeter test. Kabala argues that flowmeter methodology provides only an
order of magnitude estimate of the hydraulic conductivity distribution mainly because the
assumption of water flowing horizontally in each layer after a quasi-steady state is not always
justified. Kabala suggests to perform the flowmeter test twice for each layer at two different
times so that the borehole drawdowns at these two times differ appreciably from each other.
This allows to solve  Eq. 3 not interactively. The author applies this approach to a synthetic
example and performs a first-order sensitivity analysis. Double flowmeter test has not been
widely used in practical work mainly for technical reasons.

Young (1995) reviews different borehole flowmeter analysis methods and evaluates their

applicability in fluvial deposits. He turns his attention to the so-called "K skin effect”, a
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reduced or increased permeability zone, due for example to backfill partially blocking the
connection between one or more aquifer layers and the well screen. In presence of low-K skin
effect, Young suggests to avoid use of Eq. 3 based on Cooper-Jacob (1946) method. Use of
Molz’s (1989) relation is certainly the best option. The trends and the magnitude of the K
values are consistent with results from geologic investigations, tracer tests and multilevel
pumping tests.

Hanson and Nishikawa (1996) combined flowmeter data and time-drawdown data collected
from a long screened production well and nearby monitoring wells to estimate the vertical
distribution of hydraulic conductivity in a complex multilayer coastal aquifer system. These
data are processed analytically to estimate the bulk K value of the entire system and the K
values of specific layers penetrated by monitoring wells. The authors emphasize the
resolution limitation of the impeller flowmeter used in their experiment. Furthermore, neither
time-drawdown or flowmeter data alone provide all the information needed for better aquifer
test analysis.

A field experiment comparing water quality constituents, specific conductance, geophysical
measurements (borehole induction logging, natural gamma) and aquifer test by Church and
Granato (1996) suggests that the well screen acts as a conduit for vertical flow because it
connects zones of different head and transmissivity, even in a relatively homogeneous,
unconfined, sand and gravel aquifer where such zones are almost indistinguishable. Flow in
the wellbore redistributes water and solutes in the aquifer adjacent to the well, increasing the
risk of bias in water quality samples, failure of plume detection, and cross-contamination of
the aquifer. The authors debate on the works of Giddings (1987) that instead proposes long
screen wells as monitoring wells because they are more sensitive to the presence of
contaminants for their better hydrologic connection with the aquifer.

Boman et al. (1997) describe applications of Electromagnetic Borehole Flowmeter in fluvial
sediments. Data analysis of many tests in gravel packed wells suggests that flowmeter
produces misleading data for a variety of reasons in such situations. Among other things, an
annulus of high permeability around a well screen allows flow to bypass the meter, and the
phenomenon is amplified by high pumping rates. Figure g illustrates the possibility of flow by-
passing the meter in gravel packed wells. Thus, the authors argue about the deeper parts of a
test well that would be isolated hydraulically and have less drawdown than the more shallow
parts. The net effect of both phenomena would be to transfer apparent flow sensed by the

meter to the top of the well where all external flow is forced to enter the screen near the
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pump. If such data are collected and analyzed, a false, or at least magnified zone of high
hydraulic conductivity will appear near the top of well screen. The authors conclude that
flowmeter tests must be applied carefully and that further studies are needed to better
understand the hydraulics of the flowmeter-well interaction. None of these problems,
however, prevent effective use of Electronic Borehole Flowmeter, because the hydraulic
conductivity information is far superior to that derived from standard pumping tests that

assume aquifers homogeneous in the vertical direction.
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Figure g: illustration of the discharge distribution Figure 10: numerically simulated profiles of vertical
around a borehole flowmeter in a gravel -packed flow in a pumping well for the case of no skin, negative
well. Undetected flow may by-pass the flowmeter skin (K=0.05 m/s), and positive skin (K=0.005 m/s and
in the permeable gravel pack. Vertical flow in the K=0.00005 m/s) effects (from Young, 1998).

gravel pack may also occur independent of the
meter (Boman et al, 1996)

Young (1998) examines the impacts of positive skin effects on borehole flowmeter tests in a
granular aquifer. Positive skin is a zone of reduced K values near a well. Possible causes are
drilling operations can cause an intrusion of drilling fluid in well annulus. Positive skin effects
include head losses and changes in flow pathways in proximity of a pumping well. Positive
skin effect can cause errors in the analysis of pumping test data (Figure 10).

Paillet (1998) proposes a numerical model of flow in the vicinity of a borehole to analyze
flowmeter data obtained with high resolution heat-pulse flowmeters. Among other purposes,

the model is designed to allow for an arbitrary number (N) of entry/exit points connected to
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M<N far field aquifers (see Figure 11).
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Figure 11: schematic illustration of fracture flow model: (a) N permeable fracture zones connecting the
observation borehole to M far-field aquifers; (b) water balance in the uppermost fractures zone showing the
relationship between measure flow, rate of inflow from the K=1 fracture, pumping rate Q and changes in
water level in the borehole (Paillet, 1998).

Dinwiddie et al. (1999) based on Foley (1997) show by numerical simulation, that by-pass flow
during flowmeter tests in gravel packed wells is directly proportional to flow rate used in tests
in stressed conditions (Figure 12). By-pass flow is further enhanced by head loss through the
probe and by increasing the gravel pack permeability. The authors performed their tests with

an Electromagnetic flowmeter with 1.25 cm inner diameter.
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Figure 12: empirical parabolic curve-fit, wich relates head loss though the EBF to flow rate (Foley, 1997)
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As illustrated in Figure 13, the head loss associated with the presence of the EBF in a wellbore
divides an homogeneous aquifer into two distinct regions. EBF head loss isolates the portion
of the aquifer below the flowmeter elevation from the drawdown measured at the surface.
This isolation increases as the meter is raised because flow through the EBF increase and

therefore the head loss increases (see Figure 12).
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Figure 13: illustration of the two aquifer regions resulting from the presence of an EBF with its associated head
losses. As a necessary approximation, the vertical length of the meter apparatus is assumed to be zero.
(Dinwiddie, 1999)

Arnold and Molz (2000) repeated Dinwiddie et al. (1999) simulation trying to minimize the
head loss. The authors tested four options to do it: (1) using an EBF without a packer at
different flow rate; (2) using an EBF with a larger inner diameter (12 inch) with and without
packer; (3) performing a mathematical correction of the head losses, and (4) using EBF at
lower flowrate. Results of these applications were: (1) negligible head losses without a packer
using flow rate until 30 I/min; (2) significant head losses reduction (until 1/16) using the 1 inch
flowmeter respect the o.5 inch, (3) during a flowmeter test with a packer, a flow rate under 10
I/min makes insignificant the head losses.

Paillet and Reese (2000) describe the integration of flow logs and aquifer tests in the
development of a hydrostratigraphic model for a superficial aquifer system. Borehole
flowmeter tests provided qualitative permeability profiles in most of 26 boreholes indicating
the depth of transmissivity units.

Hutchins and Acree (2000) discuss the misleading data that are often generated using
samples collected from conventional monitoring wells. They conclude that “the well acts as a
“short circuit” along the well bore with the resulting ambient flow often of sufficient

magnitude to compromise the integrity of any samples collected from the well.
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Genereux and Guardiario (2001) arguing about flowmeter measurements reliability, support
the idea that the two potentially significant concerns in a highly permeable rock unit are: (1)
redistribution of flow into the borehole in response to head loss across the flowmeter and (2)
reproducibility of the measurements, mainly the reproducibility with which the inflatable
packer can be seated at a measurement point. About the reproducibility of packer seating a
very conservative approach is to discard any measurement showing a net inflow lower than
the measurement point immediately below in the same borehole

Elci et al. (2001) developed a detailed three-dimensional model of flow and transport in the
vicinity of a fully penetrating monitoring well. The model was used to simulate a measured
ambient flow distribution around a test well in a heterogeneous aquifer. Tracer transport
simulations then illustrated how a contaminant located initially in a lower portion of the
aquifer was continuously transported into the upper portion and diluted throughout the entire
well by in-flowing water.

Even after full purging or micropurging, samples from such a well will yield misleading and
ambiguous data concerning solute concentrations, location of a contaminant source, and
plume geometry. For all these reasons the author suggest not to use long screened
monitoring wells unless an appropriate multilevel sampling device that prevents vertical flow.
As concern the cross borehole flowmeter tests Williams and Paillet (2002) introduced an
alternative approach to the conventional aquifer test for fractured rock aquifer application.
The basis of this approach is the observation of the propagation of short (typically 15 or 20
min) pulses of drawdown (for example performed with pumping or injection) across the
observation borehole array. The complete method is based on the identification of permeable
fractures in each borehole by single well flowmeter test, followed by a series of specific pulse
tests that can be used to define connections between the individual fractures detected in each
borehole. The shapes of the transient flow profiles are compared to type curves computed for
several different types of fracture connections (Figure 14). The fitting of the data to the type

curve yields an estimate of fracture transmissivity and storage coefficient.
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Figure 14: Type curves computed for a situation where (A) a single fracture connects pumped and observation
borehole intersects a deeper fracture of approximately the same transmissivity and (B) type curves vary in
direction and magnitude of flow according to the transmissivity of a third fracture in the surrounding
formation (William and Paillet, 2002).

Zlotnik and Zurbuchen, 2003 intended to (1) determine the analytical solutions to correct the
head loss caused by EBF and (2) to apply these solutions to real data.

In the case of an ideal EBF without head losses, Eq. 9 is valid. In the case of a non-ideal
EBF with head losses, this equation needs a correction.

They rewrite Eq.gas:

I

where ¢ is a “correction factor” (Zlotnik et al., 2003) and K is the bulk permeability.

~|=

j —|
on—ideal
Eq .10

The authors indicate that the drawdown, s’, due to the difference between the drawdown for
a non-ideal flowmeter and an ideal flowmeter, can be attributed to an “equivalent
recirculation well”, where the lower section (below the flowmeter) injects water to the aquifer,

while the upper portion extract water from the aquifer with an equivalent flow rate.
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Paillet (2004) analyzes in particular the correction for the suppression of the effects of
diameter variations and rugose borehole on trolled flow logs. Variations in borehole diameter
has as its main consequence to allow for various amounts of by-pass around the flowmeter.
The author suggests to use a particular “under fit diverter”, especially for the heat-pulse
flowmeter, to force at least some of the flow into the probe measurements section.
Furthermore a correction flow factor needed to be computed to correct the increased
wellbore diameter. To determine correction factor, flow measurements were made as close to
the diameter change as possible. Comparison of flow above and below the diameter change,
indicate the factor to account for the much greater by-pass flow.

Le Borgne et al. (2006a) present a characterization of flow paths connectivity at the Ploemeur
fractured crystalline aquifer (Brittany-France) resulting from cross-borehole flowmeter tests
and argue about scale effects in hydraulic properties. They synthetize hydraulic properties
estimates obtained from field technique having distinct scales of investigation: single
borehole flowmeter experiment, cross borehole flowmeter experiments and long term
pumping test. The conclusion is that borehole scale variability of transmissivity estimates
vanishes at larger scale and that the transmissivity converges towards the high values of the
transmissivity distribution. The authors explain this effect (for the test site) by the
organization of the flow field in the subsurface and particularly the good connectivity of the
permeable zones all over the site.

Le Borgne et al. (2006b) propose a framework for cross-borehole flowmeter test
interpretation that is based on a “two-scale conceptual model”: discrete fractures at the
borehole scale and zones of interconnected fractures at the aquifer scale. The first problem
consists of estimating the hydraulic head variations that drive the transient borehole flow
observed in the cross borehole flowmeter experiments. The second inverse problem is related
to estimating the geometry and hydraulic properties of large scale flowpaths in the region
between pumping and observation wells that are compatible with the head variations
deduced from the first problem.

Le Borgne et al. (2007) compare flowmeter and single packer tests to show that few of the
fractures interpreted as open from other geophysical logs (e.g. ERT, Fluid Electric
Conductivity, optical and acoustic image logs) are significantly transmissive. To determine
fracture zone connectivity, the authors propose a methodology based on the variation with
packer depth of the ratio of the drawdown in the observation well and the drawdown in the

pumping well. These results are also compared to the analysis of cross-borehole flowmeter
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tests. Both methods provide consistent results with a similar level of information on
connectivity.

Barahona-Palomo et al. (2011), analyze hydraulic conductivity data obtained by Kozeny-
Carman empirical formulation (based on particle-size distribution) and borehole impeller-type
flow tests. They found that correlation between the two sets of estimates are practically
absent (R*=0.0095). Hydraulic conductivity values are similar in terms of mean value and differ
in terms of variogram ranges and sample variances. The authors argue that the two types of
estimates can be associated with different measurement scales. Furthermore the relationship
between measured vertical fluxes and the micro-structure of the system is still not clear and
should be further analyzed in real site applications (Barahona-Palomo et al., 2011).

The relationship between fluid temperature and flow logs in a fractured karst aquifer are
discussed in Chatelier et al. (2011). For the authors both techniques complement each other
since flow log measures local flow velocities in well whereas water column temperature profile
(under different hydrodynamics conditions) could delineate inflow depths and sources
feeding. The vertical distribution of temperatures is, in fact, perturbed when a borehole
intercepts local flow conduits or fractures (Keys, 1990). An important conclusion of the study
by Chatelier et al. is that it is advisable to monitor both water temperature and flow in a well.
This avoids or reduces the uncertainty in the interpretation of temperature measurements

alone. Furthermore temperature logging is not expensive and relatively rapid to conduct.
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Hydrogeophysical characterization of a complex aquifer
in calcareous and gypsiferous formations
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Universita degli Studi di Milano Bicocca — Milano
Abstract

We performed a coupled hydrogeological and geophysical investigation to characterize a part
of an aquifer hosted in calcareous- gypsiferous formation at shallow depth. The work is in the
framework of a cleanup project from groundwater contamination of chlorinated solvents. The
hydro-geophysical characterization was aimed to detect the most conductive levels within
the gypsum-calcareous formation in a depth range between 10 and 20 m from the surface,
observe the hydraulic connection of the main productive levels and estimate the
hydrodynamic properties of the aquifer.

We surveyed the main productive level by borehole radar to assess the lateral continuity of
the porous and permeable zones between closely-spaced boreholes. Flowmeter tests
identified the zones of inflow-outflow in the boreholes and allowed us to estimate the
hydraulic parameters. The hydrogeophysical characterization detected with good accuracy
the spatial heterogeneity of the aquifer, supporting a more reliable design of the remediation

activities.

Key-words: Hydrogeophysics, Flowmeter testing, Borehole radar

1 Introduction

In an aquifer, characterized by a complex sequence of gypsum-marl and calcareous layers, the
spatial heterogeneity is a major controlling factor for a remediation project. The design of the
cleanup project by injection of an opportune reagent requires an accurate prediction of the
geometrical conditions of the aquifer, to detect the main productive levels and to estimate
the hydrodynamic parameters. The combined use of geophysical methods and hydraulic tests

can be useful in assessing the hydrogeological response of the system under dynamic
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conditions (eg. recharge of groundwater, effect of injection of fluid at high pressure).

The joint use of borehole and surface geophysical investigation is a cost-effective approach
that permits to integrate the hydrogeological characterization by providing additional and
spatially reliable information on the continuity of permeable or less permeable layers or more
in general on the geometry of the aquifer. The most useful parameters are the electrical bulk
conductivity and/or dielectrical permittivity as their sensitivity to the soil/rocks texture and
fluid content. Moreover the use of geophysics in time lapse fashion offers an effective tool for
monitoring the dynamic processes within the aquifer, as the effect of pumping or recharge of
the aquifer, for mapping 2D/3D evolution of water infiltration from the surface and for
estimating the hydraulic parameters of the aquifer. Aquifers in fissured rock can be
characterized by the joint use of georadar and electrical resistivity tomography. Time-lapse
difference-attenuation radar tomography was conducted during saline tracer experimentsin a
fractured aquifer by Day-Lewis et al.) 2004. The presence of electrically conductive saline
tracer effectively illuminates permeable fractures or pathways for geophysical imaging. Cross-
hole radar monitoring in time lapse fashion is often adopted to monitor dynamic processes in
aquifer or the effect of biostimulation processes (e.g. Lane et al. 2004, Kuras et al. 2004,
Slater et al. 2000, Wilkinson et al. 2009). High-resolution time-lapse ground-penetrating radar
(GPR) has been adopted for imaging the rainfall drainage within limestone (Truss et al., 2007).
Moreover, it has been widely demonstrated that the response of ground penetrating radar is
mainly affected by the soil water content (Huisman et al. 2003) spatial and temporal changes.

We performed hydrogeological and geophysical investigations to characterize a part of an
aquifer hosted in calcareous-gypsum formations at shallow depth (10-40 m) subjected to a
remediation project of a diffused contamination by chlorinated solvents in soil and dissolved
in groundwater.

The hydro-geophysical characterization involved several approaches: pumping tests, tracer
experiments and electromagnetic borehole flow-meter in single well mode. The methods
aimed to estimate the lateral continuity of the most permeable layers and to estimate the
water content of the main productive layers. We used the GPR in cross-hole and single hole
configuration for a fast estimate of the main productive levels in a gypsum and calcareous
formation, the absence of radar signature or response being due to the signal attenuation
caused by the high electrical conductivity of marl and clay levels.

We performed flowmeter surveys to detect flow patterns inside the boreholes, fractures or

geologic units with very high hydrauvlic conductivity and understand potential
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interconnections between permeable layers. Flowmeter logs (Hess, 1986, Paillet, 1999, for
heatpulse flowmeter, Moltz and Young, 1993, for electromagnetic flowmeter) can improve
the conceptual models, providing information for the design and interpretation of other

hydraulic tests and input data required by mathematical models.

2. Materials and methods

2.1 Geological settings
The study site is located in a plain area at the foot of a hilly zone geologically belonging to the

Apennin ligurian nappes formed within the —Piedmont-Ligurian ocean basin (Figure 15).

®  Testsite N}
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Italy = River .
] - P

Figure 15: location and main features of the test site area

The local geological setting has been characterized through the description of more than 20
boreholes that have been drilled since 2005. The depth of the drilling ranges from 6.5 m up to
a maximum of 63.5 m from ground level.

Gravelly sandy to loamy fluvial deposits and anthropic soils extend from the surface to a depth
of about 5-8 meters (Figure 16). Below this layer lies a Tertiary bedrock, whose stratigraphic
sequence is formed, from the bottom to the top, by silty marls (S. Agata Fossili Marls—
Tortonian) overlaid by a complex geological unit (cd. Gessoso-Solfifera Formation,
Messinian), 40 meter thick, composed of a succession of sandy loam, clayey loam and sand

with levels of weathered limestone and gypsum. Gypsum layers are characterized by small
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crystals locally substituted by large selenite crystals. At the regional scale bedrock layers

present a reqular bedding dipping to NW at 25° to 35°.
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Figure 16: stratigraphic column for the test site zone. The wells used for hydrogeophisic test involving
superficial soils and Messinian Formation

Water inflows have been observed while drilling through the thin layers of the Messinian
Gypsum formation, at different depth (e.g., 9 inflows along 35 m of borehole S7 in Fig. 3), from
5 to 45 m below the ground surface (Arpa Piemonte, 2006). In general, the formations present

a widely variable permeability, due both to the sedimentary sequence and fracturing.
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Figure 17: a) geometric disposition of the wells present in study area. Wells S7 and S7bis were drilled in 2007,
S16 and S17 in 2009 and P1, P2 and P3 in 2010. Well Px were useful (see fig. 5), but not were used for
hydrogeophysics test for this study. b) evidence of inflows of water observed in S7 and S7bis during drilling
operation.
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Geology and hydrogeology of the area is also complicated by the presence of a fault oriented
approximately SW-NE, in proximity of Rio Negraro, and causing the uplift of the Tortonian

marls and the possible occurrence of associated fractures.

2.1.1 Borehole characterization

We performed geophysical and hydrogeological within three boreholes drilled between 2007
(S7bis) and 2009 (516 and S17) by rotary drilling (Table 2) with core recovery. All boreholes are
equipped with an open standpipe screened along a depth interval which includes the most

important water inflows observed during drilling.

Borehole Wellbore Drilling Drilling Depth | Screen Depth
Name diameter diameter (b.g.s.). (b.g.s.)
S16 76.2 mm 176 mm 23.0m 16 mto23m
Siy 76.2 mm 176 mm 23.0m 16 mto23m
S7bis 101.6 mm 152 mm 23.0m 18 mto23m

Table 2: technical characteristic of borehole

Cores have been visually inspected along the screened zone to detect different layers.
Samples have been collected from these layers to describe the grain-size distribution of the
fine fraction (diameter < amm), by using a laser granulometer. With the exception of a few
slightly coarser samples, the analyzed sediments are almost completely composed of silt.

Many discontinuities and open fractures probably related to the dissolution of gypsum levels

and lenses have been observed (Figure 18).

Figure 18: photograph of core taken from borehole S17 between 15 and 20 m BGS.
2.2 Hydrogeological setting

The shallower aquifer is hosted in alluvial deposits in the depth range between the ground
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surface and about 10 m. The second aquifer in gypsum-calcareous formations is located
between 10 m and 6o m in depth; the groundwater circulation is mainly controlled by the
network of fractures. The relationship between the two aquifers has been established by
drilling wellbore P2 (see Figure 19) on September 2010. Groundwater level fluctuations up to
two meters above the static level were observed in well S7bis (equipped with a pressure
transducer) due the pressure of the drilling fluids. These data could be consistent with a series

of very steep fractures which connect the two aquifers.
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Figure 19: groundwater level in wellbore S7bis when drilling the wellbore P2. Each peak is relative
at different drilling fluid pressure used. A recession is observed during a 2 hours stop of drilling
operation.

Furthermore, groundwater level in the second depth aquifer is very sensitive to rainfall. We
have recorded instantaneous changes both in piezometric level and in water specific electric
conductivity. Figure 20 shows monitoring data relative to a short time period with distributed

rainfall (about 470 mm in 3 months).
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Figure 20: rainfall daily intensity (R), groundwater level (G.L.) and specific electric conductivity (EC)
observed in wellbore S16 between October 13rd and December 20th , 2010.

Borehole characterization was also integrated by conventional pumping test. During the
pumping test, boreholes S7bis was used as pumping well and borehole S16 and Si7 as
monitoring wells. The test was carried out using a flow rate of Q, equal to 15 I*min™. The
measured drawdown was 2.85 m in the pumping well and 0.96 m and 1.03 m in boreholes S16
and S17 respectively.

We analyzed the data from pumping test using Theis’ fitting method for confined aquifer. We

obtained the transmissivity value of 1.2 10 m**s™ and the Storativity is 1*10™.

2.3 Georadar survey

We performed the georadar survey by in-hole and cross-hole configurations. The in-hole
survey involved the use of a IDS Ris K-100 georadar system operating at the main frequency of
150 MHz and 300 MHz. The antenna was moved along the boreholes with a constant offset of
2 ¢cm from the bottom to the top of the well. The data were collected in single reflection mode
in common off-set modality within 8 boreholes of the monitoring network. Main goals of this
first step were: i) to detect or to confirm the existence of the main productive horizon in the
second aquifer, characterized by a complex network of fractures in the calcareous and

gypsum; ii) to assess the performance of the georadar in this environment in terms of data
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quality and radial penetrating distance.

In cross-hole configuration, two acquisition schemes are usually adopted: the multi-offset
gathering (MOG, tomography geometry) and zero-offset profiling (ZOP, cross-hole geometry)
(Binley et al., 2001). MOG offers multi-dimensional imaging through high-resolution
tomography, but data acquisition is relatively slow due to the huge amount of the
measurements. Tomographic schemes typically rely on some kind of ray approximation of the
EM waves. Straight-ray algorithms give reliable results if the velocity variations in the medium
are moderate. If strong velocity variations are expected, algorithms that take bending of the
rays into account will produce more reliable results. ZOP data do not require tomographic
inversion, and the electromagnetic-wave velocity is calculated for a known antenna
separation, assuming that the first-arriving energy travels along a direct path from the
transmitter to the receiver. This assumption, however, can give rise to erroneous velocity
estimates if the traveltime of the refracted waves is lower than the direct wave traveltimes
(Huisman et al., 2003, Rucker and Ferré, 2003 and Rucker and Ferré, 2004).

By assuming a straight ray-path, a first arrival time is used to calculate velocity (v) as v=d/t,
where d is the offset distance between transmitter and receiver and t is the traveltime. By
further assuming that frequency-dependent dielectric loss is relatively small, the electrical
permittivity is obtained from the velocity values. The time lapse cross-hole survey permits to
estimate the wave velocity changes that are governed by the variations of the water content.
The main sources of uncertainties are related to:

e mislocations and errors in the source-receiver positioning at different time steps,
because usually the antennas are manually moved by the operator along the
borehole;

e the traveltime estimation;

e errorin simulation of raypaths and the inversion procedure (MOG data only);

e bias introduced by the model used to convert the traveltimes into water content
changes.

In ZOP investigation the first source can be neglected with respect to the importance of the
other sources, while in tomographic inversion the mislocation in source-transmitter
positioning could strongly affect the final results, because of the ill-poseness and ill-
conditioning of the cross-hole tomography.

The cross-hole radar survey was focused on the small-scale test site (4 boreholes). We initially

collected 3 different panels between the boreholes S7b, S16 and S17 (see Figure 21); the three
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boreholes are about 5 meter spaced for a depth of 23 m. We acquired further data along the
section between the borehole S7b and a new borehole, called S7. The two boreholes are 2.5 m
apart. We used the Sensor and Software georadar, equipped with a couple of separated
antennas at the main frequency of 100 MHz.. The data acquisition involved the positioning of
the antennas at the same level within each couple of boreholes. The antennas were kept at
the same elevation and moved along the boreholes at spacing of 12.5 cm. The main objective
was to check the reliability of the georadar survey in cross-hole arrangement for the water
content estimate of the main productive horizons.

We processed the data processing according to the following steps: i) trace editing and
removal of noisily data ii) correction for the zero-shifting by analyzing the data calibration iii)
application of the Automatic Gain Control amplification to enhance the response of targets. In
ZOP data set the traveltimes, where detectable, were picked up to estimate the wave velocity

and the electrical permittivity.

517 S7b S7

Cross—hole

acquisition
Single hole Rx
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Reflection

from fracture

Figure 21: georadar data acquisition in single hole and cross-hole configuration in the test site.
2.4 Flowmeter survey
We adopted an electromagnetic borehole flowmeter (EBF) (by Quantum Engineering Corp)
with an inner diameter of 2.54 cm able to measure flow rates in the range from 0.04 I*min™ to
40 I*min™.

The open annulus (filled with gravel pack)- see table 1 - between the well screen and the well
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bore acted as a possible disturbing factor during flowmeter logging. This zone provided an
open conduit for water to flow outside the probe. We sealed the annulus between the probe
and the screen a packer inflated by an hand pump..

We checked the accuracy and precision of the probe, in laboratory by testing it in a 3" PVC
column (the same diameter of the test site wellbore); the tests were performed at three

different flow-rates. Results are shown in Figure 22.

b g TR e . i)

a) b)

Figure 22: a) 3" PVC column for laboratory test; b) check of accuracy and precision of the EM Flowmeter, three
different flow-rates were used: 0.18 | min-1; 4.12 | min-1; 15| min-1;

In the field, we calibrated the system before the surveys by setting the zero flow value in the
unscreened casing.

We logged along the screened part with 0.25 m spacing. We waited a sufficient time to
stabilize the flow value; this reduced the disturbance to the borehole flow condition due to the
probe movement and to packer inflation.

We performed the flowmeter logs both under ambient and stressed conditions for each
borehole. Flow measurements under pumping conditions were made when a pseudo-
stationary condition was reached. Piezometric level was monitored during the whole test.

The depth of the beginning of the test not always matched the depth of the drill because of
the sediment deposited on down hole.

We estimated the permeability coefficient (K) using the Molz et al (1989) method: the

hydraulic conductivity of an interval of the aquifer along the borehole is a function of the
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interval groundwater contribution to the well discharge. The fundamentals of the Molz’s
theory are the stationary (or pseudo-stationary) conditions of the flow, the horizontal flow to

the well and the perfect stratification of the aquifer in the proximity of the well. The Molz's

relation is:
ﬁZ(AQl_Aql)b [1]
K QPAz,

where K is the bulk hydraulic conductivity and the K; is the hydraulic conductivity of i-th
layer, (AQ, —AQ;) is the difference between stressed and ambient flow rate, QP = pumping
(or injection) flow rate, b= thickness of the aquifer and Az, = thickness of the ith— layer

(corresponding to 1/frequency of sampling).

2.5 Multiparameter log

Specific Electric conductivity (at 25°C) and temperature logs were performed with a 0.25 m
step by a multiparameter probe (model Hanna Instruments HI 9828), able to measure the
conductivity in a range of o to 400 mS cm™ with precision of +1 uS cm™; the temperature in

the range -5.00 °C to +55.00 °C with precision of 0.1°C.
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3. Results and discussion

3.1 Well testing
Well Bore S16

Ambient flow data for wellbore S16 (Figure 23) indicate a no flow zone between the bottom
hole and 18.25 m below ground surface (bgs) and an upward vertical flow above 18.25 m bgs
until 16.00 m bgs, reaching a maximum of about 2.5 [*min™. Hence groundwater enters the
wellbore between 18.25 and 17.50 m bgs and flows upward to the outflow zone at 16.25 m bgs
where an outflow zone exists. Not variations in ambient vertical flow between 17.50 m and

16.25 m bgs were observed.

Flow rate (I*min-1) Kmolz(m*min-1)
S 3 3 3 3
+ 1 1 1 1
o
8388838 4 ¥ ¥ 4 4
S N < O o o~ < O oo
Jllillllll llJlIJlIJllJlllllllJl
_ ’ X
Grey plastic b 3
marl with . P ——
Gypsum T T e P —
Fracture * ol u
: x —
Grey piasric 3 ¥ —
marl with " -_
e Gypsum p T —
et s x [
- Ochre Sand 1.F -
*5_ Ochre Silt .k =
(7] Sand and .1'(* —
) Gravel ¥ e
i |
¢ 1
1
Compact : u
marly clay p L
@ Ambient Flow
x Total Flow

Figure 23: core stratigraphic, entity of ambiental and pumping flow, hydraulic conductivity by
Molz’s relation for the borehole S16.

We repeated a flowmeter log in stressed conditions at the same depth of the log in ambient
conditions using a pump flow rate of 7.7 I*min™.

Essentially the positions of the more transmissive layers were confirmed, and it was observed
a gradual increment of flow between 19.50 m and 19.25 m, probably due at another

hydraulically active level in correspondence of sand and sand and gravel formations.
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Permeability estimates according to Molz, shows the highest K value at 16.00 m (K=6 10?
m*min™), in correspondence of the outflow zone, while the level at 18.00 m shown the lowest
permeability (K= 4 10 m*min™).

The analysis of the differential ambient flow, gives the quantitative horizontal flow
contribution for different layers.

In Figure 24, the most of the flow is localized in the two principal transmissive layer
intercepted by borehole S16 (the first between 17.25 and 18.25 m and the second in a thin

layer around 16.00 m).
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Figure 24: differential ambient flow for borehole S16.

Temperature/Electric Conductivity of the water column (Figure 25)
Fluid temperature along the wellbore has a constant profile at 12.9°C. The EC (electrical
conductivity) behavior shows instead some singularities: it has rather constant trend with

values around 1200 puS*cm™ between 16.00 and 18.00 m in depth (in a part of the well with
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upward flow), while at depth between 18.0 and 19.5 m, where the ambient flow is null.

We observe an increasing in EC values up to 1340 uS*cm™; EC shows a more complex profile
below the depth of 19.5 m where EC increases until 1380 uS*cm™. We explained the behavior
accounting it as a positive anomaly respect to the EC gradient observable in the no-flow zone,

eg. below the inflow point at depth of 18.0 m.

Temperature (°C)

15.00 — 12i50 1260 1270 12.80 12|.90 13.00
1 & o + ! L Lol 1500
1550 —| + g { L 1550
1600 —| L o + | i
1650 & H: D/’ «€—— Outflow — Kf 5 1600
1700 — 3 A 3 | F
i + o } . —
1750 o 1 * | — 1750
£ 1800 "-l o~ —> Inflow €— } 1800
= 1&50_"'r A s | 1850
8 T + : ‘\q. B
() 19.00 ] ': i . | | 1900
] s - B
1950 — I » Inflow <€ \I - 1950
2000 —| { 2000
2050 —| } o — 2050
21.00 — ‘ S N Py
2150 ] G & Amblelnt Flow rate +—+ + Electric conductivity C 2150
el s—a ® Pumping Flow rate 2 O Temperature _
Rm | T | T ] T l I T ] T | T | T [ T I T Za‘m
000 290 400 600 goo 19904509 1160 1200 1240 1280 1320 1360 1400
Flow rate (*min-T) Electric Conductivity (microS*cm-1)
Figure 25: flow log, interpretation of inflow/outflow zones and EC/Temperature log for the
borehole S16.
Well Bore S17

Figure 11 shows the vertical ambient flow characterized by no-flow zone from the bottom of
the well to 20.5 m bgs, a zone with a sharp increase of downward flow between 20.5m and
19.0 m bgs, a zone with constant downward flow between 19.00 and 17.50 m, with a
maximum flow around -2.00 I*min™ and a zone between 17.25 and 16.00 m where the flows

decrease to zero value.
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Figure 26: core stratigraphic, entity of ambiental and pumping flow, hydraulic conductivity by
Molz’s relation for the borehole S17.

From a qualitative point of view this trend was interpreted with the existence of two layers at
different hydraulic head: one between 20.25 m and 19.00 m bgs and another one in the upper
portion of the aquifer between 16.25 and 17.00 m. In this borehole, in contrast at borehole
S16, the upper level has the greater hydraulic head, so the hydraulic gradient is oriented
downward.

The flowmeter log in pumping conditions,performed with a pumping rate of 7 I*min™ ,
confirmed the presence of the layers detected in ambient flow conditions; furthermore we
calculated the permeability values with Molz’s relation. The layer at 17.00 m bgs shows a
permeability K=4.0 102 m*min™, while the layer at 19.50 m bgs has a permeability K=1.5 103
m*min™.

Differential Ambient Flow Analysis (Fig. 12) shows very clearly the inflow zone between 16.00

m and 17.25 m, while the outflow zone is between 19.00 and 20.25 m.
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Figure 27: differential ambient flow for borehole S17.

Temperature/Electric Conductivity of the water column
Temperature log shows no relevant variations, with a constant temperature around 12.9 °C

(Fig.13).
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Figure 28: flow log, interpretation of inflow/outflow zones and EC/Temperature log for the
borehole S17.

EC profile is more complex than profile in S17. The mean values are higher than those
measured in S16. In details, from the bottom of the well to 21.00 m bgs (in a no flow sector),
the electric conductivity is constant at 2070 uS*cm™. Between 21.00 m and 20.00 EC decrease
to around 1800 uS*cm™, then it stay constant until 17.50 m. Between 17.50 m to 16.00 m we
observe another positive gradient that increases EC to about 2200 pS*cm™.

This trend is interpreted with the hypothesis that at inflow point (between 16.00 and 17.25 m
bgs) we have the entry of water less conductive that exits in outflow zone between 19.50 m

and 21.00 m bgs.

Wellbore S7bis

Ambient flow is oriented upward between 18.00 and 19.00 m bgs and is negligible between
19.00 m and downhole (Figure 29).

We detect a clear inflow point around 19.00 m bgs and an outflow point at 18.00 m. During
the flowmeter test in stressed conditions, we noted a zone between 19.00 and 20.25 m bgs
that contributed modestly to the vertical flow. Ambient flows are significantly lower than in

borehole S16 and S17. Differential ambient flow are synthesized in the bar graph of figure 15.
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Figure 30: differential Ambient Flow in borehole S7bis.

Temperature/Electric Conductivity of the water column.

Temperature values measured along water column are approximately constant and very
similar to those measured in borehole S16 and Si17, with a value of 12.9 °C (Figure 31).

EC values instead are in general much lower than those measured in the other boreholes, with
values around 1055 and 1063 uS*cm™.

EC is roughly constant from the bottom of the well to 19.00 m, whereas between 19.00 and
18.00 m bgs we observe a gradient with a slight decrease upward. The inflow point, located
just 19.00 m bgs, could be an entry point of water with a lower EC, causing the observed

dilution.
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Figure 31: flow log, interpretation of inflow/outflow zones and EC/Temperature log for the

3.2 Georadar results

3.2.1 Single-hole survey

borehole S7bis.

The results of the in-hole survey are plotted in Figure 32, where the vertical axis is referred to

the depth of the centre of the antenna with respect to the ground surface, whereas the x-axis

is the signal traveltime. As we adopted standard not-shielded and non directive antennas

(simple vertical dipole), the amplitude of the reflected amplitude at different traveltimes was

averaged on a volume that involves a solid angle of 360 degrees. In such a context the

response is sensitive to the electromagnetic properties in all the directions.
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Figure 32: single-hole radargrams collected at the main frequency of 300 MHz in borehole S7bis

Nevertheless, the results pointed out the sensitivity of the method at delineating the main
stratigraphic interfaces. In the acquisition at the nominal frequency of 300 MHz, we observe in
radargram of Figure 32, the following main features:

e the sandy and gravel levels are pointed out by intense scattering of the radar
response, due to the interference of the waveform with pebbles and coarse gravel
material;

e silty-sandy materials are usually associated with low scattering because of the
reduced size of the grain particles with respect to the main wavelength of the radar
waveform; wavelength is in the order of about 0.5 m at these frequencies;

e the signal strength is strongly attenuated when radiation involves electrical
conductive layers, such as clay and silt; the signal is strongly attenuated at depths
between 10-11 m and 16 m where electrical conductivity of clay and marl-materials is
about 0.1 S/m; bulk conductivity has been estimated by electrical resistivity logs in
boreholes S17 and S16;

e the more productive zone in the second aquifer, located at the depth of 13-14 m and

43



Chapter 2. Hydrogeophysical characterization of a complex aquifer

16-17 m are well depicted in the radargram; they are characterized by intense

scattering of the coarse material, that hosts the main level where water is circulating.
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Figure 33: ZOP data between borehole S7 and S7 bis (2.5 m apart); a) normalized amplitude; b)
data without any normalization.

3.2.2 Cross-hole survey

In the cross-hole ZOP profile, we observe as the panel acquired between the boreholes S16
and S17 only shows a good data quality, whereas the signal strength for the other two panels
is strongly attenuated because of the high electrical conductivity along those sections.

The results of the ZOP between the boreholes S16-S17 section point out:

e the presence of diffuse high frequency noise in the upper part of the section, partially
compromising the chance of detecting the response of the level between 13-14 m
potentially hosting the groundwater;

e the signal quality improved from the depth of 14 meter to the bottom of the
boreholes (23 m); two interesting zones where the radar signal was transmitted with

high amplitude were recognized at the depth of 16-17 m and 19-20 m.
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The interpretation of the ZOP profile was performed according to the picking of the
traveltime of the directed waves that propagated from the transmitter to the receiver, located
at the same elevation in the two boreholes (panel S16-S17). We observe that at the top and
bottom of each productive level no critical refraction occurred because of the inversion of
velocity between the porous more permeable layers and the top or bottom layers, made of
saturated clay with higher electrical conductivity. In such condition, the electromagnetic field
strength mainly propagates within the high resistivity layer, while it is strongly attenuated at
the boundary with the low resistive material, as observed in the single-hole survey. Therefore,
we neglect the effect of the critical refraction of the radar signal.

The traveltime values of the direct waves in zone of the permeable layers were converted in
water content by means of the Topp’s equation (Topp et al. 1980). In the upper zone, a value
of 0.5 m*m?3 is computed, while the second (deeper)-zone is characterized by an average
water content of 0.35-0.38. It can be noted that the application of the Topp’s formula permits
the computation of the water content averaged on a volume comprised between the two
boreholes and including the overall thickness of each porous/permeable level. Moreover, the
approach considers the total porosity of the two levels without the possibility to distinguish
between the interconnected or the effective porosity. The Topp’s formula tends to
overestimate the water content for values greater than 0.3 m3/m?.

Figure 33 refers to the radar image of the ZOP radar data collected between the boreholes Sy
and S7 bis; the two boreholes are 2.5 m apart. The data were collected with step of 0.25 m in
the depth range between 21 m and the ground level. In Figure 33, radar traces are normalized
with respect to the maximum amplitude of each trace, while normalization has not performed
in Figure 33b. Therefore the first image points out the continuity of the first arrival of the signal
at the receiver antenna, and the second image preserves the “energy” content of the signal
itself. In such a way we note how the clay and marl levels filter out the most energy; the signal

amplitudes are greater attenuated with respect to the more permeable layers.

3.3 Validity and limits of borehole georadar

The main results of georadar interpretation consist in the detection of three horizons which
are potentially more porous and less permeable. A rough estimate of the porosity was
performed by converting the traveltime in water content using the Topp’s formula, that is a
semi-empirical relationships. The layer permeability could be observed indirectly from the
analysis of the radar signal attenuation. The signal was strongly attenuated in levels rich in

clay and marl materials. We compared the radar results with the stratigraphical evidences for
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boreholes S7, S16 and Si17 and we found a good agreement. Particularly, the results of
borehole S7 demonstrate the reliability of the single hole georadar acquisition in detecting the
saturated levels. Usually, the productive levels or fractures can be detected because of the
huge amount of energy that is scattered back by the fracture itself or by the coarse material
which often characterizes the more permeable horizons. The preliminary assumption on the
productive levels is validated by the cross-hole radar data, that demonstrated the relevance of
three main horizons located in the second aquifer.

We observe a relevant attenuation of the radar signal in cross-hole mode in correspondence of
the same levels previously detected by single-hole measurements, confirming that the
behavior is caused by the presence of clay/marl levels. We consider the skin depth as a tool for
estimating the radial distance of the radar survey. The skin depth is a conventional way to
check the performance of electromagnetic wave propagating in a lossy (electrically
conductive) medium, and it is inversely proportional to the frequency of the electromagnetic
field and to the soil electrical conductivity. At 100 MHz and for an electrical resistivity of 10
ohm m (conductivity of 0.1 S/m), the skin depth is about 0.2 m; this means that the radial

distance of the penetrating signal is just few times the borehole diameter.

3.4 Integration between geophysics and hydrogeology

The geophysical survey according to the radar cross-hole and borehole results has been useful
for a characterization of the productive layers and for an estimate of the porosity of the main
productive layer. Particularly we obtain a good match between the depth of the main levels as
estimated by single hole georadar and the flow rate, estimated by the well tests. Moreover
single hole survey permit to estimate with good accuracy the thickness of the main layer
where the flow rate analysis pointed out the intense water circulation.

The integration of the single-hole data with cross-hole data is useful for a preliminary
estimate of the porosity according to empirical rules such as the Topp formula (see a previous
paragraph).

The values estimated from cross-hole are in good agreement with the overall porosity
estimated by laboratory analysis of the sandy-gravel material collected at the depth of 13.5 m
and 16.5 m, corresponding to the main productive levels of the aquifer hosted in calcareous
and gypsum material. The high porosity pointed out by georadar survey and the absence of

fine material are consistent with the high permeability values corresponding to those level.
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4. Final remarks

The presence of a complex aquifer hosted in the calcareous-gypsum formation with the
coexistence of three main productive levels in the upper part of the system has been
observed; the groundwater flow is mainly concentrated at the depth between 12-20 m in
three different levels which are separated by low permeability formations characterized by
compact clay and marl. The thickness of the productive level is in the order of 1 up to 2
meters. On the contrary of the original assumptions, the groundwater flow is mainly hosted in
that porous level more than in fractures in calcareous or gypsum.

The geophysical characterization using electromagnetic methods (georadar) permitted to
detect with good resolution the main geometry of the aquifer at the scale of interest (few
meters). Moreover the GPR cross-hole survey permitted to estimate the overall porosity value
within two of the three main productive layers.

Because of the very high bulk conductivity of the geological formation (clay and marls), we
observed a strong attenuation of georadar signal both in the in-hole data acquisition and in
cross-hole modality (ZOP profiles). The attenuation limits the performance of georadar at few
meters of radial distance from the antennas and make not suitable the integration of data by
surveying the test site from the surface. This discouraged us in using the georadar for time
lapse monitoring of the dynamic response of the system when the injection of the reagent will
take place and have involved the time lapse monitoring by means of electrical resistivity
tomography.

The single-hole flowmeter survey has allowed us to make the following remarks:

1. we identify the main productive levels intercepted by each borehole, pointing out a
relevant ambient vertical flow, that is indicative of very different hydraulic head
between layers;

2. we estimate the variable hydraulic conductivity are calculated and distinguish
absolutely non-productive areas are distinguished;

3. we also check as the inflow and outflow zones are poorly correlated with the
stratigraphy and detect both levels at secondary permeability (corresponding to rapid
changes in the pattern of flows) and levels at primary permeability (when the flow
gradually changes);

4. we note that the position of the inflow/outflow points is not the same in the three

wells studied; a complex flow pattern, not reconstructed from simple stratigraphic
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correlation is recognized;

5. we also note a good correlation between the fluid electric conductivity log and flow
pattern: in the inflow-outflow zones there are rapid changes of the EC; the
temperature does not seem to react in the same way;

6. we don't point out a clear relationships between geology and points of inflow-outflow.

This complex scenario requires to perform flowmeter and tracer test in cross-hole

configuration that has been undertaken.
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Chapter 3

Integration between flowmeter log and tracer tests for
aquifer characterization

3.1 Abstract

This section describes the methodology and results of a study designed to characterize the
geology and hydrogeology of the uppermost tertiary bedrock aquifer underlying a
contaminated site. The main aim is to provide an approach to optimize a set of
hydrogeological and geophysical survey techniques.

The initial objective of the study was to locate the pathways of groundwater flow and
contaminant migration in a complex geological setup in a part of an aquifer hosted in
calcareous-gypsifeous formation and to characterize the hydraulic properties of these
pathways.

For these reasons, the study was divided into five major components: (1) conventional
hydrogeological technique (2) single hole flowmeter test, (3) cross hole flowmeter test, (4)
geophysical logging using cross-hole ground penetrating radar and (5) tracer testing.
Conventional hydrogeological techniques (analysis of core samples, pumping tests, collection
of static water-level measurements) were used in a preliminary investigation of the site to
determine stratigraphy, fracture presence and to estimate the bulk hydraulic conductivity.
Single-hole flowmeter testing was used to detect the presence of heterogeneities and to
provide a vertical distribution of the hydraulic conductivity (shown in chapter 2 of this thesis).
Cross hole flowmeter testing was used to detect connections between the discontinuities
intercepted by boreholes.

GPR was used to obtain a water content by Topp's relation and compare it with permeability
obtained by Molz’'s relation with flowmeter measurements.

Tracer testing was used to determine - with the highest reliability - the pathways, the
effective porosity and rate of ground-water flow through selected flow pathways.

However point (2) and (4) were analyzed and discussed in chapter 2

The complexity of these questions ranges from whether transport connectivity can be
confirmed between injection and withdrawal points, to whether quantitative data can be

extrapolated from a tracer test.
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3.2 Conventional hydrogeological technique

The geological and technical framework (well location and construction) of the test site has

been presented in previous section (Chapter 2, par. 2.1.1).

3.2.1 Pumping test
Table 3 summarizes hydraulic properties obtained from pumping tests performed in different

months and different configuration of pumping — observation wells.

20/01/2010 S17-S17 7.50 5.10E-05 3.00E-02
21/01/2010 S16-S516 10.32 1.00E-04 2.40E-01
01/02/2010 Soybis - S16 15.00 1.20E-04 1.00E-04
01/02/2010 Soybis - S17 15.00 9.68E-05 9.60E-05
21/05/2010 Soybis — So7bis 17.52 3.50E-05 7.70E-02

Table 3: Short term pumping tests hydraulic properties estimates

The pumping test data have been analyzed using Theis’ fitting method for confined aquifer
(Theis, 1935) that, however, does not fully match the whole time evolution of drawdown for
this data set, in particular for long term drawdown variations. Nevertheless, it provides rough
estimates of transmissivity and storage coefficient.

The transmissivity ranges from about 3.5%10™ to 1.2*¥10™ m* s™ while the storage coefficient
estimates from about 9.6%10™ to 2.4*10™.

These average hydraulic conductivity values were then used to convert the relative hydraulic
conductivity measurements, obtained from flowmeter data by Molz’s relation, into absolute

hydraulic conductivity values for each well (Molz and Young, 1993).

3.2.2 Core analysis

The core boxes and the grain size distributions for the samples extracted from boreholes S16,
S17 and Sybis are shown in Figure 35

The core recovery is very poor (<30%) for borehole S7bis while it is good (>90%) for boreholes
S16 and S17.

Because of the screened interval positions, the investigated section of the cores is just
between 15 and 20 m BGS (boreholes S16 and S17) and between 18 and 23 m BGS (borehole
S7bis). Samples were taken from the cores in points (red circle in Figure 35), where lithologies
changed. For simplicity, just two or three grain size distribution curves are represented for

each borehole.
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Grain size analyses were carried out by a laser granulometer (model Malvern Mastersizer
2000E).

For borehole S16 (Figure 35a), at 17.50 m the grain size distribution shown a silty sediment
(silt=89%) with traces of sand and clay (curve1), while between 18.50 m and 20.00 m there is a
layer of sandy sediment (sand=51%) with silt (47%) (curve2) and a passage at silt with sand

(curves). Furthermore an evident fracture located at 16.50 m is present.

Figure 34: fracture with evidences of gypsum dissolution at 16.50 m BGS from the extracted S16 core.

For the core S17 (Figure 35b) there is an homogeneous level of silt (curve 1) and a decimetric
level of sandy sediment at 19.50 m (curve 2).

For the core Sybis (Figure 35¢) a silt and sand level is evident (curve 2) between silty sediments
(curves1and 3).

Furthermore within the silt matrix there are many evidence of gypsum-rich lenses.

It should be emphasized that this synthetic core description would to be an evidence of the

geologic heterogeneity present at this study site.
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Figure 35: core pictures and grain size distribution for cores extracted from boreholes S16 (a), S17 (b) and

S7bis (c); red circles represent points where samples are taken for the grain size analysis.
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3.2.3 Static water-level

The piezometric level has been measured during the study at different dates (Figure 36).
Unfortunately, no automatic pressure transducers where available, so the piezometric level
trend was monitored by manual measurements.

These values were used, by the SURFER software, to draw the maps of groundwater depth
(Figure 38). Depth to groundwater levels were interpolated by kriging for February, March,
May, September and November of 2010. Furthermore for September it was recorded a
measure when a hydraulic stabilization occurred during a water injection in wellbore P2.
Because the boreholes are located in a very small plain area (about 6x6 meters, see Figure
17a), with no changes in ground level height, the depth to groundwater is an indicator for the

local head.
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Figure 36: Change in depth to groundwater over time for borehole S16 (red triangle), S17 (blue circle), S7bis
(black cross). Daily rainfall in the bar plot on the top (Novi Ligure rain gauge). The piezometric level
measurements are so few that no comparison to rainfall can be made.

Figure 36 shows that borehole S17 has an hydraulic head lower than the S16 and S7bis. The
overall change in depth over the period was 0.97 m for borehole S7bis, 0.81 m and 0.85 for
boreholes S16 and Si17 respectively.

As it is evident in Figure 36, from this small amount of data that covers only one year no

relationship to local rainfall can be assumed.

In Figure 37 it is possible to observe the relationship between groundwater depth in boreholes
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S16 and S17 compared to Sybis, which is characterized by the higher hydraulic head.

£
& 1'00____I__I___I__I__T__I__I___I__i___i__.l___l
= N I | | I | | | I | B il I
%__0-80—“?"|“'r"|“T“l“T“|“T“|‘f‘r“|
%E, = ! | | N X | ! i | )y !
E%O.SU——__I__I__T_,_f__T‘“:_I__T__I__T_,_i__l___l
-
EE = I I I l S I | (I | I
WD) == = = e = F = SN F el s = i
£x - - | | | | s . 0 { | | |
o 3 ! s /
0" Bty b o e o e E R i
b [ | I [ I T = I I | I [
— - i
g 0.00 | ! l | ] l ! |+ ! 1 + |
= . AN N L L L N I L LY I Y O
a
o o o o o o o o o o o o -
= g Ay hay = = = = = by = Ly hay
by o™ o b o w M~ o] [*] o — (o] —
= =] e =4 =4 = =4 = =] = = = e
— — — — — — — - by —
b= o o o o o o S o o o o o

Figure 37. difference in groundwater depth for boreholes S16 (black cross) and S17 (blu circle) with respect to
borehole S7bis.

Hydraulic head in borehole S16 follows a trend that is very similar to the trend in S7bis with
small deviation (around o0.20 m or lower). On the contrary, the hydraulic head trend in
borehole Say differs from that in borehole Sybis (and therefore in borehole 516).

As shown in Figure 38, the maximum hydraulic gradient is generally oriented from East to
West (from Borehole Sybis to S17) with a seasonal variations.

The highest gradient was recorded on May, and on February the lowest. It appears that
borehole S17 receives ground water both from borehole S7bis (in major quantity) and from

borehole S16.
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3.3 Advanced borehole survey methods

3.3.1 Cross - hole flowmeter test. Methodology.

As discussed by Williams and Paillet (2002), although conventional multi-well aquifer tests can
effectively define fracture connections in bedrock aquifers, there are two major problems in
conducting such test at contaminated sites: (1) there is almost no initial information about
which fracture zones need to be monitored in the observation wells and (2) hydraulic stressing
produces quantities of contaminated water for disposal or treatment and may mobilize
contaminants in the aquifer.

So, in situations where there are many possible water-producing fractures intersecting a
borehole, it is important to identify which fractures conduct flow and which sets of fractures
may be isolated from each other in the surrounding rock mass. Such information is especially
important in planning cross-borehole tracer tests, where there are literally hundreds of
possible combinations of fractures forming flow paths between borehole pairs (Paillet, 1998).
In the recent past some authors (Paillet, 1998; Williams and Paillet, 2002) proposed cross
borehole flowmeter tests as a reliable methodology to characterize the connectivity of
fractures between boreholes.

Cross borehole flowmeter tests simply consist of measuring vertical flow in a borehole when
an adjacent borehole is pumped or is subject to water injection.

Le Borgne et al (2006) present a characterization of flow paths connectivity in a crystalline
aquifer from cross-borehole flowmeter tests. The authors integrating single and cross
borehole flowmeter experiments, to derive hydraulic properties at distinct scales of
investigation.

As we have seen in the previous section (chapter 2), flowmeter logging under ambient
conditions was performed at each borehole using the electromagnetic flowmeter. After this a
second borehole flow profile was obtained while pumping at different flow rates.

According to this procedure, inflow and outflow points for each borehole were identified by
the observation of the ambient and stressed profile.

After the inflow points were identified, a pump in a close borehole was turned on (resulting in
a pumping or an injection of water) and the flow profiles in an adjacent well was analyzed and
compared with the profile at ambient conditions.

Such cross borehole tests were conducted for all pairs of observation wells (see Table 6).

Cross borehole experiments were performed after a stabilization of the hydraulic head in both
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wells. Generally, as observed during pumping test, the delay time for the drawdown cone of
depression to reach the observation borehole was within few minutes.

Such data obtained were very useful to define the hydraulic connections among borehole S16,
S17, Sybis, P1, P2 and P3.

The general criterion to interprete the cross hole flowmeter test is that an increase in an
upward flow while pumping in an adjacent well is consistent with a prevalent connection with
the upper layer of the logged well. Conversely, a decrease in an ambient upward flow will be
consistent with a connection through a lower layer.

In the case of downward flow, an increase of the flow is consistent with a connection through
the lower layer, while a decrease is consistent with a connection through the upper layer.
Obviously, in the case of no connections, the ambient flow in observation well is equal at the
flow in stressed conditions.

In order to illustrate the use of the interpretation method for cross-borehole flowmeter tests,
Figure 39 considers some simple connectivity patterns.

In particular, Figure 39a, b, ¢, d and e, refer to an upward flow in the monitoring well and Figure

391, g, h, i, jrefer to a downward flow.
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Outline of possible interpretations in cross hole flowmeter log analysis
involving two fractures or permeable layers intersected by monitoring

well

Figure 39: illustration of some simple connectivity configurations. For the different cases it was analyzed the

Menitoring Pumping Manitoring Pumping
Well Well Well Well
~ior o F —_— T R
—» —» — > —
v
At H ¥
Menitoring Pumping Menitoring Pumping
Well well Well Well

— 1

— ]

|

—

—,.u

Monitoring Injection Maonitoring Injection
Well Well Well Well
— T * T ‘
-— - [P — ra—
Y H K H
Maonitoring Injection Monitoring Injection
Well Well Well Well
h“““-‘_._./_ h""""‘---._.---'/—
N J " l
|
Menitoring Pumping Monitoring Injection
Well Wwell

Well

Well

|

v, =incrementin
downward flow

downward flow

)
1} =incrementin f= decrease in = no variations in
upward flow upward flow upward flow
=decrease in

1 lz no variationsin
downward flow

expected evolution of the vertical flow in the observation well.

58




Chapter 3

3.3.1.1 Cross-hole flowmeter test. Results
The flowmeter test performed between wellbore S16 and Sybis (Figure 40) showed a clear
evidence of connection. The increase in upflow is consistent with a connection through the

upper layer, with a draft of water from S7bis.
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Figure 40: results from cross-hole flowmeter log performed between wellbores S16 and S7bis. Pumping flow
rate in wellbore S7bis is 7 I*min™.

The cross flowmeter test between S16 and P2 showed a vertical flow that was reversed during
injection in P2. This is consistent with a connection by the upper level in S16. The injection

was performed to avoid the extraction of contaminated water.

59



Chapter 3

S16

15.00 — ;
16.00 — _-.‘_“'-o..__ —
L e
4 ™ ¥
° » Downflow
17.00 — v +
hd t
t -7
18.00 — o -
s
E 9 :
£ 19.00 — +
o +
a -
20.00 —
5 + Ambient flow
21.00 — ® Flow induced
i by injection in P2
2200 —
23.00 T T T T T |
-2.00 0.00 2.00 400

Flow rate (I*min)

P2
i Injection
'

\
7

O 517
P1o
Pi@ Q57bis
P30

@516

Figure 41: results from cross-hole flowmeter log performed between wellbores S16 and P2. Injection flow rate
is 15 I*min™,
As concern borehole S17, it is clear an absence of connection with borehole S16 (Figure 42),

while between S17 and S7bis (Figure 43), the decrease in downward flow rate is indicative of a

possible connection with a withdrawal of water from the upper layer.
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Figure 43: relations between wellbores S17 and S7bis. Pumping flow rate in wellbore S7bis is 7 I*min™.

When injecting in borehole P2, the decrease in downward flow in Si17 is indicative of a

connection through the lowest transmissive layer (Figure 44).
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Figure 44: connection between wellbores S17 and P2. Injection flow rate in wellbore P2 is 15 I*min™.

Interesting relationship are those observed between P1, P2 and P3, three very close

boreholes.
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Between P2 (the injection borehole) and P1 it is evident that the injected water is distributed

through a layer between an upper and a lower high transmissivity zone (Figure 45).
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Figure 45: results from cross-hole flowmeter test performed between wellbores P1 and P2. Injection flowrate
is 15 [*min™,

Injection in borehole P2 produces instead, a downward flow in borehole P3 (Figure 46)
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3.3.2 Tracing experiment. Methodology

Tracer tests in fractured rock aquifers have played and still play, a central role in investigations
relative to the understanding of retention processes in the field.

Tracer testing is actually regarded as the most reliable and efficient method of gathering
surface and subsurface hydraulic information. This is especially true for karstic and fractured-
rock aquifers.

Before presenting the tracer tests, it is necessary to define what we mean by a tracer test:

"An investigation where tracer migration within a geological medium is monitored”

(Lofgren et al., 2007).

As concern the distinguishing characteristic of tracer tests, generally the environment refers
to whether the investigation is carried out in situ or in the laboratory. In the case of in-situ
investigations, the tests can be made from boreholes drilled from ground surface or from
tunnels. The flow situation refers if a tracer test is performing in natural gradient or forced
gradient conditions and if the tests involve one or more wells.

In single well tests two techniques, injection/withdrawal and point dilution, give values of
parameters which are valid at a local scale.

In inter-well tracer tests, also called cross-hole tracer tests, investigations are made using two
or more boreholes that intersect the same conductive fracture or fracture system. Injection
and withdrawal of tracer is performed in different boreholes. If the hydraulic gradient and
transmissivity of the structures connecting the injection and pumping locations is too low,
only a limited breakthrough may be achieved within a reasonable time period. This may occur
if the boreholes are far apart, if the fracture connectivity is poor, if flowpaths are extremely
tortuous, or if the fracture apertures are small. Even though experiments with limited
breakthrough cannot be used to asses retention properties of the flowpath, the connection
between injection and withdrawal points can be confirmed.

Inter-well tests can either be dipolar or radially converging (Figure 47).
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a) b)

Figure 47: radial converging and dipole flow-fields. Orange borehole is the injection well and blue is the
withdrawal hole (adapted from Lofgren et al., 2007).

In a dipolar experiment, groundwater is injected into the fracture system together with the
tracer in the injection borehole. At the same time groundwater is withdrawn by pumping in
another borehole.

In a radially converging test, the tracer solution is added in an hydraulically conductive
structure isolated by packers. Pumping is performed in the withdrawal borehole only, with a
radially converging flow field created around the borehole.

In hydraulically conductive fractures, tracer test can be performed from a single borehole. In
such tracer test, a borehole section is packed-off around a fracture or fracture zone and the
tracer is injected there. After some time, the hydraulic gradient is reversed and the tracer
(spiked in groundwater) is withdrawn and analyzed. This particular type of tracer test is often
called Single Well Injection-Withdrawal test (SWIW) (Neretnieks, 2007) or Push-Pull test
(Snodgrass and Kitandis, 1998).

Measurement device: range and accuracy

The result of a tracer test is closely related to the accuracy in the determination of the tracer
concentration in recovered solutions and on the disturbance caused to the hydrologic system.
All the tests described below employed a University of Neuchatel Geomagnetism Group flow-

through fluorometer (GGUN-FL) (Schnegg, 2002, Schnegg and Flynn, 2002, Schnegg, 2003).
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Figure 48: optical scheme with the four sets of light sources and photo-detectors.

An optical cell made of a glass tube placed along the geometrical axis of a metal cylindrical
waterproof casing measures the tracer concentration in the water flowing through the flow
cell (Figure 48). The optical components used for the measurement of dye concentration are
installed along the orthogonal axes of two square crosses in two separate planes. The
measurement system consists of:
e an excitation section, comprising a quasi-monochromatic light source, a filter and a
condenser lens, and
e a detection section, oriented at 90° to the excitation beam, with a lens, a filter and a
photo-detector.
The light sources and the filters are selected according to the absorption-emission spectra of
the dyes. This geometry allows the installation of up to four measuring systems. One of the
sets is dedicated to the measurements of the water turbidity while the three others are used
to measure the dye concentrations.
The sampling frequency can be set to 105,305, 1 min, 2 min to 15 min.
Light sources with spectral maxima at 370, 470 and 525 nm are ideally suited for excitation of
dyes such as Tynopal CBS-X, Uranine (Na-Fluorescein) and any molecule in the Rhodamine
family (amidorhodamine G, sulforhodamine B, rhodamine WT).
The sonde (74 mm in diameter by 200 mm in length) is submersible in a water column to a
maximum depth of 100 m.

For non-sorbing dye tracers (e.g. Uranine), the tracer concentration can be analyzed with a
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resolution (in clear water) of 0.02 ppb in the range of 0.02—430 ppb. The accuracy is within +
5% (Schnegg, 2002).

The strength of the borehole fluorometer is its versatility. The GGUN field fluorometer offers
an accurate, inexpensive and non-destructive means of automatically monitoring for up to
three different tracers while also removing the effects of turbidity. The apparatus has been
shown to be well suited to field situations in which installation of permanent monitoring

devices is either impractical or infeasible (Schnegg, 2002).

Discussion about QTRACER2
The code QTRACER2, has been developed to facilitate tracer-breakthrough curve (BTC)

analysis. It solves the necessary equations from user-generated data input files using robust
integration routines (Field, 2002).

Quantitative tracing studies consist of the development of a tracer budget, comparing the
amount of tracer injected into the aquifer system with the amount of tracer recovered over
time in conjunction with ground-water discharge measurements.

Hydraulic parameters are estimated by the method of moments. The zero-th moment is used
to estimate the tracer mass recovery. The first moment is used to estimate the mean
residence time and mean flow velocity. The second moment is used to estimate the
longitudinal dispersion.

Analysis by the method of moments is nothing more than determining the area under the

BTC generated by plotting time versus measured tracer concentrations (Figure 49).
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Figure 49: Definition sketch of BTCs along a selected tracer streamline from an instantaneous tracer injection
(Kilpatrick and Wilson, 1989).
The following discussion is taken from Kilpatrick and Wilson (1989, p. 3 and 4).
Characteristics pertinent to the BTC analysis are:
e T, elapsed time to the arrival of the leading edge of the BTC at a sampling point;
e T, elapsed time to the peak concentration Cp of the BTC at a point;
o T, elapsed time to the centroid of the BTC at a point; and

e T, elapsed time to the trailing edge of the response curve at a point.

The mean travel time for the flow along a streamline is the difference in elapsed time of the

centroids of the BTCs defined upstream and downstream on the same streamline given by

t.=T T Eq.11

c en+l ~ 'en

where n is the number of the sampling site. Similarly, the travel times of the leading edge,

peak concentration, and trailing edge along a given streamline are, respectively
t =TT Eq. 12

tp = TPn+1 _TPn Eq.13
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and

t, =T,

t tn+1 _Ttn Eq. 14
The time Td necessary for the tracer mass to pass a sampling point in a section is

td =Ttn _TLn Eq. 15
As shown in Figure 49, a typical tracer cloud may travel faster in the center of the stream than
along the flow channel walls, where it may also be elongated. Complete definition of the BTC
may involve measurement at more than one point or streamline at several sections (if
possible).

The quality of the tracer experiment may be quantified in terms of mass recovered. Usually,

the quality of the tracer experiment is given as a percent of mass recovered, but this affords

little insight. An accuracy index (A)) given by Sukhodolov et al. (1997):

A| = r Eq.16

Where M,,is tracer mass injected, while Mt is the total mass of tracer recovered.

The Accuracy Index provides more insight into the quality of the tracing experiment. An A;= o
indicates a perfect tracing experiment. A positive A, indicates more mass injected than was
recovered, while a negative A, suggests more mass recovered than was injected. As A,
moves further away from zero, the quality of the tracing experiment gets poorer.

Tracer mass recovery should be quantified to ensure that all relevant locations are properly
monitored for ground-water quality. Otherwise, it is likely that important ground-water
discharge locations may be missed. A low-percent recovery of a conservative tracer mass may
be an indication of significant loss of tracer during the study, often a result of improper
determination of downgradient receptors. A high-percent recovery is a probable indication
that most, if not all, relevant downgradient receptors were properly monitored for tracer

recovery.

Experimental procedure

The tracer tests within the site investigation are generally carried out according to the
following procedure. The equipment is lowered to the correct borehole depth where
background values of Uranine and supporting parameters, electric conductivity and

temperature, are measured and logged. For the forced gradient tracer test, a pump (Grundfos
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model MP1) is used to pump groundwater from the test section to the ground surface in order
to obtain steady state flow conditions. Then, after pressure stabilization, the tracer diluted
with groundwater is injected. Following this procedure, and with the aid of the borehole

fluorometer (section 3.2), the concentration is measured without any system disturbance.

3.3.2.1 March 2010 tracer experiment.

To investigate tracer migration in ground water system, in March 2010 a tracing experiment
has been carried out using 10 g of Na-Fluorescein (Uranine) CAS [2321-07-5] diluted in 0.5 | of
local groundwater and injected during 30 seconds at borehole S16. The test was a forced
gradient tracer test with the wellbore S7bis used as extraction well (Figure 50).

Injection point in wellbore S16 was chosen by the qualitative analysis of flowmeter data. So, in
correspondence of the outflow zone between 16.00 and 16.50 m a 0.0127 m (Y2 inch) pipe was
used to inject the tracer solution. Due to the very short duration a pulse injection can be
assumed.

Tracer dilution was observed in wellbore Si7 by two flow-through field fluorometers
positioned in correspondence of two transmissive layers detected by flowmeter analysis: one
above 18.75 m and another one above 18.00 m. Pumping flow rate in well Sybis was 15 I*min™.
As shown in Figure 5o, the electromagnetic borehole flowmeter was installed above the
deepest fluorometer to account the flow rate passing through the fluorometer (for the mass

balance) from the inflow point between 18.75 and 19.00 m.
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Figure 5o: Tracer injection at wellbore S16 (March, 26" 2010) below 16.50 m. It was supposed that the
ambient upward flow would lead to exit from S16 to S7bis. a) plain view; b) section view. Drawing not to
scale.

Results
As expected, the measured data show a movement of the tracer to Sybis. Unfortunately, as
shown in Figure 51, the test was compromised by a too high concentrations of tracer and

therefore the instrument has gone off the scale of measurement.
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Figure 51: tracer concentration detected by two borehole fluorometers positioned at 18.00 m and at 18.75 m bgs.
Red triangles is tracer detected at 18.00 m, black circles is tracer detected at 18.75 m. Sampling interval is 10
seconds.

Borehole fluorometer positioned above 18.00 m remained longer at higher concentrations

because it measured tracer that arrived from the two levels.

Despite the test was technically compromised, were analyzed the two tracer-breakthrough

curves.

The following Table 4 summarizes the analytical results of the tracer test:

Time to
Quantity Percent Mean
leading Time to peak For a peak Maximum | Accuracy
Fluorometer | oftracer | recovery tracer
edge tracer tracer Peclet tracer index (0.0
position (m. | recovered | oftracer transit
(first concentration | concentration number | velocity = Perfect
BGS) (inj. 10 g) injected time
arrival) [min] [ppb] . [m/s] Recov.)
[g] [%] . [min]
[min]
18.75 0.279 2.79 3.53 26.31 438.83 55.88 3.58 0.269E-01 0.9720
18.00 0.704 7.00 2.091 63.91 435.59 73.61 4.71 0.327E-01 0.9295

Table 4: results of tracer testing carried out on March 23rd, 2010. All data are affected by high concentration
injected. Note that detection threshold for Uranine is around 430 ppb

3.3.2.2 November 2010 tracer experiment.

On November, 26th a new tracer test was performed as shown in the table below (Table 5):
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Well name Monitoring well | Monitoring well Volume of
Mass of uranine
and injection | and fluorometer | and fluorometer solution injected
injected (mg)
depth (m) depth (m bgs) depth (m bgs) h
S7bis; 18.50 S17;18.00 S16; 16.50 2.5 0.250

Table 5: tracer tests performed on November 26", 2010

The mass of uranine injected was considerably reduced compared to the test performed in

March, 2010.

The test was a natural gradient tracer test and the objective was to understand how the

permeable layers intercepted by the three boreholes S16, Si7 and Sybis are connected,

particularly to verify if there is a connection between the outflow zone in S7bis (around 18.00

m BGS) and the inflow zone in boreholes S16 and S17 (Figure 52 a and b).
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Figure 52: natural gradient tracer test performed on November 26", 2010. a) plain view; b) section view.

Drawing not to scale.

The tracer release was a slug release, with a very short duration (less than 30 seconds),
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obtained exploding a balloon containing the tracer solution, just below the outflow zone in

the injection borehole (Figure 52 b and Figure 53).

Figure 53: detail of the tool used to tracer injection
The breakthrough curve detected is show in Figure 54 for borehole S16 and in Figure 55 for

borehole Sa7.
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Figure 54: breakthrough curve in borehole S16. Clearly no tracer arrived
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Figure 55: breakthrough curve in borehole S17.

For the borehole S16 it was possible to exclude any connection with borehole S7bis, while it

was possible to perform a quantitative analysis of the tracer test for the BTC detected in the

borehole S17.

Quantity | Percent Time Time to peak For a peak Mean Peclet | Maximum | Accuracy
of tracer | recovery to tracer tracer tracer number tracer index
recovered | of tracer | leading | concentration | concentration transit velocity (0.0=
[mg] injected edge [min] [ppbl time [m/s] Perfect
[%] (first [min] Recov.)
arrival)
[min]
1.5572 62.29 18.96 28.77 27.719 57.291min | 12.615 0.52E-02 0.3771

The quantitative analysis was performed assuming a flow rate through the fluorometer of 2.10

[*min™. This is the vertical ambient flow rate measured inside the borehole by EBF (Figure 56).
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Figure 56: Flowmeter log in borehole S17 under ambient condition. The flow rate measured at 18.00 m BGS
was used to estimate the tracer budget.

The accuracy index assumes a value of 0.37, indicating an high quality tracer test.

Discussion and conclusion

Single-hole flowmeter test provides information about the properties of the individual
fracture segments surrounding the borehole (shown in chapter 2). Cross-borehole flowmeter
test provides information on the properties of the flow zones that connect borehole pairs.

The permeable fracture network is composed of few of the fractures identified in the
boreholes that form a connected cluster at site scale.

Data obtained from flowmeter logging demonstrates moreover their applicability and
importance in tracer test design and interpretation.

Figure 57 shows the results of the integration between cross borehole flowmeter test and the
two tracer tests performed at the study site.

Designing a tracer test without any information on vertical borehole flow can lead to
erroneous considerations on tracer arrival and concentration, and thus on calculated hydraulic
parameters.

Both tracer tests performed on March and November are examples supporting this

75



Chapter 3

hypothesis.

Borehole S17 was interpreted like a “natural pumping well” because it causes a withdrawal of

water from other boreholes. So, the role of borehole Si17 is crucial to understand the water

circulation in this aquifer section.

It was proposed the idea that borehole S17 should be close. It conduce and accelerates the

contaminant transport and migration through the aquifer.

a) 516

S7bis

x

S16

517

516

Figure 57: Synthesis of the hydraulic connection inferred from a) cross borehole flowmeter test (a), tracer test
performed on March, 2010 (b) and tracer test performed on November, 2010 (b).
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3.4 Analysis on the annual variations in ambient flow (Activity
Index) - An approach for evaluation of the variation over time in

flow measurements.

The study project in the test site involving a set of borehole flow measurement over about a

year and a half, as summarized in the following Table 6:

Borehole | January 2oth, February 01%, May 21%, September November August 4th,
2010 2010 2010 13", 2010 26" 2010 2011
A A A
S16 A A A
P C (pump S7bis) C(inj P2)
A
A A
Siy7 P A A A
C (pump S7bis) C(inj P2)
C (pump S16)
A A A
S7bis A A A
P P C(injin P2)
P1 A A A
P2 A A A
P3 A A A

Table 6: flowmeter log measurements. A = ambient flow; P = pumping flow; C = cross borehole flow

Due to amount of ambient flow data, we looked for the better way to describe the variations
in ambient flow observed both over time in each boreholes and the different “activity” - in
flow terms - between the boreholes.

In fact we observed that boreholes had, among them, important differences in vertical flow
rate, furthermore they present a degree of variability over time that is difficult to express
analytically (see Figure 59).

So, we introduce the concept of “Activity Parameter” or AP (Eq. 17), a parameter that could
represents boreholes in flow rate terms, useful to describe its temporal evolution.

AQ;
Zig— Y

n

AP ="

i=1

Eq.17

Where:
AQ;= differential ambient flow = Q, )—Q

Zj
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Q,  ambientflow ata depthz

Q.,.,) ambientflowatadepthz+z

Z=  elevation where flow readings are taken

The steps to compute the AP are the follows: (1) measure the vertical ambient flow (I*min™)

with the appropriate vertical resolution; (2) calculate the Differential Ambient Flow (DAF),

that is the difference between an ambient flow measurement at a depth minus the ambient

flow measurement at the depth immediately below; (3) compute the ratio between the

absolute value of DAF and the length to which the DFA refers; (4) finally the Activity

Parameter is the sum of each DAF ratio computed at step (3).

In the following spreadsheet (Table 7) steps (1), (2), (3) and (4) are indicated.

Differential Differential
Ambient Flow Ambient Flow Ambient Flow
Depth (m BGS) (I*min™) . (absolute value)
(I*min™) .
STEP 1 STEP 2 (I*min™)
STEP 3
21.50 -0.006
21.25 -0.035 -0.029 0.029
21.00 -0.076 -0.041 0.041
20.75 -0.094 -0.018 0.018
20.50 0.014 0.108 0.108
20.25 -0.047 -0.061 0.061
20.00 -0.059 -0.012 0.012
19.75 -0.07 -0.011 0.011
19.50 -0.078 -0.008 0.008
19.25 0.072 0.15 0.15
19.00 -0.023 -0.095 0.095
18.75 -0.002 0.021 0.021
18.50 -0.065 -0.063 0.063
18.25 -0.118 -0.053 0.053
18.00 0.243 0.361 0.361
17.75 1.561 1.318 1.318
17.50 2.481 0.92 0.92
17.25 2.525 0.044 0.044
17.00 2.562 0.037 0.037
16.75 2.59 0.028 0.028
16.50 2.696 0.106 0.106
16.25 2.85 0.154 0.154
16.00 0.302 -2.548 2.548
Sum 0.308 6.186
Activity Index
(I/min) 1.125
STEP 4

Table 7: flow data analysis for borehole S16 for the log made on January 20", 2010. The length of the borehole
section investigated is 5.50 m.

Figure 58 shows the AP for a set of measures obtained from January, 2010 to August, 2011.
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Activity Index [I/(min*m)]
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Figure 58: Activity index trend for wellbore S16, S17, S7b, P1, P2 and P3.

79



Chapter 3

(-utw,)) a3es moj4
0¢'L 08°0 0¥'0 000 0OF

I T

‘0-

.
X
110z ‘wp0isnBny - X X ‘8
0L0Z ‘Wz JequaroN Y W W A_’
0LoZ ‘Wil lequades @ @ @ \
0L0Z 1512 few .f‘
0L0Z Isi fienuge i @ @ @ .‘
010Z ‘Yi0z Asenuer e — - oo
] F ‘
+ »
. Ae
o I
® vx B
ok _ X
e
&
X
®
v

00'€e

— 00°¢¢

— 00'L¢

— 00°0¢

— 0061

— 008l

— 00'LL

(w) yydag

(1-uiw,)) 83e1 moj4
00°¢ 00°000°2-00'%-00'9-

I T I

¥
®

00'ee

00¢ce

00'te

00°0¢

00’61

0081

00°LL

0091

00'GlL

(w) yadeg

(1-uru,]) @3es moj4
00% 00Z 000

_ 1 _ 1 _

M

®

e

&

X

® X

@ x

o x

@ x

o xy
«® xXv
0 X v
Pou x v
*FxX v
@ x v
@ X Vv
o ox
#

1

00'eec

00'¢ce

00'L¢

00'0¢

0061

(w) yydeg
Figure 59: Flow rate seasonality for the well S16, S17 and S7bis (from left to right)

00’8l

00°LL

0091

00'Gl

80



Chapter 4

Chapter 4

Integration of flowmeter and GPR data

4.1. Introduction

A large effort for a better understanding of heterogeneous hydrogeologic properties consists
in the exploration of the potential of geophysical data to compensate for the lack of in situ
hydrological measurements (Rubin et al., 1992). Geophysical data used for hydrogeological
characterization often include electrical resistivity (Kelly, 1977), seismic velocity (Rubin et al.,
1992) and Ground Penetrating Radar (GPR) velocity (Hubbard et al., 1997).

It has been recognized that the most difficult part of the integration of hydrogeological and
geophysical data are the scale and resolution disparity between hydrogeological and
geophysical measurements and because of their non-unique relationship due to the
uncertainty associated with field data acquisition and interpretation (Urish, 1981).

We have explored the potential use of GPR measurements for hydraulic conductivity
estimation and on the potential integration of flowmeter and geophysical data.

Figure 60 schematically presents the resolution and sampled fraction of aquifer volume
associated with each geophysical and hydrogeological characterization method (Hubbard et
al, 2001). In Figure 60 are also related the scale of geophysical characterization tools to the
traditional hydrological tools of core analysis and well tests. This chart illustrates how
geophysical data can help to bridge the information gap between conventional

hydrogeological core analysis and well testing.
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Well Tests
1.00 %
Detailed Surface GPR
E
o Seismic and Radar
= Tomography
w 0.00
==
o
5
o Flowmeter/CPT
i
§’ -1.00
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Data
-2.00 — .
-10.00 -8.00 -6.00 -4.00 -2.00 0.00

Log (volume fraction of aquifer sampled)

Figure 60: comparison of resolution and fraction of aquifer volume sampled using different characterization
tools. Geophysical data help to bridge the information gap in terms of both resolution and fraction of aquifer
volume sampled between the more conventional hydrological sampling techniques of core analysis and well

tests. (from Hubbard et al., 2001)

4.2 Ground-Penetrating Radar (GPR)

GPR is a geophysical tool that has become increasingly popular between researchers that
attempt to better understand near-surface conditions. GPR uses electromagnetic energy at
frequencies of 5o-1500 MHz to probe the subsurface. At these frequencies, dielectric
properties - the separation (polarization) of opposite electric charges within a material
subjected to an external electric field - dominate the electrical response (Davis and Annan,
1989).

A GPR system consists of an impulse generator, which repeatedly sends an impulsive signal of
fixed voltage and frequency spectrum to a transmitting antenna. The signal propagates from
the transmitting antenna through the soil/rock and is reflected, scattered, and attenuated by
subsurface dielectric contrasts. The receiving antenna subsequently records the modified
signal. Dielectric constants, €, vary as a function of material saturation, porosity, temperature,
and pore fluid composition.

The most common surface GPR acquisition mode is surface single-offset reflection, which
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involves collecting one trace per surface location from a transmitter-receiver antenna pair as
the pair moves along the ground surface, (Figure 61a). Data collected in this mode are
typically displayed as wiggle-trace profiles, with distance on the horizontal axis and arrival
time (which can be converted to depth using electromagnetic wave velocity information) on
the vertical axis. The variations in arrival time, amplitude, and phase of the signals indicate
subsurface variations in electromagnetic properties. Surface GPR profiles are useful for
investigating changes in physical and hydrological properties, and for inferring the
stratigraphy and structural geology along two-dimensional profiles or within a pseudo three-

dimensional grid composed of several two-dimensional profiles.

Single offset | Crosshole
reflection

A\ |
Ly 4 e

% 25
e @
_32

Q =
S 4 S
=

"‘ ZOP I -5

a) b)

Figure 61: Ground penetrating radar (GPR) surveying techniques for moisture content estimation: (a) single-
offset reflection; (b) cross-hole transmission (adapted from Slater and Comas, 2009)

In cross-hole Ground penetrating radar surveys (Figure 61b), high frequency electromagnetic
waves are propagated from transmitter locations in one borehole to receiver locations in a
second borehole. Waveform traces are recorded at receiver locations and quantities such a
travel time, energy or amplitude are calculated for each transmitter-receiver raypath.
Measurement of the received electromagnetic wave permits determination of the first arrival
and hence velocity of the wave (v).

Borehole-to-borehole radar surveys may be conducted in two transmission modes in order to
determine dielectric properties at the field scale.

In one mode (MOG or MOP), using a multiple offset gather (Peterson, 2001), the receiver is

moved to different locations in one borehole, whilst the transmitter remains fixed. The
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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 contrast, 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 of average inter-borehole travel time over the entire borehole
length.

In both cases, in low loss materials and at high frequency, the bulk dielectric constant (g) is

derived from:

\/;:C Eq.18

\Y

where cis the radar wave velocity in air (=0.3 m/ns), (Binley et al., 2002).

As mentioned above, the applications of GPR in water resources characterization is supported
by strong petrophysical relations that link measured dielectric permittivity (¢) to moisture
content (0) and porosity (¢).

The most commonly applied relationship for estimating 6 of soils and rocks is the empirical

Topp equation (Topp et al., 1980):

6 =-53x10"7+292x10%c—-55x10"¢? +4.3x10°%&® Eq. 19

This equation satisfies measurements performed on mineral soils, although organic rich soils

(eg. peat) tend to deviate from this relationship.
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4.3 Gorgonzola case study

4.3.1 Introduction

This section presents a combined interpretation of borehole flowmeter, tracer testing, radar
and ERT data to accomplish an improved hydrogeological characterization.

In 2005 a project was initiated at the Dipartimento di Scienze Geologiche e Geotecnologie of
University of Milan-Bicocca to examine, using geophysical methods, unsaturated flow and
transport processes at one purposely developed field site in Gorgonzola (Milan-Italy) (Deiana
et al. 2007 and 2008).

In this thesis, in conjunction with prof. Alberto Godio (Dipartimento di Ingegneria del
Territorio, delllAmbiente e delle Geotecnologie of Politecnico di Torino) and with prof.
Andrew Binley (Lancaster Environment Centre, Lancaster University - UK), we monitored an
infiltration process in the vadose zone. 15000 liter of water marked with 1 g sodium
Fluorescein were injected from a 2.5 m long well positioned approximately at the center of 3
boreholes. The aim was to measure, using two borehole fluorometers in two boreholes
located downstream, the arrival time of the Fluorescein to the groundwater (about 14 m
below ground surface). This time was used as direct data to calibrate Electrical Resistivity
Tomography (ERT) and Ground Penetrating Borehole Radar (GPR) survey.

The experiment was performed at the Gorgonzola test site between January 24, 2011 and

February 02", 2011.

4.3.2 Hydrogeologic Setting

The Gorgonzola experimental site is located a few km east of Milan (Italy) in a plain area in the
alluvial Quaternary sediments of the Po River plain (Figure 62).

In 2004 four boreholes were drilled at the site (A, B, C and D in Figure 63) to monitor the
unsaturated flow dynamics in the local alluvial Quaternary sediments (Deiana et al., 2007).
Boreholes are cased with PVC and extend to a depth of about 20 m. The complete technical
information are presented in Table 8.

Three boreholes (A, B, C,) are permanently equipped with a set of 24 stainless-steel borehole
electrodes for ERT imaging (details in Figure 72), spaced vertically at intervals of 0.8 m,

between 2 m and 20 m depth.
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Gorgonzola

Italy

Figure 62: Gorgonzola site study in a satellite image of the Po River Plain.

The sediments are characterized by a fairly coarse sandy-gravel grain size. A gravel pack was
placed around the slotted section, between 15 and 20 m depth, to ensure that the changing
elevation of the water table could be measured all year round.

Deiana et al. (2007) observed that the main features noted by the analysis of a soil core
(borehole D in Figure 63) are (a) the presence of a 3-m-thick superficial layer composed of
rubble and agricultural soil; (b) a prevalence of Quaternary fluvial sand/gravelly sediments; (c)
the existence of a 2-m-thick layer of cemented gravel and sand at roughly 12 m depth.

A Lefranc permeability test was performed at a depth of 6 m. The resulting field-saturated
hydraulic conductivity value was 36 m/d (Deiana et al., 2007).

1 O.DC 'l L 'l L L L L 'l L
Regional Groundwater

9,00 Flow Direction \ L
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A
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1,004 %: ------------------- ‘E -
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Figure 63: geometry of the study site. Distances are in meters. P1 and P2 are the 2.5 depth injection wells.
Boreholes A, B and C are equipped with ERT electrodes.
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. Top of Casing Bottom of | Static depthto
Borehole Casing .
Well ID Diameter Diameter elevation Top of screen screen water (m
(cm) (mm) (m above (m below TOCQ) (m below below TOCQ)
MSL) TOCQ)
A 152 76.2 137.0 15 20 14.25
B 152 76.2 137.0 15 20 14.25
C 152 76.2 137.0 15 20 14.25
D 152 101.6 137.0 3 20 14.25

Table 8: Well construction information for Gorgonzola Study site. MSL= Mean Sea Level; TOC=Top of Casing.
Bottom of the screen matches with borehole depth.
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Figure 64: uranine injection and geophysical monitoring scheme (drawing not to scale)
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4.3.3 Flowmeter Measurements

The flowmeter test was performed with the EBF system in an effort to characterize ambient
vertical flow variations along wellbores screen.

A rubber skirt was used to create a seal between the borehole flowmeter probe and well
casing.

Flow measurements were taken at 0.25 m intervals starting from the well. The flowmeter
readings in the unscreened section of the wellbore were used as a zero setting.

Figure 65 to 71, illustrate ambient flow rate profiles where upward flows were designated as
positive.

As concern borehole A (Figure 65), the ambient vertical flow profile indicates a measurable
upward flow between 15.50 m and 18.00 m below TOC with a maximum flow-rate of about
0.64 I*min™ at 17.25 m.

In borehole B, no significant ambient flow was measured (Figure 66).
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In borehole C (Figure 67) the ambient vertical flow profile indicates low, but measurable,
downward flow between top of screen and 17.25 m, while from this depth to the bottom of
the wellbore, there is an increment in downward flow with a maximum (0.96 I*min™) at 18.00
m.

In borehole D (Figure 68) an upward ambient flow was recorded between 15.75 and 17.50 m

with a maximum flow-rate of 0.40 [*min™at 16.50 m.
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Figure 65: ambient flow rate in borehole A
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Figure 67: ambient flow rate in borehole C Figure 68: ambient flow rate in borehole D
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4.3.4 Tracer Test Setting

A total of 14 m? of tap water (from municipal water supply) was injected into two shallow
boreholes, P1 and P2, over about 45 hours at a depth of 2 m below TOC. A flow gauge system
(Figure 71) allowed to measure the injection flow rate and the volume of injected water
keeping the flow rate constant (approximately 320 I/h). At the beginning of the injection, the
injected water was marked with a 0.5 | of solution of 1 g of Na-Fluorescein. The tracer injection
lasted about 1 minute and can be considered istantaneous.

The evolution of the injected water plume in space and time was monitored by ERT and GPR
measurements in time-lapse mode for a total of 216 hours, from January 24 (date of water

injection) to February 02, 2011.

Date and Date and Date of the Duration | Volumeof | Average
Time Time end of the of the water Flow rate
(hh.mm) of (hh.mm) of geophysical water injected (1) Injection
water the end of survey injection (I*h™)
injection injection (hh.mm)
January 24, January 26, February o2,
2011 1!:30 2011 02:33 201Z 43-57 14360 326

Table 9: overview of the experiment performed at Gorgonzola test site

Time-lapse ERT data were acquired both by a superficial electrodes array (Figure 69) and
between boreholes A, B and C (Figure 70), using an IRIS Syscal Pro system.

ERT array was formed by 84 electrodes: 15 electrodes on the ground level (superficial) while
in boreholes A, B, C, D there are 24, 23, 22 and 1 electrodes respectively (1 electrode was
specifically positioned at the bottom of borehole D).

For the background measurement a total of 10584 measurements were taken including direct
and reciprocal configurations (interchanging potential with current electrodes, Deiana et al.,
2007). The total time required for each acquisition, was about go minutes.

After injection, for 23 steps a total of 4203 measurements were taken and the total time
required was about 35 minutes for each acquisition. For these cases were taken only the direct

measurements.
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Figure 69: superficial electrodes array for ERT acquisition

Figure 70: elecrodes array within borehole A, B, Cand D

Cross-hole GPR data were acquired for the following panels: AB, AC, BD and BC for a total of
92 GPR profiles (23 steps). As observed by Deiana et al. (2007) in spite of the existence of

electrodes and cables in each borehole, it was possible to acquire good quality data.
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ERT electrodes

Figure 72: A detail of the stainless-steel borehole electrodes for ERT imaging installed on the PVC casing

At test site, 23 Zero-Offset-Profile (ZOP) surveys were acquired before, during and after water
injection. A PulseEkko 100 system was used with 100 MHz borehole antennas, lowered with a
0.25 m vertical spacing.

The GPR measurements acquired before injection in all four panels were used as “background

values”.

4.3.5 Results of time-lapse GPR monitoring

GPR data analysis was limited to traveltime picking and inversion for velocity distribution. The
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moisture content profile was obtained by Topp et al. (1980) equation (Eq. 17). According to
Deiana et al. (2007), zero-offset profiles were analyzed under the assumption of straight-ray
horizontal propagation.

As above mentioned infiltration was performed at 2 meters below TOC.

The resolution of the GPR measurements is controlled by their spacing along the borehole
vertical (0.25 m).

Figures 74-77 show moisture content profiles obtained for twelve time steps. Each moisture
content profile is compared with the background value, measured two hours before the water
injection.

Due to the geometry of the system, the infiltrating water front was particularly clear in panel
BD. After three hours the maximum depth of the perturbed zone was around six meters. The
high velocity of the system was outlined by the depth of the water front after 21 hours (step 3
in figure 74-77), when the water table was reached. The maximum infiltration rate calculated
in the unsaturated zone was around 13 m/d.

The return to the background moisture content value occurred 123 hours after the end of the
injection. The lowering of the water table (from 14.25 to 14.44 m below ground level) is clearly
evident in moisture content profiles.

Another particularity of the moisture content profile along panel BD is the evidence of a layer
between 12.00 and 14.00 m where the increase in water content occur at to the 2 m thick layer
of cemented gravel and sand detected in the drilling core (Deiana et al., 2007).

Changes in moisture content are not so evident in panels AB, AC and BC. Probably because

the plume is of limited extension in lateral direction.
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Gpr Result Panel BD
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Figure 73: profiles of moisture content as a function of depth, derived from zero offset profile (ZOP) for twelve
steps after the start of the water injection for panel BD (see Figure 63). The black arrow indicates the position
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of the maximum propagation of the infiltration front. The depth to groundwater changes from 14.25 m to
14.44 m below TOC. Dotted line is the background water content.
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Gpr Result Panel AB
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Figure 75: profiles of moisture content as a function of depth, derived from zero offset profile (ZOP) for twelve
steps after the start of the water injection for panel AC (see Figure 63). The black arrow indicates the position
of the maximum propagation of the infiltration front. The depth to groundwater changes from 14.25 m to
14.44 m below TOC. Dotted line is the background water content.

96



Chapter 4

Gpr Result Panel BC
time after start of water injection
0 — 3h 6.5h 21.5h 27 h 30h 45 h
end of injection
2 —
4 — \
[}
ll \
6 )
e ]
E B )
S /
S 10 — r
o) j\
12 — .
7
14 ¢ v e
16 — S
I '
I\u '\‘
18 T ™ T T
0.1 02 03 Water content
0 — 51h 69.5 h 72h 94.5 h 168 h 216 h
2 il >
¢
4 — \
: z
6 — 5 \!
E g {
Z i |"l f
o 10— ’ &
a) \ 1\
12 = o N
14 < {
v Slw T
'J J'
]6 = ,f ’f-
I\ I\\
18 L T L| LI ‘I
' Water content

Figure 76: profiles of moisture content as a function of depth, derived from zero offset profile (ZOP) for twelve
steps after the start of the water injection for panel BC (see Figure 63). The black arrow indicates the position

of the maximum propagation of the infiltration front. The depth to groundwater changes from 14.25 m to
14.44 m below TOC. Dotted line is the background water content.
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Figure 77: Changes in moisture content at different depth for panel BD.

The infiltration pattern is described in Figure 77 where are showed variation in moisture
content at selected depths during and after water injection. Three hours later beginning of
water injection, moisture content is changed both at 3 and 6 meter. A significant increase in
water content at 11 m was recorded after 21 hours.

The redistribution of infiltrated water started immediately after interruption in injection of
water. As expected the water content decreased faster in the upper layers (profile at 3and 6 m
in Figure 77) due to the downward flow of water and resulted in a more slow decline of
moisture content at the bottom of the profile. Moisture content at 14 m is so high because

this layer is more related to the capillary fringe.

4.3.6 ERT results
The difficulty in solving for the adopted electrodes array requires an opportune numerical
code, which it is in progress yet. This analysis is carried out also in collaboration with Prof. A.

Binley (Lancaster University).

4.3.7 Tracer Test Results

As showed in Figure 64, two borehole fluorometers were positioned in boreholes B and C to
acquire the Uranine breakthrough curves.

To exactly locate the sampling positions, ambient flowrate profiles were recorded. Borehole B
(Figure 66) did not show relevant ambient flow, while borehole C (Figure 67) showed a
significant downflow below 18.00 m. Therefore we decided to locate the probes at 18.00 m in

both wellbores.
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Unfortunately, both in boreholes B and C, no tracer was detected during the test. We
observed several turbidity peaks and consequent peaks in Uranine concentration due to the
insertion of antennas into the well (Figure 78). This is true especially in borehole C. As
consequence we need to perform other tracing experiments (e.g. increasing the mass of

injected uranine) to understand the reasons of the failure in detection.
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Figure 78: breakthrough curves detected in borehole B (up) and C (down). Green: Uranine; black: Turbidity.
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4.3.8 Summary

Cross-borehole radar and resistivity measurements acquired in time lapse mode have been
used to characterize changes in moisture content due to controlled injection of water and
fluorescent tracer in the unsaturated zone.

Borehole radar moisture content, performed along four panels, showed the vertical migration
of the wetting front during the tracer test.

Cross-borehole electrical resistivity tomography was arranged to monitor changes in
resistivity over time. It is not possible to present results of ERT tomography due to the need to
implement a code to process the acquired data.

When we will be able to combine the resistivity tomograms with cross-borehole radar data it
will be possible to estimates changes in pore water concentration in three dimensions over
time.

A direct measurement of the travel time through the unsaturated zone was not achieved
because the borehole fluorometers positioned downstream did not reveale any tracer arrival.
We will try to investigate the possible cause for this failure, increasing the mass of tracer

injected and trying to change the fluorometers locations whitin the wellbore.
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Conclusion
This study represents an extensive test of the application of the flowmeter technique in
conjunction with other geophysical and hydrogeological survey methods.
Sensitive borehole flowmeters, including the electromagnetic flowmeter described in this
thesis, demonstrate that they are valuable tools for detailed characterization of
hydrogeology. These tools may be used in existing wells to obtain such information as natural
ground-water flow patterns within the well, identification of hydraulically active fracture
zones in rock, and, potentially, estimates of the relative hydraulic conductivities of materials
adjacent to the well screen and evaluate contaminant transport and fate and monitoring
network design.
The borehole flowmeter is especially useful at sites where boreholes are intersected by
permeable horizontal fractures or bedding planes. Data obtained from flowmeter logging
demonstrates moreover their applicability and importance in tracer test design and
interpretation.
At one test site (Serravalle Scrivia test site), the most important topic is the relative ease and
simplicity of flowmeter measurements that permits reconnaissance of naturally occurring
flows. Flowmeter surveys provided a valuable means by which to identify fracture
interconnections and solute transport pathways during planning for tracer test design. The
simple and direct measurements of vertical flows provided information pertaining to the
relative magnitude and vertical extent of naturally occurring hydraulic-head differences in a
few hours of measurement.
The experiment carried out at Gorgonzola test site presents a combined interpretation of
borehole flowmeter, tracer testing, radar and ERT data to accomplish an improved
hydrogeological characterization. Cross-borehole radar and resistivity measurements
acquired in time lapse mode have been used to characterize changes in moisture content due
to controlled injection of water and fluorescent tracer in the unsaturated zone.
Flowmeter log provided the correct position of the sampling points.
Designing a tracer test without any information on vertical borehole flow can lead to
erroneous considerations on tracer arrival and concentration, and thus on calculated hydraulic
parameters.
While the studies described in this thesis did not involve directly contaminated ground water,
the potential application to contaminant migration problems and monitoring well screen

location is obvious.
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