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Abstract 

 In several field studies it was concluded that highly transmissive features transmit the 

majority of solute mass in horizontally-fractured bedrock aquifers.  The purpose of this 

investigation is to develop a new technique for determining the location and relative role of 

hydraulically connected fracture features with respect to solute transport.   

To explore this, a radial-divergent tracer experiment was conducted in a four-

borehole array completed through a horizontally-fractured dolomite of Silurian age in 

Smithville, Ontario, Canada.  The injection interval included several hydraulically-identified 

features located in the Upper Eramosa member of the Lockport formation.  496 L of 

Lissamine FF (a conservative fluorescent dye tracer at a concentration of 200 mg/L) was 

injected at a rate of 23.25 L/min +/- 1 %.  The arrival of fluorescent tracer was detected in a 

series of open monitoring wells located in a down gradient direction using a submersible 

fluorometer equipped with a pressure transducer.  Correlating the fluorescence signals at 

depth with hydraulically-identified features provided an in-situ measure that identified the 

vertical intersection and relative role of each feature with respect to mass transport.  

FRAC3DVS a discrete fracture finite element model was used to simulate the tracer 

experiment.  Based on the results of the tracer experiment and numerical simulations, it is 

concluded that the highly transmissive features identified using hydraulic techniques do not 

always carry all of the mass in transport.  The majority of mass transport, however, followed 

at least one of the largest features in every borehole, just not every large feature.   

Results of this experiment suggest it is imperative that a distinction between large 

fracture features that transmit and do not transmit mass be made.
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Chapter 1:  Introduction 
 

The movement of water and solutes through fractured rock has been studied since 

the 1950’s.  The four most essential issues that have shaped this science are (1) the 

contamination of groundwater; (2) the search for new potable groundwater sources, (3) 

the use of deep geological formations for the disposal of nuclear wastes, and (4) the 

extraction of valuable hydrocarbons trapped in fractured rock reserves.  In fractured rock 

systems it is well known that the migration of dissolved solutes occurs primarily in 

fractures (A. Vandenbohede and L. Lebbe, 2003).  Therefore, research that investigates 

the physical dynamics associated with fluid flow and solute migration in discrete 

fractures is the key to enhancing our understanding of general contaminant migration in 

such highly complex media.   

Groundwater flow in fractured rock is considerably more difficult to measure and 

analyse than that in porous media.  Much evidence has suggested that groundwater flow 

through sparsely fractured rock only occurs through a small fraction of the total porosity 

(Novakowski et al., 1999; Becker and Shapiro, 2003).  Investigations into flow in 

fractured rock have historically focused on a few highly permeable fractures specific to 

each site.  Popular techniques that have been employed to identify these fractures and 

their properties include hydraulic testing, fracture mapping of outcrops, and geophysical 

investigations. However, it is often difficult to identify which fracture features convey the 

majority of flow in a given setting and field tracer experiments are sometimes used to 

assist in this process.   

Borehole logging and surficial fracture mapping can be used to identify fracture 

orientation and approximate location although these techniques cannot identify the 
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hydraulic properties of fractures with any degree of confidence.  Hydraulic techniques 

such as slug testing, constant head injection, pumping tests, pulse interference testing and 

others are used to identify sections of a borehole that have transmissive fractures and to 

identify connections between boreholes.  The hydraulic investigative techniques outlined 

above all involve the isolation of a given injection interval by the means of a pair of 

inflated packers.  Fluid is either pumped into or out of the interval under varied 

experimental configurations.  Hydraulic properties such as transmissivity (m2/s) can be 

calculated from the results of these tests for each interval.  Correlating transmissive zones 

across the fracture network is often used to refine conceptual hydraulic models for 

groundwater flow and to identify areas of fracture interconnection.   

In a study conducted by Novakowski et al., (1999) at Smithville, Ontario, Canada, 

four regions having highly transmissive fracture features and possible connectivity were 

identified in the fractured network.  After the identification of these fractures, point 

dilution, injection-withdrawal, and radially divergent tracer experiments were conducted 

in order to further investigate the hydraulic properties of the fractures and their 

interconnectivity 

In many cases, tracer experiments offer the most accurate or practical way to 

measure specific hydrogeologic parameters, and in some cases, they are the only reliable 

investigative technique (Divine and McDonnell, 2005).  Unfortunately, even if the 

physical configurations of the fracture networks are known it is still very difficult to 

predict the majority of groundwater flow paths (Kim and Lee, 2002).  Some of the major 

mechanisms influencing fractured rock flow and solute migration include channelization, 

fracture connectivity, and matrix diffusion.  In a short term tracer experiment, conducted 
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in a low porosity rock with highly permeable features, advective mechanisms, such as 

hydrodynamic dispersion, is expected to dominate solute migration (Becker and Shapiro, 

2003).  Alternatively solute transport observed in a long-term tracer experiment, 

conducted in a more porous rock, with permeable fractures, would be dominated by 

matrix diffusion (Becker and Shapiro, 2003).  Conceptually, water flow through fractured 

rock can be separated into two zones, one in which the fluid is mobile, and another in 

which the fluid is immobile (Neretnieks, 2002).  Tracer experiments can be applied to 

investigate the properties associated between both domains provided that fractures have 

been correctly identified. 

It’s the aim in most hydrogeological experiments to identify a means to represent 

flow in fractured rock accurately, efficiently, and economically.  Bear (1972), defined a 

representative elementary volume (REV) as a large enough volume that can eliminate 

erratic fluctuations in macroscopic medium properties.  In order for an REV to be valid in 

fractured rock the flowing characteristic of interest must be consistent at a “support” 

scale, which is large in comparison to the fracture scale but small in comparison to the 

flow or transport domain of interest (Neuman, 2005).  Dominant pathways of flow render 

the traditional REV concept inapplicable as erratic fluctuations exist at all scales 

(Neuman, 2005).  It is a continued trend in the literature to neglect the dominant flowing 

pathways in large scaled tracer experiments because it is difficult to quantitatively 

measure which pathways are influencing flow.   

Conversely, Sanford et al., (2006), developed a technique to use hydraulic tests in 

fractured aquifers to calculate the conductance between well pairs and predict mass 

recovery and amount of dilution during forced gradient tracer experiments.  The 
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experiment focused on the ability to optimize mass recovery and minimize dilution of 

tracer concentrations.  In doing so, Sanford et al., (2006), attempted to predict the 

experimental configuration that would manipulate the dominant transport pathways to 

increase tracer mass recoveries.  The application of the developed technique resulted in 

comparative values between the estimated and actual mass recoveries from tracer 

experiments. 

The objectives of this experiment are to develop a new method for conducting 

large-scale tracer experiments and to further investigate whether hydraulic testing results 

are a good indicator of which pathways dominate the transport process.  Moreover, 

simulation of the tracer experiment in a 3-D numerical model was used to investigate 

whether we can identify the properties of the dominant transport pathway.  It is the 

primary goal of this experiment to develop a relatively simple, practical and efficient 

method to verify flowing characteristics of fractured rock with elevated levels of 

accuracy.  This is developed by introducing a new integrated method of down-hole tracer 

sampling to identify the fracture locations, connectivity and relative transmissivity.    
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Chapter 2:  Literature Review           

The literature review detailed in the following sections describes the methodology 

used for typical tracer experiments and tracer types used to quantify flow through 

fractured rock.  The main physical mechanisms associated with the transport of solutes in 

fractured rock are also reviewed.  These mechanisms include hydrodynamic dispersion, 

advection, matrix diffusion, and preferential flow paths.  A brief discussion of modeling 

techniques used to simulate solute transport is also presented.   

2.1 Tracer Types and Experiments 

2.1.1 Tracer Experiments 

Much of our current understanding of subsurface water migration processes has 

been developed from experiments that utilize tracers.  Tracers have played an essential 

role in the experimental investigation of chemical, physical and biological systems (Flury 

and Wai, 2003).  The strength of tracer experiments becomes apparent when direct 

observation of transport phenomenon is limited or nonexistent.  Thus, this type of 

experimentation is very useful for subsurface groundwater flow as the processes involved 

are highly complex and difficult to observe.   

Field scale tracer experiments are sometimes used to investigate the in-situ 

transport properties of rock fractures.  In many cases these types of experiments are 

regarded as the most accurate and most practical way to measure site specific exchange 

processes and solute migration (Becker and Shapiro, 2003).  Some physical transport 

properties that have been investigated in these tests are fracture aperture, matrix porosity, 

the matrix diffusion coefficient, fracture connectivity and dispersive properties (e.g., 
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Novakowski et al., 1985; Raven et al., 1988; Novakowski, 1992; Novakowski and 

Lapcevic, 1994; Becker and Shapiro, 2000; Altman and Meigs, 2002; Knudby and 

Carrera, 2006; Novakowski et al., 2004; Sanford et al., 2006; Novakowski et al., 2006).   

A typical configuration for a tracer experiment includes one injection point and 

one or more down gradient monitoring points.  The hydraulic gradient between the two is 

either, naturally occurring or artificially induced.  In either of these two flow systems, a 

known tracer concentration and volume is injected and the concentration evolution over 

time at the down gradient locations is measured (Neumann, 2005).  The tracer evolution 

is known as the breakthrough curve and is used for parameter interpretation.  This curve 

is compared to a transport model, and through a method of trial and error or through an 

automated calibration process, the data and the model are matched, thus, deriving the 

desired transport parameters. 

It is inherently more difficult to monitor a tracer experiment conducted in a 

natural hydraulic setting, as an uncertainty always exists as to the strength and direction 

of the hydraulic gradient.  The tracer in this type of test is usually introduced passively or 

injected as a brief pulse at a presumed up gradient location.  The tracer migration is then 

governed by the natural flow of water acting through the unique configuration of 

connected fractures.  The uncertain gradient and connectivity necessitates a large number 

of monitoring points to ensure an accurate picture of the tracer migration.  Unfortunately, 

larger numbers of monitoring points significantly increases the cost of implementation as 

drilling and installations are very expensive.  Thus, few field examples of natural gradient 

tracer experiments have been conducted through fractured rock (Lapcevic et al., 1999).  

However, an experiment under these conditions was performed by Lapcevic et al., (1999) 
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in 27 boreholes configured in a 35 by 40 meter array.  It was concluded from this 

experiment that transport tortuousity is directly proportional to increased transport 

distance. 

Forced gradient tracer experiments have been shown to exhibit much larger 

hydraulic gradients than what occurs naturally.  These higher gradients result in reduced 

tracer transit times and increase the likelihood of producing a successful tracer 

breakthrough (Gelhar et al., 1992, Novakowski et al., 2004).  However, Sanford et al., 

(2006), reported that forced-gradient tracer experiments in fractured aquifers often report 

low mass recoveries.  This is a result of fracture orientation, whereby, the connection of a 

fracture through one borehole may not occur through another.  Therefore, two primary 

mechanisms were outlined by Sanford et al., (2006):  1) The injected tracer can follow 

pathways directed away from the monitoring well (withdrawal well), and 2) the 

recovered water from the monitoring well can come from pathways not connected to the 

injection well, causing significant tracer dilution.  These two mechanisms are based on 

the fact that the flowing water is being pushed or pulled along pathways not utilized in 

natural gradient tests.  

Single well injection withdrawal tests (SWIW) have been used to estimate 

groundwater flow velocities, dispersivity values, and matrix diffusion effects (Gelhar et 

al., 1992; Haggerty et al., 2001; Riemann et al., 2002).  Haggerty et al., (2001) 

investigated multiple rate diffusion as a possible explanation for the behaviour of tracer 

breakthrough curves observed in tests collected in the fractured Culebra Dolomite 

Member of the Rustler Formation in south-eastern New Mexico.  These tests were 

conducted in the following sequence: 1) a phase of injection of a conservative tracer, 2) 
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an injection phase of a chasing fluid, 3) a resting phase and 4) a withdrawal phase 

whereby water is removed until the concentration of the tracer is close to, or below 

detection levels.  As the tracer is withdrawn, the concentration over time is collected.  By 

analysing these curves using a multirate diffusion model, analogous results across all 

tests were determined (Haggerty et al., 2001).  However problems arise using this 

method, as the test is limited to a finite area in the vicinity of the well, therefore only 

providing data that are unique to the immediate area tested.  It is thus difficult to have 

confidence in correlating parameters calculated from this type of test across the entire 

rock unit, without conducting many experiments in many boreholes.   

Altman et al., (2002) show that when investigating matrix diffusion with similar 

testing techniques, definitive results cannot be achieved because of uncertain aquifer 

properties.  For example, during the drift or resting phase of the experiment the tracer can 

reach areas where the flux is lower during the withdrawal phase, in turn leading to lower 

mass recovery rates.  Similar to natural gradient experiments, SWIW testing is budget 

limited as many tests are required for effective characterization. 

Forced gradient, injection withdrawal tracer experiments are usually performed 

between two wells with either equal (dipole) or unequal (weak dipole) 

injection/withdrawal flow rates.  This type of tracer experiment is known as being the 

easiest to conduct and thus most widely utilized (Novakowski et al., 2004).  The method 

also increases the known area of characterization as the distance between the injection 

and withdrawal wells can be measured, unlike the SWIW tests.  Several experiments 

have been conducted using these methods to investigate the general transport properties 

of fractured rock (Raven et al., 1988; Kunstmann et al., 1997; Himmelsbach et al., 1998; 
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Becker and Shapiro, 2000; Riley et al., 2001; Sanford et al., 2002; Becker and Shapiro, 

2003; Novakowski et al., 2004; Novakowski et al., 2006; Sanford et al., 2006). 

In either the dipole or weak dipole configurations, the injection well is preferably 

located up-gradient from the withdrawal well with respect to the natural hydraulic 

gradient.  By establishing an equivalent dipole flow field where well to well connections 

are uncertain, this method increases the likelihood of producing interpretable tracer 

breakthrough curves (Novakowski et al., 2004).  Gelhar et al., (1992) suggest that the 

tracer be introduced as a slug and the withdrawn water not be re-circulated into the 

injection well.  These suggestions help mitigate the breakthrough concentrations of the 

tracer being spread out in time. 

A weak dipole injection/withdrawal arrangement minimizes tracer loss, as the 

withdrawal flow rate is much larger than the injection rate.  This experimental method 

leads to a larger area of drawdown created around the extraction well, which, allows for 

the greater probability of maximizing tracer capture.  However, if the withdrawal rate is 

too high, significant dilution can lower tracer concentrations.  This dilution results in an 

increased uncertainty and an apparent mass loss as concentrations approach and then fall 

below analytic detection limits (Sanford et al., 2006).   

Two other techniques that take advantage of forced gradients are the radially 

convergent and radially divergent tracer experiments.  With the radially convergent tracer 

method, a drawdown cone is developed by extracting water at a constant rate from the 

pumping well.  A tracer slug is then passively introduced as a finite volume into a well 

located within the drawdown cone.  Becker and Shapiro (2003) suggest that during the 

injection of the tracer, a hydraulically instantaneous connection between the injection 
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well and existing flow channels are developed and the tracer mass enters the formation at 

a rate proportional to the cubed, mean aperture of the channel.  It is also assumed that 

because the injection interval is relatively short, channel geometry and the flow field 

gradients are unchanged.  The arrival of tracer concentration over time is monitored at the 

pumping well.  The attraction of implementing such a test is that the majority of the 

tracer concentration is removed from the formation (Novakowski, 1992).  This inherently 

increases the dilution factor acting on the tracer as water from the surrounding radial flow 

field enters the extraction well.  In addition, it is logistically impossible to determine the 

tracer concentration directly from the formation through convergent tracer experimenting 

(Novakowski, 1992).  Thus radially convergent tracer experiments experience greater 

dispersivity and do not ensure successful tracer recovery.   

To conduct a radially divergent tracer experiment, an injection field is established 

from an injection well.  The flow field is developed to steady state conditions before the 

tracer slug is introduced.  After the tracer is introduced, it is directly followed by a 

chasing fluid, usually water, which maintains the steady flow field.  Novakowski and 

Lapcevic (1994) conducted a tracer experiment through a single fracture in this manner 

across an array of 13 boreholes.  During that experiment the tracer was observed in 11 of 

the 13 boreholes tested.  Results from that experiment suggest that matrix diffusion may 

play a significant role in the process of solute transport at the scale of a contaminant 

plume in fractured rock (Novakowski and Lapcevic, 1994).  This type of experiment 

pushes the tracer in a radial direction towards observation points.  In order to ensure 

proper monitoring of the tracer, many passive monitoring points are employed.  These 

monitoring points must act as passively as possible so that the flow field is relatively 
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undisturbed.  If the flow field is disturbed it must be accounted for in any numerical 

simulations.  

In each of the experiments described above, the concentration of a tracer versus 

time as it passes across a known point is monitored.  From these breakthrough curves 

various parameters describing the transport mechanisms such as hydrodynamic 

dispersion and retardation are determined, usually by fitting a model to the results.  

Because it is thought that physical mass exchange mechanisms take place relatively 

slowly in comparison to advection, the breakthrough tail is usually the focus of attention 

when mass exchange parameters are to be measured (Gelhar et al., 1992, Becker and 

Shapiro, 2003).  This tailing effect indicates that a process or processes are retaining the 

solute in the formation for an extended period of time (Becker and Shapiro, 2003).  This 

tailing has led to investigations of hydrodynamic processes and matrix diffusion as 

possible explanations.  Chemical processes are also acknowledged as possible 

mechanisms of influence but for this paper they are not addressed, as the tracers utilized 

are conservative. 

2.1.2 Tracer Types 

 Many different types of tracers have been successfully applied to a variety of 

fractured systems in laboratory and field environments.  The most frequently used tracers 

for the investigation of groundwater flow through fractured rock aquifers are isotopes, 

inorganic anions, and dye tracers.  These tracers are used to analyse flow pathways 

(connectivity), velocities (travel times), hydrodynamic dispersion and matrix diffusion.  

Flury and Wai, (2003), lists the characteristics of an ideal water tracer as 1) a tracer that 

acts in conservative manner, 2) a tracer that has low in-situ background concentration, (3) 
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is stable with regards to chemical changes, (4) is detectible by either chemical analysis or 

by visualization and (5) generates low toxicological impact on the study environment.  

Unfortunately a tracer that fulfils the entire ideal tracer criteria has not yet been 

discovered.  Therefore, it is imperative that the most ideal tracer be evaluated for each 

unique in-situ environment.  Brief descriptions of the most useful tracers are provided 

below. 

 Stable isotopes are non reactive chemical isotopes of common elements in the 

physical domain that contain a varied number of elemental neutrons located in their 

nucleus.  For example, the difference between the two stable isotopes of hydrogen, 1H 

(protium) and 2H (deuterium) is that deuterium has a neutron in its nucleus while protium 

does not.  Common elements and their associated stable isotopes used as tracers are (1H 

and 2H), (6C and 13C), (7N and 15N), (8O and 18O), and (16S and 34S) (Flury and Wai, 

2003).  One of the most attractive advantages of tracing with stable isotopes is that they 

behave in the same manner as a typical element, where no discernable chemical reactivity 

occurs.  However, most isotopic tracers require sophisticated instruments for chemical 

analysis and quantification.  This requirement usually leads to budgetary constraints, 

which, in turn limits the viability of isotopic tracing.  Even with these constraints, several 

experiments have been successfully implemented to identify groundwater recharge areas, 

and to evaluate aquifer residence times and flow paths. (Van der Hoven et al., 2005; 

Tweed et al., 2005; Novakowski et al., 2006). 

 Radioactive isotopes can also be used as tracers but radiation risks have limited 

their application (Davis et al., 1980).  However, accidental spills of radioisotopes from 
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waste sites and industrial facilities have created unintentional tracer experiments (Flury 

and Wai, 2003). 

 Inorganic anions have been widely used as tracers to determine a variety of 

parameters associated with subsurface groundwater flow.  Anions such as chloride, Cl-, 

and bromide, Br-, exhibit qualities close to that of an ideal tracer.  These anions are 

preferred because they have low toxicity and are less likely to protonate, chemically 

transform, or sorb to organic particles.  However, the detection of a chloride 

breakthrough is often very difficult to determine as it is common to find high in-situ 

background concentrations.  Davis et al., (1980) reports, that the naturally occurring 

bromide concentrations can be almost 300 times smaller than those of chloride.  

Moreover, chronic toxicological effects on aquatic organisms should be non-existent with 

a bromide concentration less than 1 mg L-1 (Flury and Papritz, 1993).  Therefore it is 

essential that the background concentrations of common anions be determined prior to 

tracer selection. Inorganic anions have been applied in many tracer experiments 

conducted in both granitic and carbonate rock formations (Raven et al., 1988; 

Novakowski and Lapcevic, 1994; Becker and Shapiro, 2000; Kim and Lee, 2002; 

Novakowski et al., 2004). 

 There is a long history affiliated with dye tracer investigations in hydrological 

systems.  One of the earliest documented dye tracing experiments was conducted to 

determine a hydrologic connection between the “Danube River” and “Aach Spring” in 

southern Germany in 1877 (Flury and Wai, 2003).  Depending on the type of dye, 

detection can be either observed directly or measured by water sampling analysis.  

Fluorescent dye tracers are preferred for the investigation of subsurface groundwater flow 
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because concentrations can be detected over several orders of magnitude and be detected 

at very low concentrations, typically 10-7 gL-1 (Riley et al., 2001).  Other favourable 

qualities of experimentation with fluorescent dye are its relative low cost, its 

effectiveness and its ability to be rapidly analysed in the field by fluorescent 

spectrophotometry.  Based on solubility, sorption, mobility and stability under different 

chemical environments Fluorescein/Uranine, various Rhodamines, and Lissamine FF are 

recommended as the most suitable dyes for groundwater tracer experimentation (Flury 

and Wai, 2003).  Many tracer experiments have used Lissamine FF dye to investigate 

fractured rock groundwater flow (Novakowski and Lapcevic, 1994; Lapcevic et al., 1999, 

Novakowski et al., 1999, Novakowski et al., 2004). 

2.2 Hydrodynamic Dispersion 

Hydrodynamic dispersion refers to the process whereby a dissolved solute spreads 

in the direction coincident and perpendicular to groundwater flow.  This spreading is the 

sum effect of mechanical mixing and molecular diffusion, and subsequently results in 

dilution of the solute front.  This is regarded as an advectively dominated mechanism 

(Freeze and Cheery, 1979).  Advection is defined as the movement of dissolved solutes as 

a result of groundwater flow and accounts for the primary process that drives the 

movement of dissolved solutes in the mobile flow zone within a fracture. 

 It is difficult to isolate a single physical transport process such as hydrodynamic 

dispersion from other effects such as channeling and matrix diffusion, because the 

physical mechanisms act concurrently.  One can ascertain which mechanism or 

mechanisms dominate a particular system by rationalizing the experimental 

configuration.  For example, advectively controlled processes such as hydrodynamic 
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dispersion are most likely to dominate a short term tracer experiment conducted in a low 

porosity rock with highly permeable features.  Alternatively, a long-term tracer 

experiment conducted in a highly porous rock with permeable fractures would be 

dominated by matrix diffusion (Becker and Shapiro, 2003).  The focus of the early tracer 

experiments conducted in fractured media was focused on hydrodynamic dispersion, 

fracture porosity and experimental aperture (Novakowski et al., 2004).    

It has been known for some time now that hydrodynamic dispersion is scale 

dependent (Gelhar et al., 1992).  This scale dependency infers that laboratory 

measurements of dispersivity cannot be used to predict dispersion in the field.  Both 

theoretical and experimental investigations have found that field-scale dispersivities are 

several orders of magnitude greater than lab-scale values for the same material.  It is 

generally agreed that this difference is a reflection of the influence of natural 

heterogeneities which produce irregular flow patterns at the field scale (Gelhar et al., 

1992).  Therefore it is imperative that field scale dispersivity values be calculated if 

hydrodynamic dispersion is expected to play an important role in transport.  

2.3 Matrix diffusion 

Matrix diffusion is recognized as a process that can significantly influence solute 

migration at any scale.  The process involves the transferral of mass via diffusion from 

highly permeable advection-dominated (i.e. flowing fracture) domains, into and out of 

low permeable, diffusion dominated domains such as the rock matrix (Altman et al., 

2004).  The diffusion process is driven by a concentration gradient created between 

contaminated groundwater residing in the permeable fractures (mobile zone), and less 

contaminated water residing in the rock matrix (immobile zone).  The dissolved solutes 
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come into contact with the rock matrix through a connected system of pores, or micro-

fractures located at the interface between the advectively- and diffusively-dominated 

systems.  Carrera et al., (1998) observed that the effect of matrix diffusion is most 

identifiable when the matrix porosity (volume of immobile voids) is large.   

Matrix diffusion creates two effects; firstly, it slows the rate of solute migration, 

whereby the solute will not transmit at the rate determined by groundwater velocity 

alone.  This effect could be considered beneficial as it would reduce the rate of 

contaminant spreading, thus, limiting the affected area.  Secondly, matrix diffusion limits 

the effectiveness of solute removal, as diffusion out of the matrix back into the permeable 

fractures is a very slow process which will retain the solute in the fractured system for an 

extended period of time (Mutch et al., 1993).   

Studies such as, (Raven et al., 1988; Kunstmann et al., 1997; Becker and Shapiro, 

2000), have shown this process is credited as a major factor in the development of solute 

tailing, which has been observed in many tracer experiments conducted in fractured rock.  

An attractive method that can distinguish between diffusive and non-diffusive exchange 

processes is based on the use of multiple, conservative tracers having widely different 

free water diffusion coefficients (Becker and Shapiro, 2000; Becker and Shapiro, 2003; 

Novakowski et al., 2004).  Since the tracers are introduced into the test zone 

concurrently, the influence of matrix diffusion can be identified.  If a rock formation is 

more susceptible to matrix diffusion (i.e. high matrix porosity) a shift in the breakthrough 

curve arrival would be present, whereby the tracer exhibiting a lower diffusion 

coefficient would arrive first.  If the rock formation is dominated by advective mass 

exchange processes, no discernable difference would be present between the 
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breakthrough curves.  Taking advantage of this experimental design, Becker and Shapiro 

(2000), showed that matrix diffusion does not play a significant role in short term 

experiments conducted in fractured crystalline bedrock.  Conversely, Novakowski et al., 

(2004) showed that matrix diffusion dominates the transport process at the fracture wall 

in a dolostone formation at the same scale.     

2.4 Preferential Flow Paths 

The bulk hydraulic conductivity can vary by several orders of magnitude across a 

fractured rock system as the majority of water transport is conducted by relatively few 

fractures of high permeability (Neumann, 2005; Martinez-Landa and Carrera, 2005).  The 

heterogeneous nature of flow in fractured rock is also present at the fracture scale as the 

hydraulic conductivity within a single fracture can vary widely and possibly within 

millimeters (Neumann, 2005).  The differences in hydraulic conductivities along the 

fracture plane are due to natural variations in fracture aperture. This variation dictates a 

path of least resistance, and may form preferential flow paths or channels for the water to 

follow (Tsang and Neretnieks, 1998, Becker and Shapiro, 2003).  These flow channels 

are described by Becker and Shapiro (2003) as “fast paths” and with regards to solute 

transport can theoretically convey solutes more quickly to sensitive exposure points.  

Conversely, these pathways have been credited as an essential process that shapes tracer 

breakthrough curves in advectively dominated systems.  Specifically, small fractions of 

the tracer follow low-velocity pathways, thus, the tracer is retained in the fracture, which 

in turn adds to the development of the tailing effect (Moreno et al., 1988; Maloszewski 

and Zuber, 1992; Becker and Shapiro, 2003).  Studies of tracer transport in varied 

aperture fractures have demonstrated the channeling effect in laboratory experiments 
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(Brown et al., 1998), field experiments (Birgersson et al., 1993; Abelin et al., 1994; 

Lapcevic et al., 1999), and numerical simulations (Moreno and Tsang, 1991; Vandersteen 

et al., 2003).   The channeling effect has been estimated to limit flow to only 5-20% of 

the fracture plane in some rock types (Birgersson et al., 1993; Abelin et al., 1994).  It is 

very difficult to measure and quantify the field scale effect as the flow channels are 

variable and highly tortuous. In addition, the channels are dynamic in that their spatial 

distribution may change as imposed flow regimes are varied (Neumann, 2005).  

Therefore, it is impractical to characterize flow channeling by tracer experiments or other 

means, as the intrinsic flow properties of the medium cannot be assessed (Neumann, 

2005).  

With the assistance of numerical modeling, the channeling mechanism can be 

simulated by assigning a spatially correlated, variable fracture aperture, to a series of 

elements discretized along the fracture plane (Therrien and Sudicky, 1996).   This 

approach is limited by two factors, 1) insufficient data exists that would provide 

confidence in the aperture variability for naturally fractured systems, and, 2) the level of 

fine discretization required for accurate representation of a large number of fractures at a 

reasonable scale, vastly exceeds computational capabilities (Bodin et al., 2003).   

2.5 Modelling 

Modeling groundwater flow and solute transport in fractured geological media is 

a highly complex process. This is a result of the heterogeneity of the medium.  Many 

models have been developed to account for a range of fracture distributions, densities and 

hydraulic characteristics, as well as a variety of host rock properties, boundary 

conditions, and flow and transport processes.  Typically, three general modeling 
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approaches have been defined: these are continuum, multi-continuum, and discrete 

fracture network models (DFN).  It is generally accepted (Novakowski, 2000) that 

continuum modeling is inappropriate for simulating transport in fractured media except at 

very large scale.  The formulation of these models is based on deterministic and 

stochastic frameworks that typically incorporate statistical distributions, based on field 

measurements, to describe fracture length, spacing, location and orientation (Berkowitz, 

2002).  The distinction between the continuum, multi-continuum and DFN models can be 

confusing as continuum methods can be employed to investigate fractured systems by 

utilizing a multiple continuum approach.  Moreover, DFN models can use continuum 

techniques to calculate flow through defined fracture planes.  Hybrid models that 

incorporate the aspects of continuum and DFN modeling techniques are best suited when 

a representative elementary volume (REV) cannot be defined (Clemo and Smith, 1997).   

Continuum models rely on the definition of an REV, whereby the fractured 

system exhibits the equivalent large-scale flow and transport properties of a 

homogeneous porous medium (Bear, 1972).  It has been suggested (Neuman, 2005) that 

the REV concept can be justified for a formation that contains a dense network of 

interconnected fractures.   However some limitations will always remain with the 

application of continuum models via REV’s (Dagan and Neumann, 1997).  These 

limitations arise because continuum models typically do not account for matrix diffusion 

and flow channeling.  This error leads to overestimated solute concentrations and an 

inability to simulate the tailing effect recorded across most experimental tracer 

breakthrough curves (Lapcevic et al., 1999).  This modeling technique can however yield 

reasonable results for variable fractured rock systems as single, double or multiple 
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interacting continua (Lapcevic et al., 1999; Berkowitz, 2002).  It is in the definition of the 

interactions and properties of the continua that allow for the accountability of mass 

exchange processes with regard to solute transport. 

Multi-continuum models that have been used to simulate solute loss, via matrix 

diffusion, are commonly referred to as double porosity models (DPM).  This model type 

accounts for the solute mass exchange by the definition of a first-order mass transfer 

coefficient as a coupling term between the two overlapping continua.  The continua used 

in this type of model represent two zone types located adjacent to each other in the 

fractured rock system, an immobile flow zone and a mobile flow zone.  The continuum 

defined as the porous host rock acts as the immobile zone (i.e. a storage reservoir for 

fluid), and as a storage/release reservoir for solutes (Berkowitz, 2002).  The immobile 

continuum is of low permeability and primary porosity and the mobile continuum is of 

high permeability and secondary porosity (Cheng and Chen, 2005). 

Many DPM based models have been applied to fractured rock settings (Nair et al., 

2004; Zhang and Roegiers, 2005; Parra and Hackert, 2006).  For example, McKenna and 

Selroos, (2004), used the DPM to simulate two different conceptualizations that led to a 

specific set of tracer breakthrough curves.  This model was developed to predict the 

potential release and migration of radionuclides from deep geological burial of nuclear 

waste.  The first conceptualization employed a single effective diffusion coefficient in a 

matrix with infinite penetration depth.  The alternate conceptualization employed a 

continuous distribution of multiple diffusion rate coefficients with variable, yet finite, 

capacity.  The simulations resulted in orders of magnitude difference in the peak 

concentrations and time to reach peak concentration.  These results indicate that for each 
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model the amount of diffusive capacity that acts as an infinite medium over the specified 

time scale explains the differences between the model results and that tracer experiments 

alone cannot provide reliable estimates of transport parameters for the time scale defined 

(McKenna and Selroos, 2004).  The deterministic nature of these multi-continuum 

models inherently makes it difficult to identify calibration parameters accurately.  These 

models are deterministic, in that single values of hydraulic parameters, and resulting flow 

(and transport) properties, are defined at each point throughout the domain of interest 

(Berkowitz, 2002).   

The use of DFN models has increased due to a need for the delineation of existing 

and potential avenues of groundwater flow and solute migration in settings related to 

geologic nuclear waste repositories and other contaminated sites.  Many flow and 

transport phenomena that are not adequately captured through multi-continuum models 

can be quantified through DFN models.  The major advantage of the DFN approach is 

that it can account explicitly for the effects of individual fractures on fluid flow and 

solute transport (Berkowitz, 2002).  Fracture characteristics such as aperture, spacing, 

density and length can be incorporated into the fractured network domain.  Typically, the 

DFN models can simulate a more realistic site representation as fractures that are known 

to dominate the flow and transport of solutes through channelized systems can be 

accommodated.  However, a fundamental problem arises as a large number of parameters 

are involved in the calibration process whereby the confidence of each parameter is 

limited. Thus, DFN’s are often used in a statistical framework, as there is a large amount 

of uncertainty in the actual location, size and hydraulic parameters of each individual 

fracture (Donado et al., 2005).   Even with these drawbacks, a variety of studies  



22 
 

investigating DFN methods have been conducted using both two and three dimensions 

(Sudicky and McLaren, 1992; Therrien and Sudicky, 1996; Jorgensen et al., 2003; Graf 

and Therrien, 2005; Graf and Therrien, 2007).   

Site specific applications of DFN modeling are generally limited to a scale of 50 

to 100 m, due to the large computational demand (Painter and Cvetkovic, 2005).  This is 

a primary issue as the majority of real world investigations require site domains at a scale 

of hundred of meters to kilometers.  Therefore to accommodate the computational 

demand a mixture of continuum and DFN methods continue to be developed.   

An example of this type of model was used to numerically simulate variable-

density flow and solute transport for dense plume migration across various configurations 

of a 2D fracture network (Graf and Therrien, 2007).  The simulations were run on a 

vertical 2D domain consisting of one layer of 3D porous matrix blocks.  The fractures 

were represented by 2D faces.  It was shown that variable-density flow and solute 

transport are most sensitive to the permeability and porosity, which are properties that 

can be determined more accurately than the geometry and hydraulic properties of the 

fracture network, which have a smaller impact on density driven transport (Graf and 

Therrien, 2007).   

Another type of model that circumvents the limitations set by computational 

demand is provided by Painter and Cvekovic, (2005).  This method takes trajectories for 

non-reacting tracer particles from relatively small discrete fracture network simulations 

and calculates a cumulative reactivity parameter along each path.  Then by utilizing the 

Monte Carlo method the artificial particle trajectories of any length are constructed by 

accounting for the residence time/reactivity data.  The procedure compares well with 
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network simulations, is easily implemented and is computationally efficient (Painter and 

Cvekovic, 2005).     
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3.1 Introduction 

In most bedrock aquifers, fractures serve as the main conduits for water transport 

and contaminant migration.  As a result of the complexities associated with fracture 

characterization, our knowledge is limited with respect to the hydraulic and transport 

properties of these fractures (Brainerd and Robbins, 2004).  Bodin et al., (2003) argue 

that despite 30 years of effort, a model enabling the accurate simulation of solute 

migration in a fractured aquifer at the regional scale is still yet to be designed, primarily 

as a result of our limitations in characterization of fracture networks.  It has also proven 

difficult to identify the actual location of fractures that are highly transmissive and highly 

connected with any significant level of accuracy (Kim and Lee, 2002).  Therefore, 

improvement of characterization techniques that can assist in developing our 

understanding of the nature of hydraulic interconnection and transport pathways in 

fracture networks would be a great benefit to our ability to simulate and predict these 

processes. 

Hydraulic investigations conducted in fractured rock have focused on fractures 

features that transport the majority of groundwater flow (Novakowski et al., 1999; Riley 

et al., 2001; Becker and Shapiro, 2003).  Solute transport in fractured rock systems is 

considerably more difficult to estimate when compared to a simple homogeneous porous 

medium.  It is quite obvious that because flow through fractured rock is dependent on 

relatively few conductive fractures, it is very important that reliable techniques are 

developed that can readily identify the location and hydraulic properties of these features.   

Techniques that have been employed to identify and characterize fracture location 

and intersection include hydraulic testing, field tracer experiments, fracture mapping of 
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outcrops, and geophysical investigations.  Coring, geophysical and surficial fracture 

mapping are often used to identify the orientation and approximate location of fractures 

but cannot be used to determine hydraulic and transport properties.   

Hydraulic techniques (such as slug, or constant head injection methods) that 

utilize a straddle packer injection or withdrawal configuration, can identify the flowing 

properties of a given test interval (Lapcevic et al., 1999; Novakowski et al., 1999).  This 

type of testing is expensive and time consuming, and reveals little about fracture 

interconnection and actual transport pathways.  In some cases, correlation of the highly 

transmissive regions identified by hydraulic testing across the fractured network has 

identified areas for further experimentation as potential transport pathways (Muldoon et 

al., 2001; Becker and Shapiro, 2003; Novakowski et al., 2006).   

Following the identification of fractures that may have potential as transport 

paths, tracer experiments may be conducted in order to further characterize the transport 

properties of the fracture network.  In most cases, tracer experiments offer the most 

accurate or practical way to measure specific hydrogeologic parameters in known 

permeable fractures (Divine and McDonnell, 2005).   

In this paper we discuss the results of a radially divergent tracer experiment.  This 

type of tracer experiment was chosen because it allows the injection field to be monitored 

at depth and across multiple monitoring points.  Moreover, unlike a radially convergent 

tracer experiment the dilution and mixing is reduced because pumping of the monitoring 

wells is not occurring.  This pumping would retrieve water from the surrounding fractures 

that were not influenced by the traced fluid. 
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Principal mechanisms influencing flow and solute migration in fracture features 

are flow channelization (Neumann, 2005; Martinez-Landa and Carrera, 2005), fracture 

connectivity (Novakowski et al., 1999), and matrix diffusion (Carrera et al., 1998; Becker 

and Shapiro, 2000; Novakowski et al., 2004).  Unfortunately, even if the physical 

configuration of the fracture network is known it remains very difficult to predict the 

majority of groundwater flow and transport paths (Kim and Lee, 2002).  Correlating 

migratory paths across the fracture network is often used to refine conceptual hydraulic 

models.   

Developing numerical modeling techniques that can accurately simulate flow and 

solute transport in fractured rock networks has also proven to be an arduous task (Bodin 

et al., 2003).  Models have been developed to account for a range of fracture 

distributions, densities and hydraulic characteristics, as well as a variety of host rock 

properties, boundary conditions, and flow and transport processes.  Continual 

improvement of these models through further experimentation will lead to a cost effective 

and efficient means of predicting flow and solute transport through fractured rock. 

The objective of this paper is to explore the field application of a downhole 

fracture characterization method based on an in-situ fluorometer.  In addition, we wish to 

compare the results of in-situ identification of flow pathways with our initial conceptual 

model developed from the results of a separate detailed hydraulic testing program.  In 

order to carry out the comparison, a large scale tracer experiment was conducted across 

an 8.67 m vertical section of a horizontally fractured dolomite using a fluorescent tracer.  

The dolomite has several large horizontal fracture features which were identified in 

several boreholes using hydraulic testing methods.  The vertical profiles of fluorescence 
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over time were monitored across 4 inclined boreholes.  The detection of fluorescence at 

inflowing fractures and the fluorescent evolution over time readily identified the fracture 

location, and relative hydraulic properties.  To assist in the interpretation of the results, 

the breakthrough curves are simulated using a numerical model based on a conceptual 

model formulated from the hydraulic testing.   
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3.2 Field Method 

3.2.1 Field Site 
The experimental site is located near the town Smithville, Ontario, Canada (Figure 1).  
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Figure 1: Site location and borehole layout for fracture network characterization 

(Modified from Novakowski et al., 2004) 
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The test location is underlain by a Silurian-aged dolostone 40 m in thickness identified as 

the Lockport formation.  The formation consists of four classified units defined as the 

Eramosa, Vinemount, Goat Island, and Gasport members.  These units dip to the south 

with a slight gradient of 1-2% and have an approximate thickness of 16.40 m, 8.30 m, 

12.50 m, and 7.00 m, respectively (Figure 2) at the test location.   
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Figure 2: Conceptual lithology and approximate thicknesses of rock formations 
beneath test site (Modified from Zanini et al., 2000). 
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The formation at the experimental site is predominately covered by 7.5 m to 15 m thick, 

clayey, glacial sediment of low permeability and underlain by a confining shale-

dolostone aquitard.  For more detail on the geology, physiology, and regional 

hydrogeology of the site refer to Zanini et al., 2000. 

A cluster of five inclined boreholes (BH) 55-59 drilled in a cross pattern over a 

50 by 50 m grid were chosen for the tracer experiment (Figure 3).  The boreholes have a 

diameter of 76 mm and penetrate across all four units of the Lockport formation.  Each 

borehole has a steel drill collar (casing) installed through the overburden and driven into 

the bedrock.  Novakowski et al., (1999) developed a conceptual model for this 

experimental test site based on considerable geophysical and hydrogeological data 

obtained from these and other boreholes. 

 

Figure 3: Well configuration of BH55- BH59 indicating the injection well, BH56, and 
the interpreted groundwater flow direction (Modified from Novakowski et 
al., 1999). 
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Figure 4 illustrates the vertical transmissivity profiles for BH56, BH57, BH58 and BH59 

measured between 184.00 mASL to 170.00 mASL in the Eramosa member of the 

Lockport formation which used a 0.5 m sequential test interval (Novakowski et al., 

2006).   

 The Eramosa member which has an approximate thickness of 16.40 m at this 

testing site, Figure 2, is not only comprised of horizontal fractures as shown by the 

transmissivity profiles on Figure 4 but also has a fairly uniform distribution of vertical 

fractures (Lapcevic et al., 1996; Novakowski et al., 1999; Zaninni et al., 2000).  

However, it has been inferred that groundwater flow is primarily governed by bedding 

plane fractures that are laterally extensive and have limited vertical interconnection 

(Novakowski and Lapcevic 1988; Novakowski et al., 1999, Zannini et al., 2000).  A 

conceptual illustration of flow through the Eramosa is displayed in Figure 5.  This figure 

shows a tracer injection well and tracer distribution indicating that the majority of 

groundwater flow is through horizontal bedding plane fractures.  Moreover this diagram 

shows vertical fracture flow as well as solute transmission into the rock matrix through 

matrix diffusion. 
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Figure 4: A schematic of the isolated Eramosa unit of the Lockport formation indicating the horizontal transmissivity profiles (m2/s) 

that have been measured at 0.5m intervals are illustrated with the highlighted features A, B, C and D.  The vertical 
location of the injection interval of 8.67m at BH56 and the packer placements in BH57-BH59 are also shown 
(Modified from Novakowski et al., 2006). 
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Figure 5: Conceptual flow diagram of tracer test site illustrating horizontal fractures, 
vertical fractures and matrix diffusion. 

A low transmissivity zone located between the approximate depths of 170.00 mASL to 

171.50 mASL in the lower section of the Eramosa member is also evident on Figure 4.  

Novakowski et al., (2006), found that the Lockport formation contains two flow zones; an 

upper flow zone (Eramosa) and a lower flow zone (Lower Vinemount, Goat Island and 

Gasport).  An average hydraulic gradient measured in the Eramosa unit was observed to 

be 1.5x10-4 m/m (Novakowski et al., 2006).  Based on accessibility, detailed 

characterization, and the presence of discrete and possibly connected fracture features 

(Figure 4), the Eramosa was selected for this experiment.  Four discrete features A, B, C, 
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and D of localized high transmissivity are horizontally correlated across the Eramosa and 

are located at 181.9 mASL, 180.2 mASL, 176.7 mASL and 173.4 mASL Figure 4.   

The transmisivities measured at these features were derived using constant head 

injection tests collected during Novakowski et al., (1999).  These transmisivities were 

used to calculate the equivalent hydraulic apertures associated with each identified 

elevation.  This aperture (2beq) is defined as follows: 

1
3122 eqb T

g
µ

ρ
⎛ ⎞

= ×⎜ ⎟
⎝ ⎠                                                                                                  

(1) 

Where T is the transmissivity calculated from the test results, and µ is the 

viscosity of water and ρg is the specific weight of water.  The equivalent apertures 

calculated at the intersections of A, B, C and D with BH55, BH56, BH57 , BH58 and 

BH59 are highly variable with respect to features B and D but are generally consistent 

with regards to features A and C across all five boreholes as shown in Table 1.  The 

averaged equivalent apertures calculated across BH57, BH58 and BH59 for fractures A, 

B, C and D are 502 µm, 1121 µm, 542 µm and 1733 µm, respectively.  These calculated 

hydraulic apertures will later be used in a three dimensional numerical model to help with 

the analyses of the tracer entering BH58 and BH59.  Of these four features A, B, and D 

have been traced using hydraulic response tests between two boreholes across 225 m 

(Novakowski et al., 2004).  The variability of the apertures shown in Table 1 further 

supports that fact that the magnitude and direction of fractured rock flow is spatially 

variable which is consistent with channelized flow. 

In preparation for the tracer experiment, all of the existing monitoring equipment 

located in BH56, BH57, BH58, and BH59 was removed.  The equipment located in 
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BH55 was seized and could not be extracted, thus this borehole was not used for the 

experiment.  

Table 1: Equivalent apertures, 2b (µm), of features A, B, C, and D intersecting BH55, 
BH56, BH57, BH58 and BH59 

Fracture  Elevation BH55 BH56 BH57 BH58 BH59 Average 
Feature mASL 2b (µm) 2b (µm) 2b (µm) 2b (µm) 2b (µm) 2b (µm)

A 181.9 407 470 583 472 577 502 
B 180.2 461 862 785 2569 928 1121 
C 176.7 406 610 518 542 631 542 
D 173.4 1099 2512 1207 2569 1277 1733 

3.2.2 Field Method 
As the groundwater flow direction in the Eramosa is generally south easterly as 

reported by Novakowski et al., (1999), the furthest upstream borehole (BH56) was 

selected for tracer injection (Figure 3).  The tracer injection system was constructed of 

two packers (length of 1.36 m and deflated diameter of 60 mm) that straddled three 

perforated steel standpipes, 3.27 m in length, and 25 mm in diameter. 

The total inclined length of the injection interval also included the connection 

joints between the standpipes and the packers at each end of the system.  These 

connection joints had a combined length of 0.65 m and adding this to the combined 

standpipe length of 9.81 m the total injection interval length is 10.46 m.  However 

because BH56 has a declination from horizontal of 56o the vertical span of the inclined 

injection interval is only 8.67 m as indicated in Figure 4.  The standpipes in the injection 

interval were perforated with 5 mm holes, every 1-1.5 m, with more frequent perforations 

towards the bottom of the injection system.  The increase in perforation frequency 

towards the lower end of the injection system is to assure an equivalent mass balance 

with depth in the injection interval.  This avoids biasing of the tracer distribution towards 
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the top of the injection interval.  This issue occurs because as the injection system is 

lowered into the saturated column of groundwater the perforated standpipe fills with non 

traced fluid.  If the non traced fluid does not have a path way to evacuate the standpipes 

the injected traced fluid will have preference to be distributed where perforations exist.  

In order to evaluate the distribution of flow out of the injection system, a surface flow test 

was devised (Appendix A, Figure A.1).  The results show a slight preference for flow out 

of the lower section of the injection system but that the distribution is relatively 

equivalent with depth (Appendix A, Figure A.2).  This above ground test verifies that 

there are enough perforations towards the lower section of the injection system to allow 

the in-filled groundwater to be evacuated during tracer injection. 

The injection interval was located between 183.00 and 174.33 mASL in BH56.  

This zone included the intersections of features A, B and C.  In order to investigate the 

possibility of vertical solute migration, feature D was excluded from the injection interval 

but included in the monitoring intervals.  A fixed length inflatable packer was placed at 

elevations ranging between 170.60 mASL and 171.02 mASL in each of BH57, BH58 and 

BH59 isolating the four features of interest from the lower flow zone.  Packer placements 

in BH56-BH59 are illustrated in Figure 4.  This process left approximately 13 m of 

vertically saturated Eramosa to monitor after accounting for the water elevation in each 

monitoring borehole. 

Utilizing a fire hydrant as water source, the maximum achievable sustained flow 

rate of 21.4 L/min +/- 1 % was used to establish and steady state flow field between 

BH56 to BH57, BH58 and BH59.  In order to validate a steady state flow field the water 

levels in BH57, BH58 and BH59 were measured using a Solinst water level tape prior to 
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water injection.  The water levels in BH57, BH58 and BH59 were determined to be static 

after 190 mins of injection, thus, a steady state flow field had been established.   

After the flow field was established, 496 L of Lissamine FF (a conservative 

fluorescent dye tracer at a concentration of 200 mg/L) was injected at rate of 23.25 L/min 

+/- 1 %.  The rate of injection was determined as the maximum flow rate that could be 

achieved by the submersible sump pump.  The flow rates were measured by an inline, 

Cole-Parmer paddle wheel flow meter (Appendix B, Figure B.1).  It had been planned to 

inject 500 L of traced fluid but 4 L could not be pumped into the system.  The tracer, 

Lissamine FF, has been used extensively at this site (Novakowski et al., 1999; 

Novakowski et al., 2004) and shown to be conservative. To allow for a consistent flow 

field throughout the experiment, water was injected behind the tracer at 20.4 L/min +/- 

1 %.  The hydraulic head in the injection interval located in BH56 was monitored using a 

50 PSI pressure transducer.  The injection head reached a maximum of 1.84 m while 

establishing the flow field but then stabilized to 1.27 - 1.33 m throughout the remainder 

of the tracer experiment. 

The fluorometer used to detect the presence of Lissamine FF is the submersible, 

Turner Designs (Cyclops-7).  The fluorometer is a single channel detector which was 

integrated with a Campbell Scientific CR-10X datalogger.  The analog detector was 

specified to analyze Fluorescein which has similar spectral characteristics of Lissamine 

FF.  When the fluorometer is calibrated with known standards of Lissamine FF, the 

Cyclops-7 output voltage can be correlated to provide data of actual target 

concentrations.  The fluorometer linearity from lab and field calibration conducted July 

8th and August 4th, respectively was 99.99% R2, (Appendix B, Figure B.2). 
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The submersible fluorometer allowed for the accurate monitoring of the arriving 

fluorescent tracer, Lissamine FF, in each observation borehole.  For each sampling event, 

the submersible fluorometer, attached to a pressure transducer, (Appendix B, Figure B.3), 

was lowered through the water column in BH57, BH58 and BH59 at a rate of 

approximately 7 m/min.  Sampling events were conducted as frequently as possible 

during the critical part of the experiment, declining in frequency to once an hour towards 

the end.  The Campbell Scientific CR-10X datalogger recorded the hydraulic head and 

fluorescence every second as the monitoring system was lowered.  A schematic diagram 

of the tracer injection system, packers, features A, B, C and D and the monitoring system 

is outlined on Figure 6.  The vertical elevation of each fluorescence signal was 

determined by relating the known elevation of the water table residing in each monitoring 

borehole to the pressure measured by the transducer.   
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Figure 6: Schematic of tracer injection and monitoring set-up, indicating the 

hydraulically identified features A, B, C, and D. 
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3.3 Results 

 Three flow rate phases were recorded during the tracer experiment and are 

defined as the flow field injection phase, the tracer injection phase and the post tracer 

injection phase.  The duration and average flow rates for each phase were 190 min and 

21.4 L/min, 21.33 min and 23.25 L/min, and 3619 min and 20.40 L/min, respectively.  

All references to time in the remainder of this paper relate to the beginning of the tracer 

injection phase.  

 To identify the migration of tracer through features A, B, C and D, the horizontal 

transmissivity profiles of the monitoring boreholes was plotted against the vertical 

fluorescent profiles (VFP’s) logged for each sampling event.  More than three 

background VFP’s were logged for each borehole in order to develop baseline conditions, 

so that elevated fluorescent signals could be distinguished.   

 A consistent background concentration with an average of 0.021 mg/L was 

observed in BH57.  The tracer first arrived in BH57 along feature B at 62 minutes and 

carried a fluorescent signal increase of 0.082 mg/L (Figure 7).  The radial distance along 

feature B between BH56 and BH57 is 19.28m, which equates to a tracer travel velocity of 

0.31 m/min.  Unfortunately, BH57 experienced a collapse just below the water table after 

logging the first arrival VFP.  It can be deduced that due to the radial distance for each 

fracture from the BH56 to BH57 as indicated by Table 2, and the rapid arrival of 

fluorescence (Figure 7), that BH57 would have experienced the greatest increase in 

fluorescence if it had not been obstructed.  This collapse eliminated BH57 from all 

further monitoring. 
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Figure 7: The background and first arrival vertical fluorescent profiles for BH57 
before borehole collapse. 

Table 2: The radial distance (m) of features A, B, C, and D’s intersection between 
BH56 through to BH57, BH58, and BH59. 

Feature 

BH 56 
Elevation 
(mASL) 

 BH 57 
(metres) 

BH 58 
(metres) 

BH 59 
(metres) 

Surface 192.00 29.50 42.63 21.45 
A 181.9 20.45 38.28 31.08 
B 180.2 19.28 37.61 32.77 
C 176.7 17.29 36.21 36.41 
D 173.4 16.19 34.96 39.89 

(m2/sec) 
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Analysis of the VFP’s collected from BH58 and BH59 indicate that only selective 

sections of the wellbore are being mixed with the migrating tracer (Figures 8, 9).  This is 

an indication that only a few of the highly transmissive features indicated in Figure 4 are 

involved in the horizontal movement of solute from the injection borehole.  The sections 

of wellbore influenced by tracer arrival in at BH58 and BH59 are unique with each 

borehole.   

A breakthrough curve was calculated for both BH58 and BH59 using an averaged 

fluorescence calculated across the tracer affected sections.  Establishing which sections to 

be included in this calculation involved the review of the VFP’s for each borehole for the 

entire tracer experiment.  Along BH58 the majority of the wellbore was not influence by 

tracer migration.  In BH58 the section most influenced by the tracer migration is located 

between 177.25 mASL and 171.80 mASL, as indicated by a marked increase of 

fluorescence shown by the VFP’s in Figure 8.  This section includes the identified 

features C and D.  BH59 was influenced by the migrating tracer between 180.60 mASL 

and 171.60 mASL, which includes the features of B, C and D (Figure 9).  In order to 

accommodate fluctuations in the selected concentration values that resulted from 

different logging speeds and heterogeneity in the mixing processes, a five-point moving 

average was applied to the preliminary selected average breakthrough curve.  
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Figure 8: The vertical fluorescent profiles sampled at BH58 indicating the background 
(68 mins), first arrival (1145 mins), intermediate (1415 mins), and maximum 
(2526 mins) concentrations. 

(m2/sec) 
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Figure 9: The vertical fluorescent profiles sampled at BH59 indicating the background 
(32 mins), first arrival (106 mins), intermediate (141 mins), and maximum 
(247 mins) concentrations. 

 Tracer dilution occurring along the borehole length was accommodated by the 

dilution function utilized by (Hachey, 2006).  This function assumes that one or two of 

the largest fracture features are carrying the majority of the tracer, a ratio of fracture 

transmissivity can be calculated to determine the contribution of fresh water diluting the 

tracer breaking through in the borehole (Hachey, 2006).  In this case we define, (Td), as 

representing the dilution transmissivity: 

(m2/sec) 
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f
d

aq

TT T=                                                  (2) 

Where Tf is the transmissivity of the contributing features in the system and Taq is the 

transmissivity of the entire section.  Dividing the observed concentration by the dilution 

transmissivity term, we can then estimate the undiluted tracer concentration, Cd entering 

the borehole: 

observed
d

d

CC T=
 
                                           (3) 

This is a repetitive process that is applied to every collected sample.  The dilution factor 

increases the concentration of the breakthrough curves for BH58 and BH59 as shown in 

Figure 10.  This figure compares the diluted and undiluted, smoothed, selected average 

breakthrough curves of BH58 and BH59.  The breakthrough curves for BH58 and BH59 

are plotted with background fluorescence removed and the experimental concentration 

(C) given in mg/L, versus a logarithmic time scale. 
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Figure 10 : The selected average breakthrough curves for BH58 and BH59 that have 
had the background fluorescence removed and dilution factor (Cd) applied. 

3.3.1 BH59 

 The breakthrough curve representing the selected average concentration in BH59 

(Figure 10) indicates that the tracer begins to arrive along the selected section between 75 

and 106 minutes.  The shape of this breakthrough curve is similar to those obtained from 

experiments conducted in discrete fractures (Lapcevic et al, 1999; Becker and Shapiro, 

2003). 

Similar to BH57, the first identifiable fluorescent signal arrived at BH59, 

indicated by the VFP’s, Figure 9, along feature B at 122 minutes which had an increase in 

fluorescence of 0.038 mg/L.  The radial distance between the intersection of feature B in 

0.0001

0.001

0.01

0.1

1

10 100 1000 10000

C
 (m

g/
L

)

Time (min)

BH 59

BH 58

BH59   (Cd)

BH58   (Cd)Cd 

Cd 



48 
 

BH56 and BH59 is 37.61m.  This equates to a tracer travel velocity of 0.27 m/min, which 

is similar to the tracer travel velocity calculated between BH56 and BH57 along feature 

B. 

 Figure 9 illustrates the background, first arrival, intermediate and the maximum 

VFP’s collected from BH59.  Even though feature B transmitted the first arrival, feature 

C produced the maximum increase in fluorescence of 0.116 mg/L at 247 minutes.  The 

radial distance between the intersection of feature C at BH56 and BH59 is 36.41m.  The 

velocity of the peak fluorescence is equal to 0.15 m/min.  The peak fluorescence increase 

resulting from the VFP’s correlates to the peak fluorescence indicated by the selected 

average concentration breakthrough curve (Figure 10).  The VFP’s also indicate the 

vertical migration of the tracer between features B and D within BH59 is present.  

Localized mechanisms, such as, mixing and dilution within the borehole appear to limit 

the magnitude of these tracer signals.  All VFP’s in BH59 indicate that features B and C 

are major routes for solute migration.   

 The transitional VFP’s spanning from maximum to late time concentrations of 

BH59 are plotted in Figure 11.  Consistent fluorescence below feature C and beyond 

feature D of the tailing breakthrough section demonstrate that fluid located in these 

regions is thoroughly mixed.   
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Figure 11: The vertical fluorescent profiles sampled at BH59 indicating the maximum 
(247 mins), two intermediate (589 mins, and 1126 mins), and late time (LT) 
(15806 mins) concentrations. 

 The fluorescent profiles at late time indicate the arrival of tracer through feature 

A, Figure 11.  Sampling of BH59 was cut short due to a collapse at the elevation of 

180.2 mASL in BH59 after 1397 minutes. 

 Rapid changes in fluorescent concentrations in the VFP’s were used to identify 

connected fractures between BH56 and BH59.  The VFP’s from BH59 indicate that two 

features identified as B and C were connected to BH56 and contributed to the majority of 

(m2/sec) 
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solute transport (Figures 9 and 11).  They also indicate that in late time, feature A 

contributed to solute transport in a decreased manner when compared to features B and C 

(Figure 11).  Feature D did not show any tracer transport which may imply that there are 

no major vertical pathways connecting features B and C to feature D between BH56 and 

BH59.  The VFP’s do indicate that BH59 is most likely acting as vertical conduit 

transmitting tracer entering BH59 at features B and C and exiting through feature D. 

3.3.2 BH58       

 Considering that the intersecting radial distances of features A, B, C, and D 

between the source well and BH59 are very similar to those with BH58, Table 2, the 

VFP’s are surprisingly different.   

For example, compare the background VFP’s logged for BH58 (Figure 12) with 

the background VFP’s collected for BH59 (Figure 9).  Unlike BH59 where a uniform 

background concentration is logged along the entire length of the borehole, BH58 

provides a two level concentration profile as shown in Figure 12.  The first level 

background concentration ranges from 184 to 177 mASL at an approximate 

concentration of 0.025 mg/L and the second level ranges from 177 to 172 mASL at 0.045 

mg/L  
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Figure 12: The unique background VFP measured at BH58 that indicated a bi-level 
fluorescent background profile.  Level 1 and Level 2 have background 
averaged background fluorescence of 0.025 mg/l and 0.045 mg/l, 
respectively. 

The VFP’s obtained from BH58 that represent the concentrations spanning from 

background to maximum and maximum to late time are presented in Figures 8 and 13, 

respectively.   

 

(m2/sec) 



52 
 

 

Figure 13: The vertical fluorescent profiles sampled at BH58 indicating the maximum 
(2526 mins), two intermediate (2830 mins, and 3922 mins), and late time 
(LT) (5536 mins) concentrations. 

The first arrival of tracer at BH58 occurred along feature D at 1145 mins with an 

increase in fluorescence of 0.010 mg/L, Figure 8.  The vertical concentration gradient that 

spans from feature D to feature C in all of the VFP collected during the tracer experiment 

indicate that traced fluid is flowing up and out at feature C.  The radial distance of feature 

D between BH56 and BH58 is 34.96 m which equates to a tracer transport velocity of 

(m2/sec) 
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0.031 m/min.  No noticeable increase in fluorescence was recorded along feature A at 

BH58 over the entire duration of the experiment (Figure 13).  As with BH59, the 

fluorescent signal drops abruptly during early time VFP’s below feature D but the 

magnitude and the acuteness of the drop becomes less as the breakthrough reaches peak 

concentration (Figure 9).   

 A comparison of the selected averaged breakthrough curves for BH58 and BH59 

is presented Figure 14.  These breakthrough curves have been smoothed, adjusted for 

dilution and have had the background fluorescence removed.  The selected breakthrough 

curves show that the arrival and magnitude of peak fluorescence for BH59 and BH58 

occur at approximately 266.67 mins, (2.20 mg/L), and 2500 mins, (1.16 mg/L), 

respectively.  Considering the radial distances between the source and the observation 

wells intersection with features A, B, C and D (Table 2), the difference in peak 

fluorescent arrival times of the tracer quite different.  This difference indicates the 

presence of heterogeneity in the flow paths between the source, BH56, and BH59 and 

BH58.  This is also evidenced by the difference in flow paths (i.e. breakthrough points) 

between the two wells, where features D is the major contributor at BH58 and features B 

and C are major contributors at BH59.  

 The sampled VFP at the approximate peak fluorescence for BH58 was measured 

at 2526 mins (Figures 8 and 13).  The maximum recorded increase in fluorescence at 

feature D is 0.083 mg/L.  The velocity of the peak fluorescence at feature D is 

0.014m/min.  This velocity of peak fluorescence is one order of magnitude less than that 

of features B and C entering BH59.  It is noteworthy that feature D, which had been 

isolated from the injection interval, attained the largest fluorescent increase of 0.083 
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mg/L.  This signal confirms that vertical migration of dissolved mass within this section 

of the Eramosa has occurred.  However, whether the fluorescence travelled along vertical 

fractures or through other monitoring boreholes is difficult to evaluate.  As the VFP’s of 

BH58 reach late time conditions, the intermediate profiles show the bulk of the tracer 

exits through the borehole by features C and D (Figure 13).  Mixing of the tracer between 

features C and D is apparent but a variance of 0.015 mg/L between the two features 

remains consistent throughout the decline in VFP concentration. 

 

Figure 14: The selected, averaged concentration breakthrough curves of BH58 and 
BH59 calculated from the VFP's.  These curves have been corrected by a 
dilution factor and have had the background fluorescence removed. 
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3.4 Discussion and Interpretation 

 It is generally accepted that fractures of high transmissivity, and measured 

connectivity, transmit the majority of fluid through fractured rock.  However, a high 

degree of uncertainty exists when trying to resolve the level of involvement of 

contributing fractures.  The results presented herein indicate that fractures influencing 

groundwater flow can be identified by comparing the transmissivity logs with vertical 

fluorescent profiles, which were collected by lowering a submersible fluorometer across 

the wellbore during a tracer experiment.  The collected vertical fluorescent profiles show 

that fractures identified with high transmissivity using hydraulic testing do not all 

participate in the flow system to the same degree.   

 For example, it would be a reasonable assumption to predict that feature A, which 

exhibits transmissivity similar to feature C, would carry similar tracer concentrations.  

However the fluorescent profiles from BH59 show that fractures B and C transmit the 

bulk of the tracer.  The profile also reveals that feature A does not transmit any 

quantifiable amount of traced fluid.  This clearly suggests that although a connection may 

exist in feature A between BH56 and BH59, the pathway is convolute and may have 

preferential vertical connections to other features such as B and C. 

 The radial transport distance between the source well and BH58 and the source 

well and BH59 are very similar for feature C and D.  With such similar radial distances 

and the close proximity between BH58 and BH59 it would be expected that their 

fluorescent profiles would be very similar.  This was proven not to be the case.  The 

major conduits for solute transport between BH56 to BH58 are features C and D, with 

minimal transport measured through feature B and no measurable transport through 
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feature A  (Figures 8 and 13).  Alternatively, the major conduits of solute transport 

between BH56 and BH59 are features B and C (Figures 9 and 11).  Moreover, minimal 

transport was measured through feature A at late time and no discernable transport was 

measured through feature D (Figure 11). 

The variability of the tracer migration as discussed can be justified by the fracture 

flow mechanism of channelization.  This mechanism of fractured rock flow is caused by 

the natural variations in fracture aperture.  This spatially variable aperture can produce 

conductivities that vary by several orders of magnitude at a millimeter scale (Neumann, 

2005).  Therefore, the conceptualization of how this affects tracer transport within these 

fractures can be difficult.  However, one must not think of the injected tracer as 

expanding into the fracture as a united front but to think of the tracer entering the fracture 

through channelized paths.  A conceptualized diagram of a theoretical injection and 

monitoring points is shown on (Figure 15).  This diagram indicates an injection point and 

two monitoring points where one of the monitoring points is located in a flow channel 

and the other is not. 

Vertical tracer transport was another flowing mechanism that added to the 

complexity of tracer migration at this site.  The intersection of feature D with BH58 

attained the highest fluorescence (0.083mg/L) recorded across the entire borehole (Figure 

13).  As this feature was specifically isolated from the injection interval, this is a clear 

indication of vertical migration.  The two most probable avenues of vertical tracer 

migration are through vertical fractures between BH56 and BH58 or migration through 

the open wells of BH55, BH57, and BH59. 
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Vertical migration of tracer was not measured between BH56 and BH59 as 

feature D presented no elevation in fluorescence.  It became apparent that as the tracer 

experiment progressed, BH59, itself, proved to be a probable conduit for vertical tracer 

migration.  The VFP’s show fluorescence entering BH59 at features B and C and 

migrating towards feature D.  However because the radial distance of feature D’s 

intersection with BH59 is longer than feature D’s intersection with BH58, Table 2,  this 

vertical migration identified along BH59 does most likely not contribute to the increase 

in fluorescence observed at feature D in BH58.  Therefore as BH57 is too far across 

gradient to influence BH58 or BH59 the most probable conduits for vertical tracer 

migration are vertical fracture connections. 
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2007).  In addition, as there might be slightly different values of hydraulic head at each 

fracture intersection, upward or downward flow in the borehole may be induced.  For 

example, the vertical fluorescent profiles collected for BH58 indicate that the bulk of the 

tracer crosses between fractures C through to D, (Figures 8 and 13).  Based on the 

continuity of tracer concentration between the two features, vertical migration of fluid in 

the borehole is suggested.  Slightly higher concentrations are observed in feature D, 

which suggests that the migration of the fluid is upward.  Similar trends are observed in 

between features B, C and D in BH59 (Figures 9 and 11) where flow enters at B and C, 

and exits at feature D.  This suggests that the interpretation of the first arrival as given 

previously for feature C in BH58 and BH59 are in error. 

 Equivalent apertures based on previously conducted hydraulic tests, volumetric 

flow rate, and hydraulic head variance were calculated for feature B entering BH57 and 

BH59 and for feature C at BH58.  A comparison of the calculated equivalent apertures is 

located in Table B.1, Appendix B.  The equivalent aperture based on previously 

conducted hydraulic tests was calculated with Equation [1].  The equivalent aperture 

based on volumetric flow rate was calculated with Equation [4], (Tsang, 1992), where 

2bQ is the flow based aperture, Q is the volumetric flow rate, tw is the time of tracer first 

arrival, rI is the radial distance between the injection well and the observation well, and 

rw is the radius of the injection well.  

2                                                                                                               (4) 

Furthermore, the equivalent apertures based on hydraulic head variance were calculated 

with Equation [5], (Tsang, 1992).   
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2
∆

ln                                                                           (5) 

The apertures calculated based on the hydraulic head variance and the apertures based on 

the previously performed hydraulic tests show similar results.  However, the apertures 

calculated using the volumetric flow rate are inconsistent with regard to the other 

aperture calculations, Table B.2.  The inconsistency is expected as the flow rate entering 

each fracture was estimated based on a ratio of maximum fluorescent concentrations at 

the relevant observation wells.  Moreover, the vertical flow measured in this experiment 

is not accounted for in the calculations.  

Coinciding with the recording of each vertical fluorescent profile, a bulk averaged 

sample had been collected across the entire rock unit to investigate the use of effective 

parameters for interpreting large scale transport (Hachey, 2006).   The bulk average 

breakthrough curves collected across BH58 and BH59 by Hachey (2006) were plotted 

against the selected average breakthrough curves calculated from the vertical fluorescent 

profiles (Figures 16 and 17).  Both types of breakthrough curves were adjusted by the 

dilution factor.  The two different collection methods produced breakthrough curves that 

are relatively similar, whereby, the arrival time and magnitude of the peak concentration 

are equivalent.  This would lead to the conclusion that both methods retrieve the tracer 

with similar efficiency.  However, the early time data for the breakthrough curves 

obtained for BH58 are markedly different.  The curve presented by Hachey (2006), 

shows a mild gradient towards peak concentration compared to the relative steep gradient 

presented by the fluorescent profile breakthrough curve (Figure 15).  This result is most 

likely due to the two level background concentration profile and the tracer entering BH58 

through features C and D which was not accounted for in Hachey (2006).  This presents 
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an advantage of measuring the VFP’s because fractures contributing to solute transport 

can be identified and isolated across each borehole.  This increases the confidence of 

numerical model calibration.  Thus, the detection method of in-situ fluorescence 

detection enables the researcher to employ an increased fracture resolution for 

interpretation.  
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Figure 16: The comparison of the bulk averaged breakthrough curve collected by 
Hachey (2006) for BH59 versus the selected average breakthrough curve 
calculated from the collected VFP’s.  Both curves have been smoothed, 
background florescence removed and corrected by the dilution factor. 
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Figure 17: The comparison of the bulk averaged breakthrough curve collected by 
Hachey (2006) for BH58 versus the selected average breakthrough curve 
calculated from the collected VFP’s.  Both curves have been smoothed, 
background florescence removed and corrected by the dilution factor. 
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3.5 Model Interpretation 

 To assist in the interpretation of the tracer experiment a three dimensional 

numerical model was used to simulate the conceptual model which was developed from 

the experimental results.  FRAC3DVS was chosen as the numerical model for these 

analyses.  This numerical model is a proven robust and efficient three-dimensional 

solution that solves variably-saturated and saturated groundwater flow, with or without 

solute transport in equivalent porous or discretely fractured media (Therrien et al., 2004; 

Graf and Therrien, 2007).  The specifications and governing equations utilized by 

FRAC3DVS are briefly detailed in Appendix C. 

3.5.1 Model Domain 

Three simulated domains identified as I, II, and III with respective dimensions of 

100 m, 100 m, and 10.5 m in X, Y, and Z, 200 m, 200 m, and 10.5 m in the X Y, and Z, 

and 300 m, 300 m, and 10.5 m in the X, Y and Z were evaluated to determine which 

domain would most effectively and efficiently simulate the tracer experiment completed 

in this study.  The evaluation of these domains for accuracy in representing the results of 

the experiments is presented in Appendix D.  Domain II was selected for all subsequent 

simulations based in these results. 

The tracer experiment was isolated to the Eramosa unit by the placement of 

packers along BH57, BH58 and BH59.  In order to capture the four high transmissivity 

features of A, B, C and D in the simulation, a Z dimension of 10.5 m was specified across 

the domain.  This vertical span represents the Eromosa unit located between 183.00 to 

172.50 mASL.  The hydraulic equivalent apertures used in the simulated domain for 

fractures A, B, C and D were calculated using Equation [1] and have apertures equal to 
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502 µm, 1121 µm, 542 µm and 1733 µm, respectively.  The fractures were located at 9.5, 

8.00, 4.00, 1.00m, in the simulated domain which is equivalent to the elevations of 

182.00 mASL, 180.50 mASL, 176.50 mASL and 173.50 mASL, respectively.  The 

separation between each of the fractures was estimated from the hydraulic data presented 

in Figure 4 of Novakowski et al (2006).  A cross-section of the model domain illustrates 

the simulated fracture features A, B, C and D in Figure 18.  

 

Figure 18: The simulated vertical cross section of the domain 200m X 200m X 10.5m 
indicating fracture features A, B, C, and D that have apertures of 502 µm, 
1121 µm, 542 µm and 1733 µm, respectively. 

The model domain was rotated and aligned to the groundwater flow direction 

proposed by Novakowski et al., (1999) and Zanini et al., (2000).  The rotated locations of 

BH55-BH59 were calculated using their known trends, plunges and rotated surface 

A = 502 µm

B = 1121 µm

C = 542 µm

D= 1733 µm
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UTM coordinates.  The hydraulic gradient was set at1.5 x 10-4 m/m as estimated by 

Novakowski et al., (1999). 

Simulating the experimented injection interval located at 183.00 to 174.33 mASL 

within BH56 was accomplished with the insertion of a vertical well with a radius of 

0.0033m, located between 182.00 to 176.50 mASL extending from fractures A to C in the 

model domain.  The injection well radius was chosen to be 0.0033 m as it produces 

similar downhole head distributions which were measured in BH56 during the 

experiment.  The head values resulting from this radius in this defined domain are 

presented in (Appendix D, Table D.1).  The X, Y coordinates of the injection well are 

equivalent to the X, Y coordinates of the vertical midpoint associated with the 

experimented inclined injection interval within BH56. 

The three injection phases defined in the results section in this paper were 

simulated in this model.  These phases were specified through the injection of a non-

traced fluid from 0 - 190 min at 21.4 L/min, a tracer fluid at 200 mg/L in concentration 

from 190 to211.33 min at 23.25 L/min, and non-traced fluid from 211.33-3830.33 min at 

20.40 L/min in BH56.  The tracer fluid injection was assigned as specified concentration 

values uniform along the length of the well.   

BH55, BH57, BH58 and BH59 were originally defined as stagnant water filled 

wells (1-D line elements), with a radius of 0.038 m that penetrate the entire simulated 

Eramosa unit.  These wells allowed the vertical transmission of tracer entering the 

borehole at fracture intersection.  This propagation of the tracer vertically is due to the 

fact that the head distribution in the injection well is not equal across the injection well. 

This is because only one injection node along a 1-D line element well can be defined.  
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The head gradient created in the injected well is propagated along the fractures to the 

monitoring wells.  In order for the simulation to converge the vertical transmission 

through the wells was mitigated by reducing the radius of the wells to one thousandth 

their original sizes. 

The porosity of the simulated Eramosa unit was originally selected to equal the 

mean porosity calculated by (Novakowski et al., 1999), of 6.5%.  However after 

comparing the first and peak arrivals of the simulated breakthrough curves using the 

mean porosity versus the breakthrough curves measured, it is clear that the curves are not 

coincidental, Figure 19 and Table 3.  The breakthrough curves of BH59 are dramatically 

different from one another with the first and peak arrival times with a variance greater 

than one order of magnitude.  Through trial and error a reduced simulated porosity to 1 x 

10-12 %, which produced a similar breakthrough curves for BH59 with respect to first 

arrival fluorescent times, peak fluorescent arrival times, and fluorescent departure times. 

However the simulated breakthrough curve representing BH58 was similar to the 

measured breakthrough at BH59 not BH58.  A partial explanation of this variance is 

because the average apertures used in the model are similar to the apertures measured in 

BH59 (Table 1).  On the other hand, the apertures measured in BH58 are quite different 

from the averaged apertures used (Table 1).  

 The simulated boundary conditions used in the model are defined as no-flow for 

the top, bottom, eastern, and western limits.  The northern and southern boundaries were 

defined as fixed head using a gradient of 1.5 x 10-4 m/m (Novakowski et al., 2006).   

Sensitivity of the domain size and degree of discretization was analyzed by 

comparing the head distributions and selected concentration breakthrough curves 
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calculated at BH58 and BH59 for domains I, II, and III as discussed in Appendix D.  The 

selected simulated domain used to numerically replicate the tracer experiment has 

dimensions in the X, Y and Z of 200 m X 200 m X 10.5 m and has been discretized to 

have 400950 nodes.  The pre-processor input, fracture, and material property files are 

given in Appendix E.  Zero concentration gradient boundary conditions were applied to 

all in and out flowing grid surfaces. 
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Figure 19: A comparison of the simulated selected breakthrough curves for BH58 and 
BH59 simulated with a porosity of 6.5% and the selected breakthrough 
curve measured from the VFP’s collected in the investigated tracer 
experiment entering BH58 and BH59.  
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Table 3: The comparison of the first arrival and peak fluorescent measured during 
the tracer experiment and simulated using a porosity of 6.5% by 
FRAC3DVS crossing BH58 and BH59. 

Time (mins) 
58 59 

Simulated (P=6.5%) First Arrival  3560 3560 
(FRAC3DVS) Peak 700000 50000 
Measured First Arrival  279 32 
(TRACER TEST) Peak 2526 247 

3.5.2 Model Results 

The selected VFP and selected modeled breakthrough curves were compared 

against each other for BH58 and BH59, (Figures 20 and 21).  The first arrival and peak 

concentration times measured during the tracer experiment and simulated by FRAC3DVS 

at BH58 and BH59 are compared in Table 4.   

Table 4: The comparison of the first arrival and peak fluorescent measured during 
the tracer experiment and simulated by FRAC3DVS crossing BH58 and 
BH59. 

Time (mins) 
58 59 

Simulated First Arrival  38 18 
(FRAC3DVS) Peak 289 185 
Measured First Arrival  279 32 
(TRACER TEST) Peak 2526 247 

 

The first arrival times of the migrating tracer intersecting BH58 measured during the 

tracer experiment and simulated through FRA3DVS are 279 mins and 38 mins, 

respectively.  The peak fluorescent arrival times with times of 2526 mins and 289 mins 

for the measured and simulated curves, respectively.  The variation between the first 

arrival times of the simulated and measured fluorescence entering BH58 can be 
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accounted for by the variation of aperture measured from borehole to borehole as shown 

in Table 1.  The differences in peak fluorescence arrival time between the simulated and 

measured curves can be partially explained by the fact that during the tracer experiment 

the maximum fluorescence signal was measured at the intersection of fracture feature D.  

Fluorescence intersecting at fracture feature D was not simulated through FRAC3DVS.  

Therefore the peak fluorescence reported by the simulation does not include the vertical 

migration of the tracer measured through the VFP’s.  This was expected as the borehole 

conductance was mitigated in the simulation.  
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Figure 20: A comparison of the simulated selected breakthrough curve calculated 
through FRAC3DVS and the selected breakthrough curve measured from 
the VFP’s collected in the investigated tracer experiment entering BH58.  
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Figure 21: A comparison of the simulated selected breakthrough curve calculated 
through FRAC3DVS and the selected breakthrough curve measured from 
the VFP’s collected in the investigated tracer experiment entering BH59.  
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 The first arrival of the tracer intersecting BH59 for the selected simulated 

breakthrough curves and selected VFP breakthrough curves were approximately 18 mins 

and 32 mins, respectively.  The peak fluorescent arrival times for the selected simulated 

breakthrough curves and selected VFP breakthrough curves were 185 mins and 247 mins, 

respectively.  The measured and simulated breakthrough for the first arrival and peak 

fluorescence are similar.  For both curve interpretations only the concentrations entering 

BH59 at fracture feature B and C were included.  This selection was concluded through 

analysis of the VFP’s.   

If the application of the simulated domain with FRAC3DVS was without error 

then the similar curves would merit interpretations of greater value.  However, because 

the simulations were completed with incorrect matrix porosity and well radii the 

simulations are not indicating any verifiable data. 

Furthermore, if conducting similar large scale tracer experiments over a vertical 

section of horizontally fracture rock that includes more than one highly transmissive 

feature, it is imperative that the features contributing to the majority of mass transport be 

identified.  If it is assumed that all of the highly transmissive features are contributing to 

mass transport then large variability in first arrival and peak concentrations of tracer 

experiment simulations will occur.  Moreover using averaged apertures in simulations of 

multiple fractures can also lead to skewed results with respect to tracer arrivals and 

concentrations.  Therefore, the collection of VFP’s would allow for further adjustment of 

3D simulations of modeled tracer experimental domains having similar attributes. 
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Chapter 4:  Conclusions  

 The investigation of a radially divergent tracer experiment that was conducted in a 

12 m vertical section of highly characterized, horizontally fractured dolomite, in 

Smithville, Ontario, Canada, allowed for the identification of the major avenues of mass 

transport associated with the fracture network.  Four boreholes that have varying trends 

and inclinations were involved in the injection and monitoring of the tracer experiment 

 What separates this experiment from other similar investigations is not only the 

scale at which the tracer experiment was conducted, but also the innovative technique 

used to monitor the migration of the tracer.  It is more appropriate to describe the 

monitoring system as an in-situ observation tool, as the tracer was detected at the 

intersection of the borehole with flowing fractures.  Through this tool, the fluorescent 

profiles of each monitoring borehole allowed the migration of the tracer plume to be 

examined across the entire 12 m section.  Fractures that contributed to the migration of 

the tracer were identified and vertically correlated with previously performed hydraulic 

investigations.  These hydraulic investigations alone would have led hydrogeologists to 

assume that fractures exhibiting larger transmissivity would be the primary features for 

solute migration.  It is the primary conclusion of this investigation that connectivity 

supersedes the influence of hydraulically determined transmissivity to predict solute 

transport.  This does not mean that transmissivity is irrelevant but only suggests that 

when considering solute transport, the connectivity of the fractures should be investigated 

in more detail before providing conclusive predictions of mass plume migration in 

fractured rock.  
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 A powerful feature associated with measuring in-situ fluorescence, is the ability to 

isolate the borehole sections involved in tracer migration.  Theoretically a typical 

breakthrough curve can be determined using this technique for any interval along the 

borehole.  However, for this experiment, the affected sections showing increased 

fluorescent signals across the entire borehole were averaged and smoothed to obtain 

breakthrough curves.  These curves were compared against breakthrough curves 

developed by Hachey (2006), which, were obtained from samples which were pumped 

from across the entire 12 m domain and were collected during this tracer experiment.  

The comparison revealed similarities between peak concentrations and peak arrivals.  

They also showed an almost exact fluorescence trend with respect to time.  However the 

curve determined from selected fluorescent profiles for BH58 indicated a more defined 

arrival and trend towards peak concentration.  This is essential because without a defined 

arrival, confidence with respect to interpretation is relatively poor.  Moreover, using the 

vertical fluorescent profiles, the exact arrivals and peak concentrations are outlined from 

examination of the associated fluorescent profiles.  Thus, sampling by a means of 

pumping across the entire length of the borehole leads to considerable dilution and 

mixing effects, which were identified by Hachey (2006), and can be explained by the fact 

that not all fractures of high transmissivity contribute to solute transport.   

 A simple three dimensional model was developed using FRAC3DVS from the 

phenomenological flow and transport properties that have been developed for the 

experimental site.  The model included a domain that encompassed the affected boreholes 

and four identified fractures of characterized high transmissivity.  The simulated selected 

breakthrough curves and the selected vertical fluorescent breakthrough curves were 
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compared at BH58 and BH59.  Surprisingly, when including the fracture features 

identified through the vertical fluorescent profiles, that were major players with respect to 

mass transport, the breakthrough curves for both BH58 and BH59 were very similar.  The 

breakthrough curves were similar in all aspects which include first arrival fluorescent 

times, first arrival fluorescent concentrations, peak fluorescent arrival times, peak 

fluorescent concentrations, departure times and departure fluorescent concentrations.   

Even with adjustments to the well radii and matrix porosity the simulated results did not 

provide much interpretable data. Therefore numerical and field investigations expanding 

on the potential vertical connections and modifications to allow flow channelization is 

required to develop a better understanding of fractured rock flow at a field scale.  

Simulations using a porosity of 6.5 % produced breakthrough curves for BH58 

and BH59 that did not have similar first arrival fluorescent times, first arrival fluorescent 

concentrations, peak fluorescent arrival times, peak fluorescent concentrations, departure 

times and departure fluorescent concentrations as the measured breakthrough curves.  

This absence of consistent similarity indicates that this application of the simulated 

domain with FRAC3DVS is in error. 

 This experiment has introduced a method that can, with development, improve 

our ability to properly characterize flow through fractured rock at a scale that resembles 

natural conditions.  It has been discussed, through much research, that it is essential to 

develop methods that combine flow, transport and geophysical properties in assembling 

the affiliation between fractured rock structure and fluid transport.  This experiment has 

developed the application of a new monitoring method that can assess the flowing 

properties of fractured rock at a field scale.  It is in the refinement of this method that will 
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lead to a greater understanding of site specific flow properties.  It is recommended that 

this type of experiment be conducted on a larger scale at the same site.  It would be 

important to account for the loss of fluorescence due to flow channeling and/or mixing 

and dilution, by applying a substantially larger injection volume at a similar 

concentration.  It would also be beneficial to drill additional boreholes to capture the 

entire zone of migration.  It would also be beneficial to employ multiple probes so that 

more time sensitive profiles can be collected.  This investigation into the transportation of 

solutes in the form of a fluorescent tracer has created a new avenue to characterize the 

spatial variability of fractured rock flow. 
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Appendix A 

 
 
 
 

Injection System 

 
 
 
 
 
 
 
 
 
 
 
 
 

  



 

Above ground injection tests at equivalent experimental flow rates were conducted to 

measure the tracer injection distribution (Figure A.1).  In each of the injection tests the 

flow rates at each perforation was measured.  The flow rates of the perforations along 

each standpipe were then summed and analyzed as a percentage of total flow.  The upper, 

middle and lower standpipes exhibited flow rate percentages of 32.80%, 26.90%, and 

40.23% (Figure A.2). 



 

 

Figure A.1: Above ground injection interval flow test. 



 

 

Figure A.2: Flow distribution of tracer across the injection interval applied between 
(183.00 mASL to 174.33 mASL) in BH56. 
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Appendix B 

 
 
 
 

Sampling and Results 

 
 
 
 
 
 
 

 
 
 
 

 

 

 

 



 

 

Figure B.1: Picture of the Cole Parmer paddle wheel flow meter during tracer injection 
phase. 

 

 



 

 

Figure B.2: Calibration of Turner Designs Cyclops 7, fluorometer, on July 8th, 2006 and 
August 4th, 2006.  Both calibrations resulted in a R2 equal to 99.9%. 
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Figure B.3: In-situ submersible fluorometer (Turner Designs Cyclops 7) used to measure 
the fluorescence entering at flowing fractures intersecting at BH58 and 
BH59. Attached to the fluorometer is a 50 PSI pressure transducer and 
Solinst water lever tape. 

 

 

 

Cyclops 7
Fluorometer 



 

Table B.1: Aperture calculations of fractures B at BH57, BH59 and fracture C at BH58 based on estimated flow (Q), effective head 
(∆H) and hydraulic transmissivity measurements.  

Observation 
Borehole 

Fracture 
Feature 

Radial 
Distance 

First 
Arrival 
Time 

(mins)

First 
Tracer 
arrival  
Tw (sec)

Velocity 
(m/s) 

2b (µm)        
(Based on Q) 

2b (µm)         
(Based on ∆H ) 

2b (µm)                
(Based on Hydraulic 

Tests) 

57 B 19.28 62 3720 5.2E-03 1083 655 785 
59 B 32.77 122 7320 4.5E-03 352 827 928 
58 C 36.21 1145 68700 5.3E-04 5669 342 542 
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Appendix C 

 
 
 
 

FRAC3DVS Governing Equations 
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FRAC3DVS 

Variably Saturated Groundwater Flow 

 The following description of the FRAC3DVS that details the general equations 

and basic assumptions of this numerical model is paraphrased from the “Users Guide” 

Therrien et al., 2004.   

 FRAC3DVS is an efficient and robust numerical model that solves three-

dimensional variably saturated groundwater flow and solute transport equations in non-

fractured of discretely fractured media.  To simulate both the porous matrix and the 

discrete fractures, the governing equations of both mediums are required.  Four 

assumptions are made by the model and they are; (1) the fluid is incompressible, (2) the 

fractured porous medium is non-deformable, (3) the system is under isothermal 

conditions and (4) the air phase is infinitely mobile.   

 To describe groundwater flow in the variably saturated porous matrix a modified 

version of the Richards equation is utilized, Equation 6.   

( ) ( )ij rw s w
i J

zx K k Q S
x x t

ψ
θ

∂ +⎛ ⎞∂ ∂
± =⎜ ⎟∂ ∂ ∂⎝ ⎠

   i , j = 1,2,3                         [6] 

The symbols are described, where Kij is the saturated hydraulic conductivity tensor, 

krw=krw(Sw) represents the relative permeability of the medium with respect to the degree 

of water saturation Sw, Equation 7, ψ =ψ (xi,t) is the pressure head, z is the elevation 

head and sθ is the saturated water content, which is equal to the porosity. The water 

saturation is related to the water content θ  according to: 

w
s

S θ
θ

=
                                                                                                                            

[7] 
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The source or sink on the flow residing in the matrix such as fluid exchange with 

fractures or extraction/injection by pumping can be represented by Q (Equation 6).  

Pressure head and the constitutive relations are the terms that must be established to 

relate the primary unknowns ψ  and Sw in order to solve the non-linear flow equation 

presented in the FRAC3DVS model.  The relative permeability is assumed to be 

expressible in terms of either the pressure head or the water saturation.  A commonly 

used functional relation is Equation 8: 

( )
1011

1
1

<<−=⎥
⎦

⎤
⎢
⎣

⎡

+
= m

n
m

P

m

n
c

eS LK
α                                                                        

[8] 

and the relative permeability is obtained from Equation 9: 

( ) 2
2/12/1 11 ⎥⎦

⎤
⎢⎣
⎡ −−=

m

eerw SSk
                                                                                               

[9] 

where α and m are parameters obtained from a fit of Equation 8 and 9 to experimental 

results, Pc is the capillary pressure.  The experiment tested in this study primarily focuses 

of groundwater flow in the saturated zone.  A relation of the change in storage in the 

saturated zone to a change in fluid pressure through compressibility terms as is 

conventionally done in the hydrological applications.  An assumption that the bulk 

compressibility of the medium is constant for the saturated and nearly saturated 

conditions for this model.  The following storage term is expressed for saturated flow on 

the right hand side of Equation 6, where Ss  is the specific storage coefficient of a porous 

medium, Equation 10. 

ttt
SSSS w

sswws ∂
∂

+
∂
∂

≈
∂
∂ θθ ψ

                                                                             
[10] 
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For simulations across fractured rock, flow in a single fracture is idealized a two- 

dimensional parallel plates.  The total head intersecting the fracture is implied to be 

uniform over the fracture width.  The governing equation for variably-saturated flow in a 

fracture of aperture 2b in this model is Equation 11. 

( )
( )

( ) 2 1,  j , i22 =
∂

∂
=±+−

∂

+∂∂ +−

∂
LLL

t
bIqI

x
b SQqz

kKx
wf

fnn
j

ff
rwff

i

ψ
       

[11] 

Where krwf is the relative permeability of a fracture, ( )txiff ,ψψ =  and zf are the 

pressure and elevation heads within the fracture, respectively Swf
is the water saturation 

for the fracture and the Q f
represents externally applied sources or sinks.  The saturated 

hydraulic conductivity of a fracture , Kf , is presented by Equation 12: 

( )22
12f

g b
K

ρ
µ

=
                                                                                                       

[12] 

Where ρ and µ are the fluid density and viscosity, respectively, and g is the acceleration 

due to gravity.   

Solute Transport Formulation 

 Two equations are needed to describe solute transport in a discretely-fractured 

porous medium, These two equations include one for the porous matrix and one for the 

fractures.  Assumptions of the model include; solute can absorb onto the fracture walls 

and onto the solid phase comprising the porous matrix and it may also be subject to first 

order decay.  Continuity of concentration and of solute mass flux at the matrix-fracture 

interface provides a coupling between the fracture and the porous medium equations.  



98 
 

Variably saturated porous matrix governing equation of three dimensional transport is 

represented by the following equation, Equation 13. 

3,2,1,0 ==+⎟
⎟
⎠

⎞
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∂

−
∂
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∂ jicRS
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xx
cq

t
cRS ws

j
ijws

ii
iws LLλθθθ

                             
[13] 

where c=c(xxi,t) is the solute concentration, Dij is the hydrodynamic dispersion 

coefficient and λ is a first order decay constant.  R is given to be the retardation factor, 

Equation 14.  

d
ws

b K
S

R
θ
ρ

+=1
                                                                                                               

[14] 

where bρ is the bulk density of the matrix and dK  is the equilibrium distribution 

coefficient describing a linear Freundlich adsorption isotherm. 

 The Darcy equation is used to obtain the fluid flux, Equation 15, while the 

hydrodynamic dispersion coefficient Dij is given by Equation 16. 

( )
i ij rw

j

z
q K k

x
ψ∂ +

= −
∂                                                                                                        

[15] 

( ) ijdwsijt
ji

tlijws DSq
q
qq

DS δτθδαααθ ++−=
                                                              

[16] 

Where lα  and tα  are the longitudinal and transverse dispersivities, respectively, q  is the 

magnitude of the Darcy flux, τ is the matrix tortuousity, dD  is the free solution diffusion 

coefficient and ijδ is the Kronecker delta.  The product of dDτ  also represents an 

effective diffusion coefficient for the matrix. 

 Solute transport in a variably saturated fracture and a saturated fracture is 

completed by an equation in the 2nd dimension, Equation 17. 
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[17] 

where ( )txcc iff ,=  is the concentration in a fraction and fijD  is the hydrodynamic 

dispersion coefficient of the fracture.  The retardation factor Rf is defined by Equation 18. 

( )b
KRf d

2
21

*

+=
               

[18] 

*
dK  is a fracture-surface distribution coefficient.  The fluid flux terms is defined by the 

Darcy equation, Equation 19.  

( )
j

ff
rwfffi x

z
kKq

∂
+∂

−=
ψ

                                                                                                
[19] 

The terms of nΩ represent the advective-dispersive loss(or gain) of solute mass across the 

fracture-matrix interfaces I- and I+ due to fluid leakage and hydrodynamic dispersion.  

Boundary conditions for solute transport are described in the conventional way of first, 

second, or third types.  A more detailed outline of all equations used in the FRAC3DVS 

model is located in the “Users Guide” Therrien et al., 2004.   
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Appendix D 

 
 
 
 

MODEL SENSITIVITY AND CALIBRATION 
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MODEL SENSITIVITY AND DISCRETIZATION AND 
CALIBRATION 

MODEL SIZE HEAD DISTRIBUTION 

The pre-processor grid development of all three domains included an interactive 

block generation process.  The grid discretizations applied to all three domains were 

equivalent within a 60 m X 60 m X 10.5 m block centered on BH55-BH59.  This area 

contained grid blocks with dimensions of 0.5 m X 0.5 m X 0.5 m.  Outside of this 

centered finely discretized area the grid spacing in the X and Y directions were multiplied 

by a factor of twenty.   

The contoured head distributions representing fracture C at 176.50 mASL of 

domains I, II and III respectively are presented in Figures D.1, D.2, and D.3.  Figure D.1 

reveals that the head distribution associated with domain I is being influenced by the 

specified boundaries.  This head manipulation eliminates domain I from any further 

investigation.  The head distributions in Figure D.2, and Figure D.3 representing domain 

II, and domain III, respectively, show no variability.   
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Figure D.1: The head distribution contour map simulated in the (100 m, 100 m, and 10.5 
m) domain at fracture C, with the respective elevation of 176.50 mASL.  The 
hydraulic gradient applied to the domain is equivalent to 1.5 x 10-4 m/m. 

 

1.5 x 10-4 m/m
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Figure D.2: The head distribution contour map simulated in the (200 m, 200 m, and 10.5 
m) domain at fracture C, with the respective elevation of 176.50 mASL.  The 
hydraulic gradient applied to the domain is equivalent to 1.5 x 10-4 m/m. 

 

 

 

1.5 x 10-4 m/m 
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Figure D.3: The head distribution contour map simulated in the (300 m, 300 m, and 10.5 
m) domain at fracture C, with the respective elevation of 176.50 mASL.  The 
hydraulic gradient applied to the domain is equivalent to 1.5 x 10-4 m/m. 

  

1.5 x 10-4 m/m 
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SIMULATED VFP BREAKTHROUGH 

The selected breakthrough curves simulated using domains II and III were 

compared to further investigate if different sized domains produce variable mass 

transport results.  In order to mimic the breakthrough curves measured from the VFP’s in 

the simulated results, the fractures that were noted as major tracer conduits that 

transported tracer from the injection well to BH58 and BH59 were only included in the 

concentration calculations.  These noted fractures were C and D entering BH58 and B 

and C entering BH59.  The vertical migration of the tracer was mitigated through the 

reduction of the well radii.  Therefore the fracture node intersecting the well and the 

nearest down gradient well node concentrations were averaged to produce the simulated 

concentration breakthrough curves.  Figure D.4 illustrates a comparison of the simulated 

concentration breakthrough curves of BH58 and BH59 in domains II and III.  No 

noticeable variation of mass transport is observed between domains II and III.  Therefore 

since the head distributions and the mass transport simulations are not substantially 

different between domains II and III we can justify selecting the domain II with 

dimensions in the X, Y and Z of (200 m, 200 m, and 10.5 m) for further investigation. 
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Figure D.4: The simulated selective breakthrough curves of BH58 and BH59 over the 
two simulated domains of (200 m, 200 m, and 10.5 m), and (300 m, 300 m, 
and 10.5 m). 

MODEL DISCRETIZATION 

Since there was no discernable variability calculated between the different sized 

domains as discussed domain II was selected to investigate discretization choices.  The 

centered block of 60 m X 60 m X 10.5 m having grid block dimensions of 0.5m X 0.5m 

X 0.5m was further discretized to grid block dimensions of 0.25m X 0.25m X 0.25m.  

The selected breakthrough curves for both BH58 and BH59 simulated across both 

discretizations are presented on Figure D.5.  This figure indicates no difference with 
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regards to solute transport within the domain.  Therefore utilizing the domain of 200m X 

200m X 10.5m (domain II) with the centered grid area discretized with 0.5 m X 0.5 m X 

0.5 m blocks has a sufficient size and discretization to simulate the tracer experiment 

investigated in this paper. 

 

Figure D.5: The simulated selective breakthrough curves of BH58 and BH59 calculated 
over domain II having two different discretizations of (0.5 m X 0.5 m X 0.5 
m) and (0.25 m X 0.25 m X 0.25 m). 
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MODEL CALIBRATION  

Model calibration included the replication of the measured head values collected 

in BH56.  The hydraulic heads located in BH56 reached a maximum of 1.84 m but 

stabilized to 1.27 - 1.33 m throughout the remainder of the tracer experiment.  The head 

values within the simulated domain were influenced by reducing the radius of the well 

incrementally until the injection node within the simulated well recorded head value 

within the range of the stabilized heads measured during the experiment.  The injection 

node in the simulated domain is located between fractures B and C.  The average head 

calculated by FRAC3DVS of the injection and two adjacent well nodes is 1.33 m.  The 

head is quite variable within the injection well and is indicating vertical movement of 

flow.  A table showing the head values for the injection interval are presented in D.1 

Table D.1:   The simulated hydraulic head values within the injection interval that spans 
across features A to C.  The average head values nearest to the injection 
node is within the stabilized range of the measured hydraulic heads collected 
throughout the experiment at BH56. 

Elevation 
(mASL) 

Head 
(m) 

182.00  0.22 

181.50  0.24 
181.00  0.26 
180.50  0.27 
180.00  0.57 

179.50  0.87 

179.00  1.17 

178.50  1.47  Average = 1.33 
178.00  1.35 

177.50  1.23 

177.00  1.11 

176.50  0.99 

= Averaged head values which includes injection node and 
two adjacent well nodes 

   =Injection node 
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The radius of the well was chosen as 0.0033 m for BH56 in order to replicate similar 

hydraulic head conditions. 
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Appendix E 

 
 
 
 

FRAC3DVS input files .np, .mprops, .fprops. 
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Np 

 
Tracer Project Smithville, Ontario 
end title 
 
!echo on 
 
Generate blocks interactive 
Grade x  
0,    60,    10.0,    1,   10.0 
 
Grade x  
60,   120,   0.5,     1,   0.5 
 
Grade x  
120,  200,   10.0,    1,   10.0 
 
Grade y  
0,    70,    10.0,    1,   10.0 
 
Grade y  
70,  130,   0.5,    1,   0.5 
 
Grade y  
130,  200,   10.0,    1,   10.0, 
 
Grade z 
0, 10.5,  0.5,   1,  0.5 
end 
 
Done grid definition 
!Echo coordinates 
!Echo incidences 
 
material properties file 
IN2.mprops 
 
fracture properties file 
IN2.fprops 
 
units: kilogram-metre-second 
zero fluid compressibility 
 
do transport 
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echo to output 
 
Finite difference mode 
 
Control Volume 
 
!Impermeable matrix 
 
 
!***************Make Fractures 
 
 
clear chosen faces 
choose faces z plane 
1.0 
.00001 
 
Make fractures 
fracture1 
 
clear chosen faces 
choose faces z plane 
4.0 
.00001 
 
Make fractures 
fracture2 
 
clear chosen faces 
choose faces z plane 
8.0 
.00001 
 
Make fractures 
fracture3 
 
clear chosen faces 
choose faces z plane 
9.5 
.00001 
 
Make fractures 
fracture4 
 
!*******************Constant head boundaries 
clear chosen nodes 
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choose nodes all 
Initial head 
0.0 
 
clear chosen nodes 
choose nodes y plane 
199.9 
0.2 
Specified Head 
1.0 
0.0, 0.030 
 
clear chosen nodes 
choose nodes y plane 
0.1 
0.2 
Specified Head 
1.0 
0.0, 0.0 
 
!****************Make Wells 
Make well 
86.388 118.024 9.5 
86.388 118.024 4 
4 
0, 0.0003566666 
11400,0.000387596 
12680,0.00034 
229830, 0.0 
86.388 118.024 6.5 
0.0033 
0.000 
BH56 
 
Make well 
114.3312289, 104.8293528, 10.5 
107.5498032, 104.1165962, 0 
1 
0.0,  0.0 
111.102 104.490 5.500 
0.000038 
0.0000 
BH55 
 
Make well 
82.26902605, 98.7954678, 10.5 
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84.7261421, 105.4379156, 0 
1 
0.0,  0.0 
83.439 101.959 5.500 
0.000038 
0.0000 
BH57 
 
Make well 
101.0717304, 82.80053144, 10.5 
95.25578919, 87.07276498, 0 
1 
0.0,  0.0 
98.302 84.835 5.500 
0.000038 
0.0000 
BH58 
 
Make well 
103.9701639, 94.67361647, 10.5 
108.2027481, 88.99516922, 0 
1 
0.0,  0.0 
105.986 91.970 5.500 
0.000038 
0.000 
BH59 
 
 
!*************Make Observation Wells 
 
Make observation well 
86.388, 118.024, 10.5 
86.388, 118.024, 0.0 
 
Make observation well 
82.26902605, 98.7954678,  10.5 
84.7261421,      105.4379156,   0 
 
Make observation well 
101.0717304, 82.80053144, 10.5 
95.25578919, 87.07276498, 0 
 
Make observation well 
103.9701639, 94.67361647, 10.5 
108.2027481, 88.99516922, 0 
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saturated wells 
 
 
!************************Solute Introduction 
 
 
 
solute  
Free-solution diffusion coefficient 
4.5d-10 
Fracture retardation factor 
1.0 
end solute 
 
 
 
 
!*********************mass flux boundaries 
 
 
clear chosen nodes 
choose nodes all 
initial concentration 
0.0 
 
 
clear chosen nodes 
choose nodes z plane 
10.48 
0.07 
Specified concentration 
1 
0.0, 32.0d020, 0.0 
 
clear chosen nodes 
choose nodes z plane 
0.02 
0.05 
Specified concentration 
1 
0.0, 32.0d020, 0.0 
 
 
clear chosen nodes 
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choose nodes x plane 
199.9 
0.2 
Specified concentration 
1 
0.0, 32.0d020, 0.0 
 
 
clear chosen nodes 
choose nodes x plane 
0.1 
0.2 
Specified concentration 
1 
0.0, 32.0d020, 0.0 
 
clear chosen nodes 
choose nodes y plane 
0.1 
.2 
Specified concentration 
1 
0.0, 32.0d020, 0.0 
 
clear chosen faces 
choose faces y plane 
199.9 
0.2 
Specified third-type concentration 
true 
1 
0.0, 32.0d020, 0.0 
 
 
Specified well concentration 
1 
3 
0.0,  0, 11400 
0.2,  11400,  12680.0 
0.0, 12680, 10000000000000000000 
 
 
interpolate mass flux 
 
!**** Time steps and Output times 
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transport time weighting 
0.5 
 
transient flow 
 
initial timestep 
11400 
 
minimum timestep 
1 
 
maximum timestep  
500000000 
 
output times 
22 
11400 
12000 
12680 
15000 
17500 
20000 
22500 
25000 
27500 
30000 
35000 
40000 
60000 
80000 
100000 
120000 
140000 
170000 
200000 
225000 
275000 
375000 
 
adaptive timesteps 
 
concentration control 
true, 0.09 !max change in time step, min change 
 
maximum timestep multiplier 
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2 
 
transport solver convergence criteria 
1e-15 
 
!set kwrithc 
!1 
! this outputs the concentration values for the last time step - allows restarts 
 
!Flow Solver Detail  
!1 
 
Flow solver convergence criteria 
1e-15 
 
!transport solver output detail 
!2   !detailed info, 1 is summary info 
 
!courant number 
!1 
 
compute fd cross terms 
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Mprops 

 
Smithville Eramosa 
8.64d-10       ! kx 
8.64d-10       ! ky 
8.64d-10        ! kz 
0.00             ! specific storage 
0.0000000000001     
false       ! tabular data follows if true 
0 
0,0,0 
0 
0 
10.0                ! longitudinal dispersivity 
1.0                   ! transverse dispersivity 
0.0                    ! transverse vertical dispersivity 
0.126               ! tortuosity 
2590.0            ! bulk density 
0 
0 
 

Fprops 

fracture1 
0.0000001        fracture storage coefficient 
.true.              true if fracture 
1.0                 frack if not fracture 
.001733            aperture 
.false. 
0,0,0,0,0,0             tabular data 
1   Pressure-Contact Area Table 
1.0 1.0 
10                Longitudinal Dispersivity alfrac 
1             Transverse Dispersivity   atfrac 
 
 
fracture2 
0.0000001            fracture storage coefficient 
.true.              true if fracture 
1.0                 frack if not fracture 
.000542            aperture 
.false. 
0,0,0,0,0,0             tabular data 
1   Pressure-Contact Area Table 
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1.0 1.0 
10                Longitudinal Dispersivity alfrac 
1             Transverse Dispersivity   atfrac 
 
fracture3 
0.0000001          fracture storage coefficient 
.true.              true if fracture 
1.0                 frack if not fracture 
.001121            aperture 
.false. 
0,0,0,0,0,0             tabular data 
1   Pressure-Contact Area Table 
1.0 1.0 
10                Longitudinal Dispersivity alfrac 
1             Transverse Dispersivity   atfrac 
 
fracture4 
0.0000001           fracture storage coefficient 
.true.              true if fracture 
1.0                 frack if not fracture 
.000502            aperture 
.false. 
0,0,0,0,0,0             tabular data 
1   Pressure-Contact Area Table 
1.0 1.0 
10                Longitudinal Dispersivity alfrac 
1             Transverse Dispersivity   atfrac 
 


