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Abstract 

Characterization of field-scale transport in bedrock aquifers is necessary due to the 

preponderance of groundwater contamination in these settings, and the increasing 

attention paid to these sites by regulatory bodies. However, as a result of the inherent 

complexity, and the consequent uncertainty in the dominant transport processes, large-

scale transport in fractured rock is poorly understood. 

 

In this study an investigation of large-scale transport was accomplished in part by 

conducting a radial-divergent tracer experiment in a 15 m thick section of aquifer with 

observations over a 245 m distance, using a novel tracer detection method capable of 

detecting breakthrough in individual fractures. The tracer experiment was conducted at a 

well-characterized field site in Smithville, Ontario, which is underlain by several large-

scale bedding plane fractures, and used a submersible fluorometer to detect tracer arrival 

in-situ and to obtain vertical fluorescence profiles (VFPs) from observation boreholes. 

 

To complete the investigation, hydraulic characterization data and VFPs were used to 

approximate the dominant transport pathways and a numerical model which solves for 

flow and transport in discrete fracture features (HydroGeoSphere) was used to simulate 

the tracer experiment. The results of the experiment and the modeling exercise were 

compared to those from a large-scale single fracture tracer experiment conducted 

previously at the same site, for which the modeling was revisited. 
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The experimental results of the fracture network experiment (FNE) were markedly more 

heterogeneous than those of the previously conducted single fracture experiment (SFE), 

with multiple peaks in the breakthrough curves, and scale dependent changes in 

breakthrough character. The VFPs illustrate that differences in the observed transport 

arise due to tortuous transport pathways within individual fracture features, and the 

combined effect of this tortuosity in the numerous fractures contributing to transport in 

the fracture network. 

 

For the observation boreholes closest to the source (< 55 m), both the FNE and SFE 

models were capable of fitting the data using parameters within the range of values 

determined from prior lab and field experiments at the site. These fits became poorer over 

increased transport distances however, where the models used could not account for the 

increased effects of tortuosity. 
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Chapter 1: 0BIntroduction 

Tracer experiments have been used in the nuclear, environmental, and petroleum 

industries for over thirty years to investigate the transport parameters of fractured rock 

(Bodin et al., 2003). In environmental applications involving contaminated aquifers, the 

transport characteristics are used to determine the potential for impact on receptors down 

gradient from the source. These receptors may be located hundreds of metres in the 

direction of groundwater flow, although most tracer experiments have been conducted at 

only the 10-50 m scale. There is however a paucity of tracer experiments conducted at a 

scale of greater than 100 m. 

 

Despite the considerable literature on tracer experiments conducted in fractured rock, a 

standard method of interpreting these tests has not yet been developed (Neuman, 2005). 

This is due in part to the difficulty in assigning a representative elementary volume 

(REV) to fractured rock (Bear et al., 1993), the point at which transport processes 

homogenize, and also the scale dependence of many of the parameters involved in 

transport (Gelhar et al., 1992; Zhou et al., 2007). Therefore, due to the uncertainty in 

transport process at larger scales there is merit in attempting to conduct tracer 

experiments over hundreds of metres. 

 

Along with the cost and design difficulties, large-scale tests can be potentially difficult 

due to the complex and heterogeneous transport that has been shown to occur in fractured 

systems (Abelin et al., 1991). This complexity potentially limits connection from the 
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source to the observation wells over greater distances. Because of complexity in fracture 

connections, the majority of field data from tracer experiments comes from those 

conducted within a single fracture (Lapcevic et al., 1999) or a well-defined single fracture 

zone (Himmelsbach et al., 1998). The experiments performed in fracture networks have 

been primarily conducted by the nuclear waste industry, for determining the feasibility of 

repository sites. These are therefore conducted in deep, low porosity, sparsely fractured, 

crystalline rock (Andersson et al., 2004). 

 

After much study of tracer experiments and theoretical (Moreno et al., 1988) as well as 

physical models of real fractures (Brown et al., 1998), it has been suggested that transport 

occurring in fractured rocks that owe the majority of their permeability to fractures is 

highly channelized. These channels arise from aperture variability within the plane of 

“real” fractures, and are highly heterogeneous in nature (Becker and Shapiro, 2000). 

Along with advection and hydrodynamic dispersion within channels, diffusion of mass 

occurs into the rock matrix and stagnant waters within the fracture (Raven et al., 1988; 

Shapiro, 2001; Neretnieks, 2002). The diffusion of mass into the rock matrix from this 

stagnant water has also shown to be considerable in some cases (Neretnieks, 2006). 

 

At the single fracture level, there is uncertainty as to which processes play the most 

important role in transport as scales increase. Much research has shown that matrix 

diffusion plays a dominant role in transport at the local scale (Novakowski and Lapcevic, 

1994; Himmelsbach et al., 1998; Novakowski et al., 2004), while other studies have 

determined matrix diffusion is less significant and that the tailing shown in breakthrough 
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curves is as a result of hydrodynamic processes (Becker and Shapiro, 2000). Using 

multiple tracers (Jardine et al., 1999; Novakowski et al., 2004) and conducting multiple 

experiments with different configurations (Becker and Shapiro, 2003; Novakowski et al., 

2004) helps to distinguish the dominant transport processes, although a certain degree of 

uncertainty exists as to the uniqueness of interpretation when these practices are not 

incorporated. The uncertainty of the dominant processes is even more pronounced at the 

fracture network level as the potential interactions between many fractures complicate the 

interpretation further (Neuman, 2005).  

 

Many detailed numerical and analytical models have been developed which attempt to 

account for the complex interactions in single fractures (Moreno et al., 1988) and fracture 

networks (Bodin et al., 2007). These models are usually verified against a small number 

of experiments however, and their applicability may be limited to very specific conditions 

(Neuman, 2005). The generation of accurate representations of fracture networks 

themselves has even shown to be a challenging task (Kalbacher et al., 2007). 

Representations of networks can be derived from a stochastic process (Tsang et al., 1996; 

Ando et al., 2003), or a hybrid of stochastic generated features with known hydraulically 

important features added deterministically (Kalbacher et al., 2007). More complex 

representations can be computationally intensive however, and the results are not always 

more favorable than simpler models which only account for dominant fracture features 

determined from hydraulic testing (Neuman 2005). 
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Acknowledging these findings, the main goal of this study is to investigate large scale 

tracer transport within a network of fractures and compare the results to transport within a 

single fracture at the same site, with the intention of examining the behavior of mass 

transport in increasingly complex scales which are more akin to real aquifer 

contamination scenarios.  

 

To accomplish this objective, a large-scale tracer experiment was conducted within a 

predominantly horizontally bedded dolostone aquifer, using a novel tracer detection 

method that enabled collection of in-situ tracer concentration data. Using this data, 

vertical concentration profiles (VFPs) were created for each borehole, illustrating the 

nature of tracer arrival. To provide a basis for comparison of the transport processes 

occurring, the results of a previous single fracture tracer experiment conducted at the site 

were also reinterpreted. 

 

To complete the interpretation of the tracer experiments, modeling was conducted using 

HydroGeoSphere, a discrete fracture finite element model. The modeling efforts helped 

to develop the comparison between transport at the single fracture and fracture network 

levels, as well as determining the feasibility of simulating large scale transport with a 

simplified model. 
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Chapter 2: 1BLiterature Review 

2.1 10BIntroduction 

Solute transport in fractured rock has been an active area of research for over thirty years, 

as many governments have become interested in using bedrock for nuclear waste 

repository sites (Bear et al., 1993), and increased focus on the protection of aquifers has 

necessitated greater knowledge of contaminant migration rates and dispersion levels 

(Novakowski and Lapcevic, 1994). As a major component of this research, tracer 

experiments have been used as a tool to investigate mass transport behavior. The 

cumulative result of this research is a better understanding of the mass transport processes 

occurring in fractured media, although no standard conceptualization or method of 

interpretation has been universally adopted (Neuman, 2005). This can be attributed to the 

inherent heterogeneity and complexity in fracture systems, and the vastly differing site, 

and experiment specific conditions (Zhou et al., 2007). Multitudes of numerical and 

analytical models have been developed to describe transport in fractured rock, but due to 

the difficulty and expense in conducting them, fewer tracer experiments have been 

carried out in the field to test the applicability of these models (Lapcevic et al., 1999). 

 

Acknowledging the vast body of work pertaining to mass transport and tracer 

experiments in fractured rock, and that a comprehensive review of all the associated 

topics would be too onerous for a study of this kind, the goals of the following literature 

survey are as follows: 

1) Provide a basic understanding of tracer experiments and their design 
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2) Explain a selection of the key concepts associated with transport in a single 

fracture from both experimental observations and modeling 

3) Describe major observations of transport from large-scale tracer experiments in 

fracture networks and the limitations associated with modeling these results. 

2.2 11BTracer Experiment Design 

In general, tracer experiments are conducted by introducing a solute into a groundwater 

flow system, natural or otherwise, and observing the concentration of that solute with 

time (the breakthrough curve) at one, or a number of points within a single fracture, or a 

zone of fractures. Once breakthrough data has been acquired, analytical, numerical, or 

mixed models are used to fit the experimental results by varying the parameters of the 

model that describe the transport processes included in the interpretation. The literature 

provides a variety of experimental designs that have been used to accomplish this task 

(and even more models to describe them). The experimental method employed in 

fractured rock tracer experiments is important, as it has been shown in numerous studies 

to have significant effects on the interpretation of the mass transport processes being 

investigated (Novakowski, 1992; Becker and Shapiro, 2000; Becker and Shapiro, 2003; 

Novakowski et al., 2004). This section provides information on the design of tracer 

experiments, and some key findings related to how the design of experiments in fractured 

rock impacts the quality of investigation. 

 

Tracer experiments in fractured rock have been conducted using many different flow 

configurations. Natural hydraulic gradients have been used in a few studies 
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(Himmelsbach et al., 1998; Jardine et al., 1999; Lapcevic et al., 1999), but more 

commonly, hydraulic gradients in excess of natural conditions are induced by injecting, 

and or removing groundwater from wells. 

 

The simplest forced gradient configuration is the single well injection-withdrawal method 

(SWIW)(Haggerty et al., 2001). In SWIW experiments, tracer is injected into the fracture 

or fracture zone for a period of time, and then the flow field is reversed by pumping water 

out of the same well. In their study on the scale effects of dispersion, Gelhar et al. (1992) 

consider SWIW experiments to produce lower reliability estimates of dispersion 

parameters. This is because tracer is expected to encounter the same heterogeneities as it 

travels away from the well during the injection phase, as it does traveling back to the well 

when the flow field is reversed, therefore underestimating the dispersion that would be 

present for the same time scales in unidirectional flow conditions. This perceived 

shortcoming of the SWIW method has led to multi-well configurations being used more 

frequently to investigate transport in fractured rock. 

 

Convergent flow configurations involve the use of one, or possibly a small number of 

pumping wells to collect tracer that is passively introduced into a source well (Becker and 

Shapiro, 2000). The results of these experiments may be susceptible to tailing in the 

breakthrough curves due to poor flushing of the tracer from the source borehole by 

ambient flow (Gelhar et al., 1992), but by using different flow configurations, Becker and 

Shapiro (2000) determined that the breakthrough curve tailing they observed was not an 

artifact of the source condition. Concerns over poor flushing of the source borehole can 
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be eliminated altogether however if the convergent pumping borehole is paired with 

injection of fluid into another borehole to develop the injection-withdrawal configuration. 

 

There are many examples of injection-withdrawal experiments in the literature 

(Novakowski et al., 1985; Himmelsbach et al., 1998; Novakowski et al., 2004). These 

experiments introduce tracer into a dipole flow field established between the source 

injection well, and the observation pumping well. Of the different flow configurations, 

injection-withdrawal tracer experiments are the easiest to conduct, as even with sparse or 

poorly connected fractures, the steady flow field established between the two wells 

increases the probability of high tracer recovery (Novakowski et al., 2004). This may be 

especially important when using radioactive tracers, and is a major benefit of converging 

flow at the observation borehole (Bodin et al., 2003). With only a pair of boreholes used 

in injection-withdrawal experiments, the ability to gain extensive spatial information on 

transport parameters is limited. To gather information on spatial variability of transport 

parameters, radial-divergent experiments are favorable. 

 

In radial-divergent experiments tracer is injected into the fractured media via a single 

well, and the concentration is monitored in one or many wells down gradient 

(Novakowski, 1992; Novakowski and Lapcevic, 1994). This is an attractive method as a 

spatial interpretation of the transport properties can be derived from the results at 

numerous observation points. Experiments conducted by Novakowski et al. (1992, 1999) 

have shown lower than expected mass recovery for radial-divergent configurations. This 

can be explained by heterogeneities in the flow field diverting mass away from 

 8



observation holes and other uncertainties in the flow geometry (Novakowski et al., 1999). 

Despite this phenomenon, Novakowski (1992) determined that reliable estimates of the 

transport parameters were still obtained.  

 

Natural gradient tracer experiments, like those conducted by Lapcevic et al. (1999), 

provide the opportunity to investigate transport parameters at the same velocities as real 

contamination scenarios. These experiments are difficult to conduct however, as they are 

longer in duration (due to lower velocities), making forced gradient experiments more 

attractive (Weatherill et al., 2006). In addition, the expense of installing and 

instrumenting the numerous monitoring points required for adequate tracer capture in 

fractured rock is prohibitive (Lapcevic et al., 1999). The extra expense for natural 

gradient experiments may not be warranted however, as Weatherill et al. (2006) conclude 

from a sensitivity analysis that induced velocities 4 orders of magnitude in excess of 

natural gradients may still provide reasonably reliable estimates of transport parameters.  

 

In Novakowski (1992) the importance of minimizing well bore volumes in tracer 

experiment design is illustrated. In this study, two experiments were conducted using a 

radial-divergent configuration, the first experiment had finite observation well bore 

volumes, while the second used a novel sampling apparatus to effectively negate the 

sampling volume. The breakthrough results were interpreted using an analytical model 

that accounted for the differing observation sampling volumes, and the results of this 

interpretation showed that dispersion is overestimated when sampling volumes are not 

minimized in the design of experiments, or accounted for in the analysis. 
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The type of tracer used and the method of injection play a role in the efficacy of tracer 

experiments as well. Gelhar et al. (1992) indicate that in order to for the results of a tracer 

experiment study to be considered reliable, the tracer injection must be well defined 

temporally with the concentration measured accurately, thereby removing additional 

unknowns from the solution of transport models. To accomplish this, tracer must be 

injected as a pulse, with no recirculation of traced fluid into the source hole that could 

potentially confuse interpretation. 

 

The use of a conservative tracer, one that does not exhibit sorption to fracture walls or 

matrix materials, also eliminates excess model parameters, and therefore lowers 

uncertainty. Fluorescent tracers such as Lissamine (Novakowski et al., 2004), and 

inorganic anions such as bromide (Novakowski et al., 1985), and iodide (Abelin et al., 

1991) have been shown to be conservative at different sites, but this must be confirmed 

for the specific rock type before being used in experiments. 

 

Using multiple tracers with different molecular diffusivities in the same experiment was 

shown by Garnier et al. (1985) to be an effective method to discern the presence of matrix 

diffusion. This practice has been used in numerous experiments since then to support the 

presence (Jardine et al., 1999; Novakowski et al., 2004) or absence (Becker and Shapiro, 

2000) of matrix effects as a significant transport process. Maloszewski and Zuber (1993) 

have even stated, “it is an error of art to conduct a tracer experiment without double 

tracing”. It has been shown however by Novakowski et al. (2004), that multiple tracers 

alone will not provide a unique (and therefore accurate) interpretation of the transport 
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processes, and that using different flow configurations and models which account for the 

natural flow conditions is necessary as well. 

 

As indicated above, widely differing methods have been utilized in fractured rock tracer 

experiments to investigate transport. There is no single “correct” method of conducting a 

tracer experiment in fractured rock, and there will always be uncertainties in the results 

arising from the inherent complexity of fractured media and the method of interpretation 

used. By minimizing the number of uncertainties arising from the design however, and 

using best practices such as multiple tracing and different flow configurations, the 

likelihood of acquiring an accurate interpretation of the transport processes can be 

significantly enhanced. 

2.3 12BCubic Law and the Advection-Dispersion Equation 

Recognizing that the majority of flow and transport in low porosity rocks occurs within 

fractures, early researchers focused on the transport processes at play in individual 

fractures. Flow in fractures was assumed to be governed by the “cubic law” as in [1], 

where flow rates and velocities in the fractures are orders of magnitude higher than those 

in the rock matrix. The cubic law is derived from the Navier-Stokes equation for uniform 

flow between parallel plates, and can be represented for a single fracture as follows: 

ix

hbg
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         [1] 

where, Q is the volumetric flow rate per unit width, g is the unit weight of the fluid,   

is the dynamic viscosity, h is the hydraulic head, xi is distance in the direction of flow,  

and 2b is the fracture aperture. 
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To determine contaminant migration rates and the potential for attenuation, Neretnieks 

(1980), Tang et al. (1981), and Grisak and Pickens (1981) presented analytical solutions 

for transport in a single fracture. Neretnieks (1980) identified that diffusive mass flux into 

the matrix may significantly mitigate contaminant transport, especially for deep nuclear 

applications where hundreds of metres would lie between the source and the receptor. Of 

the solutions presented, the solution of Tang et al. (1981) was the most comprehensive, 

accounting for: 1) advective transport in the fracture 2) longitudinal mechanical 

dispersion in the fracture 3) molecular diffusion in the fracture 4) diffusion from the 

fracture into the rock matrix 5) adsorption onto fracture walls 6) adsorption in the rock 

matrix 7) and radioactive decay. Simplified for the case of a non-decaying, conservative 

tracer, the governing advection-dispersion equation for the fracture is as follows (Tang et 

al., 1981): 
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where  is the concentration in the fracture, is the concentration in the matrix, x is 

the distance along the fracture, z is the distance in the matrix perpendicular to the 

fracture, v is the advective velocity in the fracture,  is the hydrodynamic dispersion 

coefficient (defined as the product of the velocity v and the longitudinal dispersivity, plus 

the free-solution diffusion coefficient), Dd is the effective matrix diffusion coefficient 

(defined as the product of the free-solution diffusion coefficient and the matrix tortuosity 

factor, 

fC mC

D

 ), m  is the bulk porosity of the matrix, and b is half the aperture of the fracture. 
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When boundary conditions are applied to the equation, it can be solved in Laplace space 

and inverted to generate a solution for transport in a single fracture. The solution of Tang 

et al. (1981) (and others similar to it) showed the importance of matrix diffusion as a 

“safety mechanism” in contaminant transport, retarding and attenuating plumes, and 

allowed for the accuracy of numerical models being developed to be checked against a 

closed-form analytical solution. Solutions to the advection-dispersion for a single fracture 

are still widely used as the basis for fracture transport models and their applicability will 

be discussed further below. 

2.4 13BSingle Fracture Transport 

Extensive research has been conducted to investigate mass transport in a single fracture 

using theoretical models (Moreno et al., 1988), lab-scale experiments (Brown et al., 

1995), and field-scale tracer experiments (Novakowski et al., 2004). The work conducted 

has provided a clearer understanding of the dominant transport processes, and a sampling 

of this work is presented in this section. 

 

Experiments conducted in the laboratory on core samples have shown that natural 

fractures are characterized by rough walls, with aperture variability, and even closure 

over significant portions of the fracture. This differs greatly from the smooth parallel 

plate approximation that is the basis for the cubic law [1]. The cubic law representation of 

a fracture underlies many models which use different versions of the advection-dispersion 

equation like Tang et al. (1981) to describe transport in a single fracture. An 
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understanding of the limitations to this simplified representation of a fracture is therefore 

required. 

 

Early research showing deviation from the cubic law was presented by Witherspoon et al. 

(1980), where radial-flow observations in core samples under axial load were compared 

to flow rates expected from the cubic law. This study found that a correction factor 

ranging from 1.04 – 1.65 was necessary to fit the reduction in flow observed under 

increasing loads. Further investigation by Pyrak-Nolte (1987) included injecting Wood’s 

metal (an alloy with a low melting point) into core sample fractures. When the core 

sample was split, it revealed metal residing in distinct channels within the plane of the 

fracture, and highly non-uniform flow, providing direct visual evidence for the effects of 

aperture variability on flow. 

 

A similar experiment was conducted by Gentier et al. (1989) which showed uneven tracer 

breakthrough, in both location and flow rate, on a core sample fracture trace. This uneven 

flow became increasingly heterogeneous under stresses similar to those experienced by 

real fractures in-place. Also in that study, it was determined from physical measurements, 

that aperture variability can be described by a log normal distribution, and this finding 

was corroborated by Rouleau and Gale (1985) in studies of granite rock cores from the 

Stripa mine site in Sweden. 

 

Brown et al. (1998) conducted further analysis on the flow channeling that occurs in 

fractures by fabricating an epoxy resin replica of a real fracture. This research used 
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nuclear magnetic imaging methods to analyze the flow velocities at different points in the 

transparent epoxy fractures, and found velocities to vary over orders of magnitude.  

 

The lab-scale results indicate that flow in real fractures is highly channelized, owing to 

aperture variability in the plane of the fracture. This suggests that a cubic law 

representation of fractures may have limited applicability, and early tracer experiments 

conducted in a single fracture would support these findings. 

 

From field-scale tracer experiments conducted by Novakowski et al., (1985), Abelin et al. 

(1985) and others, it was observed that the apertures determined using a mass balance 

approach from flow rates and tracer arrival times in tracer experiments (tracer aperture), 

were significantly larger than those determined using flow rates over a given pressure 

drop from hydraulic testing (hydraulic aperture)(Tsang, 1992). The tracer aperture is 

significantly larger than the hydraulic aperture, as it reflects an average of the apertures 

sampled by the pathways in which transport occurs, and from laboratory studies it has 

been shown that these are the areas of largest aperture in the plane of the fracture. The 

hydraulic aperture however, which is determined from the pressure drop with a given 

flow through an idealized parallel plate fracture, is dependent on the smallest apertures 

(or closure), and is therefore always smaller than the tracer apertures. These finding are 

significant, as they indicate that transport occurs in the areas of largest aperture at the 

field-scale as well, and that using apertures determined from hydraulic testing and a cubic 

law representation of fractures underestimates transport velocities. The channeling 
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phenomenon is also supported by Moreno et al. (1988) with computer simulations of 

transport in a single fracture. 

 

Moreno et al. (1988) present a model with a stochastic representation of aperture 

variability in a single fracture. The model applies a lognormal distribution of aperture 

(Rouleau and Gale, 1985; Gentier et al., 1989) to a discretized fracture. In the model, a 

pressure gradient is applied across the fracture and the flow distribution is determined by 

applying the cubic law locally in the discretized elements. To generate breakthrough 

curves, a particle tracking routine which is routed according to the distribution of flow is 

implemented. Results from the breakthrough curves generated by Moreno et al. (1988) 

using a pulse injection of particles display a fast rise at early time, owing to the bulk of 

transport occurring along fast transport pathways of connected aperture, and long tails 

due to the small portion of particles arriving along slower, more tortuous pathways. These 

simulations indicate a match to the phenomenon observed in real fractures for lab and 

field-scale experiments, but the discretization required for modeling large-scale transport 

limits the applicability of this method (Bodin et al., 2003). Even if sufficient computing 

capabilities existed however, there is no reliable data to support such detailed aperture 

characterization at the field-scale (Neuman, 2005). 

 

Further field evidence of breakthrough curves with a fast rise to peak and extensive 

tailing have been witnessed in numerous single fracture tracer experiments conducted at 

the scale of tens of metres. A main focus of these experiments has been determination of 

the dominant transport processes responsible for the observed breakthrough character. 
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Novakowski and Lapcevic (1994), conducted a radial-divergent experiment in an array of 

25 boreholes intersecting a single fracture over distances ranging from 5 – 30 m. From 

hydraulic testing, the fracture was shown to have significant areas of closure, with non-

detectable fracture aperture determined in 25% of the boreholes. Of the 13 boreholes 

monitored during the tracer experiment, tracer was observed in 11. The results of the 

experiment were modeled using different versions of a semi-analytical model, which 

showed that tortuosity, and advective-dispersive effects owing to aperture variability 

played a role in transport. Matrix diffusion was determined to be the dominant process 

impacting peak concentrations however, as dispersivity reached an asymptotic value after 

only 10 m, indicating that the impact of advective processes is diminished in comparison 

to matrix diffusion over larger scales.  

 

The natural gradient tracer experiment presented by Lapcevic et al. (1999) was conducted 

in the same borehole array intersecting a variable aperture fracture as in Novakowski and 

Lapcevic (1994), but for this experiment it was augmented with two extra boreholes to 

increase potential travel distance. Tracer was monitored at 17 of the observation points 

shown to have a hydraulic aperture greater than 50 μm, and tracer breakthrough was 

observed in 8 of those monitoring points. Numerical modeling based on a parallel plate 

approximation of the variable aperture fracture was conducted, which showed significant 

transverse dispersion owing to aperture variability. Increasingly tortuous transport 

pathways were also surmised from the slightly increasing tracer aperture and matrix 

porosity required to fit the data over distance. In addition, variable aperture simulations 

were conducted which showed a match to the transverse spreading observed, but due to 
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the lack of a defensible aperture variability data set over larger scales, the study 

concludes that an effective constant aperture representation is a reasonable approach for 

predicting transport velocity at the field-scale. As a result of the significant closure 

observed, the study also highlights the risk in using only a few hydraulic testing data 

points to estimate groundwater velocities. Matrix diffusion was again required to produce 

fits to the experimental data, acting to diminish concentrations significantly, and simulate 

the observed tailing. 

 

Becker and Shapiro (2000) used multiple tracers and the convergent and weak dipole 

tracer experiment configurations to conclude that the breakthrough character observed in 

a single crystalline rock fracture over 36 m was due to advective processes. Using two 

different flow configurations, along with a solution to the advection-dispersion equation 

for a single fracture that took this into account, they were able to rule out the injection 

condition as the cause of the tailing observed. In addition, multiple tracers were employed 

with differing diffusivities, but no separation of the breakthrough curves was observed, 

indicating that diffusive exchanges with the matrix or otherwise (i.e. stagnant waters or 

infilling materials) were not responsible for the tailing observed either. From these 

findings they conclude that the breakthrough tailing observed results from the 

heterogeneity of fractured rock, similar to the observations in the lab and theoretical 

experiments mentioned above. Many other tracer experiments have been interpreted 

however, which show a less dominant role played by advective-dispersive effects, and 

these studies support matrix diffusion as a more dominant process in transport at the 
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single fracture scale (Maloszewski and Zuber, 1993; Novakowski and Lapcevic, 1994; 

Himmelsbach et al., 1998; Novakowski et al., 2004). 

 

In Novakowski et al. (2004), two injection-withdrawal experiments were conducted 

between two boreholes separated by 9.5 m. The experiments used opposite flow fields, 

and also incorporated multiple tracers. A rigorous semi-analytical model was used to 

interpret the results, but unique fits to the data were only achieved with consideration of 

the multiple tracers and the natural flow field. From this interpretation it was determined 

that although the injection-withdrawal method is relatively insensitive to diffusive 

exchanges, matrix diffusion as opposed to an advective process dominated transport. The 

study also shows that in order to uniquely and accurately discern the transport processes, 

a comprehensive experimental design and interpretation is required.  

 

The cumulative result of these studies signifies that transport in a single fracture is a 

complex process which is controlled by the relative impact of advective, diffusive, and 

hydrodynamic dispersive processes. Due to the inherent heterogeneity of rock fractures, it 

is not possible to compare the results from tracer experiments conducted at different sites, 

under differing experimental conditions to conclude that one transport process is the most 

dominant in all circumstances. It is necessary however to acknowledge that uncertainty 

will always exist in the interpretation of transport, owing to assumptions of the model 

used, the method of parameter estimation (i.e. curve fitting) (Weatherill et al., 2006), and 

limitations to the data available to characterize rock fractures (Neuman, 2005). 
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2.5 14BScale Effects 

Multiple studies have been conducted which investigate the scale dependence of transport 

parameters determined from tracer experiments (Gelhar et al., 1992; Guimera and 

Carrera, 2000; Zhou et al., 2007). These studies suggest that there appears to be an 

observable scale effect, and these findings are outlined in this section. 

 

In the seminal study on field-scale dispersion by Gelhar et al. (1992), a review of tracer 

experiments in porous and fractured media is presented. The study evaluates tracer 

experiments based on a set of reliability criteria (some of which are discussed in Section 

2.1), and plots the longitudinal, and transverse dispersivity data against travel distance. 

The findings from this study suggest that when reliability of the data is not considered 

there is an observable upward trend in longitudinal dispersion for both porous and 

fractured media. There is also significant spread (2-3 orders of magnitude) in the values 

determined at specific distances, which Gelhar et al. (1992) explain as being owed to 

varying levels of heterogeneity at different sites. The data also shows that horizontal 

transverse dispersion values are typically an order of magnitude lower than longitudinal 

values. Gelhar et al. (1992) conclude that when only high reliability data sets are included 

in the analysis (which excludes all the fractured rock experiments in the study), the 

upward trend is less distinct, and the need for a greater number of reliable data sets from 

large-scale experiments is required to confirm the upward trend. 

Guimera and Carrera (2000), and Zhou et al. (2007) follow a similar methodology to 

Gelhar et al. (1992) in reviews of experiments conducted exclusively in fractured rock to 

investigate scale dependence on transport parameters. In Guimera and Carrera (2000), 
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tracer experiments are reinterpreted using a simple model based on hydraulic 

conductivity, first arrival and peak times, and apparent porosity. From their study, they 

conclude that despite considerable noise, apparent porosity appears to increase with 

greater times to peak arrival, indicating the increasing impact of matrix diffusion over 

larger scales. 

 

Zhou et al. (2007), in their survey of fractured rock tracer experiments attempt to use only 

high quality data sets, as defined by Gelhar et al. (1992) to investigate scale dependence 

of matrix diffusion and dispersivity. The survey results indicate that there is an upward 

trend in the effective matrix diffusion coefficient determined from the lab with increasing 

scale, and similar to the findings of Gelhar et al. (1992), the same increase with scale 

applies to dispersivity values. In addition, a range of 2 orders of magnitude for the matrix 

diffusion coefficient scale factor at a given distance is shown from the data, indicating 

differing degrees of heterogeneity at different sites, as observed by Gelhar et al. (1992) as 

well. Increases in the effective matrix diffusion coefficient, and therefore the impact of 

matrix diffusion, can be explained by a number of processes: 

1) A zone of higher matrix porosity in the degraded rock directly adjacent to the 

fracture (Zhou et al., 2006) 

2) Diffusion into infilling material within fractures (Maloszewski and Zuber, 1993) 

3) Diffusive exchanges into stagnant waters between transport pathways  (and 

subsequently into the matrix) (Neretnieks, 2002; Neretnieks, 2006) 

4)  Small-scale fractures unidentified by hydraulic testing that increase the flow 

wetted surface available for matrix diffusion (Zhou et al., 2006; Liu et al., 2007). 
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The results of studies on the scale dependence of transport parameters show considerable 

evidence for the increasing impacts of dispersivity and matrix diffusion with distance. 

These findings indicate the difficulty in scaling up small-scale experiments, and also the 

need for further tracer experiments to be conducted over large-scales (> 100 m) to better 

understand transport over these distances.  

2.6 15BLarge-Scale Transport in Fracture Networks 

There have been a limited number of large-scale tracer experiments conducted in 

fractured rock due to the significant cost and difficulty associated with conducting them, 

and the poor connection observed in fracture systems (Abelin et al., 1991) that may limit 

the potential for a successful test. Modeling of tracer experiments in fracture networks, 

which encounters all of the same uncertainties that exist at the single fracture scale with 

regards to the dominant transport processes, is further complicated by the interactions 

between multiple fractures. This section presents findings from fracture network tracer 

experiments and a discussion of the difficulties that arise when attempting to model them. 

 

Multiple tracer injections were conducted at the Stripa mine site in Sweden (Abelin et al., 

1985; Abelin et al., 1991). In the “Stripa 3-D Experiment” a tunnel of about 100 m in 

length was constructed and three boreholes 75 m in length were drilled into the rock. 

Hydraulic testing was conducted in these boreholes, and high transmissivity sections 

were identified for areas of tracer injection. The ceilings and walls of the tunnel were 

covered in sections of plastic sheets to allow tracer breakthrough to be identified in 

discrete locations. Tracer traveled under the converging flow field toward the tunnel over 
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distances ranging from 11-50 m, and breakthrough was observed in the plastic sheets on 

the ceilings and walls. Arrival of tracer was observed to be highly irregular, with adjacent 

sections receiving vastly differing quantities of tracer. Breakthrough curves were shown 

to have many “ups and downs” indicating distinct transport channels. The study 

illustrates the highly channelized transport pathways which may arise in fracture 

networks, especially in fractured crystalline rock with sparse fracturing. In addition, the 

study highlights the shortcomings of using simplified models which require “forcing” of 

parameters to make compromised fits to the data, which may not represent the processes 

occurring. 

 

Similar to the Stripa 3-D experiment, the Finnsjon experiment (Andersson et al., 1989) 

provides evidence for channeling effects in large-scale fracture network experiments. In 

this study injection-withdrawal experiments were conducted in a fracture zone over 

distances ranging from 150-200 m, with many of the breakthrough curves displaying 

multiple peaks and long tails, suggesting significant channeling. 

 

In the Fanay-Augeres experiment conducted in a Uranium mine in France (Cacas et al., 

1990), three sets of 50 m long boreholes were drilled into densely fractured granitic rock 

through the walls of a 100 m long horizontal drift. Tracer was injected and observed in a 

similar fashion to the Stripa 3-D experiment (Abelin et al., 1985; Abelin et al., 1991), but 

the sections isolated for observation were much larger. These larger areas of collection 

may have been responsible for no multiple peaks being observed, as arrivals from distinct 

pathways would presumably undergo considerable mixing in the large isolated section of 
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the drift ceiling. The majority of breakthrough curves do show a fast rise to peak and 

significant tailing however, indicating that channeling could have been significant. 

 

The Fanay-Augeres experiment has been modeled in multiple studies by Cacas et al. 

(1990), Maloszewski and Zuber (1993), and Ando et al. (2003). Cacas et al. (1990) 

achieve reasonable fits to the data with simulations of a stochastic discrete fracture 

network model, which represents fractures as circular disks of randomly generated 

orientations and size, where flow in each disk is assumed to be one-dimensional, with 

transport simulated via particle tracking. Maloszewksi and Zuber (1993) use the SFDM, 

an advection-dispersion-matrix diffusion model, to acquire equally adequate fits. Most 

recently, modeling has been conducted by Ando et al. (2003), using a high-resolution 

stochastic continuum model, which does not require detailed information about the 

fracture system, yet also reaches agreement with the observed breakthrough. 

 

The differing interpretations of this experiment illustrate that models which attempt to 

account for many of the complexities inherent in flow and transport in fracture networks 

(i.e. small-scale fracturing, mixing at fracture intersections, tortuous channels in 

individual fractures etc.) may not perform any better than simpler models in 

characterizing the salient transport behavior (Bodin et al., 2003). This is due to 

limitations in the data required to condition these complicated models, as no method is 

available to capture small-scale in-situ fracture character (and none may ever be), and 

also due to the major simplifying assumptions that are made to describe the flow and 

transport processes occurring (Neuman, 2005). This is best explained by Ando et al. 
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(2003), which concludes, “an open system, especially one as complex as fractured 

hydrogeologic environments tend to be, cannot be described uniquely on the basis of 

sparse data and need not be described in great detail to capture its salient behavior by a 

model.” 

 

Large-scale injection-withdrawal experiments were conducted in fracture zones as part of 

a series of investigations at the underground research lab (URL) in Pinawa, MB (Frost et 

al., 1992), with travel distances ranging from 20 m to approximately 150 m. Over shorter 

distances in the injection-withdrawal experiments (20 m), the breakthrough curves 

displayed multiple peaks, but as travel distances increased, more dispersed peaks were 

observed. In another set of experiments conducted at the URL, samples were collected at 

over 30 seepage locations in the mine shaft under radially converging flow conditions, 

with 12 of these displaying multiple peaks, and many having a sharp rise and long tails. 

The tracer experiments at the URL further indicate that transport occurs in distinct 

pathways, but also provides evidence for a scale dependent change in channeling 

behavior, as curves over longer travel distances were more dispersed. 

 

Himmelsbach et al. (1998) conducted natural gradient, injection-withdrawal, and radial 

convergent experiments in a fracture fault zone over distances ranging from 11 – 346 m 

at the Lindau site in Germany. Breakthrough again showed multiple peaks in some 

instances, but the general shape of the breakthrough curves was simulated closely with 

the single fracture dispersion model (SFDM) (Maloszewkski and Zuber 1993). From the 

modeling it was shown that the results were strongly influenced by matrix diffusion, 
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indicating the need to account for matrix diffusion over transport distances at the scale of 

hundreds of metres. This was determined to be a reliable interpretation, as the matrix 

porosity estimated from modeling was close to values determined from independent core 

samples. 

 

As part of the tracer retention understanding experiments (TRUE) in Sweden (Andersson 

et al., 2004), block-scale tracer experiments were conducted over distances ranging from 

16-97 m using the injection-withdrawal format. A one-dimensional advection-dispersion-

matrix diffusion model was used to simulate the results by Andersson et al. (2004), as it 

was presumed that the bulk of transport would occur in one-dimensional channels. This 

method of interpretation worked better for the relatively short pathway than for the longer 

one, where the impacts of heterogeneity and multiple flow paths were presumed to 

impact transport. Other interpretations of the data which used more complicated models 

(discrete and continuum representations) were also performed in the TRUE study (Poteri 

et al., 2002), and it was shown from these results that a wide variety of models were 

capable of simulating the important transport processes. 

 

Tracer experiment results indicate that transport in fracture networks is heavily 

influenced by heterogeneities, leading to observations of multiple peaks in breakthrough 

curves as distinct transport pathways arrive at observation points. The impact of matrix 

diffusion has also been shown to be considerable in some of the experiments, especially 

for those conducted over the greatest distances. Modeling transport in fracture networks 

is more susceptible to uncertainty than in a single fracture, as more assumptions are 
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required, and less of the complexity of the system can be captured. As a result, there is 

often little difference in the ability of simple and complex models to capture the 

important characteristics of transport. Due to the limited number of experiments 

conducted, further large-scale tracer experiments in fractured rock networks are required 

to better understand the dominant transport processes, especially over distances greater 

than 100 m. 
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Chapter 3: 2BField Method 

3.1 16BBackground 

There were two tracer experiments analyzed and interpreted in this study, both conducted 

at a field site near Smithville, Ontario, Canada. The first experiment was conducted in a 

single fracture and was carried out previous to this study (Glockner, 1999; Novakowski et 

al., 1999), while the second experiment was conducted in a fracture network during this 

study. The fracture network experiment (FNE) was designed similar to the single fracture 

experiment (SFE), both being conducted in radial-divergent mode. This chapter describes 

the field site used for both experiments, and details the methods employed to conduct the 

tracer experiments and additional hydraulic characterization of the site. 

3.2 17BField Site 

To conduct the tracer experiment a well-characterized fracture network with known or 

suspected large-scale connections was required. The study site selected is on the outskirts 

of Smithville, Ontario, a small town located on the Niagara Escarpment approximately 50 

km west of Niagara Falls (Figure 3.1).The site has been extensively characterized and the 

results are summarized in Novakowski et al. (1999). This body of work was the source 

for much of the site specific data used in this study. The reader is referred to this 

reference for further information regarding the site. 
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Figure  3.1: The Smithville study site with the location of the South Cluster boreholes highlighted. 

The arrow denotes the approximate direction of the regional hydraulic gradient. (Figure modified 

from Novakowski et al., 1999) 

The lithology underlying the Smithville site consists of the Lockport Formation, a nearly 

horizontally-bedded dolostone of Silurian age, of which the uppermost member is the 

Eramosa. The Lockport is overlain by approximately 10 m of overburden (clay till) and 

underlain by the Rochester Shale. The Eramosa member is approximately 15 m in 

thickness, and both tracer experiments were conducted in this unit. The Eramosa is 

pervaded by horizontal bedding plane fractures, with less frequent vertical fracturing that 

is mostly confined to single horizontal bedding planes. From previous core analysis in the 

 29



Eramosa member, the mean horizontal bedding plane fracture spacing is 0.39 m, with 

vertical fracture spacing on average at 0.7 m. In the Eramosa member, vugs and stylolites 

have also been observed in core samples. Measurements taken from core samples in 

previous site characterization efforts have shown porosity in the Eramosa to be highly 

variable, ranging from 1.0 – 19.7%, with a mean value of 6.5% (N = 358). (Novakowski 

et al., 1999) 

 

The site has undergone significant hydraulic characterization prior to this study, with 

numerous vertical and angled wells drilled to depths of up to 50 m below grade. From 

detailed hydraulic head measurements taken from multi-level piezometers installed in 

some of the on-site wells, and from point dilution experiments, hydraulic gradients in the 

upper Eramosa were found to range from of 0.0001-0.0002 (Novakowski et al., 1999; 

Novakowski et al., 2006). From the point dilution experiments, groundwater velocities 

were determined to range between 3-40 m/d, with a high degree of variability between 

different fractures and within the same fractures at different locations on the site. 

 

Along with the extensive gradient data, comprehensive transmissivity measurements for 

the site have been collected using the constant head injection method (Novakowski et al., 

1999). From the transmissivity measurements, fracture apertures can be estimated, and 

hydraulically dominant fracture features can be correlated from borehole to borehole, as 

illustrated in Figure 3.2. A site plan showing the locations of borehole is presented in 

Figure 3.3. 
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Figure  3.2: Transmissivity distributions with correlated high transmissivity features over the 126 m 

distance from the SFE injection borehole 56 to borehole 64 (modified from Novakowski et al., 1999). 

See Figure 3.3 for the positioning of the boreholes on site. 

There is some uncertainty in the direction of groundwater flow through the study site. 

Flow has been found to be generally southeasterly (Figure 3.3), but the areas isolated for 

head measurements in different boreholes may not be connected over large distances, 

giving rise to errors in the interpretation (Novakowski et al., 1999). Another attempt to 

determine an accurate direction of groundwater flow was made prior to drilling during 
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this study using a commercially-available contouring program and detailed three-point 

calculations. These efforts generally concur with the previous study, confirming the 

southeasterly direction of flow (approximately S30E +/- 15), albeit with most of the 

same uncertainty issues from previous work. 

 

Two additional diamond-cored boreholes were drilled during this study in order to 

increase the potential travel distances for the network scale tracer experiment and to 

obtain additional hydraulic characterization data for analysis and modeling. The 96 mm 

diameter vertical holes were drilled nearly to the bottom of the Eramosa at approximately 

23 m below ground surface in order to intercept highly transmissive sections identified 

from previous hydraulic characterization. Both boreholes were cased through the 

overburden into the first metre of heavily weathered dolostone to help prevent collapse, 

and then left uncased to the bottom. The holes were then vertically and horizontally 

surveyed and tied into the existing site grid. Borehole 72 was drilled as the proposed 

injection hole, and borehole 73 was drilled approximately 116 m to the Southeast to act 

as an intermediate observation hole between the South Cluster of boreholes 56-59, and 

boreholes 70 and 71. The configuration of the boreholes used in both tracer experiments 

is shown in Figure 3.3, and the radial distances relative to the injection hole used for each 

tracer experiment are shown in Table 3.1. 
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Figure  3.3: A site plan for the Smithville study site showing the locations of the boreholes used for 

both experiments. Cross-section A-A’ is presented in Figure 3.5. 

Table  3.1: Radial distances from injection to observation boreholes for both tracer experiments. 

  55 56 57 58 59 64 70 71 72 73 

Single Fracture (m) 30.5 0 20.4 38.4 31.1 126.2 - - - - 

Fracture Network (m) - 55.3 - 83.9 81.2 - 141.9 245.2 0 116.4 
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The location of the new boreholes was chosen based on the southeasterly direction of 

groundwater flow, in an effort to gain the maximum travel distance for the tracer 

experiment. Other boreholes in the array designated for use in the study had previously 

been hydraulically tested using a constant head injection system with 0.5 m packer 

spacing (Novakowski et al., 1999). In order to correlate the fracture features observed in 

the existing wells with those in the new wells, slug testing was conducted in the two new 

holes using 0.77 m packer intervals. The 0.77 m interval was the finest resolution capable 

with the existing equipment configuration. Novakowski et al. (2006) provides more detail 

on the field method used for the constant head and slug tests. 

 

The Hvorslev method (Hvorslev, 1951) was used to calculate the transmissivity of each 

section of aquifer. The resulting transmissivity distribution for the proposed injection 

hole (borehole 72) is shown in Figure 3.4. Unfortunately, borehole 73 experienced a wall 

collapse during testing and became impassable to packers, resulting in no useful data 

being collected. Borehole 73 did however remain open enough for the combined 

transducer-fluorescence probe to pass through, allowing for monitoring during the tracer 

experiment. 
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Figure  3.4: Transmissivity distribution for borehole 72 acquired from slug testing. 

The transmissivity profile for borehole 72 shows a similar distribution compared to the 

previous hydraulic testing carried out in other holes (Figure 3.2), but due to the 

equipment configuration and method of testing used, the same level of resolution was not 

possible. The major bedding plane fracture features identified at approximately 173, 176, 

180, 182, and to a lesser extent 178 masl (depths vary slightly in each borehole) correlate 

well to those found in the other boreholes used for the full network tracer experiment. 

The feature at 173 masl was in fact so transmissive that it did not allow for an appreciable 

column of water to build up when slug tested, equating to a transmissivity of greater than 

1×10-3 m/s2. Recognizing that the transmissivity profiles from boreholes 56-59 correlate 

well to those from borehole 72 and 64, it can be expected that borehole 73 is of similar 

character, and the borehole camera investigation qualitatively confirmed this. 
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The down-hole camera was also used in the other boreholes in preparation for the fracture 

network tracer experiment, to confirm the presence of the large fracture features, check 

the general condition of each well, and look for other defining characteristics. The video 

from the borehole camera corroborated the presence of the large fracture features, and 

identified extensive spalling and even collapse in some boreholes around the highly 

fractured areas. Also of note were the extensive vugs, dissolution zones, and numerous 

smaller fractures present. All of the hydraulic characterization data collected was useful 

in interpreting the results from the fracture network tracer experiment and in the 

subsequent modeling effort. 

 

From the available characterization data, a conceptual model of the subsurface conditions 

at the Smithville site can be generated, as shown in Figure 3.5, where the transmissivity 

profiles from previous hydraulic characterization work (Figure 3.2), and the data 

collected from borehole 72 (Figure 3.4) are superimposed onto cross-section A-A’ from 

Figure 3.3. The figure provides a visual representation of the high transmissivity 

horizontal bedding plane fractures which pervade the site, as well as some of the 

hydraulically less significant horizontal and vertical fractures shown to be present in the 

Eramosa member.



 

 

 

 

Figure  3.5: Conceptual model cross-section with transmissivity distributions for selected boreholes. Vertical exaggeration approximately 20×.
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3.3 18BSingle Fracture Tracer Experiment 

The radial-divergent tracer experiment conducted in a single fracture (Novakowski et al., 

1999) used a discrete fracture feature located approximately 11 m below ground surface. 

This bedding plane fracture was identified by hydraulic testing and was isolated using 

straddle packers in all holes. Water was injected from a nearby fire hydrant for a period 

of one day prior to the injection of the tracer in order to develop steady-state flow 

conditions. The tracer chosen for the experiment was Lissamine, which has been shown 

to be conservative (i.e. exhibiting no retardation) in carbonate rock. A 1.0 g/L solution of 

Lissamine was injected for 2.5 min at the same steady flow rate of 4.1L/min. Bromine 

was also introduced during injection, and it was monitored using a down-hole 

conductivity probe to ensure that the source concentration was accurately approximated 

by a boxcar function. The injection was followed by chase fluid for the remainder of the 

experiment, maintaining the steady-state flow conditions. The tracer was injected into 

borehole 56 and sampling for Lissamine was conducted in boreholes 55, 57, 58, 59, and 

64. Injection and observation borehole volumes were kept small (approximately 4 L) to 

lessen the effects of borehole mixing (Novakowski, 1992). This was accomplished by 

using a packer spacing of 0.5 m to straddle the fracture feature. Samples were initially 

pumped from the observation boreholes at half-hour intervals (except borehole 64 which 

was less frequent) and then less frequently as the test progressed. The boreholes were 

monitored until it was determined that concentrations had returned to background levels. 

For further information regarding the tracer experiment the reader is referred to Chapter 2 

in Novakowski et al. (1999). 
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3.4 19BFracture Network Tracer Experiment 

The fracture network tracer experiment conducted in this study utilized the same radial-

divergent format as for the single fracture study, but with different methods of injection 

and sampling.  For the network experiment, fluid was injected into borehole 72 over a 

10.4 meter length (182.6 - 172.2 masl), with the bottom portion of the borehole left open. 

The injection borehole was equipped with a single packer at the top of the Eramosa and a 

one-inch perforated standpipe running from the packer to near the bottom of the hole to 

facilitate injection. To acquire a more uniform distribution of tracer injection along the 

length of the test zone, perforations near the top of the pipe were successively closed off 

with tape during aboveground pre-testing until a uniform distribution was achieved (this 

picture and others from field work are presented in Appendix A). A pressure transducer 

mounted at the top of the packer was used to monitor the hydraulic head rise in the 

injection zone. A schematic of the injection system and the test design is shown in Figure 

3.6. 

 

Boreholes 70, 71, and 73 are vertical wells drilled through the upper portion of the 

Eramosa, allowing their full lengths to be used for observation. The other boreholes used 

for monitoring tracer concentration (56, 58,59) are angled wells, drilled deeper than the 

limits of the experiment and required packers at the bottom of the test interval to isolate 

the Eramosa member. Unfortunately, due to collapse of the borehole walls, boreholes 55 

and 57 could not be used during this experiment. 

 39



 

Figure  3.6: A schematic of the fracture network tracer experiment setup (modified from Novakowski 
et al., 2004). 

Similar to the SFE, steady flow conditions were established prior to the injection of tracer 

by pumping in untraced water over a period of several hours. Due to the low storativity of 

the fractured dolostone aquifer, steady conditions were expected to be achieved rapidly, 

and this was supported by subsequent modeling. Water levels were monitored before, 

during, and after the experiment in the borehole array. The nearby fire hydrant was used 

as a water source, providing a flow rate of 92 +/- 2 L/min. The high flow rate was used in 

order to increase the likelihood of reaching the desired tracer travel distances of over 200 

m, but was not high enough to induce pressures which would cause fracture dilation. 

Previous tracer experiments which used the fire hydrant as an injection source were 

 40



limited in flow rate to approximately 20 L/min by the small tubing size connected to the 

borehole and because of this factor, the desired tracer travel distances were not reached 

(Hachey and Novakowski, 2006). During this study 1-1/4“ PVC tubing was used, 

facilitating the high flow rates necessitated by the large-scale nature of the test. 

 

As in the previous SFE, Lissamine was used as the tracer. A 2000 L inflatable pool was 

used to mix the tracer with the injection fluid. Mixing was conducted manually until the 

pool was determined by visual inspection to be well mixed, at which point samples from 

different areas of the pool were taken to later confirm concentration levels. The mixed 

tracer was pumped from the pool using a gas powered water pump that was connected to 

the injection tubing via a valve system that was also coupled to the fire hydrant source. 

The water pump was capable of maintaining the flow at the fire hydrant rate, therefore no 

variation in flow rates occurred during injection when the sources were switched. 

Approximately 1700 L of 150 mg/L Lissamine solution was injected into borehole 72 

over nearly 19 minutes, and similar to the SFE (Novakowski et al., 1999), the source 

concentration is expected to be accurately approximated by a boxcar function. Following 

the tracer injection, the hydrant was switched back online to supply chase fluid for the 

duration of the test maintaining the constant injection rate of 92 +/- 2 L/min throughout. 

 

A new method of tracer detection that uses a submersible fluorometer (Turner Designs, 

Cyclops 7) coupled with a pressure transducer (50 psi Druck) was used to monitor the 

concentration of tracer in the array of observation boreholes. The fluorometer has a 

fluorescence detection limit of less than 0.001 mg/L (Turner, 2007). This equipment was 
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used with success in a previous tracer experiment at this site (Melaney, 2008), allowing 

for concentration measurements to be obtained in-situ, with the pressure transducer 

indicating the depth below the water table that each concentration measurement was 

taken. The many advantages of this method over bulk sampling of borehole water are: i) 

the ability to capture the contribution of tracer from individual fracture features ii) ease of 

use iii) portability iv) and rapidity of data collection.  

 

A monitoring event was conducted by slowly lowering the combined probe down the 

hole, with readings recorded every second via a Campbell Scientific CR10-X data logger. 

Background fluorescence measurements were taken in each of the observation boreholes 

prior to tracer arrival. Continuous monitoring then commenced, initially at half hour 

intervals and becoming less frequent as the tracer plume evolved. The more distant wells 

(73, 70, 71) were monitored only intermittently until breakthrough occurred at next 

closest well. Monitoring was ceased after 72 h, at which point the concentration in most 

holes had made a complete return to background.



Chapter 4: 3BResults 

4.1 20BSingle Fracture Tracer Experiment 

The SFE (Novakowski et al., 1999), conducted in a bedding plane fracture approximately 

11 metres below ground surface, yielded tracer breakthrough in boreholes 55, 57, 58, 59, 

and 64. All the breakthrough curves for the boreholes in the South Cluster (20-40 metre 

travel distance) exhibit a sharp rising limb and significant tailing. Borehole 64 however, 

which is a distance of 126 metres from the injection borehole 56, shows a far more 

dispersed curve. The breakthrough curves for boreholes 58 and 64 are shown in Figures 

4.1 and 4.2, while the rest of the breakthrough curves are presented in Appendix 

B.
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Figure  4.1: SFE breakthrough curve for borehole 58 at 38 m from the source (modified from 
Novakowski et al., 1999). 
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Figure  4.2: SFE breakthrough curve for borehole 64 at 126 m from the source (modified from 
Novakowski et al., 1999). 

4.2 21BFracture Network Tracer Experiment 

The fracture network tracer experiment conducted in this study generated a large amount 

of data and provided an opportunity to investigate the transport properties of numerous 

fractures in the dolostone aquifer. The experimental results, including the vertical 

fluorescence profiles and the breakthrough curves are presented in this section. 

 

The use of the fluorometer probe for monitoring the fracture network tracer experiment 

enabled the production of detailed vertical fluorescence profiles (VFPs) from which 

breakthrough curves were generated. Using the water levels recorded during the 

experiment, the real elevation of every concentration reading was determined. A 
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background tracer concentration of approximately 0.015 mg/L, varying slightly with the 

quantity of particulates in each borehole, was removed from the breakthrough curves 

prior to analysis.  

 

The VFPs were generated using the data from the downward path of the probe, with the 

breakthrough curves produced from an arithmetic average concentration of these 

readings. The downward path was chosen in order to obtain a less disturbed view of the 

breakthrough from individual features and hopefully to lessen the effects of mixing on the 

VFPs. In order to acquire a representative average borehole concentration for the 

breakthrough curves, a constant rate of down-hole descent was used. As indicated by the 

occasional spurious data points this was not always achieved, and the data was edited to 

remove these. 

 

The edited breakthrough curves for boreholes 56 and 58 are presented in Figures 4.3 and 

4.4, and the curves for 59, 73, 70, and 71 are presented in Appendix B. There was a rise 

in tracer concentration in every borehole monitored, however the data from borehole 59 

is incomplete after it became impassable during the experiment. In addition, only a small 

rise in concentration was recorded in borehole 71, which is located 245 m from the 

source, and the limited amount of data for this hole makes it difficult to interpret. 
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Figure  4.3: FNE breakthrough curve for borehole 56 at 55 m from the injection borehole displaying a 
second peak at approximately 8 h. 
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Figure  4.4: FNE breakthrough curve for borehole 58 at 84 m from the injection borehole displaying 

multiple peaks. 

The breakthrough curve for borehole 56, a travel distance of 55 m, illustrates that initial 

breakthrough was observed only 1.75 h after the end of injection. Borehole 56 displays a 

similarly shaped breakthrough curve to those observed in the South Cluster boreholes for 

the SFE, with a steep rising limb and significant tailing. A marked difference is observed 

in the results from borehole 56, where two separate peaks in the breakthrough curve 

appear. Similar multiple peaks are observed in the breakthrough curves for borehole 58, 

and to a lesser extent in the other boreholes. Further discussion of the multiple peaks is 

presented in Section 6.3. Another key feature of the breakthrough curves is the 

increasingly dispersed fronts and extensively diminished concentrations as transport 

evolves. By the time tracer has reached borehole 71, the concentration has dropped to a 
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level barely above background, indicating that for transport distances in this range (245 

m) the practicability of a tracer test of this kind may be limited. 

 

The most intriguing data garnered from the fracture network tracer experiment are the 

vertical fluorescence profiles (VFPs) themselves, which show the breakthrough, or lack 

thereof, at discrete depths along the length of the borehole. In order to illustrate the 

progression of transport in the two closest boreholes, 56 and 58, VFPs showing initial 

breakthrough have been superimposed over transmissivity logs from recent hydraulic 

characterization in Figures 4.5 and 4.6. It should be noted that the changes in 

concentration with only slight differences in depth are not noise within the data, but 

represent the variability in fluorescence concentration that each section of the well is 

experiencing due to the corresponding features at that depth.  



 

Figure  4.5: Vertical fluorescence profiles superimposed over transmissivity data for borehole 56, which is located 55 m from the injection hole.
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From the VFPs shown in Figures 4.5, the first arrival of tracer in borehole 56 is estimated 

to occur via the high transmissivity feature located at 174 masl. This feature continues to 

be the dominant contributor of tracer to the well bore until 2.75 h after injection. A jump 

in tracer concentration then occurs at the 180 masl feature, after which point the 

contribution from the transmissive feature at 176 masl becomes difficult to discern, 

assumedly due to the mixing of the tracer in the well bore. For the duration of the 

experiment, the other high transmissivity feature located at 182 masl is associated with a 

smaller spike in concentration, barely perceptible above the overall rise in concentration 

along the upper portion of the well. Also of note from the VFPs is the very slow and 

diminished arrival of tracer below 173 masl (the elevation of the lower extent of the 

injection apparatus in borehole 72) and the features located between 174.5 – 176.5 masl 

that contribute untraced fluid long after initial tracer arrival (denoted by a sharp drop in 

concentrations at these points). In general, mass transport along borehole 56 appears to be 

markedly heterogeneous, dominated by the high transmissivity features at 174 and 180 

masl, with the features at 178 and 182 masl of similar transmissivity contributing 

significantly less pronounced concentrations.
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Figure  4.6: Vertical fluorescence profiles superimposed over transmissivity data for borehole 58, which is located 84 m from the injection hole.
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Upon inspection of the VFP superimposed on the transmissivity log for borehole 58 

(Figure 4.6), it is apparent that determination of the dominant transport pathways 

becomes more difficult at this increased distance from the source (84 m). For early time, 

the tracer arrives far more uniformly along the length of the borehole than in borehole 56. 

As the experiment progressed, the upper portion of borehole 56 displayed persistent 

lower levels of tracer, while in borehole 58 all but the section below 173 masl showed 

relatively uniform tracer concentrations. The character of transport as witnessed in the 

VFPs is significantly different in borehole 58 (84 m from source) as compared to 

borehole 56 (55 m from source), and disparities become more significant in the more 

distant boreholes. 

 

Due to the aforementioned lack of hydraulic testing data for borehole 73, the VFPs are 

shown superimposed on the fracture features found using the borehole camera (denoted 

by arrows on the axis so as not to obscure the tracer spikes - Figure 4.7). Similar to 

borehole 58, arrival along the length of the well is relatively uniform (albeit with 

diminished concentrations), but there are some large spikes in concentration from 

individual features appearing in the VFPs. One such spike occurs only 2 h after injection 

in the fracture feature at 183.5 masl. Signs of early tracer arrival are also present in 

borehole 70 (best seen in the breakthrough curve) with other smaller spikes from 

individual features occurring sporadically throughout the experiment. At this distance 

from the source however (142 m), the noise present in the measurements may be 

overshadowing small-scale variations in concentration, thus masking some of the 

breakthrough from individual features. Transport is better shown with the breakthrough 
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curve than the VFPs at this distance, indicating the limited utility of the VFP for 

determining dominant pathways at lower concentrations. The VFPs for borehole 71 (245 

m from the source) are also not shown, as they provide even less useful data for 

observation of transport. 

 

Figure  4.7: Vertical fluorescence profiles with fractures determined from borehole video denoted by 

arrows in at the axis. 
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Chapter 5: 4BInterpretation and Modeling 

5.1 22BSingle Fracture Tracer Experiment 

Previous interpretation of the single fracture tracer experiment data was conducted by 

Glockner (1999), using a modified version of a semi-analytical model to account for a 

Heaviside tracer input. There were problems and limitations with this interpretation 

however, primarily arising from exclusion of the natural flow system. In addition, a good 

fit between the model and the data for borehole 64 could never be achieved. The cause of 

this may include the exclusion of the natural flow rate, or possible tortuosity in the 

pathway between the source and observation well. In addition, mixing in the observation 

well might contribute to an artificial dispersion (Novakowski, 1992) resulting in difficult 

fits. 

 

Due to the limitations of the semi-analytical modeling performed in this study (Appendix 

D) and previously by Glockner (1999), the numerical model HydroGeoSphere (HGS) 

was employed to simulate the single fracture tracer experiment. HGS is a discrete-

fracture finite element model that simulates flow and transport in fracture porous media 

(Therrien and Sudicky, 1996; Therrien et al., 2006). Use of HGS allowed for inclusion of 

the natural flow system as outlined in the conceptual model for the Smithville site 

(Novakowski et al., 1999), and an analytical solution to borehole mixing was applied to 

the outputs of the model to account for mixing in the observation well. Unfortunately, the 

computing requirements inherent to modeling a large-scale experiment, and a paucity of 
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site-specific data on aperture variability led to the exclusion of a tortuous pathway 

representation. 

 

HGS was run in finite difference mode to simulate steady-state flow and transport in the 

idealized cubic law fracture feature. Finite difference mode was utilized as it was shown 

in trials during this study that switching from the default finite element formulation to 

finite difference had no negative impact on the accuracy of results for a simulation of this 

type, yet helped to lower run-times. This finding was supported by the results of Therrien 

and Sudicky (1996). Steady-state mode was used as the radial-divergent flow system was 

allowed a period of many hours to stabilize prior to tracer injection during the 

experiment. Trial runs in transient mode confirmed the quick transition to steady 

conditions brought about by the low storativity of the dolostone aquifer. 

 

In order to increase the modeling accuracy, a sensitivity analysis was performed using the 

HGS model for the SFE as a base case. The discretization, domain size, and solver 

controls were refined until no net impact on the accuracy of the solution was observed. 

The sensitivity analysis and the refining of the HGS model grid proved to be a large 

portion of the work involved in the numerical modeling and further details are provided 

in Appendix F. The domain size selected for the SFE (from the sensitivity analysis) was 

500 × 500 × 0.5 m, with injection occurring at the point (250, 250, 0.25) in the domain. 

The domain was rotated from the Cartesian coordinate system to align with the 

southeasterly flow direction and then centered back on the injection borehole 56. This 

allowed 1st type, constant head boundary conditions to be applied at opposite ends of the 
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domain, simulating a gradient of 0.0001 through the modeled upper Eramosa member. 

The remaining boundaries of the domain were modeled as 2nd type, no-flow, zero-flux 

boundaries, as in Weatherill et al. (2007). The effects of the boundary conditions are 

discussed further in Appendix F. The injection of the tracer solution was accomplished 

using an internal 1st type boundary condition applied to a single injection-well node in 

borehole 56 within the plane of the fracture. This method of injection was found to best 

simulate the boxcar tracer input from the experiment. 

 

Observation of tracer migration was made at well locations determined relative to the 

injection hole 11 m below ground surface (to accommodate inclined wells). There is no 

difference in using observation points in the plane of the fracture as compared to fluid-

filled observation wells for a single fracture scenario, as the concentration outputs of 

HGS are flux averaged values.  Example input files for the single fracture tracer 

experiment can be found in Appendix G. 

 

The curve fitting procedure was undertaken by plotting the HGS output against the 

breakthrough curves from the experiment. Initial attempts were made at a simultaneous 

fitting procedure, but it quickly became apparent that there was too much spatial 

variability in the fitting parameters and this would therefore not be possible. The 

parameters given in Table 5.1 were held fixed, while the fracture aperture, longitudinal 

dispersivity, and matrix porosity were systematically varied until the best visual match to 

the data was reached, where a 10% change in any of the parameters made the fit no 

longer visually acceptable. HGS also incorporates a transverse dispersion term, which for 
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all simulations was maintained at 1/10 of the longitudinal dispersion. This was shown by 

Gelhar et al. (1992) to be the approximate ratio of transverse to longitudinal dispersivity 

from the limited reliable data points available, and is similar to the ratio determined by 

Lapcevic et al. (1999). 

Table  5.1: Fixed input parameters for the SFE. 

Input Parameter Fixed Value 

Qi (L/min) 4.1 

Ci (g/L) 1 

i (-) 1 × 10-3  

τ (-) 0.1 

Do(m2/s) 4.5 ×10-10  

 

Prompted by the work of Novakowski (1992), and Hachey and Novakowski (2006) that 

support the importance of accounting for borehole mixing in fractured rock tracer tests, a 

solution to borehole mixing from the following first-order differential equation was 

incorporated into the fitting procedure (Palmer, 1988): 


















dt

dC
tCtC obs

obs 
1

)()(         [3] 

where C’(t) and Cobs(t) are the concentration entering and leaving the well respectively, v  

is the average groundwater velocity at the well bore, and where: 

V

fnA
           [4] 

From equation [4], for a single fracture intersecting a borehole, A is the cross sectional 

area, which is equivalent to the fracture aperture multiplied by the diameter of the well, V 

is the volume of water in the observation well, n is the effective porosity (equal to 1 for 
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an open fracture), and f is the capture factor, for which the accepted value of 2.0 for 

bedrock wells was used (Novakowski et al., 2006). This equation assumes complete 

mixing, which is not unreasonable considering the small borehole volumes used in the 

SFE. The mixing solution is strongly dependent on the area open for flow into the 

borehole (fracture aperture), as well as the groundwater velocity. The solution to mixing 

in this case was applied directly to the modeled concentration values, thus adding the 

effects of mixing to the model outputs as opposed to removing it from the experimental 

data as has been done previously (Palmer, 1988; Hachey and Novakowski, 2006). 

 

Once the equation for mixing was applied to the HGS outputs, parameters obtained for 

fits to the South Cluster boreholes were in agreement with previously published values of 

fracture aperture, matrix porosity, and dispersivity, as shown in Table 5.2. Fracture 

apertures determined from the fitting procedure are up to 50% larger than those 

determined hydraulically in previous characterization (Novakowski et al., 1999), but this 

is similar to the results of other tracer experiments conducted at the site (Novakowski et 

al., 1999; Novakowski et al., 2004), and for apertures derived from tracer experiments in 

general (Tsang, 1992).  

 

Borehole 64 again proved to be problematic, with difficulties fitting the late time 

behavior. Individual fits for boreholes 58 and 64 are shown in Figures 5.1 and 5.2, while 

the remainder of the fits are presented in Appendix C. Further discussion on the 

interpretation is presented in Chapter 6. 
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Table  5.2: A summary of the parameters acquired from the numerical model fits to the SFE data. 

Borehole r (m) 2b (mm) θm (%) αL (m) 
vmixing 

(m/s) 

vmodel 

(m/s) 

57 20.4 0.475 6 0.6 2.2E-03 1.1E-03 

55 30.5 0.675 10 0.9 5.2E-04 5.5E-04 

59 31.1 0.725 11 0.5 5.9E-04 5.2E-04 

58 38.4 0.675 10 0.5 4.2E-04 4.5E-04 

64 126.2 0.750 10 4.0 7.4E-06 1.8E-04 

 

Local velocity due to gradient (2b = 0.475 - 0.75 mm): 1.6E-05 - 4.1E-05 m/s 
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Figure  5.1: The fit to the SFE data generated by the numerical model for borehole 58 at  38 m from 
the injection hole. 
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Figure  5.2: The fit to the SFE data generated by the numerical model for borehole 64 at  126 m from 

the injection hole. 

5.2 23BFracture Network Tracer Experiment 

Modeling of the FNE was also conducted with HGS, using a simplified conceptual model 

developed from previous site characterization, VFPs, and the results of the modeling 

conducted on the SFE. Using the SFE modeling and the sensitivity analysis of this study 

as a guide, it was acknowledged that the large scale of the FNE limits the complexity that 

can be incorporated into the model with current computing capabilities. Therefore, with 

this in mind, the goal of the HGS modeling was to test the feasibility of an approach in 

which only the fractures presumed to be dominating transport are represented. This 

section details these efforts. 
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Despite the heterogeneity present, the VFP data shows that the largest bedding plane 

fracture features identified during hydraulic characterization play a dominant role in 

tracer transport, the individual transport character of which can be surmised from the 

interpretation of the SFE. A conceptual model that relies upon the dominant features for 

all tracer transport was therefore used. This approach considerably simplifies the 

conceptual model developed by Novakowski et al. (1999), and includes only the 4 major 

fracture features, where significant matrix diffusion and dispersion occurs within the 

plane of individual fractures. From the VFPs however, it is difficult to determine which 

of the fracture features is the most dominant in transport, as the breakthrough in 

individual features is largely unpredictable and inconsistent from hole to hole, especially 

at greater distances. 

 

Due to the heterogeneous breakthrough observed, and also the spatial variability of 

aperture surmised in individual fractures, assigning each fracture a unique constant 

aperture is not possible. As described in the interpretation of the SFE, a lack of a 

defensible data set and computing limitations does not allow for the inclusion of aperture 

variability into the interpretation. For the FNE especially, the grid refinement necessary 

for representing variable aperture fractures would create impractical CPU and memory 

demands. Instead, a representative average aperture for all 4 fractures is adopted to 

attempt to capture the average transport behavior of the fracture network. This is a similar 

approach to that used by Lapcevic et al. (1999) for simulating transport at a local scale in 

a discrete, variable aperture fracture. 
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The model domain encompassed 11 m of the upper Eramosa, again rotated southeasterly 

from the UTM coordinate system. This allowed for simple application of the gradient 

using 1st type, constant head boundaries at opposite ends of the domain. As in the SFE 

model, the remaining boundaries were modeled as 2nd type, no-flow, zero-flux 

boundaries. All of the boreholes were represented as vertical fluid-filled wells, with the 

angled holes being located at the average x-y coordinate running through the domain in 

the z-direction. The sizing of the domain, the discretization around fracture features, and 

the discretization of the overall grid followed the guidelines presented in Appendix F. 

The final dimensions of the model domain were 500 × 500 × 11 m, with borehole 72 

providing injection at (250, 250). The 11 m thickness was used as this allowed for the 

inclusion of the four major features identified in hydraulic testing, and the full length of 

the injection apparatus from the experiment, yet limited the number of modeled elements 

required. The head rise at the point of injection in borehole 72 was known from the 

experimental data (approximately 2 m) and this provided a hydraulic constraint that 

helped to obtain a more accurate estimate of the size of fractures for the model during 

trials. 

 

Fluid was injected into borehole 72 for the duration of the test from the uppermost node 

in the modeled well, as this was shown in graphical outputs to best simulate the uniform 

injection during the experiment. Because the model was run in steady state mode, the 

tracer input was conducted at the start of the simulation using a 1st type boundary 

condition. In order to ensure the correct amount of mass was injected, the mass balance 

files were inspected at the conclusion of each simulation. Also of note, due to computing 
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requirements that limited element counts, and a lack of strong breakthrough data for 

comparison, borehole 71 was not included in the model domain. 

 

The injection flow rates, tracer concentration, and site hydraulic gradient were kept 

constant in all simulations, and are summarized in Table 5.3. For the final simulations, 

the fractures were assigned a fixed representative average aperture of 7.0 × 10 - 4 m 

corresponding to a transmissivity of 2.5 × 10 - 4 m2/s, as this fracture configuration best 

replicated the 2 m head rise taken from the experimental pressure measurements in the 

injection borehole. With the other parameters fixed, the matrix porosity and longitudinal 

dispersion were then varied until the best visual fit to the data was acquired, similar to the 

fitting process used for the SFE. 

Table  5.3: Fixed input parameters for the FNE. 

Input Parameter Fixed Value 

Qi (L/min) 92 +/- 2 

Ci (mg/L) 150 

i (-) 1 × 10-3  

τ (-) 0.1 

Do(m2/s) 4.5 × 10-10  

2b (mm) 0.70 

 

In contrast to the SFE, fits of HGS outputs to the FNE breakthrough curves for all 

modeled boreholes were acquired using concentrations that were normalized to their 

respective peak values due to the significant overestimation of the data by the HGS 

model. In radial-divergent configurations the only accurate estimate of mass recovery is 
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the fit to model concentrations (Novakowski, 1992), and when the model overestimates 

the data, low mass recovery is indicated. With a similar result to other radial-divergent 

experiments conducted by Novakowski (1992), and Novakowski et al. (1999), modeled 

concentrations were on average in excess of the data by an order of magnitude, becoming 

increasingly too high for the most distant boreholes. This provides evidence that the 

model is not capturing transport processes which are diverting mass away from the 

observation holes (and consequently lowering recovery), such as tortuous transport 

pathways. In addition, other processes not captured by the HGS model, such as mixing 

and dilution, may be acting to significantly diminish concentrations. 

 

For borehole 56, the model is obviously incapable of reproducing the second peak of the 

experimental breakthrough curve, but the steep rising limb and tailing is reproduced 

(Figure 5.3). The best visual match to the data was acquired with the porosity of the rock 

set to 11% and the longitudinal dispersivity to 6 m. It should be noted that this value of 

dispersivity is significantly larger than those determined in the SFE for similar distances. 
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Figure  5.3: The fit to the FNE data generated by the numerical model for borehole 56 at 55 m from 

the injection hole. 

Borehole 58 also showed multiple peaks that are not reproduced by the discrete fracture 

model (Figure 5.4). The breakthrough curve shows tracer arrival at approximately 8 h, 

with a steep rising limb and a very slow return to background levels. The best fit to the 

data came with 20% matrix porosity (just beyond the upper limit of 19.7% encountered in 

site characterization [Novakowski et al., 1999]), as this was the only way to delay 

breakthrough adequately and come close to matching the persistent elevated 

concentrations observed. 
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Figure  5.4: The fit to the FNE data generated by the numerical model for borehole 58 at 84 m from 

the injection hole. 

No combination of parameters was capable of approximating the slow rise to peak and 

quick return to background observed in borehole 73 (Figure 5.5). A lower dispersivity 

value of 1 m was required to prevent early breakthrough in the model, but this is 

inconsistent with the higher values that provided the best fits for borehole 56 and 58. 
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Figure  5.5: The fit to the FNE data generated by the numerical model for borehole 73 at 116 m from 

the injection hole. 

Borehole 70 shows a similar slow rise to peak concentrations and quick fall to 

background that borehole 73 displayed. Because of the increased travel distance and also 

the subsequent drop in groundwater velocities over the 141 m to borehole 70, increasing 

matrix diffusion to a high value of 20% fits the arrival time and slow rise to peak 

concentrations (Figure 5.6). However, by increasing the matrix porosity and consequently 

the matrix diffusion, the modeled return to background levels is far too slow (similar to 

the SFE result for borehole 64). A summary of the parameters arrived at, and the quality 

of the fits for the FNE is provided in Table 
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Figure  5.6: The fit to the FNE data generated by the numerical model for borehole 70 at 142 m from 

the injection hole. 

Table  5.4: A summary of the parameters acquired from the numerical model fits to the FNE data. 

Borehole r (m) 2b (mm) θm (%) αL (m) Quality of Fit 

56 55.3 0.7 11 6 Good 
59 81.2 - - - Inadequate Data 
58 83.9 0.7 20 5 Poor 
73 116.4 0.7 20 5 Poor 
70 141.9 0.7 20 1 Poor 
71 245.2 - - - Inadequate Data 

 
The inability to reach a visual match to the breakthrough data, especially for boreholes 73 

and 70, indicates that the character of transport is altered over greater distances, with 

possibly only one or two fractures contributing tracer, and judging by the VFPs, this 

contribution may not be continuous. To better fit this data, the HGS model would have to 
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be altered so as to “shut off” all but one or two fractures to tracer, and a solution to 

mixing in the observation borehole would need to be added to match the apparent 

dispersion. This modification was not possible in the current model study, but it could be 

the subject of future modeling. 
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Chapter 6: 5BDiscussion 

6.1 24BMatrix Diffusion 

For the South Cluster boreholes in the SFE modeling, values of matrix porosity were 

within the range determined previously from core sample measurements and previous 

interpretations of tracer experiments in the Eramosa (Novakowski et al., 2004), and 

simulated the observed tailing. From this result, it appears that matrix diffusion played an 

important role in transport for the closest boreholes. For borehole 64 however, which is 

much further from the source than the South Cluster (126 m), higher matrix porosity, and 

the consequent matrix diffusion that was required to delay tracer arrival led to simulated 

late-time tailing in excess of the data. This suggests that there are transport processes not 

captured with the model. Without undertaking a detailed sensitivity analysis, it can be 

surmised that fracture heterogeneity resulting in tortuous transport pathways is a 

contributing factor. 

 

The findings of the FNE modeling are similar to those of the SFE modeling for matrix 

diffusion. For borehole 56, a distance of 55 m from the source, a similar value of matrix 

porosity (11%, as compared to 10-11% from the SFE fits) provided a fit to the 

experimental data, and simulated the late time tailing. As the distance from the source 

increased to 84 m at borehole 58 however, no amount of matrix diffusion could simulate 

the persistent high concentrations, indicating that matrix diffusion was not the controlling 

process in transport over this increased distance, and that the model used was not 

adequate for simulating transport for the furthest boreholes in the FNE. This finding was 
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also supported by the results from boreholes 73 and 70, where high matrix porosity (20%) 

was required to delay tracer arrival, but resulted in an overestimate of the tailing for 

borehole 70, and an entirely unacceptable fit to the character of transport for borehole 73. 

Again, these results suggest that extended transport path lengths may contribute to this 

(see Section 6.3). 

 

The results of the SFE and FNE modeling show that over the distances to the closest 

boreholes (20 – 55 m), the simplified models which used matrix diffusion as the sole 

means to delay tracer arrival and reproduce tailing are capable of simulating the observed 

transport. As the scale of both experiments increased however, other unaccounted for 

processes were impacting transport and the modeling conducted was not capable of 

simulating this complexity.  

6.2 25BDispersion 

For the SFE modeling, the longitudinal dispersion term used to approximate tracer 

spreading in the model provided a match to the breakthrough observed. The longitudinal 

dispersivity values required to reach the fits to the SFE were also of the same order as 

those determined from previous modeling at the site (Novakowski et al., 2004), and 

showed an increase with distance from the source, as observed in several other studies 

(Gelhar et al., 1992; Zhou et al., 2005). The fits acquired with reasonable values of 

longitudinal dispersion indicate that for the single fracture studied, the mass spreading 

that arises due to transport velocity variations in the plane of the fracture is relatively 

limited, and homogeneous. 
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In the FNE, an increased value of longitudinal dispersivity for borehole 56 (6 m) was 

capable of replicating the observed breakthrough as well. This value is significantly 

larger than those acquired from fits over the shorter distances in the SFE, but this can be 

explained by the compounding effects of tracer spreading in the many tracer-contributing 

features. At borehole 58, where the character of breakthrough became more 

heterogeneous, higher values of longitudinal dispersivity (> 10 m) could not simulate the 

extensive tracer spread observed, and for these higher values the steep rising limb was not 

matched. This led to a “best effort” fit using 5 m, which matched the early time 

breakthrough, but was not able to capture the extensive mass spreading. For boreholes 73 

and 70, no values of longitudinal dispersivity could simulate the observed slow rise to 

peak, delayed arrival, and quick return to background concentrations. A value of 1 m was 

used for both “best effort” fits, as this was the lowest value of dispersivity which limited 

early tracer arrival, yet did not create numerical solution problems. Similar to the 

discussion on matrix diffusion, this result indicates the shortcomings in using the 

simplified HGS model to account for large-scale transport behavior in the FNE. 

6.3 26BTortuous Transport Pathways 

Tortuous transport pathways arise in individual fracture features due to aperture 

variability, as shown in studies by Moreno et al. (1988), and Lapcevic et al. (1999). The 

presence of these tortuous transport pathways in the SFE could not be directly observed, 

but there were multiple lines of evidence supporting their existence in the FNE from the 

data. The most apparent example of the tortuous and meandering pathways traveled by 

tracer during the FNE is the lack of clear breakthrough in borehole 59. When monitoring 
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was halted in borehole 59 due to collapse of the hole, distinct breakthrough had not 

occurred, but at that time the down gradient borehole 58 was near peak concentrations - 

nearly an order of magnitude greater than borehole 59. This signals poor overall 

connection to the source, and large-scale tortuosity in the vicinity of borehole 59. 

 

Multiple peaks in the breakthrough curves also points to the existence of tortuous 

transport pathways. Figures 6.1 and 6.2 present the VFPs corresponding to the multiple 

peaks in the breakthrough data for boreholes 56 and 58 respectively. For early time in the 

two boreholes, tracer was shown to arrive along numerous well-connected pathways in 

Figures 4.5 and 4.6, but as the experiment progressed, Figures 6.1 and 6.2 show the 

arrival of slower pathways, and the influx of untraced fluid which manifests as the 

multiple peaks in the breakthrough curves. 

 

In Figure 6.1 for borehole 56, a major influx of untraced water occurs at 5.5 h, denoted by 

the sharp drop in concentrations at 175 masl. This influx (and possibly others between 

monitoring events) appears to cause the lower overall concentrations for the VFP at 6 h, 

after which point concentrations rise again in the 8 h VFP, presumably due to arrivals of 

slower transport pathways like that seen in the 9.5 h VFP at 176 masl. 

 

In Figure 6.2 for borehole 58, successive VFPs show the sporadic arrivals in individual 

features that are responsible for the multiple peaks in the breakthrough curve. This 

provides an explanation for the inability of simulations conducted by manipulating matrix 

diffusion and longitudinal dispersion to match the breakthrough curve for borehole 58, as 
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the persistent high concentrations appear to be owing to the numerous arrivals of 

tortuous, meandering pathways, not the late time tailing that is characteristic of matrix 

diffusion, or the mass spreading arising from small-scale dispersion. 

 

Figure  6.1: VFPs superimposed over fracture features interpreted from borehole video in order to 

illustrate the cause of the multiple peak in the breakthrough curve for borehole 56. 
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Figure  6.2: VFPs superimposed over fracture features interpreted from borehole video in order to 

illustrate the cause of the multiple peak in the breakthrough curve for borehole 58.  

Similar behavior was observed in VFPs from boreholes 73 and 70, but judging by the 

decreased frequency of distinct tracer arrival, transport pathways look to become 

increasingly tortuous and meandering over the increased distance to these holes. The 
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more sporadic arrivals of tracer appear to be responsible for the slower rise to peak 

concentrations, and the quick return to background can be attributed to the cessation of 

these arrivals. 

 

The evidence of tortuous pathways in the FNE also provides an explanation for the 

difficulties in fitting borehole 64 in the SFE, as the effects of tortuosity over this distance 

(126 m), even if only in the single fracture, are expected to be significant as well. 

 

These results indicate that tortuous transport pathways in individual features are the 

unaccounted for process in the HGS modeling that is responsible for the unacceptable fits 

to breakthrough character. While it may not be apparent as the most significant transport 

process over shorter travel distances, or in a single fracture (the SFE), intra-fracture 

aperture variability appears to be responsible for delaying tracer arrival and diverting 

mass away from observation boreholes in many of the fractures in the FNE. It is the 

compounding effect of aperture variability in numerous fractures which is dominating the 

character of transport. This is especially true for the most distant boreholes, where a 

greater sampling of the aperture variability occurs, therefore leading to the heterogeneous 

breakthrough observed. 

6.4 27BDominant Transport Pathways 

Figure 6.3 presents the timing of breakthrough and the percentage of peak concentrations 

in individual fractures (identified by borehole video and correlated for the figure), 

illustrating the dominant transport pathways in the FNE. From the figure, it can be seen 
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that the dominant features are generally the larger aperture fractures determined from 

hydraulic testing (denoted by X’s), but owing to the tortuosity discussed previously, the 

following caveats apply: i) the dominant contributors of tracer are not the same in all 

boreholes; ii) the number of well-connected pathways diminish with distance from the 

source; iii) there is temporal variability in the dominant pathways, especially for the 

furthest boreholes. It should also be noted from Figure 6.3, that vertical fractures and 

cross-borehole flow do not appear to become involved in the dominant transport 

pathways, as supported by the persistently lower concentrations below the elevation of 

the bottom of the injection apparatus (173 masl), signifying limited vertical cross-

circulation. The heterogeneity displayed in Figure 6.3 explains the difficulties in 

simulating the FNE with a model based on a simple representation of the dominant 

transport pathways. 
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Figure  6.3: A representation of the dominant transport pathways, as indicated by the timing of 

arrival and peak concentrations in individual fractures. Dashed lines denote fractures from borehole 

video, X’s denote the largest fractures identified by hydraulic testing, circles denote the timing of 

tracer arrival, and the percentages indicate the fraction of the highest concentration measured for 

that fracture feature in the given borehole. 

6.5 28BMixing and Dilution 

Without the advent of the solution to borehole mixing (Section 5.1, Equation [3]) for the 

SFE, fits to the data could not have been achieved. This solution appears to represent the 

mixing process accurately for the South Cluster boreholes, as the velocities backed out of 

the mixing equation match very closely to those simulated in HGS. For borehole 64 

however, the mixing velocity required to increase the impact of borehole mixing and 

diminish modeled concentrations sufficiently for fits is more than an order of magnitude 

lower than the simulated velocity (Table 5.2). This is contrary to previous studies by 

Palmer (1992) and Hachey and Novakowski (2006) where a decrease in the impact of 
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borehole mixing with increased distance from the source was found. This discrepancy 

may indicate that mixing becomes more complicated at greater distances, with solute 

exchange into stagnant waters within the fracture (Neretnieks, 2002), or the 

aforementioned effects of tortuosity overshadow the borehole mixing process altogether. 

 

The mixing and dilution processes in the FNE are far more complicated than those 

observed in the SFE. Mixing in the SFE was accounted for using the solution to borehole 

mixing, and dilution was presumably not an issue as only one fracture was contributing 

tracer, with no indication of influxes of untraced fluid. In the FNE however, the presence 

of open boreholes, multiple contributing fractures, and uncertainties with regards to the 

sampling volume of the fluorometer make quantifying mixing nearly impossible. Despite 

the inability to measure the effects of mixing in the FNE, mixing was readily observable 

from the VFPs, where interspersed tracer mixing with fluid in the open borehole acted to 

partly obscure the identification of dominant transport pathways. 

 

As observed from the VFPs for the FNE, not all fractures contributed traced fluid to the 

borehole, and if they did, contributions were not always continuous, leading to dilution of 

the tracer signal. The temporal variability in contribution of tracer limits the ability to 

quantify dilution by incorporating a dilution factor based upon contributing fractures used 

by Hachey and Novakowski (2006). Regardless of the obstacles in accounting for 

dilution, in addition to mixing, these processes must be considered, as their impact was 

significant to the FNE results. This is particularly evidenced by the extensive 

diminishment in concentrations over the 55 m from borehole 72 (source) to 56, where 
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concentrations declined from approximately 150 mg/L to 1 mg/L. The inability to 

accurately account for mixing and dilution was one factor responsible for peak-

normalized concentrations being used to generate fits for the FNE (the other being 

tortuosity as described in Section 5.2). Using peak-normalized concentrations limits the 

ability to generate unique fits to the data, although the general trends in concentration are 

maintained, which allowed the modeling to be used to investigate the relative importance 

of several transport processes. 

6.6 29BModeling 

Due to the large scale of the experiments, the required model domain was extensive (500 

m × 500 m), placing restrictions upon the level of complexity that could be included. As 

shown in the sensitivity analysis of this study (Appendix F), significant grid refinement at 

the fracture-matrix interface is necessary to accurately account for matrix diffusion, and 

the x-y grid spacing used impacts the overall accuracy of the transport solution. When the 

necessary refinement was applied to multiple fracture features over the large domain, the 

element counts quickly escalated into the multi-millions, surpassing computing abilities, 

and this was especially problematic with the FNE. This restricted the ability to include 

the numerous smaller-aperture, horizontal and vertical fractures from the conceptual 

model shown in Figure 3.5 and presented in greater detail by Novakowski et al. (1999). 

These features have been shown to play an important role in transport by increasing the 

flow-wetted-surface available for matrix diffusion (Liu et al., 2007), and creating 

increasingly tortuous transport pathways (Zhou et al., 2006), although the impact of 

vertical cross-circulation on the FNE results appears to be small. Only a small number of 
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trials were run which included a sampling of these smaller aperture features, and from 

those tests the impact of matrix diffusion was found to increase slightly, but no 

significant change in the character of the breakthrough was observed. Figure 6.4 shows 

the result of one of those trials, where vertical fractures with an aperture of 0.1 mm were 

spaced every 5 m in x-direction, perpendicular to flow. 
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Figure  6.4: A comparison of the FNE breakthrough curves for borehole 58 when vertical fractures 

were added to the interpretation, illustrating a slight increase in the impact of matrix diffusion. 

Due to inherent limitations of the model used, fractures having different apertures and 

dispersivities could not be simulated effectively. Because of the onerous process, only a 

small number of trials were run with inter-fracture aperture variability, and for these trials 

all features were required by the model to have the same values of longitudinal and 

transverse dispersion. Figure 6.5 shows an example of one of these simulations where 

matrix porosity was set to zero, and fracture apertures ranged from 0.6 mm to 0.9 mm. 
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From this figure it can be seen that by varying the apertures of the fractures, the 

composite breakthrough curves become more heterogeneous with increasing distance, as 

transport in individual features evolves at different rates. Also illustrated in Figure 6.5 is 

the appearance of apparent tailing derived not from matrix diffusion, but disparate 

transport velocities in different features. If the model used in this study was better able to 

incorporate many fractures of different aperture, and was capable of varying the 

dispersion characteristics in those features, it would be expected that a better match to the 

heterogeneous breakthrough of the network experiment could be achieved, and a more 

thorough investigation of the relative impact of matrix diffusion could be reached. 
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Figure  6.5: Modeling results from the FNE for borehole 56 (top) and 58 (bottom) with fractures of 

different aperture and no matrix diffusion - 56 mimics the tailing observed, while 58 shows  

persistent high concentrations as transport evolves at different rates in individual fractures. 
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In contrast to adding complexity to future modeling studies, the dominant effects of 

tortuous transport pathways shown from the results of this study, and the inadequacy of 

the full-scale numerical HGS model for capturing the salient character of transport over 

greater distances suggests that a simpler model which accounts for tortuosity may have 

some utility as well. A simple pathway model like Tang et al. (1981) along with a 

tortuosity factor and an estimate of the dominant fracture apertures could potentially be 

used to predict arrival times and peak concentrations at a distant (hundreds of metres) 

receptor. The tortuosity factor would be similar to that used by Novakowski and Lapcevic 

(1994), where a ratio of the linear distance to the actual distance traveled is employed. At 

the very least, this approach would likely yield conservative estimates of peak 

concentrations and arrival times, and may perform as well or better than a more rigorous 

model which does not account for tortuosity. 
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Chapter 7: 6BConclusions and Recommendations 

7.1 30BConclusions 

The goal of this study was to compare two large-scale tracer experiments in the same 

dolostone aquifer, one conducted previously in a single fracture by Novakowski et al., 

(1999) (SFE), the other during this study in a network of fractures (FNE), to investigate 

the behavior of mass transport in an environment similar in scale and complexity to an 

actual contaminated aquifer. 

 

The FNE was conducted using a radial-divergent configuration over a maximum 

observation distance of 245 m. Lissamine tracer was injected as a pulse into a 13 m thick 

section of the aquifer, and an in-situ fluorometer was used to measure the tracer 

concentrations as a function of depth in an array of open boreholes down-gradient from 

the source. From the in-situ fluorometer data, vertical fluorescence profiles (VFPs) for 

each borehole were generated, which indicate the contribution of tracer from individual 

fracture features when coupled with hydraulic characterization data. 

 

Using the VFPs and hydraulic characterization data, the dominant transport pathways 

were approximated for incorporation into the discrete fracture numerical model 

Hydrogeosphere (HGS), which was used to simulate the tracer experiment. The 

previously conducted SFE was also modeled using HGS, allowing for comparison of the 

results from the two modeling studies. 
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The experimental results showed that breakthrough in the two experiments differed 

significantly, with the FNE exhibiting multiple peaks in breakthrough curves and 

significant scale dependent changes in the shape of those curves. The in-situ fluorometer 

data illustrates that these heterogeneities result from tortuous transport pathways in the 

plane of individual fractures, which become increasingly tortuous with distance. From the 

experimental observations it can be concluded that it is the composite effect of tortuosity 

in the numerous tracer-contributing features that distinguishes the character of transport 

in the fracture network from the single fracture. This finding shows the difficulties in 

conducting modeling and experiments in a single fracture and attempting to “scale-up” 

the results to a fracture network. 

 

For the boreholes closest to the source in the SFE (< 38 m), modeling produced a match 

to the data with fitting parameters that were within the range of previously determined lab 

and field values, and showed the importance of accounting for mixing in the observation 

boreholes. For the borehole located at 126 m from the source however (borehole 64), the 

SFE modeling was not capable of reproducing a fit to the late time data, indicating that 

even within a single fracture, large-scale transport becomes increasingly difficult to 

characterize with simple models due to the effects of tortuosity. Within a single fracture, 

this tortuosity is presumed to be due to aperture variability that was not accounted for in 

the model used. 

 

For the FNE model an average of the dominant transport pathways was used to simulate 

the experiment, and similar to the SFE, for the closest observation hole (55 m from the 
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injection borehole) this approach matched the shape of the breakthrough curve with 

acceptable fitting parameters. For boreholes at greater distances (84 – 142 m), where the 

effects of tortuosity become more apparent, modeling was incapable of simulating the 

observed tracer arrival. The results of the FNE modeling show that over shorter distances 

from the source (< 50 m), simplified representations of fracture networks may have utility 

in predicting transport behavior for more complex environments, but this applicability 

breaks down with distances nearing, and surpassing 100 m.  

 

The modeling results for the most distant boreholes in both experiments showed that the 

matrix diffusion required to delay tracer arrival led to simulated tailing which was not 

present in the data. This result, together with the extensive impacts of tortuous transport 

pathways observed, and the additional modeling that replicated the observed character of 

transport with no matrix diffusion, indicates that the effects of tortuosity may supercede 

matrix diffusion over large-scales in determining breakthrough character for fracture 

networks of this kind. It should be noted however, that matrix diffusion will always act 

strongly to minimize peak concentrations, especially over greater distances. 

 

In general, the numerical modeling conducted in this study highlights the massive 

computing requirements inherent to the interpretation of large-scale experiments, and the 

limitations this places on the complexities of the aquifer that can be included. The 

dominance of tortuosity effects also suggests that a simple pathway model which uses a 

tortuosity factor may perform better than a full-scale numerical model which does not 
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account for tortuosity in predicting arrival times and peak concentrations at distant 

receptors.  

 

The FNE experiment, which spanned a distance of 245 m, appears to have neared the 

practicable limit to the distance for which open-hole radial-divergent tracer experiments 

such as this can be conducted. This is attributed to the large impact of mixing and dilution 

on the tracer signal that was observed. The FNE results also further support the utility of 

the in-situ fluorometer for detecting tracer signals in individual fractures and identifying 

dominant transport pathways, but this utility was shown to diminish over greater transport 

distances where lower concentrations were encountered. 

7.2 31BRecommendations 

1) Further field testing conducted with a similar experimental design over differing 

transport distances (possibly by drilling additional intermediate distance boreholes 

at the study site), and under different induced gradients would increase the 

certainty in the results of this study. 

 

2) For future use of the fluorometer, lab testing with an analog of the fracture-

borehole system should be pursued to quantify the effects of mixing and dilution. 
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3) Further modeling is required to lower, or eliminate the matrix grid requirements 

for full-scale numerical modeling, thereby allowing for the inclusion of more 

features, and the refinement in the plane of individual fractures that would 

facilitate aperture variability and thus more tortuous transport pathways similar to 

those observed in the data. This could be accomplished through coupling a 

numerical model with an analytical solution to matrix diffusion, or using a model 

that does not include matrix effects, one that relies solely on tortuous transport 

pathways to reproduce delayed arrival and tailing of mass. Such a model would 

also facilitate further study on the effects of matrix diffusion. 

 

4) For future modeling studies of this kind, the results of complex full-scale models 

should be compared to a simple pathway model with a tortuosity factor to 

investigate the comparative utility of the two approaches for predicting peak 

concentrations and arrival times at distant receptors. 
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Appendix A: 43BField Work Pictures 

 

Figure A.1: Testing the injection system above ground. 
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Figure A.2 The combined probe, with fluorometer (right) and transducer (left). 

 

Figure A.3: Pumping lissamine from the reservoir. 
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Figure A.4: The flow-meter during Lissamine injection. 

 

Figure A.5: The injection hole: large black tubing - water/tracer injection line; clear small tubing - 

packer inflation line (nitrogen); small black line - pressure transducer direct-read cable. 
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Appendix B: 44BAdditional Breakthrough Curves 

32BSingle Fracture Tracer Experiment 
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Figure B.1: SFE breakthrough curve for borehole 57, located 20.4 m from the injection borehole. 
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Figure B.2: SFE breakthrough curve for borehole 55, located 30.5 m from the injection borehole. 
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Figure B.3: SFE breakthrough curve for borehole 59, located 31.1 m from the injection borehole. 
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33BFracture Network Tracer Experiment 
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Figure B.4: FNE breakthrough curve for borehole 59, located 81 m from the injection borehole. 
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Figure B.5: FNE breakthrough curve for borehole 73, located 116 m from the injection borehole. 
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Figure B.6: FNE breakthrough curve for borehole 70, located 142 m from the injection borehole. 
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Figure B.7: FNE breakthrough curve for borehole 71, located 245 m from the injection borehole. 
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Appendix C: 45BAdditional Numerical Modeling Fits 

34BSingle Fracture Tracer Experiment 
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Figure C.1: The fit to the SFE data generated by the numerical model for borehole 57 at 20.4 m from 
the injection hole. 
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Figure C.2: The fit to the SFE data generated by the numerical model for borehole 55 at 30.5 m from 
the injection hole. 
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Figure C.3: The fit to the SFE data generated by the numerical model for borehole 59 at 31.1 m from 
the injection hole. 
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Appendix D: 46BNumerical-Analytical Modeling 

In addition to the Hydrogeosphere (HGS) modeling presented in the report, the semi-

analytical model developed by Novakowski, et al. (2004) was used to interpret the results 

of the SFE. In the model, the pumping regime is superimposed onto the natural flow 

system to create streamlines via a particle tracking routine. The advection-dispersion 

equation for a single fracture (Tang et al., 1981) is then solved along each streamline 

collected by the observation borehole. For further background and for verification of the 

model, the reader is referred to Novakowski, et al. (2004). The model was modified 

slightly by Hachey and Novakowski (2006) for application to radial-divergent 

experiments. This was achieved by incorporating a switch to turn pumping in the 

observation hole on and off to coincide with discrete sampling times, thereby creating a 

weak dipole flow system during sampling periods, and an injection flow field only when 

no sampling is occurring.  

 

In fitting the numerical analytical model to the breakthrough curves, the details of the 

experimental design, the physical characteristics of the materials, and the natural flow 

system were held constant (Table D.1) (taken from Novakowski et al. [1999] and 

Glockner [1999]) while the fracture aperture, longitudinal dispersivity, and matrix 

porosity were varied. 
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Table D.1: The fixed input parameters for the numerical-analytical model. 

Input Parameter 

Fixed 

Value 

Qi (L/min) 4.1 

Ci (g/L) 1 

v (m/d) 5 

τ (-) 0.1 

Do(m2/s) 4.5 × 10-10 

Direction of GW flow S30°E 

 

Novakowski et al. (2006) performed point dilution experiments in the same fracture 

feature in borehole 56, and from those results a natural groundwater velocity of 13 m/d 

was determined. A smaller value of 5 m/d was used in the final injection-withdrawal 

trials however, as this matched the velocities generated by applying the known gradients 

in the numerical modeling also performed in this study, allowing for better comparison of 

the results. The direction of groundwater flow was set to S30E based upon the contours 

and three point problems developed for this study. The observation well pumping rate 

was set to the same value as the injection rate, and pumping was turned on only during 

the sampling times recorded during the experiment. For the modeled observation 

boreholes 56-59 this resulted in only 1-2 streamlines being collected, but for borehole 64 

this method did not achieve any collection of streamlines. The sampling was done very 

infrequently in borehole 64, and this compounded with the spread of particles at that 

distance from the source, led to no collection of streamlines. Therefore to achieve 

streamline arrival at borehole 64, pumping was switched on for the duration of trials and 

the pumping rate was set to a very small value so as to limit the disturbance of the radial 
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divergent flow-field yet still collect a minimum number of streamlines. The necessity of 

altering the modeling process for borehole 64 is obviously problematic, but by using a 

very small pumping rate in the observation hole the impact on the results is expected to 

be minimal. 

 

The curve fitting procedure was conducted in the same fashion as for the HGS model fits 

in Chapter 5 of this study. For the South cluster, initial model outputs fit the time of first 

breakthrough and time to peak, but the concentrations modeled were too high in all cases. 

This was a surprising result at first, as the previous work done by Glockner (1999) using 

a less rigorous model led to excellent fits, with fracture aperture, dispersivity, and matrix 

porosity falling within the expected range of values for the site. The disparity in being 

able to match the peak concentrations was a result of the geometric factor of 0.72 used in 

the effective diffusion coefficient by Glockner (1999), a value that when used in this 

modeling effort was also capable of producing fits to the experimental data. Using the 

experimentally determined, and more accurate value of 0.1 for matrix tortuosity greatly 

decreases the impact of matrix diffusion however, increasing modeled concentrations 

significantly. In order to achieve agreement with the experimental data using the more 

defensible 0.1 value, matrix porosities were required to be in the 35-45% range, which is 

far higher than the porosity measurements acquired for the dolostone (peak value of 

19.7%) (Novakowski et al., 1999). 

 

In the case of borehole 64, located a distance of 126 m from the injection hole, the 

previous modeling was also able to produce a fit to the data. However, initial attempts 
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using the semi-analytical model in this study required even more unrealistic matrix 

porosities than the fits for the South cluster in order to delay arrival and diminish the peak 

of the tracer plume. 

 

In order to better simulate the experimental conditions and to achieve closer fits, the 

solution to borehole mixing (Section 5.1, Equation [3]) was applied to the numerical-

analytical model output. This enabled fits to the peak concentration in all of the boreholes 

in the South Cluster, as well as borehole 64. After numerous trials and fitting efforts 

however, it was determined that the fits were not entirely unique, with different 

combinations of dispersion and matrix diffusion producing equally acceptable fits. When 

good fits were made to early time data, all the curves of the South Cluster showed very 

little dispersion (0.3 – 0.4 m dispersivity) and no matrix porosity was required. In order to 

fit late time data however, a range of different values of matrix porosity and dispersivity 

combined to fit the data reasonably well. Fits to the entire curve were only achieved by 

compromising early and late time fitting accuracy to come up with average parameters 

most likely not indicative of actual values. In order to resolve this problem, fits are 

presented for early time only, as the early time proved to be sensitive to the dispersion 

and the aperture only. Borehole 64 suffered even more from uniqueness issues, as matrix 

porosity was required to delay the arrival sufficiently to achieve fits. This led to 

numerous combinations of the three fitting parameters capable of fitting the breakthrough 

data equally well. The fitting parameters that are presented for borehole 64 are therefore 

only approximate, and suffice only to show that significant retardation of the plume is 
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occurring. The fits for borehole 58 and 64 are displayed in Figures D.1 and D.2, while the 

fitting parameters acquired from each of the fits are displayed in Table D.2. 
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Figure D.1: The Injection-withdrawal model fit to early time breakthrough for borehole 58, a 
distance of 38.4 m from the source. 
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Figure D.2: The injection-withdrawal model fit to the breakthrough for borehole 64, a distance of 
126.2 m from the source. 
 
Table D.2: A summary of the parameters acquired from fits using the numerical-analytical model 

Borehole r (m) 2b (mm) θm (-) αL (m) vmixing (m/s) 

57 20.4 0.90 - 0.3 1.0E-03 

55 30.5 1.00 - 0.3 1.2E-04 

59 31.1 1.00 - 0.3 2.9E-04 

58 38.4 0.95 - 0.4 1.0E-04 

64 126.2 1.00 0.13* 5.0 1.5E-05 

Local groundwater velocity = 6.0E-05 m/s 

* matrix diffusion required to generate fit   

 

The fit to borehole 64 is further in question, as the mixing velocity needed to match the 

data is lower than the applied local groundwater velocity. The mixing-equation velocities 
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for the other fits are all in line with those from model outputs and also generally show the 

expected decrease with distance away from the injection hole. Thus, as with the results 

from Glockner (1999), an accurate and unique fit for the results at borehole 64 is elusive. 

In addition, the inability to fit both early and late time data uniquely for all boreholes 

limits the confidence in the parameters determined, as described by Becker and Shapiro 

(2000), and necessitates the further numerical modeling performed in this study (Chapter 

5). 
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Appendix E: 47BNumerical Model Mathematical Formulation 

The subsurface flow and transport model Hydrogeosphere (HGS) (Therrien et al., 2006), 

which has evolved from the program FRAC3DVS (Therrien and Sudicky, 1996), was 

used to simulate the tracer experiments in this study. The following is a brief description 

of the principal governing equations for transport in the fractures and porous matrix. The 

notation used in this Appendix follows that of the HGS documentation (Therrien and 

Sudicky, 1996), with minor exceptions to match the notation in the rest of this study. 

Because both experiments were conducted in steady, saturated flow conditions, and the 

tracer used (Lissamine) was conservative and non-decaying, the equations are 

significantly simplified from those in the program documentation. 

 

For the conditions of the SFE and FNE (steady, saturated flow, with a conservative, non-

decaying tracer), three-dimensional solute transport in the porous rock matrix is 

represented in HGS by the advection-dispersion equation as follows: 

t

RC
QCC i 




)(
)( Dq        [5] 

where   is the gradient operator in three dimensions, C is the solute concentration, and 

Qi is the solute source or sink term for the boundary conditions, which were the injection 

boreholes for the SFE and FNE. The fluid flux, q is given by: 

)( z Kq          [6] 

where   and z are the pressure and elevation heads respectively. From [6], the hydraulic 

conductivity tensor, K is given by: 
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kK

g

           [7] 

where   is the density of water, g is the gravitational acceleration,  is the viscosity of 

water, and k is the permeability tensor of the porous medium, which was assumed 

isotropic for the simulations in this study. 

 

From equation [5], the hydrodynamic dispersion tensor, D is given by (Bear, 1972): 

  IIq
q

qq
D DTTL          [8] 

where L  and T  are the longitudinal and transverse dispersivities, q  is the magnitude 

of the Darcy flux,   is the matrix tortuosity,  is the free-solution diffusion coefficient 

of the solute, and I is the identity tensor. The matrix tortuosity for the dolostone at the 

Smithville study site was determined experimentally to be 0.1 as part of the development 

of the conceptual model described in Novakowski (1999). 

D

 

The retardation factor in [5], R is given by: 

d
m

b KR



 1          [9] 

where b  and m  are the bulk density and the porosity of the matrix respectively, and Kd 

is the distribution coefficient, taken from experimentally determined adsorption 

isotherms. Because Lissamine is a conservative tracer (non-sorbing), Kd is taken as zero, 

leaving the retardation factor as unity for simulations of the tracer experiments. 
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In HGS, transport in discrete fractures is coupled with that of the porous matrix via the 

common node method, whereby concentrations in the fracture and the matrix are the 

same at the interface, therefore requiring no explicit solute exchange term. From Tang et 

al. (1981), Sudicky and McLaren (1992), and Therrien and Sudicky (1996), two-

dimensional solute transport under the conditions of the tracer experiments studied is as 

follows: 

t

CR
CC ff

ff 


  )(

)( ff Dq        [10] 

where  is the gradient operator in two dimensions (fractures are represented as 2-D 

planar elements in HGS), Cf is the concentration in the fracture, and Df is the 

hydrodynamic dispersion tensor for the fracture, similar to [8]. The fluid flux in the 

fracture, qf is given by: 



)( ff z  ff Kq         [11]  

where f  and  are the hydraulic and elevation heads in the fracture respectively, and 

the hydraulic conductivity of an idealized fracture with no aperture variability is given 

by: 

fz
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2 2bg
fK          [12] 

where 2b is the fracture aperture. From [10] above, the retardation factor for the fracture 

is: 

 b

K
R d

f 2

2
1

'

           [13] 

where  is the distribution coefficient for the fracture surface. The retardation factor 

for the fracture surface was taken to be unity for Lissamine as well. 

dK '
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This appendix is not intended to be a comprehensive review of the theory which supports 

the formulation of HGS, but is presented to provide the relevant governing transport 

equations under the conditions used for modeling in this study. For detailed information 

regarding the formulation of the numerical model the reader is referred to the model 

documentation (Therrien et al., 2006). 
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Appendix F: 48BNumerical Modeling Sensitivity Analysis 

The domain sizing, discretization, and time weighting were investigated in the following 

sensitivity analysis in order to better understand the impact these variables have on the 

transport solution, and to improve the accuracy of the numerical modeling conducted in 

this study. 

 

Due to its smaller scale, the single fracture HGS model was used as a base case. Fixed 

values of aperture (7.5 × 10 – 4 m/s), dispersivity (1.0 m), and porosity (10%) were used 

in all simulations. These values were used as they are close approximations of site 

conditions, and are readily simulated. The impacts on transport were observed at all 

borehole locations, but for comparative purposes all figures presented in this section are 

from borehole 58, a distance of 38 m from the injection hole, as these results best 

represented the average behavior displayed.  

35BBoundary Effects and Domain Sizing 

Figure F.1 shows the impact of the 2nd type, no-flow, no flux boundaries in the x and y-

directions for varying domain sizes and injection locations. For larger domain sizes, grid 

spacing was increasingly coarser towards the boundaries in order to lower the memory 

requirements, and enable a solution to be computed. This coarser gradation towards the 

boundaries was shown to have no effect on the observed transport at the observation 

wells, as they were within the more finely discretized portion of the domain. 
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Figure F.1: Breakthrough curves for different domain sizes. 

Figure F.1 shows that the domain size at which the boundary effect no longer impacted 

the result was 500 × 500 m. The effect of the 2nd type boundary condition in the z-

direction is not presented, but flow through the matrix in the z-direction is presumed to be 

minimal due to the comparatively low hydraulic conductivity in the matrix. In addition, 

an analytical solution to diffusion was employed in order to ensure that diffusing mass 

did not encroach on the z-boundary. From this work, it was determined that 0.25 m on 

either side of the fracture was adequate to minimize effects of the z-boundaries for the 

time scale of the tracer experiments. 
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36BGrid Spacing 

Figure F.2 shows the impact of the grid spacing in the x and y-directions on solute 

transport. From the figure it can be seen that spacing of 0.5 m, 1 m, and 2 m all produce 

nearly the same breakthrough, the only difference being slight diminishment in 

concentration with larger spacing and minimal shifting of the peak location in time. The 

shift in the time to peak and to a lesser degree the differences in maximum concentration 

can be attributed to the change in the assigned location of the monitoring point when the 

grid spacing changes. HGS positions the borehole at the nearest linear element in the 

grid, therefore locations may vary considerably with different discretization schemes. 

With 5 m spacing, this issue becomes more pronounced, as does the artificial dispersion 

of the plume that presents as an artifact of the coarse discretization. From these results, 

0.5 m spacing in the x and y-directions was chosen for single fracture simulations in the 

zone nearest the injection hole, while increased computing demands for the fracture 

network resulted in those simulations being conducted with 2 m spacing. Figure F.2 

shows however that the impact on the network transport solution is expected to be small, 

especially when recognizing that fitting for the fracture network results was conducted 

with peak-normalized concentrations. 
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Figure F.2: Breakthrough curves for different grid spacing. 

37BFracture Matrix Interface 

The large difference in rates of transport between the fracture and the porous matrix 

necessitate significant refinement of the grid at the interface between the domains. 

Weatherill et al. (2007) studied the effects of discretization at the fracture matrix interface 

in HGS and developed guidelines for the element spacing adjacent to the fracture and the 

grid multiplier moving away from the interface in order to accurately model matrix 

diffusion. The degree of refinement necessary and the rate at which the grid coarsens 

depends on whether an advective or diffusive transport scenario exists, and these 

guidelines are presented by Weatherill et al. (2007). 
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This sensitivity analysis supports the findings presented by Weatherill et al. (2007). From 

the equations in that study, the SFE fell between a dispersive and a diffusive scenario, 

while the FNE was more dispersive (owing to higher injection rates). Figure F.3 displays 

the impact of the adjacent grid spacing while Figure F.4 displays the results with a 

varying multiplier moving away from the fracture. Of note especially is the extent that 

matrix diffusion can be in error with inadequate refinement of the grid at the fracture-

matrix interface. The SFE, which fell between the advective and dispersive scenarios, 

required an adjacent spacing on the order of the fracture aperture and a small multiplier to 

reproduce the smooth tailing of matrix diffusion. For the SFE the adjacent grid spacing 

used was 1 × 10 – 3 m, with a 2-times multiplier. The FNE used the same adjacent grid 

spacing, but used a 5-times multiplier. The reasoning for this is two-fold: 1) the scenario 

is more dispersive therefore requiring less refinement, but also because it serves to 

eliminate excess elements, saving on limited memory and CPU resources. 
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Figure F.3: Breakthrough curves for different grid spacing at the fracture-matrix interface. 
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Figure F.4: Breakthrough curves for different grid multipliers going away from the fracture-matrix 

interface. 

38BTime weighting 

The default time weighting used by HGS in the numerical solution of transport is the 

central (Crank-Nicholson) scheme, which is more stable than explicit time weighting, yet 

still maintains accuracy (Therrien et al., 2006). Implicit (forward) time weighting is more 

stable than central weighting, but leads to numerical smearing as can be seen in Figure 

F.5, which shows simulations of the SFE with different time weighting schemes. 
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Figure F.5: Breakthrough curves with different time weighting schemes, showing  numerical 

smearing with the fully implicit scheme. 

The solute transport output from HGS was at times prone to oscillation, but as opposed to 

introducing the numerical dispersion from implicit time weighting, refining the grid to 

decrease the grid-Peclet number (Weatherill et al. 2007), and decreasing time steps were 

techniques used to increase numerical stability. 

39BDiscussion and Conclusions 

The sensitivity analysis was performed to allow for greater confidence in the inputs to the 

HGS model and the resulting accuracy of simulations. For the single fracture tracer 

experiment especially, the sensitivity analysis allows the impact the model inputs have on 

solute transport to be well understood and accounted for. There are limitations to 
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extending the results acquired on the single fracture scale to the fracture network 

simulations however, as the conditions of the network experiment are considerably 

different (considerably more advective conditions) and the area to be modeled is larger 

and more complex (i.e. more fractures). It has been show in the figures presented in this 

appendix however, that the final domain specifications for the FNE HGS model are close 

enough to optimum to maintain an acceptable level of accuracy in the solution of solute 

transport. 

 

Figures F.6 - F.8 show the final grid used for the FNE HGS model. A figure showing the 

final grid for the SFE is not presented as the level of refinement in the x and y-directions 

could not be resolved in graphical outputs. 

 

 

Figure F.6: A plan view of the grid used for the final FNE model. 
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Figure F.7: A cross-section view of the grid used for the final FNE model. 

 

Figure F.8: An isometric view of the grid used for the final FNE model. 
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Appendix G: 49BSample Numerical Model Input Files 

40B.grok file 

Smithville 
end title 
 
!----------------------------------------------------------------------------- 
!DOMAIN CREATION 
 
generate blocks interactive 
 
Grade x 
100.0  0.0  1.0  5.0  10.0           
Grade x 
250.0  100.0  0.05  10.0  1.0            
Grade x 
250.0  400.0  0.05  10.0  1.0 
Grade x 
400.0  500.0  1.0  5.0  10.0 
 
Grade y 
100.0  0.0  1.0  5.0  10.0           
Grade y 
250.0  100.0  0.05  10.0  1.0            
Grade y 
250.0  400.0  0.05  10.0  1.0 
Grade y 
400.0  500.0  1.0  5.0  10.0 
  
Grade z 
0.25  0.0  0.001  10.0  0.5 
Grade z 
0.25  0.5  0.001  10.0  0.5 
 
end generate blocks interactive 
 
end grid generation 
 
!----------------------------------------------------------------------------- 
! Change the default units 
units: kilogram-metre-hour 
 
echo to output 
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!----------------------------------------------------------------------------- 
!GENERAL PARAMETERS 
 
echo flow boundary conditions 
 
!Specify finite difference mode 
Finite difference mode 
 
!Switch for Solute Transport 
do transport 
 
Flow solver maximum iterations 
2000 
 
Flow solver convergence criteria 
1e-10 
 
!Transport time weighting - 1.0 fully implicit, 0.0 fully explicit, 0.5 default 
Transport time weighting 
0.5 
 
!--------------------------------------------------------------------------------- 
!SETUP MATERIAL ZONES PROPERTIES 
 
use zone type 
porous media 
 
properties file 
jun98.mprops 
 
clear chosen elements 
 
choose elements all 
 
new zone 
1 
 
clear chosen zones 
 
choose zone number 
1 
 
read properties 
Upper Eramosa 
 
!----------------------------------------------------------------------- 
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! BOUNDARY CONDITIONS SETUP 
 
clear chosen nodes 
choose nodes y plane 
0.0 
0.4 
specified head 
1 
0.0  0.050 
 
 
clear chosen nodes 
choose nodes y plane 
500.0 
0.4 
specified head 
1 
0.0  0.0 
 
clear chosen faces 
choose faces x plane 
0.0 
0.4 
specified flux 
1 
0.0  0.0 
 
clear chosen faces 
choose faces x plane 
500.0 
0.4 
specified flux 
1 
0.0  0.0 
 
clear chosen faces 
choose faces z plane 
0.5 
1.0e-5 
specified flux 
1 
0.0  0.0 
 
clear chosen faces 
choose faces z plane 
0.0 
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1.0e-5 
specified flux 
1 
0.0  0.0     
 
!--------------------------------------------------------------------------------- 
! SETUP FRACTURES 
 
use zone type 
fracture 
 
properties file 
jun98.fprops 
 
clear chosen faces 
choose faces z plane 
0.25 
1e-10 
 
new zone 
1 
 
clear chosen zones 
 
choose zone number 
1 
 
read properties 
fracture1  
 
!----------------------------------------------------------------------------- 
!MAKING OBSERVATION WELLS AS POINTS 
 
 
Make observation point 
BH55 
228.9  272.0  0.25 
 
Make observation point 
BH56 
250.0  250.0  0.25 
 
Make observation point 
BH57 
259.4  268.1  0.25 
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Make observation point 
BH58 
247.8  288.3  0.25 
 
Make observation point 
BH59 
242.9  280.2  0.25 
skip on 
Make observation point 
BH64 
65.9  200.9  0.25 
skip off 
Make well node 
BH56 
250.0  250.0  0.25 
1 
0.0  0.24 
0.05 
0.05 
 
 
!------------------------------------------------------------------------------- 
!SOLUTE TRANSPORT 
 
Solute 
name 
Lissamine 
free-solution diffusion coefficient 
2e-06 
end solute 
 
specified well concentration 
1 
2 
1.0  0.0  4.16667e-2   
0.0  4.16667e-2  1.0e9  
 
 
!--------------------------------------------------------------------------------- 
!OUTPUT TIMES FOR SIMULATION 
 
Concentration Control 
0.1 
 
Initial Timestep 
0.0001 
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Maximum timestep 
0.5 
 
output times 
50 
1 
2 
3 
4 
5 
… 

41B.mprops file 

Upper Eramosa 
 
K isotropic 
3.60D-5 
 
Porosity 
0.010 
 
Longitudinal dispersivity 
1.0 
 
Transverse dispersivity 
0.1 
 
Tortuosity 
0.1 
 
Bulk density 
2570.00 
 

42B.fprops file 

fracture1                  
 
aperture           
0.00075 
 
longitudinal dispersivity 
1.0 
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transverse dispersivity 
0.1 
 
end material 
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