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ABSTRACT

The fluid electrical conductivity (FEC) profiling method has been commonly applied to aid in
the compilation of site-specific conceptual models and understanding of the subsurface
environment. Although research has recently been conducted to help improve the knowledge
and understanding of the evolution of FEC profiles under natural and saline contaminated
environments within the fractured-rock aquifer system, a research gap still exists for such
studies in other aquifer types. The type of aquifer system plays a significant role in determining
the migration patterns and behaviour of contaminants. Therefore, it is expected that the
evolution of FEC profiles in different aquifer systems will vary, and this needs to be
understood. It is against this background that this research aimed to investigate the behaviour
of FEC profiles associated with a saline contaminant plume in typical unconfined porous and
weathered basement aquifer systems, using laboratory-based aquifer models. This was done to
improve the conceptual understanding of contaminant migration within these aquifer systems,
which will essentially improve the interpretation of their FEC profiles. To achieve this, two
physical models were developed in the laboratory to represent an unconfined porous aquifer
system and a weathered basement aquifer system. The performance of the models was
evaluated and tested, and subsequently used to investigate the progression of FEC profiles
associated with a saline contaminant plume. The outcome of the laboratory tests was also
verified in the field. This study also explored the effects that the distance of a source from a
monitoring point would have on the shape of FEC profiles. Unlike previous studies which
conducted the FEC profiling technique under induced groundwater flow, this study
investigated the efficiency of a non-invasive approach of applying the method under natural
gradient conditions. From the analysis of profiles obtained within the two simulated aquifer
systems conceptual profiles were developed. Within the unconfined porous aquifer system,
FEC profiles recorded from the borehole located closer to the source were notably different
from the FEC profiles recorded from a borehole positioned further away from the source, thus
it was evident that the distance of a monitoring point from the source influenced the orientation
of the plume, and ultimately the resulting FEC profile. This brought to light the phenomenon
of “plume orientation”. The orientation of the plume is usually disregarded in groundwater
models and assessments, however this research showed that it is an important aspect which can

be used to assist with FEC data interpretation and contaminated site characterisation studies.
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The orientation of the plume was strongly influenced by the magnitude of the forces acting
upon it, primarily the gravitational and advection force. Closer to the source, the plume took
on a vertical to sub-vertical orientation, whereas as the plume continued to migrate further
away from the source it aligned with the flow lines of the system which resulted in a horizontal
orientation. From the analysis of the weathered basement aquifer system two distinct signatures
were identified and conceptualised: the low FEC profile and the elevated FEC profile. The low
FEC profile not only represented a profile captured under natural conditions in the absence of
contamination, but also represented a profile that would be observed when the majority of the
contaminant has passed the borehole and the system was in the process of re-establishing initial
conditions. It had three distinct zones: the weathered zone, transition zone, and the
impermeable zone. The elevated FEC conceptual profile was associated with contaminated
groundwater conditions within the weathered basement aquifer system. It had two distinct

zones: the weathered zone and the impermeable zone.

Keywords: Aquifer; Borehole profiling; Conceptual profile; Contaminant plume; Fluid
electrical conductivity; Groundwater flow; Mass transport; Natural water; Non-invasive
approach; Porous media; Tracer breakthrough curve; Unconfined porous aquifer system;

Weathered basement aquifer system
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Chapter 1
INTRODUCTION

1.1  Background

In contaminated land studies the knowledge and understanding of migration patterns within the
subsurface environment is an important aspect which can assist with finding appropriate
remediation approaches. The fluid electrical conductivity (FEC) profiling method has been
widely applied to provide insight on the subsurface environment, this includes locating
groundwater flow zones during groundwater sampling (Gomo and Vermeulen 2015; Gomo
etal., 2017), identifying karst aquifers (Smart and Worthington, 2003), assisting in the
understanding of solute mass transport properties (Xu et al., 1997), and the development of
conceptual site models (Worthington and Smart, 2017). The method has also been identified
as one of the most effective tools used to obtain information on the basic aquifer hydraulic
characteristics, without the complexities of other alternative methods such as packer tests
(Doughty and Tsang, 2005; Tsang et al., 1990).

Traditionally, the FEC profiling method entails replacing fluid within the borehole with fluid
which has a contrasting EC to that of the water in the formation (Tsang et al., 1990). Thereafter,
repeated profiling cycles are performed with an EC probe over the length of the water column
in order to detect zones that are experiencing changes in EC. The obtained time function EC
measurements are then used for the estimation of hydraulic properties (Beauheim and Pedler,
2009; Doughty and Tsang, 2005; Moir et al., 2014; Tsang et al., 1990).

While the FEC profiling technique has been in use for over a decade for various site
characterisation purposes, its application has mostly been in fractured-rock aquifer systems
(Beauheim et al., 1997; Doughty et al., 2013; Gebrekristos, 2007; Gomo, 2009; Kurikami et
al., 2008 and Pacome, 2010), and very little research has been devoted towards understanding
FEC responses in other aquifer systems. The type of aquifer system plays a crucial part in
determining the behaviour of contaminants and their migration patterns. Therefore, it is

expected that the evolution of FEC profiles obtained in different aquifer systems will vary.

Although research has recently been conducted to help improve the knowledge and

understanding of the evolution of FEC profiles under natural and saline contaminated



environments within the fractured-rock aquifer system (Moleme, 2017; Moleme and Gomo,
2018), a research gap still exists for such studies in other aquifer systems. It is against this
background that the aims of this research are based.

1.2 Aims and objectives

The aim of this study is to assess the behaviour of FEC profiles associated with a saline
contaminant plume, in typical unconfined porous and weathered basement aquifer systems
using laboratory-based aquifer models and field tests. This was done to improve the conceptual
understanding of contaminant migration patterns within these aquifer systems, and to
essentially improve the interpretation of their FEC profiles. Additionally, this study aims to
investigate if the distance of a contaminant source (injection point) from a borehole has any
effects on the evolution of FEC profiles.

These aims will be achieved through the following objectives:
1. Designing and constructing physical models that are representative of typical
unconfined porous and weathered basement aquifer systems.

2. Simulating two groundwater flow conditions; natural water flow and contaminated

groundwater conditions.

3. Testing the extent to which the physical models can simulate real systems based on

literature.

4. Once the physical models are deemed adequate, using them to assess, monitor and

develop FEC profiles under controlled laboratory conditions.

5. Conducting the laboratory tests multiple times using varying salt concentrations to

assess repeatability.
6. Conducting field tests to verify the results obtained in the laboratory.

Since the unconfined porous aquifer system is the most ideal and homogeneous system, it will
be used to investigate the effects that a monitoring borehole’s distance from a contaminant

source has on the resulting FEC profiles.

Unlike previous studies which conducted the FEC profiling method under induced
groundwater conditions (Beauheim and Pedler, 2009; Doughty and Tsang, 2002, 2005;
Doughty et al., 2005; Mohr and Smith, 2019; Tsang et al., 1990), this study will explore the



efficiency of a non-invasive approach, namely conducting FEC profiling under natural gradient
conditions during the laboratory tests.

1.3 Significance of the research

The structure of an aquifer system is expected to influence the shape of the resulting FEC
profile. In recent years research has been conducted to help improve the understanding and
interpretation of FEC profiles associated with diverse groundwater conditions within the
fractured-rock aquifer system (Moleme, 2017; Moleme and Gomo, 2018). However, such
studies still have not been conducted in other aquifer systems.

Therefore, as its primary outcome this study intends to provide insight on the characteristics of
FEC profiles under diverse groundwater conditions in unconfined porous and weathered
basement aquifer systems, and ultimately produce conceptual profiles which may be referred
to as guidelines during the interpretation of FEC profiles obtained in such systems.

1.4 Thesis structure

This study is divided into six chapters inclusive of this introduction (Chapter 1), which presents
the aims, objectives, significance of the study and the general structure of the thesis. Chapter 2
provides a review on the literature available on borehole profiling methods, with a primary
focus on the FEC profiling method, its basic principles, application, analytical and numerical
solutions. The physical characteristics of unconfined porous and weathered basement aquifer
systems, groundwater flow and mass transport properties in porous media, as well as various

hydrogeological test models are also discussed in this chapter.

In Chapter 3 the methods and materials of the laboratory tests are presented. This includes the
design and construction of the physical models, the application of tracer breakthrough tests to
assess the performance of the models, and details on the FEC profiling method set-up.

Thereafter the chapter discusses the results obtained from the laboratory tests.

Chapter 4 reports on the tests conducted in the field to verify the outcome of the laboratory
tests. This includes the description of the sites used, methods and materials, and the results and
discussions. Chapter 5 presents the conceptual profiles obtained from the porous, and
weathered basement aquifer tests. Chapter 6 offers a summary and conclusions for the study
and provides recommendations for further studies. Lastly, a reference list is documented,

followed by the appendices.



Chapter 2
THEORETICAL BACKGROUND

2.1 Introduction

The focus of this theoretical background section is to provide a brief review on borehole
profiling methods, with a primary focus on the FEC profiling method - its principles,
applications, and analytical tools. A review on the mass and transport processes in typical
porous media is also included because it is these processes, together with the hydraulic
properties of the formation that influence the shape of FEC profiles. Additionally, a brief
review on the classification of hydrogeological models and the effects of scaling in modelling

is discussed.

2.2 Hydrogeological borehole profiling methods

Borehole profiling refers to the process of measuring the physical, structural, and chemical
properties of penetrated geological formations (Wonik and Olea, 2007). This can be done by
lowering a probe into the borehole using a wireline cable or rope. The measurements are

recorded as a function of depth and may be taken continually or discretely within the borehole.

Hydrogeological borehole profiling methods can be used to determine (a) physical parameters
such as density, dielectric constant, electrical resistivity, and velocity of elastic waves; (b)
geometric parameters such as azimuth, dip, orientation of fractures, bedding planes and joints;
(c) conditions of the borehole i.e. casing, screens and cementation; and (d) water quality

parameters such as pH, EC, temperature, and Oxidation Reduction Potential (ORP).

Hydrogeological borehole profiling can be divided into geophysical, geochemical, and
flowmeter profiling techniques. The methods are primarily differentiated based on their distinct
principles, specific profile, the required borehole conditions as well as the information that can

be obtained from them. This sub-section will briefly discuss these profiling methods.

2.2.1 Geophysical profiles

Geophysical borehole profiling allows for an in-situ determination of groundwater and physical
properties of the rock strata. Its use and applications have been extensively researched in

environmental studies (Keys, 1989; Taylor et al.,, 1990), hydrogeological assessments



(Jorgensen and Petricola, 1995; Mares et al., 1994; Repsold, 1989), geological investigations
(Doverton and Prensky, 1992), and salt-freshwater research (Hwang et al., 2004). These
methods are commonly based on physical properties indirectly related to contrasts in the
subsurface such as layer contact zones, change in rock properties or inflow zones (Wonik and
Hinsby, 2006). The most commonly used geophysical borehole profiling methods in
groundwater studies are the acoustic, optical, electromagnetic, and electrical methods.

2.2.1.1 Acoustic profiling method

The acoustic profiling method has been used to determine the compressional velocity of rocks
adjacent to the borehole as a function of depth along the borehole since the early 1960s. The
method was developed to be comparable to porosity profiling using a variety of equipment,
such as density and neutron profiling probes (Zemanak et al., 1970). In this technique the
profile would produce compressional velocity values averaged over a certain volume, with

compensation being made for borehole effects such as drilling damage, diameter, and invasion.

As of recently acoustic profiles can also be obtained using a combination of an acoustic source
and several receivers. The source is either a magnetostrictive or piezoelectric device which
generates signals into the borehole fluid, and the receivers are piezoelectric crystals which
translate transmitted pressure waves into electromagnetic signals that can then be transmitted
up the profiling cable. A profiling tool centralized in the borehole is used to take measurements
(Paillet et al., 1992).

Acoustic profiling is generally conducted in open boreholes with fluid. The method can detect
fracture zones and help determine the lithological classification of the rock sequence, if the
rock matrix velocity is known, porosity can also be determined using the method. To obtain
photographic-like images of the borehole wall an acoustic tele-viewer (ATV) probe is used.
The ATV imaging system makes use of an ultrasonic pulse-echo configuration witha 0.5 - 1.5
MHz transducer. The amplitude and transit time of the reflected acoustic signal are recorded
as photographic-like images as shown in Figure 2-1C and D. The transit time data can also be
used to produce high resolution caliper profiles as shown in Figure 2-1A and B. The most
commonly used ATV tools may range from 1.7 to 3.7 m in length and 40 to 50 mm in diameter
(Williams and Johnson, 2004), they can be applied in water or light mud filled intervals in

boreholes.
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Figure 2-1 (A) Three arm mechanical acoustic profile, (B) acoustic caliper profile, (C) acoustic transit time profile,
and (D) acoustic tele-viewer images obtained in a 150 mm diameter borehole.

Source: Williams and Johnson, 2004.

The acoustic profiling method has been found to be effective even in environments that are
usually hostile to downhole probes such as complex geothermal reservoirs. According to Lacy
and Smith (1989), acoustic emissions can be used to detect and determine the geometry of

fractures in the reservoirs which assists in the understanding and interpretation of their nature.

2.2.1.2 Optical profiling method

Although the first optical tele-viewer (OTV) was developed in 1987, their use in groundwater
studies only became popular in the mid-to late 1990s. OTV imaging systems make use of a
charge coupled device camera to measure the intensity of the colour spectrum; a hyperbolic or
conical reflector contained in a transparent cylindrical window to focus the 360jslice of the
borehole wall in the camera’s lens; and ring lights to illuminate the borehole (Gochioco et al.,

2002). The intensity of the light can be adjusted in most OTV devices.



The optical image scan is sent up the profiling cable as an analog signal and digitised either
downhole or up-hole and sent up as a digital signal. Lithology and structural features such as
bedding planes, fractures, and foliation can be viewed directly on the OTV images. OTV
imaging systems can function in dry or clear water-filled boreholes, and the quality of the
images can be significantly affected by muddy water, bacterial growth, chemical precipitation,
and other conditions that affect the clarity of water in the borehole (Williams and Johnson,
2004). Although fractures can generally be recognised on both acoustic and optical images,
they are more apparent and easier to distinguish under a range of conditions in acoustic images
i.e. cloudy borehole water, dark coloured rocks, and coated borehole walls. However, optical
images allow for direct viewing of the correlation between lithological and structural features
as shown in Figure 2-2. Therefore, both the acoustic and optical imaging systems have their
individual advantages and drawbacks, the decision of which method to apply should be

determined by the objectives of the study.
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Figure 2-2  (A) An acoustic and (B) optical tele-viewer image of a 75 mm diameter borehole drilled in a gneiss.

Source: Stumm et al., 2001.
2.2.1.3 Electromagnetic profiling method

Electromagnetic (EM) profiling methods have been extensively applied in geo-hydrological
studies to assist with contaminant mapping (DeSimone and Barlow, 1993), groundwater salt

tracking (Church and Friesz, 1993), lithological classification of the rock sequence (Maute,



1992), and identification of subsurface structural features (Spies, 1996; Wonik and Hinsby,
2006). They can be applied in boreholes that are dry or filled with water, and unlike electrical
methods they can also be used in boreholes with plastic casing (Smits et al., 1993; Spies, 1996).

When identifying lithology or structural features, parameters such as electrical conductivity
and resistivity are measured. These parameters are determined using either an induction or
susceptibility tool. Although low frequency electrode tools have been widely used, high
electrode tools such as induction tools have become the most preferred resistivity tool due to
their efficacy in lithology with high resistivity (i.e. oil-based muds) and their precision at
greater depths (Spies, 1996).

An induction device operates with a transmitter coil and two or more receiver coils. The
transmitter coil generates an alternating magnetic field around the borehole which induces
electrical eddy currents proportional to the conductivity of the rock. The receiver coils are
wound in the opposite direction thus making the net free-space signal zero (Doll, 1949). Over
the years, additional transmitter or receiver coils have been added onto the device to improve
sensitivity in deeper formations (Barber and Rosthal, 1991; Martin et al., 1984; Wonik and
Hinsby, 2006). Improved electronics and processing software have also made it possible to
measure the small “out of phase signal” also referred to as the X-signal, thus enabling

compensation to be made for the skin effect during data interpretation (Brown et al., 1985).
2.2.1.4 Electrical profiling method

Electrical profiling methods are applied in fluid-filled boreholes. They are used to obtain the
electrical resistivity of rocks which when coupled with other physical parameters can help
develop lithological profiles (Maute, 1992; Ward, 1980). While some electrical profiling tools

record self-potential, others use numerous electrode configurations to determine resistivity.

Self-potential (SP) originates from a range of sources including filtration (electro-kinetic
potential) and gradients in ionic concentrations (electrochemical potential). The SP
measurement entails the recording of the potential difference between an electrode at the
surface and an electrode in the borehole (Doll, 1949; Wyllie, 1948). The electrochemical
potential is derived from two solutions with different salinity such as the formation fluid and
the mud filtrate. The difference between the two concentrations creates an ionic current path
through the formation into adjacent beds with different electrochemical properties, thus

forming a closed current path through the borehole (Spies, 1996). The electrochemical potential



is usually greater than the electro-kinetic potential which relies greatly on the conductivity of

the fluid (Gondouin and Scala, 1958).

In conventional borehole resistivity profiling techniques i.e. micro-log and electro-log, a four-
electrode array is used to determine the resistivity of the rock. A constant current is initiated
into the rock between two current electrodes in the profiling tool. The potential recorded
between the two potential electrodes is proportional to the electrical resistivity of the rock. The
measured value which is referred to as the “apparent resistivity” depends on the overlying and
underlying rocks, the adjacent rock, and the size of the borehole (Rauen and Lastovickova,
1995). The apparent resistivity can be used to derive the “true” resistivity using master curves
(Spies, 1996). Figure 2-3 shows the typical borehole electrical profiles derived from a

sedimentary sequence using various electrical profiling probes.
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Figure 2-3  Borehole electrical profiles derived from a sequence of sedimentary rocks. SP: Self-potential; ES: Electric
profile; FEL: Focused electric log; IEL: Induction log.

Source: Repsold, 1989.

2.2.2 Geochemical profiles

Geochemical borehole profiling is conducted in boreholes with drilling fluid or water. When

using this method various geochemical parameters can be measured using a suitable profiling



tool i.e. a parameter specific or multi-parameter tool. These parameters include pH, reduction
potential (Eh)/ ORP and fluid electrical conductivity (FEC). Among these the FEC parameter
profiling technique is the most commonly used because it has proven to be effective, efficient,
readily available and relatively inexpensive. This method entails lowering a manual or
automated EC probe into the borehole column to obtain electrical conductivity and
groundwater level measurements simultaneously. The measurements can be recorded either as
the probe is being lowered down into the borehole or pulled upwards towards the surface. The
temperature values of fluid can be obtained simultaneously with FEC and groundwater
measurements using a hand-held Temperature-Level-Conductivity (TLC) probe. The obtained
profiles can be used to give an indication of the vertical movement of the fluid within the
borehole (Wonik and Hinsby, 2006).

Since the FEC profiling method is the most commonly applied geochemical profiling method,
as well as the method employed in this study, additional information on its principles,
application and analysis is provided in Section 2.3.

2.2.3 Flowmeter profiles

Borehole flowmeters are downhole tools that are commonly used to measure the magnitude of
axial flow in the borehole. Profiles of axial flow during ambient conditions can assist in
determining the direction of the vertical hydraulic gradient, locate hydraulically active fractures
and assess cross contamination among different geologic units (Molz et al., 1994). Profiles of
axial flow during induced flow conditions can aid in locating vertical positions of borehole

screens, measure hydraulic conductivity profiles and identify hydraulically active fractures.

The propeller of the flowmeter is turned by water flowing through the meter, and revolutions
are recorded. Any water movement caused by the movement of the tool is corrected during
data processing. The radius of the borehole has a significant influence on the measurements
recorded, therefore when using flowmeters in open boreholes they should always be coupled
with caliper profiling tools. A caliper has one or more arms with springs to stabilise the ends
of the arms against the borehole walls (Wonik and Hinsby, 2006). These tools require clear

water because suspended and high viscosity matter affects their functionality.

Flowmeters range from impeller flowmeters which require high velocity to rotate their blades

(Hill, 1990), to electromagnetic and heat-pulse flowmeters which can be applied under
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velocities as low as 10 meters per second (Hess, 1986; Molz et al., 1994; Kazumasa et al.,

2006). Figure 2-4 shows a caliper, fluid-temperature, and heat-pulse interpretation profiles.
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Figure 2-4 A caliper, fluid-temperature, and heat-pulse flowmeter interpretation profiles.

Source: Robledo et al., 1997.

The interpretation of flowmeter profiles is not always simple. Although six water-bearing zones
were noted in Figure 2-4 these are not easily observed — especially if the profiles are interpreted
in isolation. This is usually attributed to rugged borehole walls which can cause large scattering
in data, particularly in intervals that have the greatest flow. It is for this reason that flowmeter

profiling is often coupled with other profiling tools, such as an acoustic tele-viewer.
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Table 2-1 is a summary of the discussed profiling methods, their required borehole conditions,

information that can be obtained from them, known drawbacks as well as references for

additional information.

Table 2-1 Comparative table of commonly used borehole profiling methods in hydrogeology.

CRIEE Information
Method Log Type Borehole Obtained Drawbacks References
Condition
Acoustic e Acoustic Uncased holes  |e Saturated o Measures Paillet et al.,
waveform with fluid. porosity matrix porosity |1992;
e Acoustic borehole | Acoustic tele-  |e Orientation and | instead of total | Williams and
tele-viewer viewer can be character of porosity. Johnson, 2004;
used in muddy fracture e Damage to the |Zemanak et al.,
water. openings and borehole wall | 1970.
bedding. may affect
fracture
interpretation.
Optical ¢ Borehole camera | Uncased or Borehole No information | Gochioco et al.,
e Optical borehole | cased, dry or construction, can be obtained |2002;
tele-viewer clear water. secondary in muddy or Stumm et al,
porosity, caving, |cloudy water, and | 2001;
slope and fracture |dark mineral Williams and
detection. bands mimic Johnson, 2004.
fractures.
Electro- e Induction PVC cased holes | Lithology and Influenced by Brown et al.,
magnetic o Susceptibility with or without | detects fractures. |fluid resistivity |1985; Church
fluid. and bed and Friesz, 1993;
boundaries. DeSimone and
Barlow, 1993;
Doll, 1949;
Smits et al.,
1993; Spies,
1996.
Electrical o Self-Potential Screened holes | Identification of | Influenced by Maute, 1992;

o Resistivity with fluid. the thickness of | fluid resistivity |Rauen and
permeable zones, |and bed Lastovickova,
and determines | boundaries; 1995; Gondouin
water quality. effect of and Scala, 1958;

reduction- Spies, 1996;
oxidation. Ward, 1980;
Wyllie, 1948.
Fluid Water quality Screened holes | Fracture Requires a Doughty and
with fluid. position, contrast in Tsang, 2005;
lithology, and solutes in Tsang et al.,
geochemical borehole versus |1988, 1989,
parameters. formation. 1990; Moir et al.,
2014; Moleme
and Gomo, 2018.
Flow o Caliper Cased holes with | Vertical Suspended and | Hess, 1986; Hill,

e Temperature clear fluid. movement in high viscosity 1990; Molz and

borehole matter prevents |Young, 1993;
proper Robledo et al.,
functioning;
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rugged borehole |1997; Wonik and
walls produce Hinsby, 2006.
data scattering.

2.3  The FEC profiling method, its principles, applicability, and analysis

The FEC profiling method was proposed by Tsang et al. (1990) to determine depth locations
of hydraulically active zones, assess the salinity of the incoming fluid, and evaluate
transmissivity at each feed point. The method has been used in numerous studies to help locate
conductive zones intercepted by a borehole, and to determine other hydraulic features that
control water quality (Doughty and Tsang, 2005; Moir et al., 2014; Moleme and Gomo, 2018;
Pacome, 2010). This method has been found useful in both deep aquifer studies (Kelly et al.,
1991; Marschall and Vomvoris, 1995) as well as shallower aquifer studies (Bauer and LoCoco,
1996; Evans, 1995; Pedler et al., 1992).

When comparing it to other alternative methods Tsang et al. (1990) described the FEC profiling
method as more precise than flow meters, and less complex and more efficient than packer
tests. This is because flowmeter logs are strongly affected by borehole radius variations. Thus,
to improve data accuracy additional instruments and resources which are not always available
are required (i.e. a caliper log has to be run to calibrate the results, packers need to be used, or
the flow meter needs to be coupled with other profiling tools such as an acoustic tele-viewer).
Additionally, there is a low flow rate limit below which conventional flowmeter logs are no
longer useful. Although heat pulse flowmeters have been developed to measure much lower
flow velocities than conventional flowmeters, they also require the use of an inflatable packer
to direct flow through the heat pulse flowmeter to produce more accurate results (Molz et al.,
1994; Kazumasa et al., 2006).

2.3.1.1 Electrical conductivity

Electrical conductivity (EC) also referred to as specific conductance, is a measure of the ease
with which electrical current can pass through an aqueous solution. Although its measurement
unit as defined by the International System of Units is Siemens per metre (S.m™), due to the
low conductivity values of natural water submultiples of S.m™ such as micro-Siemens per
centimetre (uS.cm™) or milli-Siemens per metre (mS.m™) are generally used instead (Pacome,
2010).

The EC of fluid is mainly dependent on the presence of ions, their valence, total concentration,

flexibility, and relative concentration. The EC of a material increases with its increase in
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impurity (Keller and Frischknecht, 1966) and pure water is commonly regarded as a non-
conductor due to its notably low conductivity. It is for this reason that EC can provide valuable
indications of changes in the composition of water primarily its total dissolved ions (McNeely
etal., 1979). Additionally, EC offers a good measure of the inorganic chemistry quality of
groundwater since solutions of most inorganic salts, acids and bases are relatively good
conductors (APHA, 1998).

2.3.1.2 Basic principles of the fluid electrical conductivity profiling method

First, the borehole water is replaced with deionized water or fluid with a constant salinity
distinctly different from that of the formation water (Tsang et al., 1990). It is essential to know
the natural EC values of the formation water as this will provide guidance to the levels of
salinity necessary to produce distinct profiles. Subsequently the borehole is pumped at a low
flow rate which causes formation water to enter it through inflow zones. The changes in salinity
as a function of depth are then measured using an EC probe as shown in Figure 2-5. The pump
is generally placed at the shallow part of the borehole below the anticipated drawdown of the

water level.
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Figure 2-5 A typical FEC profiling set-up.
Source: Mohr and Smith (2019).
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Thereafter a series of FEC versus depth profiles at different times are recorded and analysed.
The changes in FEC noted during profiling reflect the shared effects of two factors: the EC of
flowing water, and the magnitude of the flow- which is directly related to the hydraulic gradient

and transmissivity (Beauheim and Pedler, 2009).

Although the application of the FEC profiling method has been deemed efficient, cost effective
and versatile, the interpretation of FEC profiles has often been found to be inconsistent across
various studies which has led to immense confusion. This could be because no guidelines have
been developed to aid in the interpretation of these profiles. The anomaly observed in Figure
2-6 A was associated with a zone with limited porosity and absence of an inflow zone, whereas
the one in Figure 2-6 B was concluded to be indicative of an inflow zone. Often these
conclusions are made without any supporting evidence either from drilling logs or

multiparameter readings.
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Figure 2-6 Examples of FEC profiles recorded in the field. The anomaly observed in A was attributed to a zone with
limited porosity, whereas B was attributed to the presence of an inflow zone.

Source: (A) Usher et al., 2008 and (B) Beauheim and Pedler, 2009.
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It is a common trend to associate anomalies in FEC profiles with a fractured aquifer system,
with little or no consideration for the lithology or construction of the borehole. Anomalies are
not only analogous to fractured aquifer systems, insufficient cuttings in the borehole casing
could limit the inflow of water from the surrounding sedimentary aquifer into the borehole,
thus resulting in an FEC profile response similar to that of a fracture. Beyond this, proper

guidelines are needed to show typical FEC profiles associated with various aquifer systems.

Further details on the principles of the FEC method can be found in Doughty and Tsang (2000,
2002), Doughty et al. (2005), Gomo (2009), Kurikami et al. (2008), Moleme and Gomo (2018),
Pedler et al. (1990) and Tsang et al. (1990). It is important to highlight that unlike previous
studies that conventionally obtained FEC profiles under induced groundwater conditions, this
current study used a non-invasive approach, and obtained FEC profiles under natural gradient
conditions without pumping the system.

2.3.1.3 Application of numerical and analytical tools

Three main approaches are available for the analysis of FEC data (1) Mass Integral Analysis,
a method that integrates individual profiles over the entire profiled interval to provide an
estimate of the ion mass in place as a function of time, which can offer useful constraints on
the direct fitting process (Doughty and Tsang, 2005); (2) BORE, a numerical model that can
determine the evolution of FEC profiles in a borehole or borehole section and compares model
results to profiles obtained in the field (Doughty and Tsang, 2000; Hale and Tsang, 1988; Tsang
and Doughty, 1985); and (3) Multi-rate Analysis FEC analysis, which allows for the analysis
of multiple sets of FEC profiles obtained under varying pumping rates (Tsang and Doughty,

2003). The three analysis tools are described in more detail below.

2.3.1.3.1 Mass Integral Analysis

When incoming formation water has distinctly higher EC values compared to the water in the
borehole, the resulting FEC profiles will show high-salinity peaks in zones where water is
entering the borehole. The height of the peaks at any time is dependent on the product gi (Ci —
Co), where q; is the inflow rate, C; the inflow concentration, and Co is the initial borehole
concentration. For simplicity, the height of the peaks is referred to as the concentration profile

(C,), it represents the ion concentration of the borehole fluid as a function of depth.
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For early-time data, prior to inflow peaks interfering with each other, mass conservation
requires that at time t, the ion mass represented by the i concentration peak, Mi (t) be expressed

as:
M;(t) = q:(C; — Co)t Equation 2-1
Where:
t = Time[T];
gi = Inflow rate [LT;
Ci = Inflow concentration [ML"®]; and
Co = Initial borehole concentration [ML™].

Thus, the area under i'" C(z) peak can be given by:

A; = [IC(2) — Coldz = A:T(? = qi(cnir_zCO)t Equation 2-2
Where:
Ai = Area[lL?;
Co = Initial borehole concentration [ML];
t = Time[T];
r = Borehole radius [L];
gi = Inflow rate [LT™]; and
Ci = Inflow concentration [ML3].

Low et al. (1990) showed that Equation 2-2 is valid regardless of whether there is flow entering
the peak from below or not, as long as the concentration of that flow is the same as the initial
concentration. To estimate the product gi (Ci — Co), the area is calculated by integrating the ion
concentration profile in the vicinity of the i feed point at a series of times. Usually less
accurate integrals are obtained from very early time profiles which have small peaks. Thus, it
is recommended that the largest non-interfering peaks are used to estimate the i (Ci — Co)

product.

Generally, outflow points do not produce distinct signatures that enable them to be easily
identified. Doughty and Tsang (2005) described how the Mass Integral Analysis could also be

applied to help locate outflow points by observing changes in ion mass in the borehole section.
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If a borehole section with one or multiple outflow points above one, or multiple inflow points
is considered, and the feed-point concentration and strength is assumed not to change over time,
then the procedure would be as follows: Each C(z) profile is integrated over the entire borehole
section to obtain the area (A(t)) under the C(z) profile at time t. Thereafter, A(t) is multiplied
by the mean borehole cross-sectional area to determine ion mass in place at time t, which is
represented as the mass integral M(t). Mass integral (M(t)) is then plotted against t. Before the
concentration front reaches outflow points, M(t) is linear, with slope:

Searly = Z q;(C; — Cy) Equation 2-3
in

When the concentration front finally reaches an outflow point, a decrease in the slope of M(t)
is observed due to the ion mass leaving the borehole at that point. When the concentration front

passes the uppermost outflow point, M(t) becomes linear again, with slope:

Siate = Z qi(C; — Co) — Z i (Cmaxi — Co) Equation 2-4
in

out

Since steady-state concentration does not change at the outflow point and all these outflow
points are above the inflow points, all outflow Cnaxi Values equal the steady-state concentration
at the uppermost inflow point, which is represented as Cmax. Thus, the above equation is

simplified as follows:

Siate = Searly — (Cnax — CO) Z qi

Equation 2-5
out
In order to determine the aggregate outflow rate, this is rearranged to yield:
z o Searly - Slate
qi = “Coax — Co Equation 2-6

out

Thereafter, the C(z) profiles are studied to determine the times when (1) M(t) becomes

nonlinear, and (2) M(t) becomes linear again as shown in Figure 2-7. The leading edge of the

concentration front at (1) identifies the deepest outflow point, Zmax.
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Figure 2-7 Mass Integral Analysis method applied over a short time: (A) simulated concentration profiles; and (B)
M(t) integral and linear fit to early points.
Source: Doughty and Tsang (2005).

2.3.1.3.2 BORE

BORE is a numerical approach to FEC analysis (Hale and Tsang., 1988; Tsang, 1985). The
code produces FEC profiles given different inflow parameters (i.e. inflow concentrations,
positions, and inflow rates) by carrying out a forward calculation. The code also analyses solute
dilution within the borehole to determine ambient horizontal flow velocity in the formation.
With the advancement of numerical modelling BORE was improved to provide interactive
modification of model parameters, accommodate current operating systems, and provide
graphical comparisons between field and model data, the enhanced version is called BORE I
(Doughty and Tsang, 2000).

BORE 11 also extended the range of applicability by considering multiple outflow and inflow
zones, overlapping or isolated FEC peaks, time-varying feed-point strengths and
concentrations, early-time and late-time behaviour and relationship of dispersion and advection
in a borehole (Doughty and Tsang, 2005; Doughty et al., 2008).

Figure 2-8 illustrates a series of simulated idealised concentration profiles developed using
BORE |1 for a borehole pumped from the top, containing feed points with a constant gi > 0,

constant Ci, Co = 0, and toi= 0.
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Figure 2-8 Concentration profiles generated using BORE 11 for three inflow points at different times: (A) early time
before peaks interfere and (B) at later times.
Source: Doughty and Tsang (2005).

The matching of FEC profiles recorded in the field to the ones calculated using BORE 11
involves choosing concentration (C) and inflow rate (q;) values for each peak by trial and error,
until an acceptable match is obtained. The vertical dispersion parameter is also adjusted in

order to obtain the best fit.

The transmissivity (T;*) values of inflow zones are calculated by using the hydraulic head in
the borehole (hon) and g;i in the Thiem (1906) equation. So, for each inflow zone intercepted by

the borehole:

q; = 271’11:1'-* = (h; + hyp) Equation 2-7
In (7‘)
Where:
gi = Inflow rate [LT;
T = Transmissivity [L2T™;
hi = Ambient hydraulic head [L];
hon = Hydraulic head in the borehole [L];
ri = Assumed outer radius where the pressure response to pumping drops to zero [L]; and
r = Borehole radius [L].

If the hydraulic heads of all the flow zones are assumed to be equal, then they will be equivalent

to the initial hydraulic head in the borehole, and hi = 0. Therefore, under these conditions Figure
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2-8 can be used to determine Ti". However, if the FEC profiling method was applied under
various pumping rates, the Multi-rate Analysis is used to help determine Ti".

2.3.1.3.3 Multi-rate Analysis

When the FEC profiling method is conducted under different pumping rates (Q), the Multi-rate
Analysis yields ambient hydraulic heads of the flow zones at different depths (Tsang and
Doughty, 2003).

The multi-rate profiling method shows that by simultaneously analysing multiple sets of FEC
logs with varying Q-values, not only can ambient hydraulic heads of each inflow point (h;) be
obtained, but Ti" and C; can also be determined with confidence. Although two sets of profiles
with varying Q-values are enough, three sets at three varying Q-values are recommended for
additional internal checking of results.

If a borehole containing N inflow points is considered, the strength of the it feed point is gi and
>'gi = Q. Conventionally, the g; of inflow points is positive and negative for outflow points.
Up-flow from below the studied interval can either be absent or shown by an additional feed
point at the lower end. For each feed point, gi and concentration C; are assumed to be under a
steady state (i.e. constant in time). Furthermore, it can be assumed that the flow towards the
borehole is described by Darcy’s law and the flow geometry is radial. However, the general
approach would still be valid for a non-radial flow geometry, but the glow geometries must be

the same for all flow zones.

Under these assumptions, the inflow rate (q;) is related to its transmissivity (T*;), the ambient
“far-field” hydraulic head (h;) at a distance (ri) away from the borehole, and the hydraulic head
(hon) at the borehole radius (r), through the Darcy law as:

2T} .
= (Ri—Ppn) — Equation 2-8
 =————~=Ti(hy —h
q; In (n/r) i(hy bh)

Where:
g = Inflow rate [LT™];
Ti" = Transmissivity [L°T™];
Ti = Effective transmissivity [L°T™];

hi = Ambient hydraulic head [LT™];
hon = Hydraulic head in the borehole [LT™];
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Assumed outer radius where the pressure response to pumping drops to zero [L]; and

li

_‘
1

Borehole radius [L].

The effective transmissivity comprises of constant factors involving radial distances. Equation
2-8 describes a scenario of a horizontal flow zone tapped by a vertical borehole. In a case where
there is no density-driven flow present, the equation would also apply to the more general case
of non-horizontal flow zones tapped by a non-vertical borehole, in which case the distances r

and r; are interpreted as distances measured in the plane of the flow zone.

Normally the transmissivity within the borehole itself is greater than any inflow zone, thus hpn

is constant over the interval of the studied borehole. Since >4 = Q, we can write:

If the pumping rate is altered from Q to Q’, Ti and h; stay unchanged, however hp, changes to

h’ph, and
q'i = Ti(hy — h'pp) Equation 2-10

Q" =XT; (hi —h'pn) Equation 2-11

Considering the difference between Equation 2-8 and Equation 2-10 and between Equation

2-9 and Equation 2-11, it respectively results in:

Aq; = Ti(hpn — h'pn) Equation 2-12
AQ = Tiot(hpn — h'pn) Equation 2-13
Where:
Agi = q'i— Qi
40 = 0’-Q;and
Tt = YT

When combined, Equation 2-12 and Equation 2-13 yield:

T; _Ag;
Toor AQ Equation 2-14
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Equation 2-14 is the fundamental relationship between the change in feed-point strength (4¢i)
and the change in pumping rate (4Q). Since 4gi is directly proportional to T;, the feed points
with larger hydraulic transmissivity show greater changes in strength when Q is modified.

When two sets of FEC profiles obtained with Q and Q + AQ are available, and we apply the
BORE |1 code to each set to obtain the Cjand g; values, then Equation 2-14 can be employed
to determine Ti/Twt. Furthermore, Equation 2-9 can be rewritten as:

Q= ZTi(hi - hwb) = Ttot(havg - hwb) Equation 2-15

Where hay, expressed as hayg =% (T h;)/Ttor, is defined as the hydraulic-transmissivity

weighted average of the ambient hydraulic heads. It can be measured by a pressure probe in a
borehole. Using the ratio of Equation 2-8 and Equation 2-15, then rearranging, it yields:

(hi —havg) _ q:/Q 1 _
(havg — hwo)  Ti/Teor Equation 2-16

Using Equation 2-14 to eliminate Ti/Twt results in a convenient measure of feed point ambient

hydraulic head:

(hi —havg) — @:/Q 1 .
(havg = hwp)  Aq;/4Q Equation 2-17

The left side of Equation 2-17 provides a dimensionless measure of the departure of feed point
ambient hydraulic head from hayg, whereas the terms on the right can be acquired from a BORE
Il analysis, and the denominator on the left is the hydraulic head drawdown in the borehole
when it is pumped at rate Q, which can be directly measured. If three sets of FEC profiles at
three pumping rates (Q1, Q2 and Qs) is available, then three sets of results can be obtained by
analysing three combinations of data (Q1, Q2), (Q2, Q3), and (Qs and Q1).

The Multi-rate Analysis shows that by analysing multiple sets of FEC profiles with varying Q-
values, not only can ambient hydraulic head (hi) of each inflow point be obtained, but inflow
concentration and transmissivity can also be determined with confidence. Although two sets of
profiles with varying Q-values are enough, three sets at three varying Q-values are

recommended as this enables internal checking and reduces the impact of measurement errors.
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2.3.2 Advantages and limitations of borehole profiling methods

Borehole profiling methods can promptly produce data over long periods of time. The
comparability and repeatability of the information obtained assists in providing baseline aquifer
properties, which help determine changes in water quality over time and assists in monitoring
the migration of the contaminant plume through a network of observation boreholes. According
to Keys (1996), borehole profiles offer a unique advantage over groundwater sampling in that
they offer continuous measurements (throughout the entire borehole depth) that can be
interpreted on site in real time. Whereas in groundwater sampling data is only available from
the sampled depth intervals after laboratory analysis has been conducted.

It is important to highlight that borehole profiling cannot completely replace groundwater
sampling, especially in assessments where the objective is to obtain a complete geo-chemical
and microbial composition of the groundwater. However, in such cases borehole profiles can
still be used and analysed to provide in-field information which could help determine the
location and frequency of sampling, consequently reducing the number of unnecessary samples

and associated processing costs (Wonik and Hinsby, 2006).

Although useful and versatile, borehole profiles cannot be accurately interpreted without prior
knowledge of the local hydrological and geological conditions of the study area. Therefore, to
reduce inaccuracies during data interpretation and effectively utilise the obtained data, it is
recommended that at least one core hole is drilled at the study site. Furthermore, a
comprehensive understanding of the operating principles of the employed borehole profiling

method is required.

2.4  Physical characteristics of a porous and weathered basement aquifer system

The different aquifer systems have been extensively documented throughout the study of
hydrogeology (i.e. Gillham and O’Hannesin, 1984; Jiao and Zhang, 2014; Nadiri et al., 2018;
Perina and Lee, 2006). This study mainly focused on the unconfined porous and weathered

basement aquifer systems.

Unconfined aquifers are also commonly referred to as phreatic aquifers or water table aquifers,
this is due to their upper boundary being the water table or a phreatic surface, as opposed to a
confining layer. In most areas of the world, shallower aquifers are related to unconfined
aquifers. This type of aquifer system generally indicates the absence of a confining layer. On

the contrary, the confined aquifer system is recognised by the presence of an impermeable
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formation above the aquifer. Figure 2-9 is a schematic illustration of an unconfined porous

aquifer system.

— Monitoring Well

Unconfined or water table

Saturated zone

Figure 2-9 Schematic illustration of an unconfined porous aquifer system.

Based on the structure and arrangement of a geological formation, aquifers can be classified as
either porous media or fractured. Typically, a porous aquifer system consists of aggregates of
individual grain particles such as sand, gravel or silt. When these aggregates are cemented
together, the system is referred to as a consolidated porous media, whereas unconsolidated
porous media refers to where the individual grains within the system are not connected to each
other, and as a result water may migrate easily through the openings between the individual

grains, for example an alluvial aquifer.

The weathered basement aquifer system is slightly more complex. Typically, the upper part of
the bedrock is often mechanically and chemically weathered, thus resulting in a variably,
permeable, fractured, and porous rock mass (Jones, 1985). The extent of the weathered zone is

dependent on the parent rock type and the physiochemical conditions of the site.

From the basic schematic illustration of crystalline basement aquifer systems presented in

Figure 2-10, conceptually the system may consist of two possible aquifer systems:

1. The unconfined weathered aquifer layer overlying a fractured bedrock. In this system,

both layers are permeable and are effectively interconnected aquifers.
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2. The unconfined weathered aquifer layer overlying an impermeable bedrock unit. In this
system, the weathered upper layer is the only permeable formation, thus forming an
unconfined aquifer.

Figure 2-10 Crystalline basement aquifer systems, with a weathered overburden and regolith on top of the
underlying, lower-yielding fractured bedrock aquifer.

Modified from: MacDonald et al., 2012.

The focus of this study is based on the second aquifer system, where the unconfined weathered
overburden aquifer overlies the impermeable bedrock. From an exploration point of view, it is
only after the analysis of lithological logs from the drilling that one can distinguish if the
bedrock is fresh and impermeable or fractured and permeable. In other words, boreholes in
typical crystalline basement aquifer systems will penetrate both the weathered overburden and
part of the bedrock, irrespective of whether the bedrock is permeable or impermeable. It is
therefore not uncommon to have boreholes drilled through the weathered and impermeable

bedrock but effectively only tapping from the weathered layer.

2.5  Mass transport characteristics in porous media

Mass transport and hydraulic properties are largely related and are therefore often studied
together. Hydraulic properties largely influence the behaviour of flow under both natural and
stressed conditions, and transport characters generally influence the movement of mass and are
critical in vulnerability and risk assessment studies of aquifer systems (Freeze and Cherry, 1979;

MccCarty et al., 1981; National Research Council, 1984; Pacome, 2010). Contaminant transport
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predictions that disregard mass transport characters and only consider hydraulic properties are
prone to numerous mistakes (Van Wyk, 1998).

The primary processes that influence solute transport behaviour in groundwater are mainly
(1) advection, (2) dispersion and (3) sorption (Freeze and Cherry, 1979; National Research
Council, 1984). Advection and dispersion define the role of hydrodynamics in influencing the
rate of migration and the dilution of a solute (MacKay et al., 1986). Sorption results in the
attenuation of liquid-phase concentrations without changing the total mass of the compound,
as well as the retardation of its movement relative to groundwater flow (Freeze and Cherry,
1979).

The mathematical relationship between these processes can be expressed as:

Oy, v Oy, ax v n o "
—K.. :
Vi _ ij % ...... (2) Equatlon 2-18
n axj
K
R_[1+% ﬂ ...... 3)
Where
C = Solute concentration [ML?];

Vi = Mean pore (solute) velocity in the xi direction (i = 1, 2, 3) and equals gi/n [LT™];
Dij = Dispersion coefficient, (i,j =1, 2, 3) [L*T];
Kij = Hydraulic conductivity, (i, j = 1, 2, 3) [LT™];

C’ = Solute concentration in the source [M L°];

W’ = Volume flow rate per unit volume of the source [L3T];
n = Effective porosity [-];

h = Hydraulic head [-];

R = Retardation factor [-]; and

Xi = Cartesian coordinate [-].

Bear (1972) described three-dimensional transport of a nonreactive solute in a saturated porous
media using a differential equation. However, the discussion below uses a simplified two-
dimensional representation to represent solute migration in groundwater in a homogeneous,

isotropic medium having a unidirectional steady state flow with velocity V:
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0%C 0%C ac _ ac
DLa_xz +Dr dy2 o =R Equation 2-19

Where:
C
V

DL = Longitudinal dispersion coefficient [L>T™];

Contaminant concentration [ML™];

Average pore velocity (seepage) [LT™];

Dr = Transversal dispersion coefficient [L>T™]; and
R = Retardation factor [-].

2.5.1.1 Advection

Advection describes the transport of solute pulse or dissolved contaminant along a mean
direction of fluid flow at an equal rate to the average interstitial fluid velocity or linear pore
fluid velocity (Kinzelbach, 1992; MacKay et al., 1986; Mau, 1992). Advection and dispersion
are primary physical properties that govern solute transport. Advection is controlled by Darcy’s

law because it is the transport of solute with respect to flowing groundwater.

Darcy’s law expresses that the flow rate of fluid through a porous media from one point to
another is directly proportional to the head loss and inversely proportional to the flow path

length:

h, —hy
L

Q=-KA Equation 2-20

Where:

Q = Groundwater flow rate [L3T];

A = Cross sectional area of flow [L?];

h2 —h: = Head loss between point 2 and point 1 [-];
L = Distance between the two points [L]; and
K = Hydraulic conductivity [LT™].

The average pore water velocity (seepage) can be calculated as:

yo @ Khi—h
"nA n L

Equation 2-21
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Where n is the percentage of interconnected pore spaces that actually contributes to flow
(effective porosity).

The mean pore velocity (Vi) represented in Equation 2-18, is a conservative estimate of the
migration velocity of the contaminant transport. When only the advective process is considered,
a contaminant migrates at the same rate as the groundwater flow; however, in reality, other

processes such as dispersion and retardation affect the movement of the contaminant.
2.5.1.2 Dispersion

The mixing and spreading of solutes along and transverse to the direction of flow due to local
variations in interstitial fluid velocities is referred to as dispersion. It is primarily a result of
two processes: mechanical mixing and molecular diffusion (Bear, 1972). Mechanical
dispersion (mixing) takes place when uncontaminated water comes into contact with
contaminated water, which results in dilution. Figure 2-11 is a schematic illustration of the

dispersive process in a homogeneous, granular medium on (A) a macro and (B) a micro-scale.

Water with dissolved contaminant

Solid particle

Porous
medium

Tortuous flow paths

l General flow direction

Mixing by molecular diffusion

Figure 2-11 Schematic illustration of the dispersive process on (A) macro and (B) microscopic scale.
Source: Patil and Chore (2014), and Freeze and Cherry (1979), respectively.
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The molecular diffusion is a dispersive process whereby ionic or molecular constituents move
from regions of higher concentrations to lower concentrations. This process can be defined by

Fick’s law as:

dC
F=-Drax Equation 2-22
Where:
F = Mass flux per unit area, per unit time [M L?T?];

Dr = Diffusion coefficient [L2T];
dC = Solute concentration [M L2]; and

dx = Concentration gradient [-].

Fick’s law was derived for chemicals in unobstructed water solution. Therefore, when it is
applied to porous media, the diffusion coefficient should be smaller because the ions follow
longer paths due to the presence of solid particles in the solid matrix and adsorption of solids
(Freeze and Cherry, 1979). Thus, yielding an apparent diffusion coefficient D* defined as:

* = w. Dy Equation 2-23

Where w is an empirical coefficient of less than 1, which accounts for the effect of the solid
phase of the porous media on the diffusion. This value has been suggested to be between 0.5
and 0.01 to account for tortuosity of the flow path (Freeze and Cherry, 1979). These two
processes cannot be separated in groundwater flow, therefore the coefficient of hydrodynamic

dispersion is usually taken into account and represented as:

D, =x,.V + D* Equation 2-24
Dy =x;.V + D* Equation 2-25
Where:
DL = Longitudinal mechanical mixing component of dispersion [L2T™];

Dr = Transverse mechanical mixing component of dispersion [L*T™];
a. = Longitudinal dispersivity [L]; and

ar = Transverse dispersivity [L].

Gelhar et al. (1992) roughly estimated the ar as 0.1 L, where L is the flow path length. The ar
was estimated to be 1/10 to 1/100 of the ar.
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2.5.1.3 Sorption

The exchange of ions and molecules between the liquid and solid phase is termed as sorption.
This includes desorption and adsorption. Desorption is the release of ions or molecules from
the solid phase to the solute, whereas adsorption is the attachment of ions or molecules from
the solute phase to the solid phase, thus causing a decrease in the concentration of the
contaminant. This is called retardation.

According to Freeze and Cherry (1979), the retardation coefficient can be determined from the

desorption coefficient of the contaminant plume as well as the properties of the porous medium

as:
Pa :
R = [1 + K, —] Equation 2-26
n
Where:
Ks = Adsorption coefficient [L*M™];
pa = Bulk density of the soil [ML?]; and
n = Porosity of the soil [-].

The velocity of the contaminant in groundwater can be determined by:

%4 .
Ve = R Equation 2-27
Where:
V. = Velocity of the contaminant movement in groundwater [LT™];
V = Groundwater velocity [LT™]; and
R = Retardation factor [-].

A high retardation factor notably decreases the migration of the contaminant plume in

groundwater. This has been extensively discussed in Back and Cherry (1976) and Bear (1972).

2.6 Methods for estimating hydraulic and transport parameters

In hydrogeological investigations the estimation of chemical transport and groundwater flow
parameters is done by conducting field tests, these tests include hydraulic tests and artificial
tracer breakthrough tests. Recent studies have shown efficiency in conducting these two tests

simultaneously (Riemann, 2002; van Tonder et al., 2001).
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The analysis of the resulting data from these tests usually entails (1) conceptually modelling
the transport and fluid flow in the rock mass using the common knowledge of the rock mass in
conjunction with the behaviour of the test response, and (2) estimating parameters by matching
field data with the model data. These steps often require repetition for better matching between
model computed responses and field responses (Gorokhovski, 2014).

2.6.1 Hydraulic tests

Hydraulic tests have been found useful in determining physical and hydraulic parameters which
aid in the understanding and improved conceptualization of aquifer systems. These tests often
involve inducing groundwater flow through pumping and monitoring the response of the
aquifer system. The most commonly used hydraulic test methods are constant head tests,
constant discharge tests, slug tests and multi-rate tests, these have been extensively described
in many hydrogeological textbooks including Kruseman and de Ridder (1994) and van Tonder
et al. (2001). Depending on the objective of the study different set-ups can be used, and these

tests can be conducted on either a single borehole or multiple boreholes.
2.6.1.1 Single borehole hydraulic tests

Single borehole hydraulic tests are the most popularly used field tests for site characterisation
due to their ability to offer basic aquifer parameters at a relatively low cost. They are commonly
conducted in an open borehole or using packers. When the open borehole approach is used, the
entire uncased borehole section is tested, and the hydraulic head response of the aquifer-
borehole system is primarily controlled by the most conductive zone. Although valuable
information such as the hydraulic properties of the formation can be obtained, this approach
can be quite problematic in fracture characterisation assessments where the contribution of
each (minor) fracture intercepted by the borehole needs to be determined. Additionally,
according to Kruseman and de Ridder (1994), in a low transmissive formation, open borehole

hydraulic tests may be influenced by borehole storage effects.

When the straddle packer test approach is employed, two or more packers are used to isolate a
section(s) of the borehole for testing. This makes it possible to measure the hydraulic properties
of individual permeable zones (or fractures) and essentially determine their individual
contribution (Botha et al., 1998; Haimson and Lee, 1984; Stewart, 2000). Figure 2-12 is a

schematic illustration showing a typical straddle packer test set up.
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Figure 2-12 Schematic illustration of a typical straddle packer test system set up.
Source: Haimson and Lee, 1984.

When analysing packer test data, borehole storage can usually be neglected since the change
in hydraulic head is not associated with a change in water level. However according to Botha
et al. (1998) equipment compliance could induce the borehole storage effect that needs to be

taken into consideration, particularly in very low transmissive environments.
2.6.1.2 Multiple borehole hydraulic tests

Multiple borehole hydraulic tests generally entail the use of one pumping borehole and at least
two observation boreholes to monitor the response of the aquifer system. The tests entail
groundwater being pumped from one borehole and aquifer responses being monitored in one
or more observation boreholes. Unlike single borehole test, multiple borehole tests allow a
larger scale of the aquifer to be tested and monitored thus leaving less uncertainty on the

inferred hydraulic parameters.

Multiple borehole tests offer valuable information on the connectivity of flow zones as well as
aquifer anisotropy. Additionally, depending on the design and set-up, information on the spatial
variability of the flow zones can also be acquired (Pretorius, 2007). A detailed discussion on

various multiple borehole set-ups for the most commonly encountered conditions and
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environments has been discussed by the National Research Council (1996), Botha et al. (1998)
and van Tonder et al. (2001).

2.6.2 Artificial tracer breakthrough tests

Hydrological tracer breakthrough tests are generally performed to either estimate the degree of
hydraulic interconnection between different locations, to determine a solute-matrix interaction
parameters, to approximate physical transport parameters and hydraulic characteristics
involved in solute migration, and or to calibrate and validate a flow or transport model
(Malloszweski and Zuber, 1992).

These tests may be conducted under either natural gradient or forced gradient conditions. The
test principally entails introducing a tracer into the groundwater system and monitoring the
movement of the spreading tracer. Natural gradient tracer tests are most effective in highly
porous aquifer systems such as weathered aquifer systems (as seen in Gomo, 2011 and LeBlanc
etal., 1991). Under these conditions particularly when using a single borehole, the tracer
dilution in the test section is assumed to be due to horizontal influx of fresh groundwater into
the borehole, thus Darcy velocity (groundwater flux) is computable from the dilution test
(Drost et al., 1968; Drost and Neumaier, 1974).

Natural gradient tests are rarely used in fractured aquifer systems because the large-scale
heterogeneity associated with secondary aquifers makes it difficult to effectively apply them.
Additionally, since the tracer usually travels along channels that occupy small portions of the
fracture planes (Abelin et al., 1991; Tsang and Tsang, 1989), the grid of the of the sampling
boreholes may not be adequately designed to sample the full extent of the plume, thus making
the natural gradient tracer testing approach an undesirable technique for accurately determining
mass transport parameters in fractured aquifer systems. It is for this reason, that forced gradient
conditions are generally preferred in fractured aquifer systems. Forced gradient tests generally
involve creating a flow field with injection and or withdrawal, introducing a tracer in one
borehole (injection borehole) and monitoring the arrival of the tracer at the second borehole
(observation borehole). An example of this approach using different set ups can be found in
numerous studies including Carleton et al. (1999), van Wyk (1998), and Welty and Gelhar
(1989).

A range of tracers generally exists but sodium chloride (NaCl) is often the most preferred

option since it is readily available at a low cost and can easily be monitored using an EC probe
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(Gomo, 2011). However, in areas where the natural groundwater already has a relatively high
EC, alternative tracers should be considered.

2.7  Hydrogeological test models

Hydrogeological modelling is the characterization of real systems and hydrogeological features
using computer simulations, mathematical analogues, and small-scale physical models (Allaby
and Allaby, 1999). These models are predominantly used to aid in the understanding of various
hydrological processes and predicting the behaviour of a system. Although each model has its
own unique characteristics, a good model is considered one which gives results closest to the

real system, with the least use of input parameters and model complexity (Singh, 2018).

The outputs of a real system can never be forecasted with absolute certainty, this is mainly
because of the heterogeneities that exist across space and time scales. These heterogeneities
are important because they may have an effect on flow velocity, flow path, residence time and
can create response thresholds that depend on velocity and flow path (Ogden, 2021). Therefore,
hydrogeological models are at best approximations of reality. Furthermore, understanding the
limitations of a model is essential for the correct interpretation and understanding of the

outputs.

Hydrogeological models have a wide range of applications, these include but are not limited
to, water resources planning and management, flood design and forecasting, and coupled
systems modelling such as hydro-ecology, water quality evaluation and climate. There exist
several publications on hydrogeological modelling, these include Singh and Woolhiser (2002);
Wagener et al. (2004), and Wheater et al. (1993).

2.7.1 Classification of hydrogeological models

Various publications have outlined ways to classify hydrogeological models (i.e. Singh, 1995;
Singh and Frevert, 2006; and Wheater et.al., 1993;). Hydrogeological models are either based

on the aspect of randomness or process description.

2.7.1.1 Hydrogeological models based on randomness

Models that are based on randomness can be classified into two groups as shown in Figure
2-13; stochastic models or deterministic models. In a stochastic model different values of
output can be produced for a single set of input values, these models can be categorised as time

correlated, time independent, space correlated, and space independent (Singh, 2018).
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Figure 2-13 Classification of hydrogeological models.

Source: Singh, 2018.
A deterministic model gives the same output for a single set of input values, the model makes
forecasts and is further divided into unsteady state flow and steady state flow hydrogeological
model. Deterministic hydrogeological models that are based on spatial representation can be

further divided into lumped, semi-distributed, and distributed model.

2.7.1.2 Hydrogeological models based on process description

The hydrogeological models that are based on process description are divided into empirical,

conceptual, and physical models.

2.7.1.2.1 Empirical models

Empirical models, also referred to as metric models are primarily observation orientated and
characterises the system’s response from existing data, with little or no consideration for the
processes and features of the hydrological system (Wheater et al., 1993; Pechlivanidis et al.,
2011). Thus, the models are also described as “data driven models”. They involve mathematical
equations derived from concurrent input and output time series and not from physical

processes, and the models are only valid within boundaries (Singh, 2018).

An early-time example of an empirical model is a Unit Hydrograph (UH) for event-based

catchment-scale simulation, developed by Sherman (1932). The simplicity of these models
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enables them to be easily applied to ungauged catchments by regional analysis, relating model
properties (such as percentage runoff, unit hydrograph time to peak etc.) to climatic and
physical descriptors of the catchment (Pechlivanidis et al., 2011).

Although empirical models have been used to extrapolate in ungauged catchments and extreme
events, since they depend on existing data, results acquired from them are usually lacking in
formal specification of confidence limits (Wheater, 2002). Other examples of empirical
modelling can be found in Dawson et al., 2006; Jain et al., 2004; Lekkas, 2008; Ratto et al.,
2007; and Young et al., 1997.

2.7.1.2.2 Conceptual models

Conceptual models, also referred to parametric models in other studies, represents components
of a hydrological process deemed to be important (Singh, 2018; Wheater, 2002). In these
models the structure of the models is specified before undertaking any modelling. Additionally,
not all of the model parameters are independently measurable (Wheater et al., 1993), thus at
least one or more parameters has to be estimated through calibration against observed data. The
first major conceptual model is the Stanford Watershed Model IV (SWM), developed in 1966
by Crawford and Linsley. The model had 16 to 20 parameters.

The complexity of conceptual models differs depending on the objective of the study, model
complexity can be appropriately reduced through sensitivity analysis (van Werkhoven et al.,
2009), identification statistics (Dunn et al., 2008), and by either formally restructuring the

model or keeping insensitive parameters constant (MslIntyre and Al-Qurashi, 2009).

2.7.1.2.3 Physical models

A physical model, also known as a mechanistic model, is an idealised representation of a real
phenomenon and includes principles of physical processes (Singh, 1998). These models use
measurable state variables which are functions of both time and space. Although for their
calibration these models do not require extensive meteorological and hydrological data, the
evaluation of a large number of data sets descriptive of physical characteristics are required
(Abbott et al., 1986).

Physical models can overcome limitations observed in empirical and conceptual models due to
the use of parameters that have physical interpretation. These models can provide valuable

information even outside of the boundary and can be used in a wide range of situations (Abbott
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et al., 1986). In hydrogeology, physical models have been employed to represent components
of hydrological process such as overflow, evapotranspiration, infiltration, unsaturated and
saturated zone flow using governing equations of motions based on continuum mechanics
(Pechlivanidis et al., 2011).

Theoretically, physical models can provide continuous simulations without calibration since
they are defined by wholly measurable parameters (Beven, 2001). Although these models are
a great compilation of important idealised processes, they raise several issues that need to be
taken into consideration, the physics behind the model structure is commonly based on either
a small-scale in-situ field experiments or laboratory experiments, therefore they are affected
by the nature of the experiments themselves.

Extrapolating the outputs of these experiments to larger scales assumes that the physical
properties and hydrological processes are independent of scale, this raises uncertainty about
their applicability (Beven, 2004) and increases their need to be validated.

2.7.2 Scale issues in hydrogeological modelling

In modelling, the term scale refers to the length (or time) of an observation, process, or model.
Over the years the issues associated with scale in hydrogeology have been extensively reviewed
(i.e. Bloschl et al., 1995; Dooge, 1982 and 1986; Dozier, 1992; Klemes, 1983; Mackay and
Riley, 1991; and Zlotnik et al., 2000).

Usually, processes are commonly modelled and observed at short-time scales, but the outputs
are needed for long-term scales such as the lifetime of a dam. Similarly, the outputs of models
designed in small space-scale laboratory experiments are expected to be applicable in a large-
scale field setting. Contrarily, often times large-scale data and model outputs are used for small-
scale predictions (Bloschl et al.,1995). This extrapolation or transfer of information across
varying scales is referred to as scaling, and there are a lot of scale issues associated with it. One
of the main issues is that scaling disregards the nature of heterogeneity and variability in space

and time.

The term heterogeneity is used for media properties such as hydraulic conductivity, that differs
in space. And variability is used for state variable (i.e. soil moisture) or fluxes (i.e. runoff) that
differs in time and space (Beven, 1981). Variability and heterogeneity are prominent at a range
of scales. At a local scale micropores such as root holes, wormholes, or microfractures that

occur in soil can transport the bulk of the flow, with minimum contribution from the soil matrix
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(Germann, 1990). According to Chapell and Ternan (1992) the difference in hydraulic
conductivity of lithology and the presence of fractures can affect flow at a regional scale.

According to the NRC (1991), adequately addressing the issue of integration and the linkage
of formulations at different scales remains one of the biggest challenges in hydrogeological
modelling. However, scale issues are not only unique to the field of hydrogeology but also
poses a range of challenges in other disciplines such as oceanography (Stommel, 1963),
meteorology and climatology (Raupach and Finnigan, 1995), biology (Haury et al., 1977), soil
science (Hillel and Elrick, 1990), and social sciences (Dovers, 1995).

2.8 Summary

Chapter 2 provides a literature review of basic methods and concepts which are important for
the comprehensive understanding of FEC profiling in porous and weathered basement aquifer
systems. Various hydrogeological profiling methods are reviewed to bring insight to which
methods can be used based on the information required, borehole conditions, and objectives of
the study. Among the various borehole profiling methods described, the FEC profiling method

has proven to be the easiest to use, most efficient and cost effective.

Borehole profiling methods can produce data over long periods of time, and the information
obtained can assists in providing baseline aquifer properties, which help determine changes in
water quality over time and assists in monitoring the migration of the contaminant plume
through a network of observation boreholes. However, they cannot completely replace
groundwater sampling, especially in assessments where the objective is to obtain the complete

geo-chemical and microbial composition of the groundwater.

This study mainly focused on the unconfined porous and weathered basement aquifer systems;
thus, it was important that the physical structure, the mass, and transport processes in typical
porous media are reviewed because it is these processes, together with the hydraulic properties
of the formation, that influence the shape of FEC profiles. Mass transport and hydraulic
properties are largely related and are therefore often studied together. Hydraulic properties
largely influence the behaviour of flow under both natural and stressed conditions, and
transport characters generally influence the movement of mass and are critical in vulnerability
and risk assessment studies of aquifer systems. The primary processes that influence solute

transport behaviour in groundwater are mainly advection, dispersion, and sorption.

39



Physical models are used in this study to simulate the unconfined porous and weathered
basement aquifer systems and to monitor these transport processes under controlled laboratory
conditions. Hydrogeological models are predominantly used to aid in the understanding of
various hydrological processes and prediction of the behaviour of a system. However, since
the outputs of a real system can never be forecasted with absolute certainty mainly because of
the heterogeneities that exist across space and time scales, hydrogeological models are at best
approximations of reality.

40



Chapter 3
LABORATORY EXPERIMENT

3.1 Introduction

The first part of this section focuses on methods and materials used during the laboratory
assessment of the porous and weathered aquifer systems. This includes a description of the
design and construction of the two physical models, the tests that were conducted to assess
their ability to simulate a real system, and a description of how the FEC profiling tests were
undertaken within these models under laboratory conditions. Thereafter, this section discusses
the results obtained from the experiments.

3.2 Methods and material

3.2.1 Design and construction of the physical models

Two physical models were developed under controlled conditions to represent (1) an
unconfined porous aquifer system and (2) a weathered basement aquifer system. As mentioned
in Section 2.3.1.2 the FEC profiling method is traditionally conducted under induced
groundwater flow, however, as part of its outcomes this study aimed to explore the efficiency
of a non-invasive approach of obtaining FEC profiles under natural gradient conditions, thus

flow was not induced.
3.2.1.1 Porous aquifer system

An acrylic clear Perspex material was used to build and construct the outline of the physical
model. Poly-vinyl chloride (PVC) pipes perforated throughout their entire length were used to
represent boreholes (BH1 and BH2), which were placed 18.5 cm apart from each other. A 25-
liter container was used to supply water at a constant rate into the model via the inflow section.
To simulate the unconfined porous aquifer system, a single-layered, homogeneous, coarse-
grained sand of 2 mm diameter was used to represent the permeable porous layer. Figure 3-1

shows a picture of the physical model which was used to simulate the porous aquifer system.
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Figure 3-1 A picture showing the physical model of the porous aquifer system.
Note: A single-layered, homogeneous, coarse-grained sand of 2 mm diameter was used to represent the
permeable porous layer.

The dimensions of the physical model were 75 cm in length, 40 cm in height, 20 cm in width,
and the flow length was 55.5 cm long. The aquifer itself was 22 cm thick. Since no form of
pumping was used throughout this study, groundwater flow was driven by the hydraulic
gradient due to the difference in hydraulic heads between the inflow and the outflow points.
To ensure constant flow rate and discharge throughout the duration of the test, hydraulic heads
of 19 cm at Hy and 14 cm at H; above the base of the model were maintained. A schematic
illustration of the simulated unconfined porous aquifer system with its dimensions is shown

below in Figure 3-2.

42



10;m 10 cm
L

<> <+“—>
]
f | b 40 cm
1
1
1
) BH1 BH2
1 : 13.5 cm 13.5cm
T A
\,l 1 1 1 1
\ 1 1 1 1
1 1 1 1
1 1 1 :
1 1 1
1 1 1 I
1 1 1 1
Inflow X X . I
—~@m L 22om 1|
1 1 1 1
A Yo 1 !
1 1 1oyed Outflow
I 1 1 ! v
1 1 1 : —
£ il .
§ —»—»:I:——> —»:I:—>—> -
" — 1= SommIs s . :—> —> N
I . I} 1 ;
b A 565 ¢m =
B 15 eml 3
A A i [ 4 v 1 1
« >
75cm
Porous layer Natural water NaCl water —» Flow direction

Figure 3-2  Schematic illustration of the dimensions of the unconfined porous aquifer model.

Note: The dashed lines indicate the perforated parts of the model. The solid arrows within the permeable layer
illustrate the flow direction. All dimensions are presented in centimetres.

3.2.1.2 Weathered basement aquifer system

The physical model representing the weathered basement aquifer system consisted of a two-
layered system where the permeable weathered layer was placed on top of an impermeable
bedrock, as shown in Figure 3-3. To construct the model, homogenous sieved coarse-grained
sand of 2 mm diameter was used to simulate the permeable weathered layer. It was assumed
that the basement was uniformly weathered, thus approximating a homogeneous system. The

impermeable bedrock was represented by a silty-clay layer with a thickness of 18 cm.
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Figure 3-3 A picture showing the physical model of the weathered basement aquifer system.
Note: Silty-clay was used to represent the impermeable bedrock, and coarse-grained sand was used to simulate
the weathered zone.

An acrylic clear Perspex material was used to build the physical model. A perforated PVC pipe
was used to represent a screened observation borehole and was placed at the centre of the
physical model. A 25-litre container provided water into the model via the inflow section at a
constant rate. The groundwater flow was driven by the natural hydraulic gradient caused by
the difference in hydraulic heads between the inflow and outflow points. The hydraulic heads
were maintained at 32 cm at Hi and 28 cm at Hz above the base of the model throughout the
duration of the tests. Figure 3-4 is a schematic illustration of the weathered basement aquifer
model, the diameters of the aquifer, outflow, inflow, flow length as well as the hydraulic heads

are indicated on the diagram.
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Figure 3-4 Schematic diagram of the physical model of the weathered aquifer system.
Note: The dashed lines indicate the perforated parts of the model. The solid arrows within the permeable layer
illustrate the flow direction. All dimensions are presented in centimetre.

3.2.2 Testing the performance of the physical models

Hydrological tracer testing has been applied to obtain information on the sub-surface structure
such as contaminant preferential flow pathways, structural anisotropy, the connectivity of
different aquifer layers, and to verify hydrogeological models (Kass, 1998, and Ptak et al.,
2004). 1t is also the most reliable method commonly used to identify and quantify hydro-
dispersive transport processes and establish flow trajectories in order to understand solute-
transport processes in aquifer systems (Field, 2003). Thus, as part of quality control it was
important to assess whether the mass-transport characteristics of the physical model conformed

to that of theoretical models.

The performance of the physical model was validated by conducting tracer breakthrough tests

and comparing the obtained breakthrough curves to the ones of typical porous and weathered-
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basement aquifer systems observed in literature. This was done to confirm the capability of the
models to simulate mass-transport characteristics of a real or typical system. The test was
repeated three times using varying mass concentrations (10, 15, and 20 g of salt) to assess
repeatability. To avoid cross contamination a model of the same dimensions, aquifer thickness,
and soil material was constructed for each test.

Additionally, the tracer breakthrough tests were used as a tool to aid in determining the time of
the first arrival, the peak arrival, and dilution stage of the plume. This was crucial as it would
assist with profiling at the right intervals and to ensure that the above-mentioned stages were
captured. The movement of the tracer within the system was monitored by using a temperature-
level-conductivity (TLC) probe to measure the FEC and head values within the borehole
column; it was set to take a reading per minute. The probe was attached to a string and
positioned inside the borehole with the sensor placed at the centre of the aquifer system. Since

the porous aquifer system had two monitoring points, a TLC probe was placed in each borehole.

Natural water flowed through the system for six minutes, within this time the TLC probe
recorded background FEC measurements. Subsequently 10, 15, and 20 g, respectively, of NaCl
was diluted within a 500 ml jar of water and introduced into the system as a pulse source
through the inflow side. NaCl was selected as a tracer for this study as it has low toxicity, it is

readily available, cost-effective, and easily measurable in real time with a hand-held probe.

3.2.3 Fluid electrical conductivity profiling

Once the hydrological tracer tests confirmed the usability of the models and intervals to capture
the relevant stages were established, the models were used to assess the progression of FEC
profiles related to a contaminant plume. To assess whether the results obtained from this test
were repeatable, the test was conducted three times using different salt concentrations (10, 15,
and 20 g). It was important to reconstruct the models for each test to avoid cross-contamination

and ensure the accuracy of the trends obtained.

The FEC profiling method was employed using two different water quality scenarios: natural
water quality and saline contaminated water. To clarify, the term natural water mentioned
throughout this study refers to regular tap water continually flowing through the system;
contaminant plume refers to the saltwater mixture which was injected into the system; and the

term profiling is also referred to as logging in other studies.
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Regular tap water with an EC of 130 uS/cm during the porous aquifer tests and 112 uS/cm
during the weathered basement aquifer tests was used to simulate natural groundwater quality
flow, and 10, 15, and 20 g respectively, of NaCl was added into 500 ml tap water to raise the
EC in order to simulate contaminated groundwater conditions. The tap water maintained an
average EC value of 130 uS/cm and 112 puS/cm throughout the respective tests. FEC profiling
was conducted by slowly lowering a TLC probe into the borehole and subsequently raising it
back up, negligible mixing is suspected while moving the probe down and up the borehole.

Under natural groundwater quality flow, background FEC profiles were recorded within the
borehole and were used as indicators to identify and monitor changes within the simulated
borehole column. Subsequently, the contaminant was introduced into the system as a four-
second pulse injection through the inflow side. Thereafter, continuous FEC profiling was
conducted.

Within the porous aquifer system there was a waiting period of one minute, which was the
expected time for the first arrival of the plume as determined by the performance tests of the
physical model. Thereafter, continuous FEC profiling was conducted every two minutes until
the arrival of the plume peak at eight minutes. Afterwards, the borehole was profiled after 16,
18, 27, 33, 47, 62, 82, 111 and 116 minutes.

In the weathered basement aquifer system, continuous FEC profiling was also conducted every
minute. The first arrival of the plume was observed after two minutes, which aligned with
observations from the tracer breakthrough tests, and the plume peak was recorded after 12
minutes. Once the plume had passed the borehole and natural water continued to flow,
replenishment took place, the EC started decreasing at a constant rate and the sampling interval

was increased to three minutes.

3.3 Results and Discussion

The first subsection shows the results obtained from testing the performance of the physical
model. This is followed by findings obtained from measurements recorded while assessing the
progression of FEC profiles in the two aquifer systems studied, starting with the porous aquifer
system and thereafter the weathered basement aquifer system. These findings include the
background profiles that were obtained under natural water conditions, and the FEC profiles
associated with various stages of the contaminant plume migration; namely the arrival of the

plume, plume peak, residual plume, and the near-background FEC profile. All the recorded
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data that was used to make the graphs shown in this section can be found in Appendices A, B
and C located at the end of this document.

3.3.1 Validating the performance of the physical models

Testing the performance of the physical models included estimating the models’ hydraulic
properties, and then performing tracer breakthrough tests to determine the extent to which the
simulated physical models represented real systems.

3.3.1.1 Estimation of the hydraulic properties of the models

The hydraulic conductivity of the porous layer in both models was obtained by conducting

Darcy’s experiment and the K-value was calculated using Darcy’s equation for flow in porous

media (Darcy, 1856):

= A% Equation 3-1
Where:
Q = Specific discharge [L3T];
K = Hydraulic conductivity [LT];
A = Cross-sectional area to flow [L?]; and

i = Hydraulic gradient [-].

The test was conducted four times in each model and an average hydraulic conductivity value
of 51.69 m/day was acquired in the porous aquifer model, and 47.70 m/day in the weathered

basement aquifer model as shown in Table 3-1.

Table 3-1 The hydraulic conductivity of the porous layer in the porous aquifer model and the weathered
basement aquifer model.

Porous aquifer model Weathered aquifer model
festne (me%ay) A (m?) i (m/léay) (mS%ay) A (m?) i (m/tjay)
Test 1 0.279 0.061 0.090 50.69 0.169 0.050 0.072 46.85
Test 2 0.284 0.061 0.090 51.68 0.174 0.050 0.072 48.21
Test 3 0.290 0.061 0.090 52.70 0.172 0.050 0.072 47.87
Test 4 0.279 0.061 0.090 50.69 0.172 0.050 0.072 47.87
Average 0.284 0.061 0.090 51.69 0.172 0.050 0.072 47.70
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3.3.1.2 Assessing the performance of the models

Testing the performance of the physical models was not only important in order to determine
the extent to which the simulated models represented real systems but it also aided in
establishing the travelling time of the plume; namely the initial time the plume arrived at the
monitoring point, the plume’s breakthrough time, the time dilution started taking place within

the system, and the time it took for the system to return to background conditions.

Figure 3-5 (A-C) shows tracer breakthrough curves obtained from the simulated boreholes,
BH1 and BH2, in the porous aquifer system over a period of 120 minutes. It is important to
note that since the plume had completely passed the monitoring points and the system had
reached background conditions by this time, it was not necessary to continue or extend the
monitoring period to longer than 120 minutes. The test was repeated three times using varying
salt concentrations, Figure 3-5 (A) represents results obtained from Model 1 where 10 g of salt
was used, (B) are results from Model 2 where 15 g of salt was used, and (C) are results obtained
from Model 3 where 20 g of salt was used. T1 represents the first test conducted, T2 the second

test, and T3 the third test conducted in each borehole.

It can be noted from the graphs of the three models that the first arrival of the plume at BH1
was observed after one minute. In Model 1 there was a slight increase in FEC from 141 puS/cm
to an average value of 153 puS/cm during the respective tests (T1, T2, and T3), however, this
increase became more evident after two minutes where the FEC increased to an average value
of 827 uS/cm. The FEC concentration in Models 2 and 3 were evident after one minute, where
average FEC values increased from 141 pS/cm to 505 uS/cm in Model 2, and 898 uS/cm in
Model 3, this notable increase was due to the increased initial contaminant concentration in

these two models.

At BH2 the first arrival of the plume was noted after two minutes whereby the FEC values
increased from 141 uS/cm to average values of 145, 353, and 577 uS/cm, in the respective
models. The progression of the plume at this monitoring point was not as rapid as at BH1, this

is because BH2 was located slightly further from the source.

The plume peak at BH1 was observed eight minutes later, where the FEC concentrations
reached average values of 1 215 uS/cm in Model 1, 3 474 uS/cm in Model 2, and 5 091 puS/cm

in Model 3. The plume peak concentration represents the highest recorded FEC throughout the
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tracer test experiment. Thereafter, the FEC values declined continuously until they were the
same as those of the background FEC.

The plume peak at BH2 was observed 14 minutes later and had an average FEC value of 1 049
puS/cm, 2 893 uS/cm, and 4 730 puS/cm, in the respective models, which was lower than those
recorded at BH1. Since BH2 was located further from the source, the migrating plume was
subjected to dispersion and diffusive effects which resulted in reduced contaminant

concentrations at that monitoring point.
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Figure 3-5 Tracer breakthrough curves recorded in BH1 and BH2 in the simulated porous aquifer system model. The test was conducted three times in each borehole.

Note: (A) represents results obtained from Model 1 where 10 g of salt was used, (B) are results from Model 2 where 15 g of salt was used, and (C) are results obtained from Model 3 where 20 g of salt
was used. BH1_T1 are results obtained in BH1 during the first test, BH1_T2 are results obtained in BH1 during the second test, and BH1_T3 are the test obtained during the third test.
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The general characteristics noted from the tracer breakthrough curves shown in Figure 3-5 were
that they were relatively bell-shaped with the peak symmetrically aligned and prolonged
(instead of sharp), and had a short tail. According to Field (2003) this is typical of a porous
homogeneous aquifer system. The FEC values in both BH1 and BH2 had already reached
background values after 47 minutes in Model 1, 62 minutes in Model 2 and 82 minutes in
Model 3, thus showing a short tail unlike in a fractured aquifer system as discussed by Haggerty
et al. (2000) and Moleme and Gomo (2018).

The tracer breakthrough test was also conducted three times using varying salt concentrations
in the weathered basement aquifer model and the obtained results are illustrated in Figure 3-6
(A-C). The first arrival of the plume was observed after two minutes, this was reflected by an
average increase in FEC values from 123 uS/cm to 131 pS/cm, 419 pS/cm, and 741 uS/cm, in
the respective models. The peak of the plume reached the borehole after 12 minutes, reaching
maximum average FEC values of 1 176 uS/cm, 3 228 uS/cm, and 4 828 uS/cm, respectively.
Once the centre of the contaminant plume passed the borehole, dilution took place, this was
represented by decreasing FEC values. The higher the initial salt concentration, the longer it

took for the system to reach near-background FEC values.

The breakthrough curves obtained in the weathered basement aquifer models were similar to
those observed in the porous aquifer models in terms of shape, as shown in Figure 3-5. This
was because the upper transmissive layer of the weathered basement aquifer model was also

porous and homogeneous.
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Figure 3-6 Tracer breakthrough curves recorded in the simulated weathered basement aquifer system model.
Note: (A) represents results obtained from Model 1 where 10 g of salt was used, (B) are results from Model 2 where 15 g of salt was used, and (C) are results obtained from Model 3 where 20
g of salt was used. BH_T1 are results obtained in BH during the first test, BH_T2 are results obtained in BH during the second test, and BH_T3 are the test obtained during the third test.
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Different aquifer systems produce their own distinct tracer breakthrough curves irrespective of
concentration. The fractured aquifer system produces a breakthrough curve that is sharp,
positively skewed with the peak time lying behind the mean transit time, and has a long tail
(Haggerty et al., 2000, Moleme and Gomo, 2018). Whereas the tracer breakthrough curve of a
porous and weathered basement aquifer system is relatively bell-shaped with the peak
symmetrically aligned and prolonged (instead of sharp), and a short tail (Field, 2003). The
tracer breakthrough curves obtained in this study (Figure 3-7 A and B) were compared to
typical homogeneous, unconfined, porous and weathered basement breakthrough curves
observed in literature (Figure 3-7 C, D, E and F). This was done to compare the extent of their

similarities.

The curves were comparable in terms of their shape, symmetrical peak, and short tails. This
confirmed that the physical structure of the simulated aquifer systems in terms of flow
characteristics and the interaction between the weathered and the impermeable bedrock was
similar to field conditions for such aquifer systems. Therefore, the general characteristics of
FEC profiles obtained in these respective laboratory aquifer models should be representative
of the ones which would be obtained in the field. This deemed the performance of the physical
models satisfactory to be used to study FEC responses in these simulated aquifer systems.
However, it is worth mentioning that the laboratory experiments provide FEC profiles under
ideal, homogeneous conditions which can then be used for the interpretation of field data,

minor deviations from these profiles may be observed under heterogeneous field conditions.
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Figure 3-7 Tracer breakthrough curve graphs (A and B) obtained in this study compared to ones observed in literature (C, D, E and F).
Source: Muniruzzaman and Rolle (2017), Field (2003), Paunescu et al. (2013), and Malaguerra et al. (2013).




3.3.2  Fluid electrical conductivity profiles

This section discusses the results obtained during the investigation of the progression of FEC
profiles in both the porous and weathered basement aquifer systems. The FEC profiles obtained
from the porous aquifer system are presented first; this includes the background FEC profile
which was observed before the saline contaminant was introduced into the system, and the FEC
profiles associated with various stages of the contaminant plume evolution (i.e. arrival of the
plume, plume peak, residual plume profile, and near-background FEC profile). Thereafter,
following the same sequence, results obtained from the weathered basement aquifer system are
presented and discussed.

The tests were conducted in three models with varying salt concentrations (10, 15, and 20g),
and were repeated three times in each model in order to confirm repeatability. Throughout the
duration of the FEC profiling tests, tap water maintained an average EC value of 130 uS/cm
within the porous aquifer system, and 112 puS/cm within the weathered basement aquifer

system.

3.3.2.1 FEC profiles in the porous aquifer system

3.3.2.1.1 Background FEC profile

Before any profiles were recorded natural water was allowed to flow through the porous aquifer
system for two minutes. Thereafter, the background FEC profiles were recorded. Figure 3-8
shows the FEC measurements obtained from a borehole installed within the simulated porous
aquifer system, in the three models. The first profiles were recorded two minutes after natural
water entered the system, a slightly unstable trend was observed due to natural water mixing

with salts from the soil material.

As natural water continued to flow through the system, profiles were recorder after four and
eight minutes, the profiles obtained were vertically straight in shape and had a constant FEC
value of 141 uS/cm, which meant that the quality of water throughout the entire system was
the same. This vertically straight signature in the porous aquifer system is referred to as the

background FEC profile.
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Figure 3-8 FEC profiles obtained under natural water flow conditions.

Note: The graphs indicate repeated measurements taken at different times in three porous aquifer models. The
background profiles obtained in both BH1 and BH2 were the same.
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It can be noted that although there was no contamination in the system yet, the background
FEC values were slightly higher than the FEC of the natural water, this was due to salts
naturally found in the soil material. Even in a real system, the natural salts present in the
formation would slightly increase the FEC of the formation water. However, this had no effect
on the ability to effectively observe various profiles associated with the evolution of the
contaminant plume since the FEC of the contaminant plume was significantly higher than that
of the background.

3.3.2.1.2 Plume arrival FEC profile

The plume reached BH1 one minute after it was injected into the system (Figure 3-9) as
informed by the tracer breakthrough test (Figure 3-5). This led to a profile with increasing FEC
values towards the bottom of the borehole.

Plume arrival at BH1
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Figure 3-9 FEC profiles showing the arrival of the plume at BH1 one minute after injection.
Note: (A) represents results obtained from Model 1 where 10 g of salt was used, (B) are results from Model 2

where 15 g of salt was used, and (C) are results obtained from Model 3 where 20 g of salt was used. The tests
were repeated three times in each model.
The significantly high density of the plume compared to the system’s natural water caused the
plume to migrate downwards instead of moving laterally. This density effect represents the
dominance of the gravitational force over the advection force at this point. The effects of
density have been of interest in groundwater studies (Diersch and Kolditz, 2002; Simmons et
al., 2001), and higher initial concentrations of tracer solutes in the test section have often been

associated with greater density effects (Gomo, 2011; Shakhane, 2011).
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The first arrival of the plume at the second monitoring point (BH2) was observed after two
minutes as shown in Figure 3-10. Unlike the first arrival FEC profile at BH1 which was
characterised by an increasing trend towards the bottom, the resulting first arrival FEC profile

at BH2 was characterised by an anomaly towards the centre of the aquifer system.

At this point it was apparent that the distance of the monitoring point from the source (injection
point) had an influence on the FEC profile produced. BH2 was located further away from the
injection point compared to BH1, therefore, mass transport effects such as dilution played a
bigger role in reducing the concentration (and density) of the plume reaching it. Additionally,
the distance from the monitoring point also allowed the plume to align with the flow lines of
the system and move laterally.

Plume arrival at BH2
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Figure 3-10 FEC profiles showing the first arrival of the tracer at BH2 two minutes after injection.
Note: (A) represents results obtained from Model 1 where 10 g of salt was used, (B) are results from Model 2
where 15 g of salt was used, and (C) are results obtained from Model 3 where 20 g of salt was used.

3.3.2.1.3 Plume peak FEC profile

After eight minutes the FEC within BH1 reached maximum values as shown in Figure 3-11.
The increase in FEC was observed throughout the entire system with the highest average value
recorded being 1 216 uS/cm (in Model 1), 3 470 uS/cm (in Model 2) and 5 092 uS/cm (in
Model 3). Typically, fluid closer to the walls of the aquifer system will flow slower than the
fluid in the centre, also referred to as the centreline in natural attenuation studies (Bockelmann

et al., 2003). The centreline is the area with the least friction and thus the highest transporting
velocity.
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In the unconfined porous aquifer system, the friction created as water flowed against the bottom
of the system, and the friction due to the atmosphere towards the top of the aquifer decreased
the transporting velocity at these areas, and the centre of the permeable zone was the place with
the least friction and highest transporting velocity.

However, in the case of BH1 the plume was migrating more downwards than forward, proving
that although the effects of advection had increased, the effects of density (and the gravitational
force) were still relatively greater at this monitoring point. Furthermore, due to the close
distance of BH1 to the injection point (source), there was not enough time for the plume to
align with the flow lines of the system. It was observed that the higher the concentration, the
more the profile displayed a sinking effect as seen in Figure 3-11 C.

Plume peak at BH1
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Figure 3-11 FEC profiles showing the plume peak which was observed after eight minutes at BH1.
Note: (A) represents results obtained from Model 1 where 10 g of salt was used, (B) are results from Model 2
where 15 g of salt was used, and (C) are results obtained from Model 3 where 20 g of salt was used.

The plume peak at BH2 was observed 14 minutes after the contaminant plume was introduced
into the system as shown in Figure 3-12 . Unlike in BH1, the plume did not display a sinking
effect, even in Model 2 and 3 where mass concentration was increased. Instead, the central axis
of the plume remained at the centre of the aquifer system where the least friction and the highest
transporting velocity was expected. This is because BH2 was located further away from the

source, which gave the plume enough time to be aligned with the flow lines of the system.
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Plume peak at BH2
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Figure 3-12 Arrival of the plume peak at BH2 observed after 14 minutes.

3.3.2.1.4 Residual plume FEC profile

After most of the contaminant plume had passed the boreholes, natural water continued flowing
through the system, and dilution continued taking place thus resulting in a decrease in FEC
values. Figure 3-13 shows the FEC profiles associated with the residual plume at BH1 and BH2
observed at 16 and 18 minutes, respectively, in the three models. The residual plume FEC
profile measured at BH1 displayed a diagonal shape with decreasing FEC values towards the

bottom of the aquifer system (Figure 3-13A, C, E).

Whereas the shape of the residual plume FEC profile observed at BH2 ( Figure 3-13B, D, F).
remained similar to the one seen in Figure 3-12, with the central axis of the plume still located
at the centre of the aquifer system. However, due to continuous dilution taking place within the
system, the thickness and amplitude of the plume peak anomaly decreased. The anomaly was
expected to continue decreasing with time as replenishment continued until it became a

vertically straight-line once background values were reached.
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Figure 3-13 FEC profiles associated with the residual plume at BH1 (A, C, E) and BH2 (B, D, F).
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3.3.2.1.5 Near-background FEC profile

Once the contaminant plume had migrated past the boreholes and natural water had replenished
the system, the FEC values continued to decrease until they reached near-background values
as illustrated in Figure 3-14. Since the system was porous and homogeneous dilution took place
throughout the entire system, the system reached initial FEC values of 141 uS/cm after 33
minutes in Model 1, 47 minutes in Model 2, and 62 minutes in Model 3. At that point in time,
it was evident that the contaminant plume had completely passed the monitoring points and

only natural water was present.

The system took longer to reach near-background values in the third model due to the high
initial contaminant concentration in the system compared to the first model. However, the near-

background profile in all three models was represented by a vertically straight profile.
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Figure 3-14 FEC profiles showing near-background values within the unconfined porous aquifer system.
Note: Since the system was porous and homogeneous, dilution took place throughout the entire system.
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3.3.2.1.6 Plume orientation phenomenon

Initially the FEC profiles obtained at BH1 and BH2 were expected to be similar throughout all
stages since they were recorded in the same aquifer system. However, this was not the case.
Based on observations made during the analysis of FEC profiles obtained in the porous aquifer
system, it became evident that the contaminant plume undergoes an orientation evolution as it
migrated through the aquifer system. The orientation evolution of the plume was due to the
magnitude of forces acting upon it, which primarily were the gravitational (Fg) and advection
force (Fa). The dominance of each force was largely influenced by the distance of the borehole
from the source (injection point). Figure 3-15 is a schematic illustration which explains the
phenomenon of the evolution of the contaminant plume orientation through the porous aquifer

system.

When the contaminant plume is introduced into the system (point O), the magnitude of the
gravitational force is at its maximum and the advection force is zero, hence the plume initially
migrates downward at a vertical inclination (6 = 90°). As the plume migrates through the system,
dilution continuously occurs, thereby reducing the plume density, and consequently the
magnitude of the gravitational force decreases. The decrease in the gravitational force leads to
the transition in the orientation of the migrating plume from a vertical (6 = 90°) to a sub-vertical

orientation (6 < 90°).

P P l‘? »Qo (FA= Max, FG=0)

Fe: Gravitational force

Fa: Advection force

To
450 (FG = FA)

v
90° (Fo=Max, Fa= 0)

Figure 3-15 Schematic illustration showing the evolution of the contaminant plume orientation as it migrates through
a porous aquifer system.

66



Once the plume has a sub-vertical orientation, the plume is subjected to both the gravitational
and advection force. When the plume orientation is between 89° and 46° as shown in Figure
3-15, the plume is subjected to a gravitational force greater than the advection force (Fg > Fa).
At a 45° plume orientation, the plume is subjected to gravitational and advection forces of equal
magnitude (Fc = Fa). The plume is subjected to an advection force that is greater than the
gravitational force (Fa> Fg) when it is orientated at an angle between 44° and 1°, it is at this
point that the orientation of the plume starts aligning with the flow lines of the system. At (6 =
0°) the advection force approaches a maximum magnitude with no gravitational force, which

results in a horizontal plume orientation parallel to the groundwater flow direction.

The horizontal plume orientation is what is typically illustrated in the available literature.
However, based on this study it is apparent that the plume orientation of the plume may vary
depending on the location of the monitoring point from the source. This therefore makes the
evolution of the plume orientation concept proposed in this thesis a novel and important
contribution. This phenomenon was observed throughout the profiling of the porous aquifer
system and was well supported by the profiles.

3.3.2.2 FEC profiles in the weathered basement aquifer system

This sub-section discusses FEC profiles associated with various stages of the contaminant

plume within the weathered basement aquifer system.

3.3.2.2.1 Background FEC profile

Recording the background FEC profile was important as it provided a baseline which could be
used to monitor the changes taking place within the aquifer system as the contaminant plume
progressed, and aided in determining how this affected the shape of the FEC profiles obtained
over time. Natural water was allowed to flow through the system for two minutes before any
profiles were recorded. Thereafter the background FEC profile was recorded under natural

groundwater flow at different times in three models as shown in Figure 3-16 (A-I).
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Figure 3-16 Background FEC profiles observed under natural water flow conditions.
Note: The graphs indicate repeated measurements taken at different times in three weathered basement aquifer

models.
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The background FEC profiles displayed an increasing trend towards the bottom of the aquifer
system; lower FEC values were observed on the upper section and higher FEC values were
present towards the lower section of the system. Since at this point the contaminant plume was
not yet introduced into the system, the observed FEC values were entirely a result of incoming
natural water coupled with the soil material. Both the weathered material and the impermeable
bedrock had natural salts, but the high transmissivity and permeability of the weathered
material allowed for effective replenishment to take place, thus decreasing the salinity naturally
found in the soil material over time. This process was significantly limited within the
impermeable bedrock.

The background profiles recorded between two and four minutes were not as distinct as the
ones recorded after eight minutes. This was due to the mixing of incoming natural water
coupled with the natural salts found in the soil which led to unstable trends. However, once
adequate replenishment had taken place the FEC recorded in the system became stable.
Although replenishment was continuously taking place - especially within the permeable zone,
it is worth noting that due to the presence of natural salts in the soil material, the FEC of 123
puS/cm recorded in the permeable zone was slightly higher than the one of natural water which

was recorded to be 112 puS/cm.

The background profile was measured more than once in three models at different times to
confirm repeatability. The shape of the profiles consistently showed lower FEC values in the
upper permeable zone and higher FEC values in the lower impermeable zone due to limited

replenishment.

3.3.2.2.2 Plume arrival FEC profile

The plume reached the borehole (BH) two minutes after it was injected into the system, this
was also informed by the tracer breakthrough test results shown in Figure 3-6. The highest FEC
values were detected near the centre of the permeable zone as illustrated in Figure 3-17, this
was the position of the maximum transporting velocity. The friction created as the water flowed
against the surface of the impermeable layer, and the friction due to the atmosphere towards
the top of the aquifer decreased the transporting velocity. Hence, the centre of the permeable
zone was the place with the least friction and thus the highest transporting velocity. Although
the lower segment of the aquifer system (impermeable bedrock) also increased in FEC, this
was due to the density contrast, the sinking of denser saline water towards the bottom of the

borehole rather than the migration of the contaminant through the impermeable bedrock.
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Figure 3-17 FEC profiles observed two minutes after the injection of a saline contaminant into the weathered basement
aquifer system.

Note: (A) represents results obtained from Model 1 where 10 g of salt was used, (B) are results from Model 2
where 15 g of salt was used, and (C) are results obtained from Model 3 where 20 g of salt was used. A noticeably
high increase in FEC values was observed at the highly permeable weathered upper segment.

3.3.2.2.3 Plume peak FEC profile

After 12 minutes of monitoring, the centre of the contaminant plume reached the borehole
which resulted in elevated FEC values as shown Figure 3-18. The profile observed is referred
to as the plume peak FEC profile, it represents the maximum FEC values recorded during the
profiling duration. Similar to Figure 3-17 the profile displayed an increase in FEC values
throughout its entire length with a maximum FEC value recorded near the centre of the high

permeability weathered material, where the maximum transporting velocity was expected.
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Figure 3-18 The arrival of the plume peak FEC profile in the weathered aquifer system was observed after 12 minutes.

Note: (A) represents results obtained from Model 1 where 10 g of salt was used, (B) are results from Model 2
where 15 g of salt was used, and (C) are results obtained from Model 3 where 20 g of salt was used. An elevated
FEC peak average value of 1 166 puS/cm was observed in Model 1, 3 232 pS/cm in Model 2, and 4 798 pS/cm
in Model 3.

3.3.2.2.4 Residual plume FEC profile

Once the centre of the plume had passed the borehole FEC values started decreasing as shown
in Figure 3-19. Most of the dilution took place within the permeable weathered zone (upper
segment) due to continuous replenishment by natural water. The extent of dilution taking place
within the lower segment was highly limited since natural water could not flow through the
impermeable bedrock. The only process which facilitated dilution within this segment was
diffusion, which is generally a much slower process compared to advection and dispersion. It
is worth noting that this process of diffusion was mostly taking place within the borehole

column rather than within the impermeable bedrock itself.
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Figure 3-19 FEC profiles associated with the residual plume.

Note: Once the plume peak had passed BH, natural water continued entering the system thus decreasing the FEC values of water within the aquifer system.
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3.3.2.2.5 Near-background FEC profile

The constant inflow of natural water within the aquifer system caused continuous dilution to
take place throughout the system until near-background values were reached. However, the
FEC values of the lower segment did not decrease as rapidly as the ones of the upper segment
due to the permeability and transmissivity differences between the two layers. Figure 3-20
illustrates that by 130 minutes the FEC values of the system were similar to those initially
recorded (on the background profile), these values were referred to as near- background FEC
values. The near-background FEC profile represents conditions where the contaminant plume
has passed, and initial conditions are reinstated within the aquifer system. The near-background
values were reached faster in Model 1 due to the lower initial contaminant concentration,

however the shape of near-background profiles was similar in all three models.
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Figure 3-20 FEC profiles showing dilution within the aquifer system until near-background values were reached.

76




To determine the extent to which the system had gone back to its initial conditions, the
background FEC profile was plotted on the same axis as the final profile as shown in Figure
3-21. The two profiles were highly comparable especially towards the permeable zone,
therefore confirming that the contaminant plume had passed, and the initial aquifer conditions
were re-established. It is worth noting that the FEC values towards the lower segment of the
near-background profile took longer to be comparable to the background profile due to no
replenishment taking place in this segment (only diffusion). However, given more time, the

near-background and the background profiles are expected to overlay.
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Figure 3-21 A comparison between the initial background FEC values taken at 8 mins and the final near-background FEC values recorded at 130 mins.
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Chapter 4 FIELD EXPERIMENT

4.1 Introduction

Once the tests were conducted in the laboratory it was important to repeat them in the field for
further validation. A forced gradient test was conducted at a site representative of porous
aquifer system conditions, located in Plettenberg Bay, Western Cape Province, South Africa.
The second test was conducted at a site representative of weathered basement aquifer

conditions, located in Giyani, Limpopo Province, South Africa.

The purpose of the tests was to assess the comparability between the results obtained in the
laboratory with the ones obtained in the field. The forced gradient was achieved through low
flow pumping, this was done to reduce the duration it would take for the saline contaminant to
migrate through the system. Unlike the laboratory tests, varying concentrations could not be

used in the field as this would have resulted in cross-contamination.

This section discusses the FEC profiling field experiments undertaken in porous and weathered
basement aquifer systems, respectively. A description of the two sites is provided first,
followed by the methods and materials used, thereafter the results obtained are shown and

discussed.

4.2  Description of the sites

4.2.1 Porous aquifer system

The porous aquifer system test site was located in Plettenberg Bay, Western Cape, South
Africa. It lies at an elevation of approximately 420 meters above mean sea level (m amsl).
According to the 1:250 000 scale Geological map of the area (3322 Oudtshoorn), the regional
geology of the site consists of highly weathered sandstone of the Peninsula Formation, Table
Mountain Group. This is overlain by a thin layer of sandy transported sediments of Quaternary

age.

The lithology comprises of mature, greyish sandstone which weathers to whitish/grey sand.
Thin layers of conglomerate occur discretely throughout the formation, usually at its base
(Toerien, 1979). Figure 4-1 illustrates a lithological log of PMB which was drilled at the site,
it shows that the local geology comprises of loose, fine grained, residual sand, and medium
grained sandy-clay towards the bottom of the borehole.
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Figure 4-1 Lithological log obtained from the monitoring borehole (PMB).

According to the 1:500 000 Hydrogeological map of Oudtshoorn (3321), the site is underlain
by granular aquifers with typical yield of between 0.0 and 0.1 litres per second (l/s). The
groundwater quality is reportedly good with electrical conductivities ranging between 700 and
3 000 pS/cm. According to the Aquifer Classification Map of South Africa (Department of
Water Affairs and Forestry, 2012), the aquifer underlying the area is classified as a minor

aquifer with moderate vulnerability and medium susceptibility to contamination.
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4.2.2 Weathered basement aquifer system

The weathered basement aquifer system test site was located in Giyani, Limpopo Province,
South Africa. It lies at an elevation of approximately 458 meters above mean sea level (m

amsl) and the topography of the surrounding area is relatively flat.

According to the 1:250 000 Geological map of Tzaneen (2330), the regional geology comprises
of gneiss and migmatite of the Goudplaats Gneiss. Figure 4-2 displays a lithological log
obtained from a monitoring borehole drilled at the site. It shows that the local geology
comprises of an upper layer of dry, light brown to reddish, fine grained, slightly compacted,
residual, sandy clay from 0.0 to approximately 2.0 m bgl. This is underlaid by moist, light
brown, medium grained, loose, highly weathered sandstone, and followed by competent

bedrock gneiss.
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Figure 4-2 Lithological log obtained from the monitoring borehole (WMB).
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According to the 1:500 000 Hydrogeological map series of Phalaborwa (2330), borehole yields
of 2.0 to 5.0 I/sec could be expected for the area. The groundwater quality is good with the
expected electrical conductivity ranging between 700 and 3 000 puS/cm. According to the
Aquifer Classification map of South Africa, the aquifer underlying the area is classified as a
minor aquifer with moderate vulnerability and medium susceptibility to groundwater impact

via anthropogenic activities (Department of Water Affairs and Forestry, 2012).

4.3 Methods and material

The test set-up in both the porous and weathered field tests comprised of three boreholes placed
at varying distances from each other. In the porous aquifer system field set-up, the pumping
borehole (PPB) was 53 m from the injection borehole (PIB) and 20 m from the monitoring
borehole (PMB). The static water level at PIB and PMB was 2.32 and 2.12 m bgl, respectively.

In the weathered basement aquifer system field set up, the monitoring borehole (WMB) was
located 18.34 m from the pumping borehole (WPB), and the injection borehole (WIB) was
located 31.64 m from the pumping borehole. The static water level of WMB and WIB was
6.032 and 5.289 m bgl, respectively, and 5.078 m bgl at the WPB. Similar to the laboratory
tests, NaCl was used to simulate the contaminant, and the pumping boreholes (i.e. PPB and

WPB) were pumped at a constant rate of 2 I/s.

The FEC profiling test was only started once pseudo-state conditions were reached, particularly
between the monitoring and injection borehole. Once this was achieved, a TLC probe was used
to obtain the system’s background FEC conditions. Thereafter, the saline contaminant was
introduced into the system through the injection borehole using an injection sock which was
tied to a rope. The sock was slowly lowered down and up the borehole to ensure that a change
in salinity of the groundwater throughout the entire borehole profile was created. The probe
was set to record readings every five seconds. To eliminate data mismatch, the FEC and head
values were both recorded by the probe simultaneously. Once the sock was pulled out of the

borehole, contaminant concentration was monitored using the TLC probe.

4.4 Results and Discussion

The results presented in this sub-section were obtained from the field tests conducted at the test
sites. The results from the porous aquifer system are shown first, followed by the ones obtained
in the weathered basement aquifer system. The section first presents the background FEC

profile which was obtained under natural groundwater quality conditions - in the absence of
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the salt contaminant plume, thereafter the FEC profiles captured after the saline contaminant
was introduced into the system are shown and discussed.

4.4.1 FEC profiles in the porous aquifer system
4.4.1.1 Background FEC profile

The background FEC profile was captured before introducing the contaminant into the system.
The main purpose of the background profile was to assist in assessing the changes in
groundwater quality that have taken place once the contaminant was introduced into the
system. Figure 4-3A shows the background FEC profile that was captured in the field porous
aquifer system. The profile displayed FEC values that ranged from 698 puS/cm to 731 uS/cm.

It was evident that the field background profile was not as straight as one captured in the
laboratory (Figure 4-3B). This indicated that the field aquifer system was not completely
homogenous and isotropic. The changes in FEC at different depths could be accounted for by
various chemical reactions that were taking place at those specific depths or stratification.
Additionally, the sandy-clay material present at 8 m bgl could account for the increased FEC

values observed towards the bottom of the borehole.
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Figure 4-3 The porous aquifer system background FEC profile captured in the field (A) and in the laboratory (B).

84



4.4.1.2 First arrival of plume FEC profile

Once the contaminant was introduced into the system, 16 minutes later the plume had already
reached PMB. The FEC values increased from an average of 722 uS/cm to 1 160 pS/cm, with
most of the increase occurring towards the middle of the aquifer (Figure 4-4A), this is expected
as it is the area with the least friction and thus the highest transporting velocity. Figure 4-4B
and C shows the first arrival plumes captured during the laboratory tests. The field test profile
was more comparable to the laboratory profile obtained in BH2 (Figure 4-4C) than BH1. This
was because similar to BH2, PMB was situated at a distance from the source.
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Figure 4-4 The plume’s first arrival at (A) field PMB, and laboratory (B) BH1 and (C) BH2.

4.4.1.3 Plume peak FEC profile

As the centre of the contaminant plume continued approaching the monitoring point the FEC
values also increased. Once the centre of the plume reached the monitoring point maximum
FEC values were recorded within the system. The highest FEC value recorded was 1 469

puS/cm as shown in Figure 4-5A.

The effects of density were notably reduced in the field compared to the laboratory (Figure
4-5B). This could be due to (1) the injection method used; in the field the sock was used to
introduce the contaminant into the system, this technique changed the salinity of the

groundwater slowly instead of abruptly like in the laboratory, which in turn limited the effects
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of density, (2) the scale factor; the aquifer thickness in the field was large, which resulted in a
higher dilution rate compared to the laboratory aquifer model.
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Figure 4-5 The plume peak obtained in the field (A) and in the laboratory (B). C is a comparison between the field’s
first arrival FEC profile (in orange) and the plume peak profile (in blue).

When comparing the field’s first arrival FEC profile to the plume peak FEC profile (Figure
4-5C) anomalies were evident towards the middle, indicating that the central axis of the plume
remained at the centre regardless of the increase in mass concentration. This demonstrated that
the aquifer’s highest transporting velocity was located towards the centre of the system, and
that the distance between the source and the monitoring point sufficiently gave the plume
enough time to align with the flowlines of the system. This was also observed in the laboratory
profile obtained in BH2. Even though most of the FEC increase took place towards the centre,

an increase in FEC values was evident throughout the entire profile.

4.4.1.4 Residual plume FEC profile

Once the centre of the contaminant plume had passed the monitoring borehole and the process
of dilution continued taking place, the concentration of the contaminant plume decreased
noticeably. This was reflected by the reduced FEC values shown in Figure 4-6A. As the system
continued to be diluted by the incoming formation water, the amplitude of the anomaly was
also expected to decrease until it became a vertically straight line which reflected conditions

similar to the those of the background. The process of dilution was observed to be more rapid
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in the laboratory (Figure 4-6B) compared to the field, this was expected due to the large-scale
differences between the two.
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Figure 4-6 Residual plume profile obtained in the field porous aquifer system (A) compared to the one obtained in
the laboratory (B). The process of dilution was more rapid in the laboratory compared to the field. This
can be accounted for by the scale factor, the field experiment was conducted on a larger scale.

4.4.1.5 Near background FEC profile

Formation water continued to replenish the system until the FEC values were similar to the
ones of the background profile, represented in blue (Figure 4-7). It is expected that with an
extended monitoring period, the near-background FEC profiles (shown in green on the field
profile, and grey on the laboratory profile) would continue to decrease until they overlap the
background profile. It is worth noting that the profiles observed in the laboratory (Figure 4-7B)
were more vertically straight compared to the ones in the field (Figure 4-7A), this is because

the field system was not as perfectly homogeneous and isotropic as the laboratory system.
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Figure 4-7 Near-background profile in the field (A) and in the laboratory (B) compared to the background profile. It
is expected that with an extended monitoring period, the near-background FEC profiles would continue
to decrease until they overlap the background profiles.

4.4.2 FEC profiles in the weathered basement aquifer system

This sub-section discusses the FEC profiles associated with various stages of the contaminant

plume within the field weathered basement aquifer system.

4.4.2.1 Background FEC profile

The background FEC profile was obtained under formation groundwater quality conditions. In
any monitoring assessment the background conditions are crucial to capture as they help
identify the changes that have taken place within a system over time. Figure 4-8 shows the
background FEC profile captured in the field (A) and the one captured during the laboratory
test (B). In both profiles it is evident that lower FEC values were observed in the upper, more

permeable layer of the aquifer system, and higher FEC values were recorded at the lower layer.

The transmissivity of the upper weathered layer allowed for inflow of formation water through
the layer, which resulted in constant replenishment. Therefore, the water present in this section
is representative of the aquifer water quality. On the contrary, the water found in the lower
impermeable layer is considered stale due to the low transmissive nature of the layer, and it is

not representative of the current aquifer water quality.

88



A Background profile of WMB B Background profile of the lab
FEC (uS/cm) FEC (uS/cm)
980 990 1000 1010 1020 1030 122 124 126 128 130
0 0
2 2
4 4
6 6
~ 8 = 8
E g
£ 10 S 10
(o o
[<5] [<5]
O 12 0 12
14 14
16 16
18 18
20 20

Figure 4-8 The background FEC profile captured in the field (A) and the one captured in the laboratory (B).
Generally, low FEC values were observed in the upper more permeable layer.

4.4.2.2 First arrival of plume FEC profile

Once the background FEC profile was captured the saline contaminant was introduced into the
system through the injection borehole (WIB). Slightly elevated FEC values were observed
within the upper layer 20 minutes after injection as shown in Figure 4-9A. The increase in FEC
values was visibly lower in the field FEC profile compared to the profile obtained in the
laboratory (Figure 4-9B). Additionally, the effects of density in the field were significantly
reduced. This can be accounted for by large scale of the field test. The shape of the first arrival

plume profile obtained in the field was comparable to the one captured in the laboratory.
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Figure 4-9 The first arrival FEC profile captured in the field (A) and the one captured in the laboratory (B), elevated
FEC values observed in the upper layer of both profiles.

4.4.2.3 Plume peak FEC profile

As time progressed FEC values continuously increased within the system, particularly within
upper- permeable layer. After 50 minutes maximum values of 1 585uS/cm were reached, and
the profile shape displayed was similar to the one seen in the laboratory (Figure 4-10B). The
effects of density were noticeably reduced in the field results, this could be due to (1) the large
scale of the field test, (2) The technique of lowing the injection sock down and up the borehole
changed the groundwater chemistry slowly instead of abruptly, and (3) the scale of the
weathered aquifer in the field coupled with the effects of pumping enabled ample volume of
formation water to enter the system at a faster rate which diluted the contaminant and reduced

its mass concentration and density.
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Figure 4-10 The plume peak FEC profile captured in the field (A) and the one captured in the laboratory (B), elevated
FEC values observed in the upper layer of both profiles.

4.4.2.4 Residual plume FEC profile

Dilution continued taking place within the system until most of the plume had passed and only
the tail end of it was still passing the monitoring point. The residual plume conditions were
reflected by a decrease in FEC values from an average of 1 308.71 uS/cm to 1 151.13 uS/cm.
Figure 4-11A shows the residual plume profile that was obtained in the field, it displayed a
slight anomaly towards the upper section of the profile, this was comparable to the profile

obtained in the laboratory (Figure 4-11B).
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Figure 4-11 The residual plume obtained on site (A) compared to the one captured in the laboratory (B).

4.4.2.5 Near background FEC profile

Incoming natural water continually diluted the system until FEC values were similar to those
of the background. Dilution and replenishment were more prevalent in the permeable upper
weathered segment due to the high transmissivity of this layer. Figure 4-12 is the near-
background profile versus the background profile (in blue) obtained in the field (A) and the
laboratory (B), the two profiles were similar in shape, and both had an increasing trend towards
the bottom.
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Figure 4-12 The near-background plume profile obtained in the field (A) compared to the one captured in the
laboratory (B). The background profiles are shown in blue.
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Chapter 5 CONCEPTUAL PROFILES

5.1 Introduction

Once the laboratory and field tests were conducted, assessed, and understood, there were
distinct profiles that were observed from each stage of the contaminant plume in both the
porous and weathered basement aquifer system. This chapter discusses the conceptual profiles

associated with the two aquifer systems.

5.2 Conceptual FEC profiles of the porous aquifer system

The laboratory porous aquifer system made use of two monitoring points which enabled the
analysis of whether the distance of a monitoring point from source would affect the outcome
of the FEC profiles. The only two profiles that showed a notable difference were the “first
arrival plume” and the “residual plume”, which displayed a sub-vertical FEC profile in the
near-source monitoring point (BH1), and an FEC profile with a slight anomaly towards the
centre in the far-source monitoring point (BH2). This observation brought to light the
understanding of the effect of plume orientation during contaminant migration on the FEC

profile. This concept is illustrated in detail in Section 5.2.1 and 5.2.2.

Figure 5-1 schematically illustrates how the plume migrated from the surface introduction
throughout the entire system. It was evident that closer to the source the plume could have
taken on a vertical to sub-vertical orientation. However, further away from the source as the
plume continued to migrate, it aligned with the flow lines of the system, which resulted in a

horizontal orientation, this was observed in FEC profiles obtained at BH2.
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Figure 5-1 Schematic illustration showing the contaminant plume migration from surface introduction throughout
the porous aquifer system.
Note: The red circles show the highest concentration within the plume and the yellow indicates the least
concentration.
This sub-section presents a comprehensive explanation and illustration of conceptual FEC
profiles obtained near the source (at BH1), and at a further distance from the source (at BH2)
within the porous aquifer system. Five stages of the contaminant plume were identified at both
monitoring points (i.e. the background, first arrival, plume peak, residual, and near-background
stage), and it is based on these stages that conceptual profiles were developed. It is worth
mentioning that the near-background profile was not conceptualised due to its close

resemblance to the background profile.

5.2.1 Near to the source: vertical to sub-vertical plume

Closer to the source four distinct conceptual profiles associated with a saline contaminant
plume in a borehole installed in a porous aquifer system were obtained. These are described

and illustrated below:
5.2.1.1 Background FEC profile

The background profile was captured under natural water flow conditions. It displayed a
vertically straight line as shown in Figure 5-2. This was because the FEC values were the same
throughout the entire system due to the absence of contamination and the homogeneity of the
system, particularly in the laboratory system. In a field system this profile is not expected to be

as linear due to changes in homogeneity.
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Figure 5-2 Conceptual background FEC profile near the source in a typical porous aquifer system, under natural
groundwater quality conditions.

5.2.1.2 First arrival FEC profile

The introduction of a contaminant into the system resulted in a density contrast between the
natural water already present in the system and the incoming contaminated water, thus the
denser material migrated downward instead of only moving laterally. The downward or sinking
motion of the plume is associated with the gravitational force, and the forward movement of
the plume with the advection force. Therefore, it was apparent that at this point due to the high
density of the contaminant plume the gravitational force acting upon the plume was more
dominant than the advection force, consequently favouring the vertical to sub-vertical
orientation of the plume. Figure 5-3 shows the conceptual profile associated with the first
arrival of the plume at BH1. The dashed green line is an inferred extension of the plume, as it
is possible that the plume may have been touching the base of the aquifer at that particular

moment.
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Depth

First arrival FEC profile

FEC

Figure 5-3 Conceptual profile associated with the first arrival of the plume at BH1 in a typical porous aquifer system

under contaminated groundwater conditions.

Note: The dashed green line represents an inferred extension of the plume.

5.2.1.3 Plume peak FEC profile

When the centre of the contaminant plume reached BH1 elevated FEC values were observed

as shown in Figure 5-4. The resulting profile was characterised by an anomaly located towards

the bottom of the borehole. The shape of the profile indicated that the plume still maintained

its vertical to sub-vertical orientation and was migrating more downward than forward.

Vertical to sub-vertical plume

BH1

Depth

Plume peak FEC profile
FEC

Figure 5-4 Conceptual model of the plume peak FEC profile near the source in a typical porous aquifer system under

contaminated groundwater conditions.
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The forward movement of the plume demonstrated that the advection force had increased at
this point in time, however the downward movement of the plume indicated that the
gravitational force was still relatively greater. Additionally, the increased presence of the
advection force may have caused the plume to lift.

5.2.1.4 Residual FEC profile

The residual plume profile measured at BH1 was characterised by a diagonal profile shape
(Figure 5-5) with FEC values decreasing towards the bottom. This indicated that at this point
in time the greater quantity of the plume had already passed the monitoring point, and only its
“tail” was left behind, thus resulting in notable FEC values on top and fairly low concentrations
towards the bottom.
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Figure 5-5 Conceptual model of the residual plume FEC profile near the source in a typical porous aquifer system
under contaminated groundwater conditions.

5.2.2 Far from source: Horizontal plume

As the plume continued migrating through the system the advection force became greater than
the gravitation force. This favoured the forward movement of the plume (instead of the sinking
effect) and aligned it with the flow lines of the system, thus resulting in a horizontal orientation.
It is for this reason that once the contaminant plume was introduced into the system, the profiles
obtained at BH2 - which was located further from the source, were distinctly different from the

ones observed at BH1. These are described and conceptualised below:
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5.2.2.1 Background FEC profile

The background profile observed under natural water flow at BH2 was the same as that
captured at a near-source borehole (BH1). It was characterised by a vertically straight line as
shown in Figure 5-6. At this point in time the FEC values were the same throughout the entire

system due to the absence of contamination and the homogeneity of the system itself.

Natural water flow (no plume) Background FEC profile
FEC

BH2

N

Depth

Figure 5-6 Conceptual model of the background FEC profile far from the source in a typical porous aquifer system
under natural groundwater quality conditions.

5.2.2.2 First arrival FEC profile

The arrival of the contaminant plume at BH2 resulted in a different profile shape compared to
BH1. Since BH2 was located further away from the source the effects of density were
significantly reduced, hence decreasing the dominance of the gravitational force over the
advection force. This caused the plume to align with the flow lines of the system and orientate
itself horizontally. The resulting profile had a slight anomaly towards the centre as shown in

Figure 5-7.
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Figure 5-7 Conceptual model of the first arrival of the plume FEC profile far from the source in a typical porous
aquifer system under contaminated groundwater conditions.

5.2.2.3 Plume peak FEC profile

Figure 5-8 shows the shape of the plume peak FEC profile captured at BH2, the profile was
similar to the one observed at BH1. However, due to the dominance of the advection force at
this point the plume did not display a downward movement but instead showed a pronounced
anomaly towards the centre of the aquifer system, where the highest transporting velocity was

expected.

The plume peak profiles obtained at BH1 and BH2 bring to light an interesting observation that
regardless of where the monitoring point is located from the source, the shape of the plume
peak FEC profile will always be represented by a pronounced anomaly. This was also observed
in the fractured aquifer system (Moleme and Gomo, 2018). However, the closer to the source

the monitoring point is, the more the effects of density will be observed on the profile.
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Figure 5-8 Conceptual model of the plume peak FEC profile far from the source in a typical porous aquifer system
under contaminated groundwater conditions.

5.2.2.4 Residual FEC profile

The residual plume FEC profile represented conditions in the aquifer system where the majority
of the contaminant plume had already passed the monitoring point (BH2). The shape of the
resulting profile also displayed an anomaly towards the centre permeable zone as shown in
Figure 5-9 . However, due to the continuous replenishment of natural water into the system the
amplitude of the plume peak anomaly became smaller, and continued to decrease until the

profile became a vertically straight-line once background conditions were reached.
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Figure 5-9 Conceptual model of the residual plume FEC profile far from the source in a typical porous aquifer system
under contaminated groundwater conditions.
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5.3  Conceptual FEC profiles of the weathered basement aquifer

Once FEC profiles obtained during the migration of a contaminant plume within the weathered
basement aquifer system were established and understood, conceptual profiles were developed.
Two distinct signatures were identified, namely the low FEC profile and the elevated FEC
profile.

5.3.1 Low FEC profile

The shape of the background FEC profile closely resembled the one of the residual and near-
background FEC profiles, for that reason these three profiles were conceptualised as one profile
referred to as the low FEC profile (Figure 5-10). Therefore, this profile not only signified initial
FEC conditions in system but also represented the stage where the majority of the plume had
migrated passed the monitoring point, and the system was in the process of re-establishing
initial conditions. The profile displayed increasing FEC values towards the bottom of the
borehole, and three distinct zones were identified, namely the weathered zone, transition zone,

and the impermeable zone.

Weathered zone

Impermeable zone

Figure 5-10 Conceptual low FEC profile obtained from a typical weathered basement aquifer system.
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The weathered zone was located at the upper segment of the aquifer system and it was
characterised by low FEC values. Due to its highly transmissive nature, natural water easily
flowed through this zone effectively replenishing it, and as a result reduced its FEC values. In
essence because continuous inflow takes place within this zone, representative aquifer water

can be acquired from it.

The transition zone comprised of incoming aquifer water from the weathered zone, and stale
water from the impermeable zone. The resulting FEC values of this zone were higher than the
ones of the weathered zone but lower than the ones of the impermeable zone. The impermeable
zone was characterised by elevated FEC values due to limited replenishment taking place

within this segment.

The conceptual low FEC profile acquired from the weathered basement aquifer system was
closely comparable to the one observed within the single-plane fractured rock aquifer system
(Moleme, 2017) as shown in Figure 5-11. This highlights the importance of understanding the
geology of the study area in order to effectively utilise the FEC profiling tool for improved site

characterisation.

Upper segment

Transition zone

Lower segment

Figure 5-11 Conceptual low FEC profile obtained from atypical horizontal single-plane fractured rock aquifer system.
Source: Moleme, 2017.
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5.3.2 Elevated FEC profile

The shape of the first arrival and the plume peak FEC profile was highly comparable, therefore
these two profiles were conceptualised as one profile referred to as the elevated FEC profile
(Figure 5-12). This profile confirmed the presence of the contaminant plume within the aquifer
system and was represented by increased FEC values. Two distinct zones were identified
within this profile, the weathered zone and the impermeable zone.

In the presence of a contaminant plume elevated FEC values were observed at the weathered
zone, which was located in the upper segment of the aquifer system. This zone was
characterised by its highly transmissive property which enabled contamination to travel faster
and in greater quantities, thus resulting in a pronounced anomaly situated towards the centre of
the zone where the maximum transporting velocity was located. The thickness and amplitude
of the anomaly would vary depending on the position of the plume at the time of profiling (i.e.

first arrival or at the centre of the monitoring point).
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Figure 5-12 Conceptual elevated FEC profile in a typical weathered basement aquifer system due to saline
contamination in the weathered basement aquifer

The impermeable zone was located at the lower segment of the aquifer system. Even though

this layer did not allow fluid to flow through it, when a contaminant plume was present in the

system FEC values still increased within this zone. This was due to density and diffusive effects
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and not because of the transmissivity of the layer. It is worth noting that in the absence of
contamination elevated FEC values were found in the impermeable zone (as illustrated in
Figure 5-10), however in the presence of contamination the highest FEC values were observed

in the weathered zone (as shown in Figure 5-12).

When the majority of the contaminant plume had migrated passed the borehole and the system
was re-establishing initial conditions, rapid dilution took place within the weathered zone as a
result of constant replenishment. However, dilution within the impermeable zone was

significantly slower since it was only facilitated by the process of diffusion.
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Chapter 6
CONCLUSION AND RECOMMENDATIONS

6.1 Introduction

This study investigated the behaviour of FEC profiles associated with a saline contaminant
plume in a typical unconfined porous and weathered basement aquifer systems using
laboratory-based aquifer models and field tests. This was done to improve the conceptual
understanding of contaminant migration patterns within these aquifer systems, and to
essentially improve the interpretation of their FEC profiles. Additionally, this study aimed to
investigate if the distance of a contaminant source (injection point) from a borehole had any
effects on the evolution of FEC profiles.

As part of quality control, it was essential to assess the extent to which mass transport
characteristics of the physical models conformed to those of the theoretical models observed
in literature. The performance of the physical models was verified by conducting tracer
breakthrough tests and comparing the obtained breakthrough curves to the ones of typical
porous media breakthrough curves observed in literature. This was done to confirm the capacity
of the model to simulate mass transport characteristics of a real system. All laboratory tests
were repeated three times, using varying mass concentrations (i.e. 10, 15, and 20 g of salt
diluted in 500 ml of tap water) in order to assess the repeatability of the outcomes. Once this

was done, field tests were conducted for comparison and additional validation purposes.

Unlike previous studies that conventionally obtained FEC profiles while simultaneously low
flow pumping the system, this study used a non-invasive approach of obtaining FEC profiles

under natural gradient conditions without pumping during the laboratory tests.

6.2 Conclusions

6.2.1 Observations and conceptual profiles obtained from the unconfined porous
aquifer system

In the porous aquifer system five stages of the plume evolution were identified at both BH1
and BH2 (i.e. the background, first arrival, plume peak, residual, and near-background stage),

and it is based on these stages that conceptual profiles were developed. It is worth mentioning
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that the near-background profile was not conceptualised due to its close resemblance to the

background profile.

Figure 6-1 shows the evolution of a contaminant plume in a porous aquifer system, and the
resulting FEC profiles. The background profile was captured under natural water flow
conditions, it displayed a vertically straight line in both boreholes as shown in Figure 6-1A and
E. This was because the FEC values were the same throughout the entire system due to the

absence of contamination and the homogeneity of the system.

Once the contaminant was introduced into the system the resulting FEC profiles obtained from
BH1 and BH2, which were placed at varying distances from the source were distinctly different.
Therefore, proving that the distance of a borehole from the source influences the shape of the
FEC profile obtained. This insight brought to light the phenomenon of “plume orientation”.
The orientation of the plume is usually disregarded in groundwater models and assessments,
however this study showed that it is an important aspect which can be used to assist with FEC
data interpretation in contaminated site characterisation studies. The magnitude of two main
forces strongly influenced the orientation of the plume, namely the gravitational force and the

advection force.

The general observation was that as the plume was introduced into the system it was primarily
under the influence of the gravitational force due to its high density, this resulted in its vertical
to sub-vertical orientation as displayed on Figure 6-1 B to D. However, as the plume continued
to migrate and natural water continued entering the system, the magnitude of the advection
force increased and ultimately became greater than that of the gravitational force, thus causing
the plume to lift and re-orientate itself parallel to the groundwater flow direction shown in
Figure 6-1 F to H.

Understanding the concept of plume orientation and factors that attribute to it greatly assisted
with the interpretation of FEC profiles obtained in the porous aquifer system, at boreholes
located at varying distances from the source. The arrival of the contaminant plume at BH1 was
characterised by a diagonally shaped FEC profile (Figure 6-1B) due to the downward sinking

of the plume.

On the contrary, since the effects of density were significantly reduced by the time the plume
reached BH2 and the plume had aligned with the flow lines of the system, the resulting profile
displayed a slight anomaly at the centre of the profile (Figure 6-1F) where the maximum
transporting velocity was located. Since the plume no longer exhibited a sinking effect, it was

evident that the advection force was significantly greater than the gravitational force at BH2.
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Figure 6-1 Conceptual profiles illustrating the evolution of a contaminant plume in a porous aquifer system, and the resulting FEC profiles. 108

Note: Profile A to D were obtained in a borehole near to the source (BH1), and profile E to H in a borehole further away from the source (BH2).




Once the centre of the contaminant plume reached the monitoring points maximum FEC values
were observed, and the resulting profile was classified as the plume peak profile. This profile
was observed at different times at BH1 and BH2 due to the distance between the two boreholes.
The plume peak profile at BH1 displayed an anomaly slightly towards the bottom of the profile
(Figure 6-1C), therefore illustrating that although the magnitude of the advection force had
increased at that point in time, the gravitational force was still greater. However, the anomaly
of the plume peak profile at BH2 was situated at the centre of the profile where the maximum

transporting velocity was located as shown in Figure 6-1G.

As natural water continued flowing through the system, dilution took place and FEC values
decreased, thus illustrating the fourth conceptual profile, namely the residual plume FEC
profile (Figure 6-1D and H). At this point in time, the greater quantity of the plume itself had
already passed the monitoring point. The plume observed at BH1 was diagonal with most of
the FEC values measured towards the top of the aquifer system (Figure 6-1D), whereas at BH2
the plume displayed an anomaly decreased in amplitude towards the centre of the aquifer
system (Figure 6-1H). Once the plume had passed the monitoring points and natural water had
completely replenished the aquifer system, initial aquifer conditions were reinstated, and this
was represented by a profile analogous to the background profile. The results obtained in the
field closely resembled results associated with monitoring point that is further from the source
(i.e. BH2).

6.2.2 Observations and conceptual profiles obtained from the weathered basement
aquifer system

The second part of this study focused on investigating the behaviour of FEC profiles associated
with a contaminant plume within the weathered basement aquifer system. Two distinct
signatures were observed, these were defined and conceptualised as the low FEC profile and
the elevated FEC profile.

The low FEC profile not only represented initial FEC conditions of the system but also referred
to the stage where the majority of the plume had migrated passed the borehole, and the system
was in the process of re-establishing initial conditions. The profile showed three zones which
were classified as the weathered zone, transition zone, and the impermeable zone. These are

illustrated in Figure 6-2.
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The weathered zone was identified at the upper segment of the aquifer system. The highly
transmissive property of the weathered layer enabled natural water to easily flow through it,
thus effectively replenishing it and as a result decreasing the FEC values of this zone. The
transition zone represented a mixture between the incoming aquifer water from the weathered
zone, and stale water from the impermeable zone. The impermeable zone was observed in the
lower segment of the aquifer system. This segment restricted the flow of incoming natural

water, as a result, stale water with increased FEC values accumulated within this zone.

— Weathered zone

1
i— Transition zone
1

— Impermeable zone

Figure 6-2 The conceptual low FEC profile obtained in the weathered basement aquifer system.

The second conceptual profile was the elevated FEC profile. It represented contaminated
groundwater conditions and had two distinct zones, the weathered zone and the impermeable
zone as shown in Figure 6-3. The weathered zone showed highly elevated FEC values because
the high transmissivity of the weathered segment enabled the contamination to travel faster
than in the impermeable zone. It also displayed a pronounced anomaly with the highest FEC
values measured at the centre of the weathered zone where the maximum transporting velocity
was located. The thickness and amplitude of the anomaly varied depending on the position of

the plume at the time of profiling.
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Figure 6-3 The conceptual elevated FEC Profile obtained within the weathered basement aquifer system.

Although the impermeable segment also displayed increased FEC values, these were
significantly lower compared to the ones observed in the weathered segment. The increase of
FEC values within the impermeable zone was accounted for by density and diffusive effects

rather than the transmissivity of the layer.

These profiles were seen under a controlled laboratory environment and were verified in the
field. The insight gained from this study can be used as a guideline for interpreting FEC profiles
within the above-mentioned aquifer systems. It can further assist with identifying the stage of
the contaminant plume within the aquifer system at the time of FEC profiling. In general, this
study demonstrates that the application of the FEC profiling technique is quite versatile and
should not just be restricted to fractured aquifer systems, and limited to its conventional use of

determining hydrogeological properties and locating inflow zones.

6.3 Recommendations

The FEC profiling method is a powerful tool in groundwater studies. The method offers
valuable information even under non-invasive conditions. Given the versatility of the method,
which has been demonstrated in this study, the following additional applications of the FEC

profiling technique in groundwater studies are recommended:

e When conducting groundwater quality monitoring, it would be of value to also conduct

FEC profiling. The profiles obtained over time can offer some guidelines in terms of
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the state of the aquifer system and the movement of the contaminant plume.

FEC profiles can also assist in building hydrogeological conceptual models to
complement drilling data, or in instances where geological data from drilling is not
readily available. This can be done by analysing the FEC profile and identifying
changes within the profile; areas with sharp anomalies could be indicative of highly
transmissive layers such as sandstone, chalk or even fractures, and areas with no distinct

anomalies could be indicative of impermeable formations such as shale, clay and silt.

This study does not suggest that the use of the developed FEC profiles is sufficient to

independently determine geological lithology or the contribution of aquifer layers to

groundwater transport or flow. Instead, the developed conceptual FEC profiles should be used

as a guideline, coupled with a sound geo-hydrological understanding of the aquifer system to

complement other contaminant site characterisation tools.

Future studies may consider the following:

Conducting the tests in bigger laboratory models, this would facilitate the recording of
more measurements which could help eliminate any variations encountered due to the

scale factor.

Conducting the test in a confined aquifer system to determine the extent to which the

breakthrough curves as well as the FEC profiles would change.

Using two monitoring points within the weathered basement aquifer system and analyse
how the near-source profile differs from the far-source profile. Using multiple
boreholes within the porous aquifer system gave interesting insight on the plume
orientation phenomenon, therefore implementing multiple boreholes within the
weathered basement aquifer system could increase our understanding of the plume

movement in this aquifer system, and possibly bring to light new insights.

Assessing the progression of FEC profiles in different aquifer systems, using other
tracer types to help improve understanding on contaminant migration across various

aquifer systems.,
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Appendix A LABORATORY TRACER BREAKTHROUGH

TEST

Table A 1. 1 BH1 and BH2 Porous aquifer system tracer breakthrough test data Model 1 (10 g).

BH1 BH2

Time (mins) 1 FEC _(ruZS/cm) T3 Time (mins) 1 FEC _(ruZS/cm) T3
0 141 141 141 0 141 141 141
1 150 153 155 1 141 141 141
2 870 859 753 2 146 145 145
3 970 952 966 8 160 155 156
4 1100 1083 1092 4 200 185 198
5 1180 1154 1169 5 300 293 275
6 1190 1179 1184 6 430 417 428
7 1199 1190 1179 7 600 577 568
8 1220 1211 1214 8 700 689 701
9 1214 1209 1204 9 800 768 788
10 1205 1200 1192 10 930 915 915
11 1170 1158 1165 11 1010 1011 1015
12 1120 1055 1115 12 1030 1022 1024
13 970 969 961 13 1040 1036 1038
14 729 725 718 14 1050 1047 1049
15 500 505 498 15 1044 1042 1037
16 300 289 293 16 1035 1036 1030
17 209 235 200 17 1000 1008 989
18 212 215 197 18 950 958 944
20 200 192 182 20 800 784 798
22 180 187 171 22 650 646 625
24 163 161 160 24 400 385 389
26 152 155 153 26 300 285 288
27 148 144 148 27 250 244 222
29 146 145 145 29 200 215 194
30 145 146 144 30 191 184 187
31 145 143 144 31 180 178 177
33 141 142 141 33 164 168 160
35 141 141 141 35 146 144 150
36 142 141 141 36 142 140 143
37 141 141 141 37 148 144 145
39 141 141 141 39 146 145 145
40 141 141 141 40 145 143 142
42 141 142 141 42 142 141 141
43 141 141 141 43 145 145 143
45 141 141 141 45 145 142 144
46 141 141 141 46 144 141 142
47 141 141 141 47 141 141 141
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49 141 141 141 49 141 141 141
50 141 141 141 50 141 141 141
52 141 141 141 52 141 141 141
54 141 141 141 54 141 141 141
56 141 141 141 56 141 141 141
58 141 141 141 58 141 141 141
60 141 141 141 60 141 141 141
62 141 141 141 62 141 141 141
64 141 141 141 64 141 141 141
66 141 141 141 66 141 141 141
68 141 141 141 68 141 141 141
70 141 141 141 70 141 141 141
72 141 141 141 72 141 141 141
74 141 141 141 74 141 141 141
76 141 141 141 76 141 141 141
78 141 141 141 78 141 141 141
80 141 141 141 80 141 141 141
82 141 141 141 82 141 141 141
84 141 141 141 84 141 141 141
86 141 141 141 86 141 141 141
88 141 141 141 88 141 141 141
90 141 141 141 90 141 141 141
92 141 141 141 92 141 141 141
94 141 141 141 94 141 141 141
96 141 141 141 96 141 141 141
98 141 141 141 98 141 141 141
100 141 141 141 100 141 141 141
102 141 141 141 102 141 141 141
104 141 141 141 104 141 141 141
106 141 141 141 106 141 141 141
108 141 141 141 108 141 141 141
110 141 141 141 110 141 141 141
112 141 141 141 112 141 141 141
114 141 141 141 114 141 141 141
116 141 141 141 116 141 141 141
118 141 141 141 118 141 141 141
120 141 141 141 120 141 141 141
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Table A 1. 2 BH1 and BH2 Porous aquifer system tracer breakthrough test data Model 2 (15 g).

BH1 BH2

Time (mins) 1 FEC %Slcm) T3 Time (mins) T1 FEC _(rpzS/cm) T3
0 141 141 141 0 141 141 141
1 440 527 550 1 141 141 141
2 1365 1545 1540 2 248 401 411
3 2270 2235 2269 3 750 744 688
4 3000 2851 2983 4 1151 1080 1149
5 3300 3211 3277 5 1453 1433 1450
6 3401 3288 3400 6 1723 1720 1689
7 3488 3433 3468 7 2014 2001 2011
8 3490 3473 3460 8 2257 2235 2238
9 3454 3411 3448 9 2517 2498 2477
10 3405 3300 3375 10 2732 2664 2711
11 3240 3211 3238 11 2819 2799 2789
12 3107 3011 3100 12 2910 2804 2801
13 2820 2800 2811 13 2936 2825 2824
14 2613 2578 2600 14 2950 2900 2830
15 2380 2211 2368 15 2935 2851 2822
16 2089 2013 2077 16 2855 2838 2815
17 1890 1854 1868 17 2827 2801 2798
18 1625 1616 1620 18 2716 2700 2707
20 1150 1135 1143 20 2354 2504 2291
22 908 728 883 22 1800 1764 1799
24 723 603 701 24 1450 1488 1371
26 514 492 500 26 981 1180 1077
27 478 463 466 27 751 843 764
29 393 390 385 29 521 682 520
30 342 333 338 30 325 555 315
31 304 287 310 31 287 345 280
33 240 248 247 88 234 300 341
85 208 216 213 35 197 277 190
36 182 178 180 36 180 178 187
37 155 150 155 37 172 160 170
39 148 150 147 39 169 158 163
40 148 145 148 40 164 150 160
42 143 141 141 42 157 148 155
43 143 142 143 43 155 147 151
45 141 142 141 45 150 145 148
46 143 141 141 46 146 148 146
47 141 141 141 47 148 145 148
49 142 141 141 49 152 147 147
50 141 141 141 50 147 144 150
52 141 141 141 52 148 143 148
54 141 141 141 54 145 144 145
56 141 141 141 56 143 143 144
58 141 141 141 58 142 141 143
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60 141 141 141 60 145 142 144
62 141 141 141 62 143 141 142
64 141 141 141 64 142 141 141
66 141 141 141 66 141 141 142
68 141 141 141 68 141 141 141
70 141 141 141 70 141 141 141
72 141 141 141 72 141 141 141
74 141 141 141 74 141 141 141
76 141 141 141 76 141 141 141
78 141 141 141 78 141 141 141
80 141 141 141 80 141 141 141
82 141 141 141 82 142 141 141
84 141 141 141 84 141 141 141
86 141 141 141 86 141 141 141
88 141 141 141 88 141 141 141
90 141 141 141 90 141 141 141
92 141 141 141 92 141 141 141
94 141 141 141 94 141 141 141
96 141 141 141 96 141 141 141
98 141 141 141 98 141 141 141
100 141 141 141 100 141 141 141
102 141 141 141 102 141 141 141
104 141 141 141 104 141 141 141
106 141 141 141 106 141 141 141
108 141 141 141 108 141 141 141
110 141 141 141 110 141 141 141
112 141 141 141 112 141 141 141
114 141 141 141 114 141 141 141
116 141 141 141 116 141 141 141
118 141 141 141 118 141 141 141
120 141 141 141 120 141 141 141
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Table A 1. 3 BH1 and BH2 Porous aquifer system tracer breakthrough test data Model 3 (20 g).

BH1 BH2
Time (mins) 1 FEC %Slcm) T3 Time (mins) T1 FEC _(rpzS/cm) T3
0 141 141 141 0 141 141 141
1 887 880 928 1 141 141 141
2 2030 2160 2189 2 580 570 582
3 2815 2792 2810 3 911 898 900
4 3729 3711 3715 4 1237 1230 1235
5 4623 4620 4589 5 1702 1680 1645
6 4924 4899 4835 6 513 2500 2444
7 5125 4934 5011 7 3124 3024 3033
8 5208 4977 5089 8 3624 3555 3510
9 5108 4953 4988 9 052 3899 3888
10 4917 4854 4863 10 4207 4058 4012
11 4629 4597 4647 11 4510 4333 4385
12 3773 3759 3691 12 4650 4577 4608
13 3323 3320 3360 13 4698 4607 4658
14 3023 2890 3067 14 4731 4728 4730
15 2823 2615 2769 15 4680 4601 4482
16 2623 2409 2553 16 4420 4338 4014
17 2407 2210 2382 17 4030 3900 3406
18 2001 1845 1983 18 3407 3244 2890
20 1562 1414 1482 20 2602 2357 2380
22 1373 1164 1283 22 2180 1801 2011
24 1257 1001 1083 24 1713 1319 1590
26 953 720 883 26 1208 970 1111
27 757 620 743 27 800 798 731
29 515 481 505 29 621 605 611
30 409 397 408 30 540 535 520
31 387 375 317 31 438 428 428
33 343 339 336 88 395 388 382
85 320 318 307 35 312 309 309
36 298 288 274 36 293 292 288
37 263 260 225 37 273 270 268
39 240 235 243 39 251 247 248
40 211 209 213 40 239 233 230
42 209 204 201 42 221 218 228
43 183 180 168 43 219 209 220
45 165 170 161 45 201 205 200
46 157 158 157 46 192 190 198
47 149 148 145 47 190 187 189
49 145 147 144 49 188 180 180
50 143 144 147 50 184 183 179
52 141 143 141 52 175 170 170
54 145 144 143 54 166 159 160
56 143 142 142 56 157 155 155
58 141 141 141 58 150 148 149
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60 141 141 141 60 147 149 148
62 141 141 141 62 145 144 145
64 141 141 141 64 145 143 144
66 141 141 141 66 143 150 143
68 141 141 141 68 141 142 148
70 141 141 141 70 145 144 142
72 141 141 141 72 141 143 141
74 141 141 141 74 146 142 143
76 141 141 141 76 143 141 141
78 141 141 141 78 141 141 141
80 141 141 141 80 141 141 141
82 141 141 141 82 141 141 141
84 141 141 141 84 141 141 141
86 141 141 141 86 141 141 141
88 141 141 141 88 141 141 141
90 141 141 141 90 141 141 141
92 141 141 141 92 141 141 141
94 141 141 141 94 141 141 141
96 141 141 141 96 141 141 141
98 141 141 141 98 141 141 141
100 141 141 141 100 141 141 141
102 141 141 141 102 141 141 141
104 141 141 141 104 141 141 141
106 141 141 141 106 141 141 141
108 141 141 141 108 141 141 141
110 141 141 141 110 141 141 141
112 141 141 141 112 141 141 141
114 141 141 141 114 141 141 141
116 141 141 141 116 141 141 141
118 141 141 141 118 141 141 141
120 141 141 141 120 141 141 141
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Table A - 2. 1 Weathered basement aquifer system tracer breakthrough test data Model 1 (10 g).

BH

Time (mins) 1 FEC _(ruZS/cm) T3
0 123 123 123
1 123 123 123
2 130 135 128
3 138 140 128
4 158 150 148
5 315 309 288
6 485 477 488
7 548 521 533
8 715 700 714
9 805 977 828
10 1028 1011 1020
11 1107 1100 1100
12 1183 1172 1173
13 1160 1148 1170
14 1155 1133 1163
15 1149 1128 1150
16 1128 1119 1130
17 1100 1063 1100
18 970 949 957
20 858 850 844
22 716 703 705
24 635 628 630
26 500 470 491
27 471 381 441
29 305 290 300
30 272 270 267
31 254 245 250
88 248 220 233
85 229 218 230
36 216 212 211
37 204 200 200
39 188 184 181
40 172 170 167
42 161 160 160
43 153 150 158
45 148 146 147
46 143 144 140
47 141 142 140
49 138 136 140
50 135 133 138
52 134 131 138
54 132 130 135
56 131 130 131
58 131 131 135
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60 130 129 130
62 129 127 129
64 129 129 129
66 130 129 129
68 129 127 129
70 128 127 127
72 129 130 129
74 128 127 130
76 129 127 128
78 128 128 128
80 126 127 128
82 127 127 126
84 126 125 126
86 126 125 125
88 126 126 126
90 126 126 128
92 126 126 128
94 128 127 126
96 128 127 126
98 127 127 125
100 127 127 126
102 127 127 127
104 127 127 127
106 126 127 126
108 126 127 126
110 126 127 127
112 128 127 127
114 128 127 127
116 127 127 127
118 127 127 127
120 127 127 127
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Table A - 2. 2 Weathered basement aquifer system tracer breakthrough test data Model 2 (15 g).

BH

Time (mins) 1 FEC _(ruZS/cm) T3
0 125 125 125
1 125 124 125
2 338 488 430
3 900 867 883
4 1300 1189 1284
5 1700 1563 1677
6 2021 2001 2023
7 2262 2201 2254
8 2621 2611 2600
9 2888 2798 2790
10 3137 3162 3122
11 3190 3183 3171
12 3239 3216 3230
13 3214 3119 3200
14 3198 3105 3178
15 3140 3100 3133
16 3010 3001 3051
17 2896 2699 2876
18 2801 2601 2745
20 2400 2533 2511
22 2100 2200 2186
24 1611 1834 1774
26 1205 1198 1365
27 997 1002 1012
29 780 774 820
30 618 600 701
31 468 587 580
88 363 381 435
85 304 301 427
36 252 250 249
37 247 250 247
39 236 244 240
40 230 238 238
42 221 229 228
43 215 221 220
45 209 210 209
46 197 200 201
47 174 197 199
49 171 183 183
50 169 175 180
52 163 170 178
54 159 168 160
56 152 160 160
58 147 155 155
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60 143 150 158
62 139 148 161
64 135 135 148
66 137 137 141
68 135 137 145
70 131 137 141
72 129 130 138
74 127 130 135
76 129 128 129
78 129 127 130
80 129 128 128
82 127 126 127
84 129 127 127
86 130 129 127
88 129 130 127
90 129 130 127
92 129 129 127
94 128 127 127
96 129 127 127
98 127 127 127
100 130 127 127
102 129 127 127
104 127 127 127
106 127 127 127
108 129 127 127
110 129 127 129
112 127 127 127
114 127 127 127
116 127 127 129
118 127 127 129
120 127 127 127

137



Table A - 2. 3 Weathered basement aquifer system tracer breakthrough test data Model 3 (20 g).

BH

Time (mins) 1 FEC _(ruZS/cm) T3
0 125 125 125
1 125 125 125
2 765 720 738
3 1238 1212 1222
4 1653 1648 1430
5 2416 2400 2420
6 2855 2867 2664
7 3427 3212 3682
8 4010 3814 3995
9 4412 4011 4410
10 4603 4463 4600
11 4804 4678 4711
12 4918 4766 4800
13 4907 4754 4890
14 4870 4866 4881
15 4801 4787 4872
16 4780 4773 4760
17 4580 4565 4551
18 4400 4386 4321
20 3600 3501 3620
22 2800 2789 2520
24 1850 1843 1712
26 1310 1311 1311
27 1079 1083 1077
29 935 910 930
30 865 832 866
31 761 742 767
88 656 650 653
85 552 551 555
36 432 441 430
37 329 322 320
39 309 300 311
40 285 283 280
42 260 253 254
43 245 242 243
45 220 219 220
46 218 215 220
47 201 212 213
49 198 209 190
50 183 194 188
52 170 184 177
54 168 166 164
56 163 160 166
58 157 155 161
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60 149 153 159
62 154 150 155
64 150 148 152
66 147 148 149
68 142 145 150
70 138 141 147
72 143 144 145
74 137 132 146
76 133 130 144
78 145 138 139
80 143 143 140
82 138 137 140
84 134 135 139
86 131 130 135
88 129 126 130
90 128 128 131
92 131 139 129
94 129 130 133
96 128 127 129
98 129 129 128
100 129 129 129
102 128 127 129
104 128 126 129
106 128 128 127
108 128 127 128
110 128 129 128
112 128 128 128
114 128 128 128
116 128 128 128
118 128 128 128
120 128 128 128

139



Appendix B
POROUS AQUIFER SYSTEM FLUID ELECTRICAL
CONDUCTIVITY DATA

Table B - 1. 1 Porous aquifer system background data Model 1 (10 g).

Background FEC data for both BH1 and BH2
2 minutes 4 minutes 8 minutes
Depth (cm) — FEC _(ruZS/cm) — — FEC _(ruZS/cm — — FEC _(ruZS/cm —
1 142 142 143 141 141 141 141 141 141
2 141 142 142 141 141 141 141 141 141
4 141 141 141 141 141 141 141 141 141
6 142 141 142 141 141 141 141 141 141
8 141 142 141 141 141 141 141 141 141
10 142 142 141 141 141 141 141 141 141
12 141 141 141 141 141 141 141 141 141

Table B - 1. 2 Porous aquifer system background data Model 2 (15 g).

Background FEC data for both BH1 and BH2
2 minutes 4 minutes 8 minutes
Depth (cm) = FEC _(ruZS/cm) — — FEC _(ruZS/cm — = FEC _(rqu/cm) —
1 142 144 144 142 141 141 141 141 141
2 141 142 141 141 141 142 141 141 141
4 143 143 143 141 141 141 141 141 141
6 141 141 142 141 141 141 141 141 141
8 143 142 143 141 141 141 141 141 141
10 141 141 141 141 141 141 141 141 141
12 141 142 142 141 141 141 141 141 141

Table B - 1. 3 Porous aquifer system background data Model 3 (20 g).

Background FEC data for both BH1 and BH2
2 minutes 4 minutes 8 minutes
Depth (cm) = FEC _(ruZS/cm) — — FEC _(ruZS/cm — = FEC _(rqu/cm) —
1 143 141 143 141 142 141 141 141 141
2 143 142 143 141 141 141 141 141 141
4 141 141 142 141 141 141 141 141 141
6 142 143 142 141 141 141 141 141 141
8 141 141 142 141 141 141 141 141 141
10 141 141 141 141 141 141 141 141 141
12 141 141 141 141 141 141 141 141 141
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Table B - 2. 1 Porous aquifer system plume arrival data Model 1 (10 g).

Plume arrival at BH1 Plume arrival at BH2
1 minute 2 minutes 2 minutes 4 minutes
Depth (cm) FEC (uS/cm) FEC (uS/cm) Depth FEC (uS/cm) FEC (uS/cm)
Tl T2 T3 T1 T2 T3 (cm) T1 T2 T3 Tl T2 T3
1 141 | 141 | 141 744 750 738 0 - - - - - -
2 141 | 141 | 142 746 743 742 2 142 | 141 | 142 | 600 | 570 | 585
4 142 | 144 | 141 877 869 863 4 144 | 144 | 143 | 700 | 625 | 668
6 142 | 145 | 148 | 1049 | 1037 | 1040 6 145 | 146 | 145 | 900 | 873 | 881
8 163 | 158 | 153 | 1214 | 1203 | 1211 8 145 | 145 | 145 | 800 | 748 | 776
10 189 | 180 | 189 | 1699 | 1705 | 1681 10 143 | 144 | 143 | 600 | 514 | 593
12 189 | 188 | 201 | 2023 | 2018 | 2020 12 141 | 143 | 142 | 200 | 285 | 350
Table B - 2. 2 Porous aquifer system plume arrival data Model 2 (15 g).
Plume arrival at BH1 Plume arrival at BH2
1 minute 2 minutes 2 minutes 4 minutes
Depth (cm) FEC (uS/cm) FEC (uS/cm) Depth FEC (uS/cm) FEC (uS/cm)
T1 T2 T3 T1 T2 T3 (cm) T1 T2 T3 T1 T2 T3
1 148 | 152 | 147 946 924 943 0 - - - - - -
2 148 | 153 | 150 | 968 947 955 2 265 | 248 | 259 | 687 | 653 | 669
4 287 | 281 | 288 | 1148 | 1137 | 1133 4 380 | 335 | 360 | 1085 | 996 | 1078
6 287 | 288 | 315 | 1350 | 1339 | 1342 6 423 | 411 | 419 | 1167 | 1089 | 1154
8 581 | 579 | 570 | 1550 | 1538 | 1541 8 399 | 370 | 378 | 1061 | 1008 | 1048
10 581 | 588 | 577 | 2150 | 2031 | 2134 10 306 | 285 | 297 | 742 | 740 | 739
12 581 | 603 | 593 | 2268 | 2143 | 2240 12 268 | 255 | 260 | 553 | 558 | 547
Table B - 2. 3 Porous aquifer system plume arrival data Model 3 (20 g).
Plume arrival at BH1 Plume arrival at BH2
1 minute 2 minutes 2 minutes 4 minutes
Depth (cm) TlFEC _(I_uZS/(:m)_I_3 TlFEC _(I_uZS/cm)_I_3 Depth (cm) TIiEC _(ruZS/cm%B TlFEC _(ruZS/cm)T3
1 365 | 343 | 351 | 1350 | 1287 | 1339 0 - - - - - -
2 386 | 359 | 357 | 1371 | 1338 | 1344 2 405 | 410 | 407 | 943 | 933 | 939
4 543 | 511 | 539 | 1590 | 1553 | 1581 4 431 | 428 | 428 | 1118 | 1137 | 1125
6 890 | 793 | 855 | 1879 | 1780 | 1880 6 588 | 578 | 581 | 1243 | 1229 | 1238
8 926 | 920 | 953 | 2241 | 2155 | 2228 8 541 | 550 | 539 | 1216 | 1205 | 1208
10 1157 | 1098 | 1168 | 2358 | 2328 | 2305 10 480 | 451 | 469 | 978 | 949 | 967
12 1202 | 1182 | 1190 | 2573 | 2497 | 2529 12 320 | 319 | 311 | 450 | 438 | 444
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Table B - 3. 1 Porous aquifer system plume peak data Model 1 (10 g).

Plume peak at BH1 Plume peak at BH2
8 minutes 14 minutes
Depth (cm) FEC (uS/cm) Depth (cm) FEC (uS/cm)
Tl T2 T3 T1 T2 T3
1 1182 1180 1175 0 - - -
2 1199 1194 1185 2 930 927 930
4 1210 1209 1201 4 1035 1028 1030
6 1215 1211 1210 6 1081 1059 1076
8 1219 1215 1213 8 1045 1033 1042
10 1167 1160 1158 10 950 940 939
12 1150 1153 1147 12 930 911 923
Table B - 3. 2 Porous aquifer system plume peak data Model 2 (15 g).
Plume peak at BH1 Plume peak at BH2
8 minutes 14 minutes
Depth (cm) FEC (uS/cm) Depth (cm) FEC (uS/cm)
T1 T2 T3 T1 T2 T3
1 2159 2140 2143 0 - - -
2 2343 2311 2339 2 2311 2298 2300
4 2935 2928 2890 4 2750 2703 2739
6 3194 3088 3165 6 2901 2873 2831
8 3486 3466 3457 8 2846 2830 2803
10 2958 2921 2934 10 2178 2350 2166
12 1766 1743 1732 12 2139 2305 2127
Table B - 3. 3 Porous aquifer system plume peak data Model 3 (20 g).
Plume peak at BH1 Plume peak at BH2
8 minutes 14 minutes
Depth (cm) FEC (uS/cm) Depth (cm) FEC (uS/cm)
Tl T2 T3 Tl T2 T3
1 3291 3250 3271 0 - - -
2 3543 3382 3520 2 3419 3398 3416
4 4288 3889 4257 4 4425 4273 4415
6 4991 4684 4957 6 4800 4779 4789
8 5198 4982 5097 8 4742 4700 4757
10 5037 4832 4786 10 3980 3864 3900
12 3043 2932 2876 12 3790 3698 3699
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Table B - 4. 1 Porous aquifer system residual plume data Model 1 (10 g).

Residual plume at BH1 Residual plume at BH2
16 minutes 18 minutes
Depth (cm) FEC (uS/cm) Depth (cm) FEC (uS/cm)
Tl T2 T3 T1 T2 T3
1 297 298 299 0 - - -
2 295 295 295 2 224 224 224
4 294 295 295 4 224 224 224
6 288 289 288 6 225 226 225
8 285 286 286 8 224 225 224
10 282 281 283 10 224 224 224
12 277 279 280 12 224 224 224
Table B - 4. 2 Porous aquifer system residual plume data Model 1 (15 g).
Residual plume at BH1 Residual plume at BH2
16 minutes 18 minutes
Depth (cm) FEC (uS/cm) Depth (cm) FEC (uS/cm)
T1 T2 T3 T1 T2 T3
1 2142 2133 2144 0 - - -
2 2135 2128 2130 2 1788 1789 1786
4 2111 2111 2115 4 1790 1787 1791
6 2094 2084 2090 6 1803 1805 1801
8 2083 2077 2080 8 1802 1803 1800
10 2078 2070 2077 10 1765 1758 1760
12 2065 2066 2066 12 1750 1746 1748
Table B - 4. 3 Porous aquifer system residual plume data Model 1 (20 g).
Residual plume at BH1 Residual plume at BH2
16 minutes 18 minutes
Depth (cm) FEC (uS/cm) Depth (cm) FEC (uS/cm)
T1 T2 T3 T1 T2 T3
1 2683 2677 2680 0 - - -
2 2651 2650 2643 2 2102 2100 2108
4 2575 2570 2566 4 2138 2140 2140
6 2490 2487 2480 6 2158 2165 2160
8 2456 2450 2455 8 2140 2138 2144
10 2351 2355 2351 10 2088 2079 2073
12 2319 2322 2315 12 2052 2053 2050
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Table B - 5. 1 Porous aquifer system near-background data Model 1 (10 g).

Near-background FEC profile at BH1
27 minutes 33 minutes 47 minutes 62 minutes
Depth FEC (uS/cm) FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
(cm) Tl T2 T3 T1 T2 T3 T1 T2 T3 Tl T2 T3
1 148 148 148 141 141 141 141 141 141 141 141 141
2 148 148 148 141 141 141 141 141 141 141 141 141
4 148 148 148 141 141 141 141 141 141 141 141 141
6 148 148 148 141 141 141 141 141 141 141 141 141
8 148 148 148 141 141 141 141 141 141 141 141 141
10 148 148 148 141 141 141 141 141 141 141 141 141
12 148 148 148 141 141 141 141 141 141 141 141 141
82 minutes 111 minutes 116 minutes
Depth FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
(cm) T1 T2 T3 T1 T2 T3 T1 T2 T3
1 141 141 141 141 141 141 141 141 141
2 141 141 141 141 141 141 141 141 141
4 141 141 141 141 141 141 141 141 141
6 141 141 141 141 141 141 141 141 141
8 141 141 141 141 141 141 141 141 141
10 141 141 141 141 141 141 141 141 141
12 141 141 141 141 141 141 141 141 141
Table B - 5. 2 Porous aquifer system near-background data Model 2 (15 g).
Near-background FEC profile at BH1
27 minutes 33 minutes 47 minutes 62 minutes
Depth FEC (uS/cm) FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
(cm) T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3
1 530 528 533 247 250 248 141 141 141 141 141 141
2 505 500 503 243 244 240 141 141 141 141 141 141
4 490 488 491 240 238 238 141 141 141 141 141 141
6 480 483 485 235 231 233 141 141 141 141 141 141
8 463 460 465 230 228 230 141 141 141 141 141 141
10 455 458 453 227 227 228 141 141 141 141 141 141
12 450 451 451 219 220 221 141 141 141 141 141 141
82 minutes 111 minutes 116 minutes
Depth FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
(cm) T1 T2 T3 T1 T2 T3 T1 T2 T3
1 141 141 141 141 141 141 141 141 141
2 141 141 141 141 141 141 141 141 141
4 141 141 141 141 141 141 141 141 141
6 141 141 141 141 141 141 141 141 141
8 141 141 141 141 141 141 141 141 141
10 141 141 141 141 141 141 141 141 141
12 141 141 141 141 141 141 141 141 141
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Table B - 5. 3 Porous aquifer system near-background data Model 3 (20 g).

Near-background FEC profile at BH1
27 minutes 33 minutes 47 minutes 62 minutes
Depth FEC (uS/cm) FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
(cm) Tl T2 T3 T1 T2 T3 T1 T2 T3 Tl T2 T3
1 963 960 959 430 428 425 155 155 153 141 141 141
2 830 855 825 423 420 418 153 152 151 141 141 141
4 775 768 770 390 388 387 150 151 150 141 141 141
6 602 588 600 343 340 344 149 150 149 141 141 141
8 548 533 550 311 315 320 148 148 148 141 141 141
10 521 519 520 294 290 288 149 149 149 141 141 141
12 450 450 455 272 271 270 149 150 149 141 141 141
82 minutes 111 minutes 116 minutes
Depth FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
(cm) T1 T2 T3 T1 T2 T3 T1 T2 T3
1 141 141 141 141 141 141 141 141 141
2 141 141 141 141 141 141 141 141 141
4 141 141 141 141 141 141 141 141 141
6 141 141 141 141 141 141 141 141 141
8 141 141 141 141 141 141 141 141 141
10 141 141 141 141 141 141 141 141 141
12 141 141 141 141 141 141 141 141 141
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Appendix C
WEATHERED BASEMENT AQUIFER SYSTEM FLUID

ELECTRICAL CONDUCTIVITY DATA

Table C - 1. 1 Weathered basement aquifer system background data Model 1 (10 g).

Background FEC data
2 minutes 4 minutes 8 minutes

Depth (cm) — FEC _(ruZS/cm) — — FEC _(ruZS/cm — — FEC _(ruZS/cm —

0 - - - - - - - - -
2 126 126 126 123 123 123 123 123 123
4 126 126 126 123 123 123 123 123 123
6 126 127 126 123 123 123 123 123 123
8 127 126 128 124 124 124 124 124 124
10 129 129 129 126 126 126 126 126 126
12 130 131 130 128 128 127 128 128 127
14 132 132 132 128 129 128 129 129 129
16 133 133 133 130 130 130 129 129 129
18 133 133 133 130 130 130 129 129 129
20 133 133 133 130 130 130 129 129 129

Table C - 1. 2 Weathered basement aquifer system background data Model 2 (15 g).
Background FEC data
2 minutes 4 minutes 8 minutes

Depth (cm) = FEC _(rpZS/cm) = — FEC _(ruZS/cm — = FEC _(rpZS/cm —

0 - - - - - - - - -
2 127 126 126 123 123 123 123 123 123
4 128 126 125 123 123 123 123 123 123
6 125 125 125 124 124 123 123 123 123
8 124 124 125 122 124 123 124 124 124
10 124 126 125 122 124 123 125 127 126
12 129 130 129 130 128 128 128 128 128
14 130 130 130 130 130 130 129 129 129
16 130 130 130 130 130 130 129 129 129
18 129 130 130 130 130 130 129 129 129
20 130 130 130 129 130 130 129 129 129
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Table C - 1. 3 Weathered basement aquifer system background data Model 3 (20 g).

Background FEC data

2 minutes 4 minutes 8 minutes
Depth (cm) — FEC _(ruZS/cm) — — FEC _(rpZS/cm — — FEC _(rpZS/cm —
2 125 125 126 124 123 124 123 123 123
4 126 126 126 124 123 124 123 123 123
6 127 126 126 124 123 123 123 123 123
8 126 126 126 123 123 123 124 124 124
10 126 128 128 128 126 127 127 127 127
12 133 130 133 129 129 129 128 127 128
14 133 133 133 130 130 130 129 129 129
16 133 133 133 131 131 131 129 129 129
18 133 133 133 131 131 131 129 129 129
20 132 133 133 131 131 131 129 129 129
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Table C - 2. 1 Weathered basement aquifer system plume arrival and plume peak data Model 1 (10 g).

First arrival of plume FEC data

Plume peak FEC data

2 minutes 12 minutes
Depth (cm) FEC (uS/cm) Depth (cm) FEC (uS/cm)
T1 T2 T3 T1 T2 T3
0 - - - 0 - - -
2 135 135 135 2 1050 1030 1046
4 142 142 145 4 1121 1091 1102
6 148 146 148 6 1173 1160 1165
8 143 143 143 8 1158 1133 1160
10 130 130 130 10 1110 1108 1111
12 128 128 128 12 1050 1035 986
14 127 129 128 14 859 850 801
16 129 129 129 16 610 615 607
18 129 129 129 18 543 545 544
20 129 129 129 20 519 525 520
Table C - 2. 2 Weathered basement aquifer system plume arrival and plume peak data Model 2 (15 g).
First arrival of plume FEC data Plume peak FEC data
2 minutes 12 minutes
Depth (cm) FEC (uS/cm) Depth (cm) FEC (uS/cm)
T1 T2 T3 Tl T2 T3
0 - - - 0 - - -
2 340 350 338 2 1303 1290 1298
4 498 501 490 4 2042 2033 2022
6 532 530 526 6 3239 3227 3229
8 489 500 485 8 3203 3188 3220
10 421 458 435 10 3073 2987 3098
12 298 310 301 12 2694 2513 2585
14 256 260 254 14 2162 2085 2153
16 235 249 240 16 1363 1401 1357
18 221 227 221 18 825 812 820
20 221 223 220 20 796 799 790
Table C - 2. 3 Weathered basement aquifer system plume arrival and plume peak data Model 3 (20 g).
First arrival of plume FEC data Plume peak FEC data
2 minutes 12 minutes
Depth (cm) FEC (uS/cm) Depth (cm) FEC (uS/cm)
T1 T2 T3 Tl T2 T3
0 - - - 0 - - -
2 395 390 386 2 2002 1978 1988
4 532 532 525 4 3890 3853 3877
6 750 721 743 6 4812 4781 4801
8 715 693 705 8 4623 4510 4600
10 632 645 628 10 4316 4300 4290
12 475 470 462 12 3733 3687 3600
14 400 374 389 14 2265 2015 2197
16 327 320 321 16 1886 1833 1691
18 316 315 318 18 983 974 991
20 316 316 320 20 965 955 970

148



Table C - 3. 1 Weathered basement aquifer system residual plume data Model 1 (10 g).

Residual plume FEC data
27 minutes 30 minutes 33 minutes 36 minutes
Depth FEC (uS/cm) FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
(cm) Tl T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3
0 - - - - - - - - - - - -
2 415 415 414 290 288 291 245 244 245 203 205 202
4 428 435 430 280 281 283 245 244 243 201 200 200
6 435 440 438 280 283 285 243 240 240 201 200 201
8 430 435 430 292 290 290 250 248 247 207 209 205
10 417 420 415 311 308 310 257 254 255 211 215 217
12 390 384 388 320 315 322 271 270 273 228 226 230
14 378 375 376 338 336 334 289 290 286 246 250 251
16 362 365 363 344 348 348 308 310 311 278 280 277
18 362 364 363 347 350 347 314 314 313 284 286 288
20 362 363 362 347 350 348 328 330 330 297 292 290
40 minutes 60 minutes 70 minutes
Depth FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
(cm) T1 T2 T3 Tl T2 T3 Tl T2 T3
0 - - - - - - - - -
2 156 153 157 128 130 130 124 122 123
4 155 153 155 128 130 128 124 123 123
6 155 153 155 128 130 128 124 124 123
8 167 168 170 133 135 131 125 126 125
10 180 178 181 140 138 138 129 130 128
12 195 193 193 163 160 162 145 143 144
14 229 230 230 180 178 180 162 161 161
16 235 240 238 189 188 187 168 167 166
18 248 250 248 193 191 190 170 171 173
20 253 250 251 200 198 201 173 172 173
Table C - 3. 2 Weathered basement aquifer system residual plume data Model 1 (15 g).
Residual plume FEC data
27 minutes 30 minutes 33 minutes 36 minutes
Depth FEC (uS/cm) FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
(cm) T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3
0 - - - - - - - - - - - -
2 899 890 895 532 530 528 423 425 428 331 328 330
4 950 953 944 601 605 587 402 406 408 319 320 325
6 986 990 980 635 628 633 371 370 372 305 310 308
8 898 910 890 617 610 620 362 368 366 307 315 311
10 813 850 825 569 570 568 403 405 408 358 360 362
12 687 680 688 515 517 520 421 420 422 398 400 403
14 651 650 653 507 503 511 447 450 449 415 418 428
16 624 635 628 494 498 495 463 466 460 429 435 438
18 615 610 618 490 490 488 468 470 466 443 440 444
20 605 606 610 489 490 487 472 470 470 448 450 453
40 minutes 60 minutes 70 minutes
| FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
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D(Er'?]t)h T1 ™ T3 T1 ™ T3 T1 1y T3
0 - - - - - - - - -
7 245 | 244 | 238 | 143 | 145 | 147 | 132 | 135 | 133
4 240 | 241 | 240 | 142 | 141 | 142 | 130 | 132 | 132
6 235 | 230 | 233 | 143 | 143 | 144 | 130 | 132 | 133
8 233 | 233 | 234 | 166 | 168 | 159 | 138 | 138 | 140
10 | 270 | 265 | 275 | 222 | 217 | 225 | 161 | 160 | 157
12 | 325 | 321 | 319 | 271 | 260 | 268 | 187 | 190 | 183
14 | 350 | 338 | 341 | 205 | 287 | 300 | 216 | 220 | 211
16 | 392 | 377 | 381 | 322 | 314 | 319 | 267 | 260 | 261
18 | 405 | 402 | 402 | 330 | 325 | 328 | 284 | 277 | 281
20 | 418 | 415 | 420 | 335 | 330 | 331 | 205 | 300 | 301

Table C - 3. 3 Weathered basement aquifer system residual plume data Model 1 (20 g).

Residual plume FEC data
27 minutes 30 minutes 33 minutes 36 minutes
Depth FEC (uS/cm) FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
(cm) T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3
0 - - - - - - - - - - - -
2 966 950 958 729 730 730 574 568 570 461 455 460
4 1053 1048 | 1051 816 801 814 631 628 633 440 438 444
6 1081 1077 | 1088 871 866 865 667 651 661 428 430 431
8 1079 1068 | 1071 853 851 850 658 644 660 420 420 425
10 1052 1055 | 1041 805 800 811 611 600 612 432 433 433
12 988 980 962 673 662 682 534 532 528 455 461 455
14 823 821 850 605 578 594 518 520 519 463 466 466
16 701 687 700 587 580 580 515 516 515 469 470 470
18 670 658 677 572 575 576 508 510 510 471 472 471
20 652 650 653 570 571 568 493 490 491 473 475 474
40 minutes 60 minutes 70 minutes
Depth FEC (uS/cm) FEC (uS/cm) FEC (uS/cm)
(cm) T1 T2 T3 T1 T2 T3 T1 T2 T3
0 - - - - - - - - -
2 325 330 328 179 180 183 143 143 145
4 311 315 311 173 177 179 145 144 146
6 290 294 291 167 167 168 140 141 141
8 288 278 278 164 163 165 141 141 140
10 309 301 300 192 190 191 157 155 155
12 356 350 348 243 240 244 193 190 192
14 384 381 377 317 323 319 275 277 276
16 400 405 411 338 345 340 301 298 305
18 411 420 415 351 355 352 322 320 319
20 425 423 432 379 382 380 329 330 333
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Table C - 4. 1 Weathered basement aquifer system near-background data Model 1 (10 g).

Near-background FEC data
80 minutes 108 minutes 130 minutes

Depth (cm) — FEC _(ruZS/cm) — — FEC _(rpZS/cm — — FEC _(rpzS/cm —
0 - - - - - - - - -
2 123 124 123 123 123 123 123 123 123
4 124 124 123 123 124 123 123 123 123
6 123 123 123 123 123 124 123 123 124
8 124 124 128 123 125 126 123 123 124
10 126 130 127 129 127 128 125 126 126
12 138 136 138 134 130 131 129 127 130
14 152 155 153 139 138 140 132 130 131
16 157 160 159 148 149 147 141 142 143
18 160 165 166 150 153 151 148 145 149
20 169 172 171 156 155 155 148 148 148

Table C - 4. 2 Weathered basement aquifer system near-background data Model 1 (15 g).

Near-background FEC data
80 minutes 108 minutes 130 minutes

Depth (cm) — FEC _(rqu/cm) — — FEC _(ruZS/cm — — FEC _(rqu/cm —
0 - - - - - - - - -
2 129 129 130 127 127 127 126 126 126
4 130 129 131 128 127 127 126 126 126
6 129 130 129 127 127 127 126 127 126
8 135 132 133 131 130 134 128 127 128
10 138 137 138 133 135 133 129 131 130
12 147 148 147 143 146 144 135 136 138
14 162 163 161 159 160 161 147 150 148
16 169 171 170 162 161 163 153 155 156
18 173 175 172 170 173 171 159 161 163
20 180 180 179 176 176 177 161 163 163

Table C - 4. 3 Weathered basement aquifer system near-background data Model 1 (20 g).

Near-background FEC data
80 minutes 108 minutes 130 minutes

Depth (cm) = FEC _(ruZS/cm) — — FEC _(ruZS/cm — = FEC _(rqu/cm) —
0 - - - - - - - - -
2 141 140 142 131 129 129 130 128 131
4 138 137 141 129 129 129 128 128 128
6 138 138 138 129 129 129 128 128 129
8 143 145 138 135 132 135 131 132 133
10 149 150 151 140 138 139 137 138 140
12 155 153 154 149 149 150 142 141 144
14 168 172 170 163 161 164 155 156 158
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16 178 175 175 174 172 173 162 163 162
18 189 185 187 182 180 181 171 172 171
20 193 192 191 190 188 190 183 180 182
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