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Abstract 

Fractures influence aqueous contaminant transport by allowing for rapid migration over 

long distances through complex pathways and through diffusion into the adjacent rock matrix. 

While there have been many studies examining transport at smaller scales, there have been far 

fewer investigations at larger distances (> 50-100 m) due to the cost and difficulty of such research. 

This study focused on identifying key properties governing large-scale solute transport in sparsely 

fractured rock. Numerical models which accommodate flow and transport in fractures were used 

to simulate the results of two divergent tracer experiments previously conducted at large scale in 

a fractured dolostone. One of the experiments was conducted in what is believed to be a discrete 

horizontal fracture, and the other conducted in a fracture network. Both experiments had 

observation points > 100 m from the injection well. As the numerical analysis required estimates 

of fracture aperture, an improved method of determining fracture transmissivities from the bulk 

values obtained in constant head testing was also developed.   

The results of fitting the measured data with simulations determined that fracture aperture 

heterogeneity was likely the key property for simulating the tortuous transport observed in the 

experiments. Simulation of the discrete fracture experiment identified the errors inherent in the use 

of scaling parameters (e.g. matrix porosity) to the scale-up of experimental results. This study also 

highlights the significant issues with non-uniqueness that can arise in the interpretation of large-

scale tracer experiments in fractured rock. Aperture heterogeneity and complex interconnections 

can produce an extensive number of equally plausible networks, the difference between which can 

have significant impact on transport predictions. The error resulting from this non-uniqueness and 

the application of scaling parameters needs to be better recognized and can be used to more 

accurately quantify risk assessment for potable water supplies in the vicinity of contaminated sites.  
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Introduction 

1.1 Flow and Transport in Fractured Rock 

It is well recognized that the presence of fractures influences fluid flow and 

contaminant migration in consolidated geological material. This is especially true for 

carbonates and crystalline rocks, which have low matrix permeability and tend to show a 

higher prevalence of fractures than many siliciclastic sedimentary units (Ehrenberg and 

Nadeau, 2005). Together, these rocks make up to 50 % of the rock exposed on continental 

surfaces (Amiotte Suchet et al., 2003). This includes many densely populated regions (e.g. 

southern Ontario). Fractures, which can be highly heterogeneous in aperture width and 

interconnectedness and tend to be significantly more conductive than the surrounding 

consolidated rock matrix, allow for aqueous contaminants to be transported rapidly over 

long distances in complex, difficult to predict patterns. As an example of the heterogeneity 

that can be observed with fractures, one study found changes in hydraulic aperture of > 200 

µm over distances of less than 5 m in an Ordovician age shale (Novakowski and Lapcevic, 

1994).  

Diffusion of the solute into the surrounding rock matrix can also create a long-term 

source of low concentration contamination. As transport occurs through the fractures, a 

concentration gradient will initially drive diffusion into the matrix (Foster, 1975; Grisak & 

Pickens 1980). As concentrations in the fractures lessen, this gradient will be reversed, and 

the solute will gradually diffuse back into the fractures to be transported further through 

the groundwater system (Mutch Jr. et al., 1993). This process can continue long (decades 
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or even centuries) after the initial contaminant source zone has disappeared (Lipson et al., 

2005).  

Due to their prevalence, fractures are of great concern for decommissioned sites 

contaminated with dense non-aqueous phase liquids (DNAPLs), such as trichloroethylene 

(TCE) or polychlorinated biphenyl (PCB). These compounds do not readily mix with water 

and can provide long-term sources due to matrix diffusion and their slow dissolution rates 

(Parker et al., 1997; Seyedabbasi et al., 2012). Further complicating the issues with the 

aqueous phase, vertical fractures can allow sinking DNAPL to spread long distances, 

making source zone remediation exceptionally difficult (Parker et al., 1994). More 

recently, fractures have also become a concern in the search for the suitable sites to act as 

long-term repositories of nuclear waste. Even buried at depths of hundreds of meters, 

leaking nuclear waste could potentially travel through fractures to reach surface receptors 

much faster than considered acceptable (Abelin et al., 1991; Hadgu et al., 2017; Pyrack-

Nolte et al., 1987). To protect drinking water supplies, it is thus crucial to be able to 

accurately predict transport in fractures, especially over the large distances (hundreds of 

meters) that may lead to contaminant receptors or potable water supplies.  

 

1.2 Methods for Understanding Transport Processes 

 One of the most widely used methods for understanding aqueous phase solute 

transport at field scales is the tracer experiment. Solute is emplaced into the subsurface at 

a known point and the observed breakthrough at an observation well or discharge seep can 

be used to characterize transport velocities and pathways. A variety of configurations have 

been used in past tracer experiments. This includes, among others, radially convergent, in 
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which the tracer is introduced into a borehole and then moves towards a pumped 

withdrawal borehole which also acts as the observation point (e.g. Becker and Shapiro, 

2003; Kang et al., 2015), radially divergent, where solute is injected into the subsurface at 

a set flowrate and then is measured downstream in observation boreholes (e.g. Novakowski 

and Lapcevic, 1994; Seaman et al., 2007), and push-pull experiments, which involves 

injection and withdrawal from a single borehole (e.g. Nordqvist et al., 2012). Advantages 

of using divergent flow include the capability to use multiple observation wells in a single 

test and the ability to measure in-formation concentrations (Novakowski 1992). Whichever 

method is chosen, numerical or analytical models of the experiment can then be used to 

assess a conceptual model of the site.  

To produce accurate and defensible models of tracer experiments, estimates of 

various physical parameters, such as matrix porosity, fracture aperture, and fracture 

location are required. Due to the cubic relationship between aperture and fluid flow in a 

fracture, estimates of fracture aperture are particularly crucial. Constant head tests using 

straddle-packer systems are a common method for measuring the hydraulic aperture; 

however, they measure a bulk transmissivity for the test section. Determining the 

transmissivity, and thus the hydraulic aperture, of a single fracture in that section can be 

challenging when there are multiple fractures. Additional tests, such as flow metering (e.g. 

Frampton and Cvetkovic 2010) or FLUTe liner profiling (Keller et al., 2011) can be used, 

but application of numerous, different tests are often prohibitively expensive.  

In fractured rock, many of the tracer experiments that have been reported in the 

literature thus far have been conducted at distances of less than 50 m, which is less than 

what is often relevant to the scale of contaminated sites in the field. Difficulties in achieving 
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fits to the data and issues of non-unique fits have also been observed in interpreting 

experiments in fractured rock (e.g. Guimerà and Carrera, 2000; Guihénauf et al., 2017; 

Shapiro, 2001; Zhou et al., 2007). Methods of accommodating these issues often have 

questionable predictive value, such as with using increases or decreases in specific 

parameter values (i.e. matrix porosity or aperture) with scale of observation (Lapcevic et 

al., 1999; Zhou et al., 2007), or are expensive, such as with using multiple experiments 

with different configurations and solute properties. Thus, it is clear that solute transport in 

fractures at large-scales is not fully understood and more research is required to improve 

our ability to simulate and predict transport and thus protect our water supplies.   

   

1.3 Smithville, Ontario PCB Contamination 

To improve our understanding of large-scale transport in fractured rock, this study 

focuses on data collected at a single site near Smithville in southern Ontario. This site was 

previously the location of a facility that stored PCB waste from nearby municipalities 

(Novakowski et al. 1999). After the detection of subsurface PCBs in the 1980s, numerous 

efforts to characterize the hydrogeology of the area were undertaken in order to protect the 

water supply for the town of Smithville. This includes constant head testing at three 

different scales (2 m, 0.5 m, 0.1 m) in 18 observation wells, detailed gravimetric porosity 

measurements, and numerous tracer experiments conducted at scales of < 50 m to over 100 

m in transport distance - two of which (> 100 m transport) will be the focus of this thesis. 

Despite several extensive investigations, past numerical analyses been unable to 

adequately explain measured solute concentrations at each of the measured boreholes in 
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these experiments. This is particularly true for those boreholes furthest away from the 

injection wells. 

  

1.4 Research Objectives 

The primary objective of this research is to investigate aqueous phase solute 

transport in fractured rock at large scales using numerical models. Two previously 

conducted tracer experiments from the Smithville site will be analyzed. From this, the 

intention is to identify the key properties governing solute transport in fractured carbonate 

rock and improve our ability to make predictions at scales of over 100 meters. Specific 

research objectives were: 

i. Investigate various plausible types of heterogeneity and their effects on 

large-scale solute transport. Establish whether a tracer experiment 

conducted in an isolated discrete fracture at distances of up to 125 m can be 

simulated using spatially consistent parameters at multiple scales.  

ii. Explore the use of simple scaling parameters, such as a variable matrix 

porosity which increases with scale of observation, in modelling large-scale 

transport.  

iii. Demonstrate issues associated with non-uniqueness in interpreting tracer 

experiments, even where multiple observation wells are used.  

iv. Improve our ability to accurately obtain estimates of fracture transmissivity 

(and thus hydraulic aperture) from the bulk interval values measured by 

constant head tests.  
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v. Determine if a large-scale tracer experiment conducted in a divergent 

fashion using open boreholes and a downhole fluorometer can be used to 

better understand transport in discrete fracture networks.  

vi. Improve our understanding of solute transport in a sparsely fractured 

dolostone by simulating an open-hole network experiment and eliminating 

several possible conceptual models.  

 

1.5 Organization of Thesis 

The following thesis has been organized in a manuscript format. There are three 

results chapters which make up the body of the thesis. These are Chapters 2 to 4 and each 

have been submitted or are intended for submission to a peer reviewed journal. Each 

chapter therefore contains its own introduction and literature review. Chapter 2 presents 

the results of a numerical analysis using a control volume finite element model to simulate 

the results of a tracer experiment conducted in an isolated fracture. Comparisons of 

simulated tracer concentrations from models using scaling parameters to those which 

physically represented the heterogeneity in the model domain were made. This chapter also 

seeks to discuss the issues of non-uniqueness that can arise from interpreting tracer 

experiments using numerical models. This has been submitted to the Journal of 

Contaminant Hydrogeology and is currently under review.  

Chapter 3 compares solute transport in discrete fracture networks (DFNs) produced 

using constant head test results at two different scales (0.5 m and 2 m). Through the 

comparison, the objective was to determine a methodology for proportioning the larger-

scale (2 m) test results to obtain a DFN representative of the smaller scale tests (0.5 m), 
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which were in turn considered to be representative of the natural environment.  This has 

been submitted to the Canadian Geotechnical Journal.  

Finally, in Chapter 4 a second large-scale tracer experiment that was previously 

undertaken at the Smithville site was simulated. As the experiment involved open 

boreholes, the objectives were to establish whether such an experiment could provide 

useful information regarding the properties of individual fractures in sparsely fractured 

rock and to use that information to improve the conceptual model of the experiment site. 

This Chapter has also been submitted to the Journal of Contaminant Hydrology and is 

under review. 
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The use of Scaling Parameters and the Impact of Non-Uniqueness in the 

Simulation of a Large-scale Solute Transport Experiment Conducted in 

a Discrete Rock Fracture 

Abstract 

There are few studies analyzing tracer experiments conducted in rock fractures at 

large scales (>50 m) and there are fewer still which have succeeded in simulating 

experimental data without the use of parameters which increase/decrease with increasing 

scale of observation (i.e. scaling parameters). To explore the use of scaling parameters at 

large scales, a control-volume finite element model is used to examine the results of a 

divergent tracer experiment conducted in sparsely fractured rock where observation points 

ranged over distances from 30-125 m. Initial simulations were conducted using measured 

values of matrix porosity, fracture conductivity, and regional hydraulic gradient but were 

not successful in matching the field data at any measured locations. Multiple fits of equal 

quality at each observation point however were obtained with models using scaling 

parameters (such as increasing matrix porosity with scale) to represent heterogeneity. 

Additional fits were achieved by physically representing the same heterogeneity with 

different conceptual models, such as added horizontal and vertical fractures. This illustrates 

the non-uniqueness that arises in the interpretation of a divergent tracer experiment with 

multiple observation well distances. Using the models, predictions at distances beyond the 

measured domain were then generated. These showed that the choice of conceptual model 

significantly impacted simulated arrival times and concentrations at distances of only 75-
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175 m larger than the experimental scale. In particular, predictions made with scaling 

parameters provided estimates that were less conservative (under predict concentrations) 

than those made by adding heterogeneity to the numerical model. Thus, care should be 

used when using a scaling parameter to make predictions of transport in discrete fracture 

settings. 

 

2.1 Introduction 

To better understand and predict solute transport in fractured media, forced-

gradient tracer experiments are often conducted. Breakthrough of tracers at monitoring 

wells near the injection point can be used to observe and characterize transport pathways 

and velocities in fractures (Becker & Shapiro, 2000; Berkowitz, 2002; Hadermann & Heer, 

1996; Neuman, 2005; Novakowski et al., 2004; Robert et al., 2012; Sidle et al., 1998). 

Numerical or analytical simulation of breakthrough curves is often used both to evaluate 

and refine a conceptual model of the site and to constrain estimates of parameters, such as 

dispersivity, fracture aperture, and matrix porosity (Becker & Shapiro, 2000; Chen et al., 

2011; Day-Lewis et al., 2006; Lapcevic et al., 1999; Jørgensen et al., 1998; Nordqvist et 

al., 2012).  Tracer experiments using a variety of configurations have been conducted 

extensively in fractured rock at scales of < 50 m (Cvetkovic et al., 2010; D’Alessandro et 

al., 1997; Gelhar et al., 1992; Haggerty et al., 2000; Kosakowski et al., 2001; Mckay et al., 

1993; Novakowski & Lapcevic, 1994; Novakowski et al., 2004; Paillet et al., 2012; Reimus 

et al., 2003; Zhou et al., 2007). The successful simulation of many of these experiments 

using simple advection-dispersion models with the incorporation of important processes 

such as matrix diffusion or dispersion due to aperture heterogeneity has greatly improved 
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the understanding of transport through fractured rock at these local scales (Bodin et al., 

2003; Novakowski et al., 2007, NASEM 2015).  

To predict contaminant migration in a field setting, however, it is important to 

understand and accurately assess transport in fractures at larger scales (>50 m). In this 

study, an experiment greater than 50 m in scale is considered to be large scale due to the 

scarcity of tracer experiments conducted at distances larger than this. For example, in a 

review study by Zhou et al. (2007), only six of the approximately 40 fractured rock 

experiments were reported at scales above 50 m. Many of the studies in which large-scale 

transport has been modelled use parameters with a measured basis but do not compare the 

modelled predictions to experimental transport data (e.g. Blessent et al., 2011; Cvetkovic 

& Frampton, 2012; Hadgu et al., 2017; Joyce et al., 2014; Maloszewski & Zuber, 1985; 

Pedretti & Bianchi, 2018).  

While some large-scale experiments have been successfully modelled with just the 

advection-dispersion equation and a term to account for matrix diffusion (e.g. Nordqvist et 

al., 2012), other previously conducted multi-scale experiments reported in the literature 

have either failed to fit a model to the data or have required that matrix porosity or hydraulic 

conductivity change with increasing scale of observation (Guimerà & Carrera, 2000; 

Guihéneuf et al., 2017; Illman, 2006; Kurtzman et al., 2007; Novakowski & Lapcevic, 

1994; Sekhar et al., 2006; Shapiro, 2001; Zhou et al., 2007). Scale effects have been 

attributed to a range of different processes, including enhancement of diffusion due to the 

presence of less conductive fractures connected to a primary fracture (Zhou et al., 2007), 

advective mass transfer between high and low conductivity fractures (Shapiro, 2001), and 

tortuosity in the flow path introduced by aperture variability (Novakowski & Lapcevic, 
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1994, Lapcevic et al., 1999). These studies each represented these processes using a 

porosity or fracture aperture that increased with observation distance. There has been little 

research however, into the suitability of these scaling parameters, which are here defined 

as parameters which increase or decrease with scale of observation, for modelling transport 

at scales greater than those under which measurements have been taken.  

As various processes can be used to explain scale effects in the results from tracer 

experiments, the potential for non-uniqueness in the interpretation of large-scale transport 

through fractured rock is clearly significant. Non-uniqueness in tracer experiments has 

been recognized widely (Becker & Shapiro, 2003; Berkowitz et al., 2006; Divine & 

McDonnell, 2005; Frampton & Cvetkovic, 2011; Johnston et al., 2009; Sánchez-Vila & 

Carrera, 2004; Weatherill et al., 2006). In a study of the effect of heterogeneity in fracture 

networks, for example, Johnston et al. (2009) demonstrated that the fracture geometry (i.e. 

choice of orientation, spacing, and interconnections) has a significant impact on solute 

breakthrough and that different fracture geometries can produce similar breakthrough 

profiles. Others have shown that a unique conceptual model cannot be found when 

interpreting multiple types of tracer experiments, each conducted using one observation 

well (e.g. Becker & Shapiro, 2003).  It remains unclear however if the use of breakthrough 

curves collected from multiple different locations at increasing scales in a tracer 

experiment could assist in improving the uniqueness of the solution. For example, by 

finding a single conceptual model to fit to all breakthrough data at all measured scales. 

The primary objective of this study is to investigate the use of scaling parameters 

in simulating large-scale transport in discrete fractures through the analysis of a tracer 

experiment conducted over a range of observation scales between 30-125 m. Comparisons 
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of predicted tracer concentrations between models using scaling parameters and models 

which more closely represent the possible heterogeneity present in this experiment are 

made to determine if a scaling parameter can provide useful predictions and how 

successfully various processes, such as tortuosity in the flow path, are represented by a 

scale effect. The second objective of this paper is to demonstrate the issues associated with 

non-uniqueness inherent in interpreting divergent tracer experiments with multiple 

observation wells at large scales. The experiment analyzed for this study was previously 

conducted in a dolostone aquifer at the Smithville site in southern Ontario, Canada.  

 

2.2 Materials and Methods  

To conduct this study, the results of a large-scale tracer experiment conducted 

previously were simulated. In the following, a description is provided of the site at which 

the tracer experiment was conducted, the method employed for the experiment, and the 

procedure used for the simulations. The simulations are conducted using a three-

dimensional control-volume finite element model which is based on the standard 

Advection-Dispersion Equation and which represents the fractures as discrete features 

(Brunner & Simmons, 2012). The use of a control-volume finite element model was 

advantageous in this study as it allows for irregular grid blocks and encourages 

maintenance of the mass balance within the simulation domain. 
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2.2.1 Site Description 

The tracer experiment analyzed in this study was conducted at a site north of the 

town of Smithville in south-eastern Ontario, Canada (Figure 2.1). In the period of 1978-

1985, the site housed PCB wastes from nearby municipalities (Novakowski et al., 1999). 

Following the discovery of PCBs in the subsurface in the 1980s at this site, extensive 

investigations have been made to characterize the site hydrogeology. These efforts, as well 

as the experiment simulated for this research were conducted by previous authors and what 

follows is a short summation of the site geology and experimental method. For more detail 

regarding both the tracer experiment and the geologic and hydrogeological properties of 

the field site, the reader is directed to Novakowski et al. (2000) and Moore (2008). 

The surface geology at this site consists of approximately ten to fifteen meters of 

overburden glacial clay till. Beneath the overburden lies the Lockport formation, which is 

composed of Silurian-aged fractured dolostone (Liberty, 1981). This formation is further 

subdivided into four units. These are the Gasport, Goat Island, Vinemount, and Eramosa 

members (Zanini et al., 2000). The uppermost of these, the Eramosa, is the unit in which 

the experiment was conducted. This dolostone is characterized by dark grey to black color, 

laminations, and vuggy features (Golder Associates Ltd., 1995; Novakowski et al., 1988). 

The groundwater flow regime in the Upper Eramosa is dominated by a few 

conductive, horizontal, bedding plane fractures with large hydraulic apertures (>500 μm) 

corresponding to transmissivities of greater than 10-5 m2/s (Zanini et al., 2000), as measured 

using in-situ constant-head test methods at 0.5 m spacings (Novakowski et al., 2007). 

Hydraulic apertures were obtained from the measured transmissivities using the Cubic law 

(Snow, 1965). These fractures are believed to be laterally connected over hundreds of 
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meters (Novakowski et al., 1999). Evidence for this is provided by the low regional 

gradient, the high transmissivity features which can be correlated over multiple boreholes, 

and the appearance of the tracer across distances of over 100 m during experiments. Five 

sets of vertical fractures also penetrate the unit. The average spacing of the vertical 

fractures is 0.77 m, based on direct measurement of fracture spacing in core from inclined 

boreholes. The inclination of the borehole was corrected for in calculating fracture spacing. 

The transmissivities of the vertical fractures, which were also measured using constant 

head tests at 0.5 m spacing conducted in the inclined boreholes, are mostly within a range 

of 10-9 to 10-6 m2/s. However, there are several with transmissivities on the order of 10-5-

10-4 m2/s, which may represent important features. Gartner Lee Ltd. (1996) measured the 

heights of vertical fractures on faces at a nearby quarry and concluded that most are less 

than 1 m in length. Fractures with a length of greater than 1 m have a spacing of 5-20 m, 

depending on the face.  

The hydraulic conductivity of the matrix is far lower than that of the horizontal 

fractures, with most measurements indicating a range of 10-9-10-7 m/s. The porosity of the 

matrix was measured using gravimetric methods, which involved weighing wet samples 

and then oven-dried samples of 5-20 mm discs collected from core. From 342 

measurements, the range was determined to be between 1 and 20 % (Novakowski et al., 

1999). Most values, however, were between 5 and 7.5 %, as determined from an 

interquartile range. A regional horizontal hydraulic gradient was measured at the site using 

measurements of hydraulic head in multi-level piezometers and point dilution experiments 

conducted on-site. A mean gradient was calculated at a magnitude of approximately 0.0001 

oriented to the south-east (Novakowski et al., 2006). From hydraulic head observations 
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made at four multi-level piezometers surrounding the test site, there is little to no indication 

of recharge or vertical flow between units.  

 Of the wells constructed at the Smithville site, six were used for the tracer 

experiment.  These include a set of five wells which form a cluster, and all lie within 30-

40 m of one another approximately 100 m to the northwest of BH64 (Figure 2.1). The 

tracer experiment was conducted in a divergent fashion, with injection at BH56 and 

subsequent breakthrough observed at the downstream wells. All the wells were completed 

as open holes at the time of the experiment, with isolation of the fracture used for the 

experiment conducted using straddle-packer systems.  

   

 

Figure 2.1: Map showing Smithville’s position within southern Ontario and the well field 

used for tracer experiment. Wells 55-59 represent the cluster. BH56 is the injection well 

(indicated by red marker). The distances of observation points from the injection borehole 

are 30.5 m for BH55, 20.5 m for BH57, 38.4 m for BH58, 31.0 m for BH59, and 126.2 m 

for BH64. 

Flow 
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2.2.2 Tracer Experiment 

 To conduct the experiment, a straddle packer system having a 0.5 m spacing was 

first used to isolate a test interval in each observation well. The selected fracture for the 

experiment was the middle of three highly transmissive features identified in the Upper 

Eramosa that were hydraulically connected between the cluster of wells and BH64 (Figure 

2.2). This fracture was located at a depth of approximately 14.5 m below ground surface 

(elevation 180 masl) and had a variable hydraulic aperture calculated from the constant 

head tests to be between 450 and 900 μm. At the beginning of the experiment, water was 

injected into the fracture in BH56 at a rate of for 4.1 ± 0.2 L/min for 24 hours prior to tracer 

addition. This was done to achieve steady flow conditions.  

Once steady flow conditions were reached, a solution containing 1 g/L of Lissamine 

FF fluorescent dye and 1.5 g/L of a KBr salt was then injected for 2.5 minutes at a rate of 

4.1 L/min. Lissamine FF was chosen due to its relative resistance to retardation 

Figure 2.2: Transmissivity profiles for borehole 64 and for several boreholes from the south 

cluster (56,57,58). The features which appear to display hydraulic connections over long 

distances (>100 m) are highlighted in red or blue. The blue also indicates the fracture the 

tracer experiment was conducted in. Adapted from Novakowski et al. (1999). 
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(Novakowski et al., 2004; Smart & Laidlaw, 1977). Except for conditions where organic 

matter is prevalent, such as in peat, Lissamine loses less than 10 % of its mass to retardation 

(Smart & Laidlaw, 1977). As the fraction of organic carbon, foc, in the Lockport formation 

at the Smithville site was measured to be only 0.0011 (Novakowski et al., 1999), substantial 

amounts of retardation were considered unlikely even over large transport distances. The 

foc was measured using a LECO CR12 Carbon Analyzer with crushed core samples.  

Once the injection of the tracer solution was complete, the pumping continued in 

the injection well with clean water at steady conditions for the duration of the full 

observation period. At each of the five observation wells, packers with 0.5 m spacing were 

used to isolate the high transmissivity feature of interest (Figure 2.2) and samples were 

collected using a downhole bladder pump and 6 mm diameter tubing. Samples were not 

collected from other depths in the observation boreholes and thus the extent of tracer 

spreading in the vertical directions is unknown. Initially the samples were collected at half 

hour intervals and the sampling frequency was decreased at later times. The total duration 

of the experiment was 668 hours. The samples were then analyzed for dye concentration 

with a fluorometer and for KBr concentration using an ion-specific electrode.   

 

2.2.3 Simulations 

A Eularian discrete fracture approach was chosen for this study as it allows for full 

representation of the complex geology at the Smithville site and, with the exception of 

dispersivity, uses only parameters which are measurable physical properties. 

HydroGeoSphere, a control-volume finite element model (Brunner & Simmons, 2012; 
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Therrien & Sudicky, 1996), was used to simulate the tracer experiment. Initially, a simple, 

steady-state model for flow in a single fracture connected across the domain was generated 

(referred to as the Single Fracture Model). A 500×500×0.5 m domain was used with the 

fracture located at 0.25 m height. The size of the domain was chosen such that interactions 

between the distribution of hydraulic head, solute, and the boundaries would not influence 

the results. While the domain is small vertically, no effects on the transport solution were 

observed when it was expanded. The injection well (BH56) with a pumping rate of 4.1 

L/min was placed at the center of the domain. The model accounts for wellbore mixing in 

the injection well. The measured regional hydraulic gradient was applied across the domain 

by using a constant head boundary at two edges of the domain. The other four edges were 

set as no flow boundaries. 

The spatial and time discretization was a key component of this modelling study 

due to the potential inaccuracies caused by inadequate grid spacing and inappropriate time 

steps. Initially, the horizontal size of each grid block was chosen by steadily shrinking the 

block size until the transport solution no longer varied with changes in discretization. The 

final horizontal discretization remained almost constant throughout the observation region 

of the domain with 0.5 x 0.5 m elements. At the edges of the domain, this was coarsened 

to much larger (5-50 m) elements for computational efficiency. The vertical discretization 

was chosen by using a block size equivalent to the aperture of the fracture at the center of 

the domain and steadily coarsening the element size away from the fracture (Kozuskanich 

et al., 2012; Weatherill et al., 2008). This was done to allow for the fine discretization 

needed to simulate matrix diffusion near the fracture. For time discretization adaptive time 
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stepping was used with a concentration control, which created a new time step whenever 

the change in concentration at any single node exceeded 0.1 g/L. 

Once the discretization had been set, it was tested through comparison to an 

analytical model. The solution for radial transport in a single formation developed by Chen 

(1985) was used. This solution is based on a constant concentration source and does not 

account for a regional gradient; thus, the model was adjusted accordingly for the 

comparison. The de Hoog algorithm was used to invert the Laplace domain solution into 

the time domain (de Hoog et al., 1982). From a comparison of the numerical and analytical 

solutions at radial distances of both 40 m and 125 m, it was concluded that there were no 

discretization effects at scales relevant to this study (Figure 2.3). To verify that was the 

case for all the grids described below, the grid verification procedure was repeated when 

the grid was altered as the study advanced. 

Figure 2.3: Comparison of analytical solution developed by Chen (1985) to the control 

volume finite element model at a distance of 125 m from the source. 
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For the simulation of tracer experiment, the initial concentration of Lissamine in 

the domain was set as 0 g/L. At the beginning of the simulation, a solute pulse 

corresponding to that of the experiment was injected into BH56. Only the Lissamine tracer 

was analyzed in this study as breakthrough was not observed for bromide due to the lack 

of the resolution of the ion electrode (ion chromatography would not have helped as the 

KBr concentrations were indistinguishable from that of the background). The relevant 

matrix and fracture parameters used in this initial model are summarized in Table 2.1. 

Fracture aperture, hydraulic conductivity, hydraulic gradient, and matrix porosity are 

constants and are averages estimated from the various hydraulic tests, hydraulic head 

measurements, and core measurements discussed previously. The free-water diffusion 

coefficient is consistent with that used by Novakowski et al. (2004). The value of 

dispersivity changes with scale of observation, with the smaller value used at wells in the 

cluster and the larger value at BH64. These values of dispersivity are consistent with Gelhar 

et al. (1992). 

Table 2.1: A summary of the relevant fracture and matrix parameters used in this model. 

Parameter  Value 

Dispersivity 0.5 m - 4.0 m 

Fracture Aperture 700 µm 

Free-water Diffusion Coefficient 5.556×10-10 m2/s 

Tortuosity  0.1 

Hydraulic Conductivity 1×10-8 m/s 

Hydraulic Gradient 0.0001 

Matrix Porosity 6.7 % 
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Using this model, breakthrough was simulated at each of the observation wells and 

then an analytical solution for mixing was incorporated to account for possible effects of 

formation water mixing with the observation well water (Palmer, 1988). Note that in this 

study, separate simulations were used for each observation well to allow for the scaling of 

parameters (e.g. dispersivity) with distance where desired. Other parameters were kept 

identical between the simulations at different observation wells.  Initially, to attempt to fit 

the modelled breakthrough curves to the measured concentrations, the values of several 

parameters were varied over the complete range of measurement in a rudimentary 

sensitivity analysis. The fracture aperture was varied between 400 and 1000 µm, the matrix 

hydraulic conductivity between 10-10 and 10-7 m/s, the matrix porosity between 1 and 20 

%, and the hydraulic gradient between 0.00005 and 0.0002. Dispersivity was also varied 

from 0.1 m to 100 m. In this paper, fits between the simulations and the measured data 

were achieved manually in a trial-and-error fashion and evaluated visually.  

As will be discussed further in the results, the matching of the initial model to all 

the measured breakthrough curves was not possible unless using scaling matrix porosities 

or apertures which increased or decreased, respectively, with observation scale. To 

determine if fits could be obtained without the use of scaling parameters, a variety of 

conceptual models with increased heterogeneity were investigated through the comparison 

of the measured breakthrough curves to simulated curves produced by the numerical 

implementation of each model. From the simplistic sensitivity analysis, the effects of 

varying some of the components of the system, such as the hydraulic gradient, could be 

ruled out with little effort. Due to a small regional gradient (10-4) and the involvement of 

an injection well, the resultant gradient was dominated by the presence of the well and thus 
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spatial or temporal changes in the regional gradient did not have a significant effect on 

transport. Several other parameters, such as specific storage, matrix hydraulic conductivity 

and a retardation factor for reversible adsorption, were also determined to be insignificant 

to fitting the measured breakthrough curve, either because they had little effect on the 

breakthrough or because it was not possible to develop a spatially consistent fit by varying 

them.  

Matrix porosity and fracture aperture were identified as the parameters which could 

have a great enough influence on transport at distances of over 100 m to fit breakthrough 

models. Therefore, variations in the aperture and the number of fractures as well as the 

possibility of high matrix porosity regions were the focus when developing possible 

conceptual models to represent transport at the Smithville site. The resulting conceptual 

models that were simulated in this study are shown in Figure 2.4. Each of these is 

considered plausible based on what is known about heterogeneity within the Eramosa 

dolostone. Note that the possibility of small amounts of non-reversible adsorption or decay 

was considered in all of the conceptual models in this paper as the observed tail of the 

breakthrough at BH64 was otherwise impossible to explain. The justification for this decay 

constant is further discussed in the results. 

In the conceptual model shown in Figure 2.4a, the single fracture model was 

modified by adding a second horizontal fracture with an aperture of 250 µm to the domain. 

Fractures of this size are supported by the constant head tests. This was connected to the 

primary fracture through vertical fractures with apertures of 500 µm. Where vertical 

fractures were added to the model domain, the horizontal discretization was adjusted to use 

a small block size (700µm) near the fracture and to gradually coarsen away from the 
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fracture to a maximum block size of 0.5 m. The spacing of the vertical fractures in the 

model was 10 m. It is hypothesized that these could represent longer, highly transmissive 

vertical fractures with sparse spacing (based on observations made by Gartner Lee Ltd., 

1996). As discussed previously, support for this is provided by the attribution of several 

transmissivities between 10-5 and 10-4 m2/s to vertical fractures as well as the observation 

of longer (>1 m) fractures in quarry faces.  

In Figure 2.4b the heterogeneity in aperture observed from constant head test 

interpretations was added to the initial model. This was done by manually adding two 

regions of low aperture (100 µm), one 10 m in length and the other 26 m, to the domain. 

While this is an extremely simplistic and likely somewhat unrealistic and arbitrary 

representation of aperture heterogeneity, the goal of this was simply to test if aperture 

heterogeneity in some form could explain the observed breakthrough curves. Random 

generation of spatially correlated aperture fields using a gaussian distribution was also 

considered in this study but due to the lack of measurements for correlation length and 

aperture variance, this was not pursued further (see Lapcevic et al., 1999 for an example of 

the data necessary in this rock type). Note that for 2.4b, only one reduced aperture region 

is shown due to the scale of the figure (30 m distance). The second region was added at 

approximately 50 m distance from the injection well. 

In the third conceptual model simulated in this study (Figure 2.4c) regions with 

enhanced matrix porosities of 35-40 % were added. These regions were 4 m in length and 

had a spacing of 10 m. These enhanced porosity regions are used in this study to represent 

highly fractured zones which contain numerous (>10) fractures with very low (100 μm) 

aperture. A comparison between representing a highly fractured zone discretely with 
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numerous 100 μm aperture fractures and with simply increasing the matrix porosity 

surrounding the fracture showed no difference in the breakthrough curves up to 300 m from 

the injection well. Representing the fractured zone with an enhanced matrix porosity 

significantly reduced the computation effort required to simulate transport because of the 

fine discretization needed adjacent to fractures.  Support for this conceptual model is 

provided by core from Smithville. Multiple zones with broken core and numerous fractures 

within a 50 cm length are observed in the core; however, the length and quantity of these 

regions is not well known. It is plausible that they are related to fracture intersections. 

Finally, Figure 2.4d shows a model in which two of the conceptual models (2.4a and 2.4c) 

were combined to create fractured regions surrounding the intersections of longer vertical 

and horizontal fractures. In this model, the broken regions were reduced to 2 m in length.  

Figure 2.4: Displays the four conceptual models simulated within this study. Each model is 

fully saturated. Red arrows indicate water containing Lissamine FF dye while blue arrows 

indicate water without. 4a: Conceptual model with added vertical fractures connecting primary 

fracture to a second horizontal fracture. 4b: Model with heterogeneity added to aperture of 

single fracture. 4c: Highly fractured regions added to single fracture model. 4d: Model 

combining properties from a and c.   
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For each model in Figure 2.4, the presented parameter values (i.e. vertical fracture 

apertures, closure region sizes, spacings of enhanced matrix porosity regions, etc) were 

determined from visual evaluation of the quality of fit between simulated concentrations 

and measured breakthrough curves. The matrix porosity and the aperture of the 

predominant fracture(s) were also varied within the range of measured values to optimize 

the fit of the simulated curves to the observed. Only a single value of each parameter was 

used for each simulation to create a model with parameters consistent across the entire 

domain. The one exception to this was longitudinal dispersivity, which was increased with 

scale of observation from approximately 0.5 m at 40 m distance to between 6 and 10 m at 

126 m distance from the injection well. This is in line with what was observed by Gelhar 

et al. (1992), and the transverse dispersivity was set as 1/10 of the longitudinal (Ando et 

al., 2003; Marsily, 1986). The scale effect in dispersivity was significantly reduced in the 

conceptual model 4d, with a dispersivity of 0.4 m at 40 m distance and 0.8 at 126 m.    

Finally, the last step in the analysis for this paper was to generate predictions at 

distances of 200 and 300 m from the injection well using the conceptual models which 

were interpreted to be capable of simulating the observed breakthroughs in all wells. 

Predictions were also made using scaling parameter models. Further distances were not 

tested due to computational limits (e.g. some models had in excess of 20 million nodes 

when observing 300 m distances, which led to failures in convergence). Scaling parameter 

predictions were generated using two methods. In one, the matrix porosity or aperture of 

the corresponding scaling parameter models which fit the breakthrough curve at BH64 

were increased with scale of observation according to a power rule. Equation (1) is for the 
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matrix porosity and equation (2) is for aperture. The parameters of this equation were 

generated with a least-squares regression to the data at known scales. 

                                                       𝛷 = 2.37𝑟0.395                                                           (1)                                                     

                                           2𝑏 = 1710𝑟−0.276                                                           (2)   

In equation (1), Φ represents the matrix porosity of the domain and r is the radial 

distance from the injection well. In equation (2), 2b represents the aperture in µm. The 

power rule agrees with what has been observed in other studies (Zhou et al. 2007). The 

second method involved using the same parameter values that were successful at BH64 to 

make predictions at further distances (unscaled).  The resulting curves were then compared 

to one another as well as to predictions made using the scaling parameter models which 

achieved fits.  

 

2.3 Results and Discussion 

This section describes the initial attempt at fitting the measured data using a single 

fracture and subsequent attempts at incorporating various configurations of heterogeneity 

in the fracture and rock matrix. For much of the analysis, two observation wells, BH64 and 

BH58 are the focus. These were chosen as they are representative of two different scales; 

At a distance of 38 m from the injection well, BH58 is illustrative of medium scales (<50 

m) while BH64, which is 126 m from the injection well, represents large-scale transport 

(>100 m). Note that for the other three wells in the cluster, the observed breakthrough 

curves were similar to that of BH58 and although not presented in a figure, simulation 

results were also compared to the measured data at these wells for corroboration of each 
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model. These results are provided in Appendix A. Non-uniqueness of the transport solution 

and the use of scaling parameters are also discussed in this section using the results of 

predicted breakthrough curves at 200 m and 300 m from the injection well. 

 

2.3.1 Single Fracture Model 

 The breakthrough curves for BH64 and BH58 generated by the initial, single 

fracture model are presented in Figure 2.5 using the values shown in Table 2.1. As is 

evident, the fit between measured and simulated curves is poor, especially for the peak of 

the curve and for late times at BH64, where there is approximately an order of magnitude 

difference between the peak of the simulated curve and that of the measured. As the quality 

of the fit deteriorates with distance from the source, there is likely at least one transport 

process that is not being accounted for by the model. 

Figure 2.5: Plots of tracer breakthrough curves produced by the single fracture model at 

boreholes 58 and 64 with corresponding measured results. Also displayed are the results of 

varying the aperture in the single fracture model between 450 µm and 900 µm. BH58 is 38 

m from the injection well whereas BH64 is at 126 m distance. 
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There was uncertainty regarding the parameters used for the single fracture model 

above. For example, the full range of measured matrix porosity values was 1-20 %, 

indicating more natural complexity in the porosity distribution than used in this simulation. 

In addition, as the matrix porosity measurements were conducted at a small scale, there 

was uncertainty regarding what constituted a representative value. There was also 

uncertainty in the aperture used as there were only five measurements of hydraulic 

aperture, which were conducted at a small-scale (0.5 m interval constant head tests) and 

showed significant variability (450-900 μm). It was unlikely that a single value calculated 

from the arithmetic average was representative of the system. The variation of parameters 

discussed in the methodology section was used to address these uncertainties and it was 

concluded that whichever parameter values were chosen, a single fit with spatially 

consistent parameters could not be found with this simple model. As an example, the 

variation of fracture aperture is shown in Figure 2.5.  

 

2.3.2 Model Based on Scaling Parameters 

While the single fracture model was unable to simulate the breakthrough accurately 

at all observation points, it was observed that a model that made use of scaling parameters 

could do so (Figure 2.6). Two sets of simulations were generated that involved fitting each 

breakthrough curve at the site individually by scaling a single parameter (Table 2.2). One 

set of fits was produced through decreasing aperture with increasing observation scale. As 

discussed previously, this type of scaling parameter has been used in past studies to 

represent increasingly tortuous transport pathways with scale (Lapcevic et al., 1999). In a 

similar fashion to scaling fracture aperture, it was possible to achieve fits to the measured 
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data by increasing the matrix porosity of the simulation such that at BH64, it was over a 

factor of two larger than the mean matrix porosity measured from core. Scaling diffusion 

parameters larger than lab measured values have been used in past studies to represent 

processes such as mass exchange between high and low transmissivity fractures (Shapiro, 

2001, Zhou et al., 2007). Notably, Zhou et al., (2007) determined that the scale effect 

increased with observation distance (i.e. larger differences between the effective diffusion 

coefficients and the lab measured values with increasing distance). Note that while fits 

could be achieved using these scaling parameters, their use does not offer any explanation 

regarding the transport processes that occur during the tracer experiment. Furthermore, as 

they vary with scale of observation, making predictions about transport at scales larger than 

measured will result in significant uncertainty. Therefore, a model which better simulated 

the processes affecting transport was desired. 

Table 2.2: Table of the two different scaling parameters used to fit the observed 

breakthrough curves at the two different scales of measurement. The simulations were 

conducted at each observation well separately using the values of each scaling parameter 

across the entire domain. 

 

 

Parameter  BH58  BH64  

Matrix Porosity (%) 10 16 

Aperture (μm) 700 400 
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2.3.3 Fits from Different Conceptual Models of Heterogeneity 

 Through the use of vertical interconnections between multiple horizontal fractures 

(Figure 2.4a), a fit between the measured and simulated data was obtained at all five 

observation wells using spatially consistent (i.e. uniform values across the domain) 

parameters based on field and laboratory measurements (Figure 2.7). This configuration 

had the effect of adding tortuosity to the flow path by allowing solute to disperse through 

Figure 2.7: Plots of the fits achieved at BH58 and BH64 using spatially consistent 

parameters and the 4 conceptual models described within this paper.  

Figure 2.6: Plots of the fits achieved at BH58 and BH64 using scaling parameters. 



 

34 

 

the system vertically through diffusion in the vertical fractures from the primary fracture 

to the second horizontal fracture. The parameters used for this model, with the exception 

of dispersivity, were identical at BH58, BH59, BH55 and BH64. The observed 

breakthrough curve at BH57 was anomalous in that it was best fit with a model using a 150 

μm smaller aperture for the secondary horizontal fracture. This could be explained by 

BH57 being slightly offset from the other wells in the cluster and thus, the tracer may have 

encountered a slightly different configuration of fractures than that of the path to BH58 

and BH64.  

The potential importance of fracture interconnections has been recognized in 

previous studies (Berkowitz, 2002; Guihéneuf et al., 2017; Kang et al., 2015). For example, 

a network of vertical fractures which intersected horizontal fractures has been used in the 

past to model a tracer experiment conducted in a fractured chalk aquifer (Kurtzman, 2007). 

In that case, the authors were unable to completely simulate the measured breakthrough 

curves but did conclude that the model which included both horizontal and vertical 

fractures was best able to explain the data.   

 As shown in Figure 2.7, fits to the measured data at all five observation wells were 

also obtained by adding heterogeneity to the aperture of the single fracture model (Figure 

2.4b). This is evidence of non-uniqueness in the interpretation of this experiment. While 

fractures are often represented as smooth parallel plates, reality is better represented by 

bottlenecks of low aperture combined with adjacent higher aperture pathways which create 

preferential and tortuous pathways for transport within the fracture plane (de Dreuzy et al., 

2012; Odén et al., 2008; Tsang & Neretnieks, 1998; Zheng et al., 2008). Adding 

heterogeneity to the aperture created increasingly tortuous flow paths with increasing scale 
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that resulted in effectively identical curves to those produced by transport through multiple 

horizontal and vertical fractures. Significant variability in the aperture was measured at the 

site, indicating that heterogeneity in the aperture may have had an impact on transport.  

A third set of model fits using spatially consistent values was achieved through the 

addition of highly fractured zones represented by an increased matrix porosity (Figure 

2.4c). With this set of simulations, the small fractures within the fractured zones allowed 

for an enhancement of matrix diffusion along flow paths, which resulted in enough mass 

loss to achieve fits. Note that heterogeneity of the primary matrix porosity alone was unable 

to explain the difference between observed and simulated breakthrough curves because 

average matrix porosities far larger than the measured average of 5-7.5 % were required to 

simulate the observed breakthrough. Past studies have recognized the potential importance 

of matrix diffusion processes at large scales (Feenstra et al., 1984; Freeze & Cherry, 1979; 

Grisak & Pickens 1980). Several papers have also discussed various explanations for 

enhanced diffusion (Gwo et al., 2005; Lu et al., 2011; Maloszewski & Zuber, 1993; 

Nordqvist et al., 2012; Shapiro, 2001; Zhou et al., 2007). As previously discussed, Zhou et 

al. (2007) and Shapiro (2001) suggested that enhanced diffusion caused by numerous 

small, non-transmissive fractures connected to larger, more transmissive features could be 

important. These papers, however, represented this enhanced diffusion through the use of 

a scaling parameter as opposed to creating distinct regions of dense fracturing within the 

model. It is further possible that other explanations not considered in this paper may exist 

for enhancing matrix exchange. For example, transport mechanisms such as advective mass 

transfer or enhanced diffusion caused by accelerated fluid movement within the fracture 
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(Wu et al., 2010) could play a role in explaining transport within the Upper Eramosa and 

were not directly tested in this study. 

Simulations with a combination of two conceptual models (Figure 2.4d) were also 

fit to the observed data. The quality of the fit at BH64 was not as close to the measured 

breakthrough as the other configurations but still matched the peak and tail well (Figure 

2.7). The addition of aperture heterogeneity may have helped with the quality of the fit, but 

this was not possible in this study due to the computational effort required to discretize 

such a complex domain. Although only one combination of conceptual models was tested 

in this paper, it is entirely plausible that other configurations of heterogeneity could also 

explain the tracer breakthrough concentrations. Overall, multiple conceptual models were 

clearly able to fit the data from all the observation wells (20.5 m to 126 m distance from 

the injection well) using consistent parameters.  

Note that the preceding fits were only possible by adding dye loss, which was 

represented in this study using first order decay. The effect of the decay constant on the fit 

achieved at BH64 is illustrated in Figure 2.8. Without the use of a decay constant, the 

falling limb of the concentration curve was always overestimated by the model no matter 

what the combination of parameters. Note that adding decay alone to the single fracture 

model was unable to achieve a fit and that heterogeneity in the model was still required to 

explain transport within this system. The range of values used for the decay constant was 

between 4.5×10-7 and 8×10-7 s-1 for all simulations in this study. These values were 

determined from fitting the four conceptual models to the measured breakthrough curves. 

While there has been little study into quantifying decay constants for Lissamine, the use of 

such was considered here as there is some evidence for the loss of small amounts of 
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Lissamine, especially over experiments lasting weeks (Holden & Burt, 2002; Smart & 

Laidlaw, 1977).  

One explanation for fluorescent dye loss is a small degree of non-reversible 

adsorption (Smart & Laidlaw, 1977), which would appear like a decay process. While 

Lissamine, as previously mentioned, is resistant to adsorption and the organic content of 

the dolostone was low, even adsorption of 5-10 % of the dye mass could noticeably affect 

the breakthrough curve over large distances. Alternatively, dye loss due to horizontal or 

vertical spreading of solute along the fracture network to regions outside the measurement 

domain is plausible. Finally, the loss could be due to photochemical decay during the 

sampling and measurement of dye or due to biodegradation both during the test and after 

sampling (Bottrell et al., 2010; Field et al., 1995; Smart & Laidlaw, 1977).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Plot of the best fits achieved between the measured data and the conceptual 

model from Figure 2.4a at BH64 both with decay and without. Without the addition of 

decay, no simulated breakthrough within this study was able to adequately reproduce the 

observed tail. 
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2.3.4 Non-Uniqueness with Parameters 

To compound the issue of non-uniqueness in modelling transport in this study, it 

was also possible to achieve multiple fits of equal quality within each conceptual model 

through the variation of matrix porosity, dispersivity, and fracture aperture (Figure 2.9). 

While even small changes to individual parameters resulted in significant effects on the 

breakthrough curves (e.g. a 200 µm change to aperture results in the peak concentration 

increasing by more than a third at BH64) at the scales relevant to this study, multiple 

combinations of these parameters could be used to achieve very similar results. Thus, 

constraining the values of the measured parameters using the model was not possible at 

this site. Variation of other parameters related to the fracture network within each 

Figure 2.9: A plot comparing the breakthrough curves at BH64 produced by the vertical 

fracture model with three different sets of horizontal fracture aperture, matrix porosity, and 

dispersivity values. Model 1 had a matrix porosity of 6.7 %, a primary fracture aperture of 

600 μm, and a dispersivity of 6.2 m. Model 2 used a matrix porosity of 7.7 %, a primary 

fracture aperture of 700 μm, and a dispersivity of 7.4 m. Finally, Model 3 had a matrix 

porosity of 5.7 %, a primary fracture aperture of 450 μm, and a dispersivity of 4.0 m. 
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conceptual model, such as the fracture spacing, indicated further uncertainty in the precise 

configuration of fractures present. For example, in the vertical fracture model (Figure 2.4a), 

variations of spacing between the horizontal fractures of less than 50 cm could be 

accounted by very small (<50 μm) alterations to the primary fracture aperture. This only 

served to further add to the non-uniqueness of the solution.  

 

2.3.5 Scaling-Up Predictions 

To illustrate the problems with non-uniqueness, predictions of breakthrough curves 

at distances of 200 and 300 m from the injection source were made using the models which 

accurately simulated the measured breakthrough at all observation wells (Figure 2.10). At 

300 m from the injection source, there is more than a factor of four difference in 

concentration between the lowest estimate and the highest estimate of the four models that 

tested conceptual models of heterogeneity. There is also a difference in the arrival times 

Figure 2.10: Predictions of breakthrough curves at 200 m (a) and 300 m (b) from the source 

well using the various models which successfully fit the breakthrough data from the tracer 

experiment. Predictions from models using scaling parameters scaled logarithmically or 

not scaled further than BH64 are also displayed. The combination model was not simulated 

at 300 m due to computational limits.  
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for these curves. These differences grow with distance (Figure 2.10a versus 2.10b). Thus, 

they are likely to be even more substantial at distances greater than investigated in this 

study. This suggests that, although there are some similarities in the predictions from the 

different conceptual models of heterogeneity (especially at late times), the choice of model 

used could result in significantly different estimates of breakthrough times and peak 

concentrations at unmeasured, larger-scale locations. Note that Figure 2.10 likely does not 

depict the full range of equally probable models but merely some representative examples 

from this study. Thus, the possible range of estimates could be even larger than what is 

presented.  

At both 200 m and 300 m from the injection source, the predictions made using a 

scaling parameter (Figure 2.10b) were also divergent from those made by the four 

conceptual models. While there is some overlap between the predictions from conceptual 

models and those using scaling parameters, it was observed that the latter estimates tend to 

be less conservative, with lower peak concentrations and later arrival times. In particular, 

predictions from each scaling parameter were much lower than those from a model which 

more closely represented the same heterogeneity in the numerical model. For example, 

while the scaling matrix porosity model and the model with highly fractured zones 

represent the same enhancement of matrix diffusion at larger scales, the scaling parameter 

model predicts breakthrough > 150 hours later at 300 m distance. Because of this, great 

care should be taken when using scaling parameters to represent increasing heterogeneity 

with scale or make predictions of transport in fractured rock at scales larger than measured.   
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2.4 Conclusions and Recommendations 

In this study, a control-volume finite element model was used to simulate 

breakthrough curves obtained from a previously conducted divergent tracer experiment 

performed at a scale of approximately 20-125 m in potential discrete fractures in dolostone 

at a site in southern Ontario. The purpose of this analysis was to better understand how 

appropriate the use of scaling parameters is in simulating transport in fractured settings. 

The issues of non-uniqueness in obtaining transport solutions from divergent tracer 

experiments with multiple observation wells and how this non-uniqueness influences 

predictions at scales greater than measured were also explored. The methodology involved 

the development of an initial, single fracture model using properties estimated from field 

tests and then testing a range of conceptual models and scaling parameter models to achieve 

a fit between the model and all of the measured breakthrough curves (i.e. each model fit all 

data). Predictions of breakthrough at 200 m and 300 m were then made using these models 

and the resulting curves compared.   

The following conclusions are drawn from this study: 

• A sensitivity analysis indicated that matrix porosity, the number of 

fractures, and the aperture of fractures were the most influential parameters 

in this study.   

• Multiple configurations of fracture and matrix heterogeneity were found to 

achieve acceptable fits between the measured breakthrough curves and the 

simulations.  

• In particular, the addition of vertical fractures, aperture heterogeneity, 

highly fractured zones, and a combination of the vertical fractures and 
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fractured zones each provided viable simulations to the measured 

concentrations. The parameters used in each simulation agreed with the 

measured range of values and were spatially consistent over the domain. 

• Non-uniqueness of the transport solution is therefore clearly present when 

simulating transport at large scales.  

• Fits between simulated and measured breakthrough curves could also be 

achieved using scaling parameters in a manner consistent with previous 

studies. 

• Predictions at 200 m and 300 m from the injection well indicated that the 

different configurations of aperture and matrix porosity heterogeneity 

produce dissimilar outputs, suggesting that the choice in the model of 

heterogeneity at this site is important.  

• The predictions at 200-300 m distance also suggest that scaling parameters 

are a less conservative choice in the attempt to make accurate predictions 

when modelling transport at larger scale as they tended to significantly under 

predict concentrations relative to models which represent fracture and matrix 

heterogeneity in the numerical model.  

 The present study was confined to transport primarily through a large, isolated 

fracture. As there were indications, however, of the possible influence of multiple fractures, 

both vertical and horizontal, even in a single fracture experiment, a larger experimental 

scale encompassing a broader fracture network may resolve some of the uncertainties 

presented in this paper. Experiments using additional tracers with different diffusion 

properties, or a different flow configuration could also be useful in resolving issues of non-
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uniqueness in the interpretation of tracer experiments. Overall, despite the difficulty in 

doing so, more large-scale experiments in fractured rock are clearly required to further 

understand transport processes in fractures.  

 Finally, the predictions we have shown at larger scale have significant implications 

with estimating the uncertainty around the timing and concentration of plume arrival at 

receptors that are present further downstream at a contaminated site. The uncertainty 

around where a contaminant mass may reside (i.e. matrix versus fractures) will also likely 

grow with travel distance and time. Both of these issues require further exploration through 

numerical analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

44 

 

2.5 Literature Cited 

Ando, K., Kostner, A., Neuman, S.P. (2003). Stochastic continuum modeling of flow and 

transport in a crystalline rock mass: Fanay-Augères, France, revisited. 

Hydrogeology Journal, 11(5), 521-535. 

Becker, M. W., & Shapiro, A. M. (2000). Tracer transport in fractured crystalline rock: 

evidence of nondiffusive breakthrough tailing. Water Resources Research, 36(7), 

1677–1686. 

Becker, M. W., & Shapiro, A. M. (2003). Interpreting tracer breakthrough tailing from 

different forced-gradient tracer experiment configurations in fractured bedrock. 

Water Resources Research, 39, 1–13. 

Berkowitz, B. (2002). Characterizing flow and transport in fractured geological media: A 

review. Advances in Water Resources, 25, 861–884. 

Berkowitz, B., Cortis, A., Dentz, M., & Scher, H. (2006). Modeling non-Fickian transport 

in geological formations as a continuous time random walk. Reviews of 

Geophysics, 44, 1–49. https://doi.org/10.1029/2005RG000178 

Blessent, D., Therrien, R., & Gable, C. W. (2011). Large-scale numerical simulation of 

groundwater flow and solute transport in discretely-fractured crystalline bedrock. 

Advances in Water Resources, 34, 1539–1552. 

Bodin, J., Delay, F., & de Marsily, G. (2003). Solute transport in a single fracture with 

negligible matrix permeability: 1. Fundamental mechanisms. Hydrogeology 

Journal, 11, 418–433. 

Bottrell, S. H., Thornton, S. F., Spence, M. J., Allshorn, S., & Spence, K. H. (2010). 

Assessment of the use of fluorescent tracers in a contaminated Chalk aquifer. 

Quarterly Journal of Engineering Geology and Hydrogeology, 43(2), 195–206. 

https://doi.org/10.1144/1470-9236/08-020 

Brunner, P., & Simmons, C. T. (2012). HydroGeoSphere : A Fully Integrated , Physically 

Based Hydrological Model. Groundwater, 50(2). https://doi.org/10.1111/j.1745-

6584.2011.00882.x  

Chen, C.S. (1985). Analytical and Approximate Solutions to Radial Dispersion From an 

Injection Well to a Geological Unit With Simultaneous Diffusion Into Adjacent 

Strata. Journal of Hydrology, 549, 452-460.  

Chen, Z., Qian, J.-Z., & Qin, H. (2011). Experimental Study of the Non-Darcy Flow and 

Solute Transport in a Channeled Single Fracture. Journal of Hydrodynamics, 23, 

745–751. 

Cvetkovic, V., Cheng, H., Byegård, J., Winberg, A., Tullborg, E.‐L., & Widestrand, H. 

(2010). Transport and retention from single to multiple fractures in crystalline rock 

at Äspö (Sweden): 1. Evaluation of tracer test results and sensitivity analysis. Water 

Resources Research, 46, 1–17. 

https://doi.org/10.1029/2005RG000178
https://doi.org/10.1144/1470-9236/08-020
https://doi.org/10.1111/j.1745-6584.2011.00882.x
https://doi.org/10.1111/j.1745-6584.2011.00882.x


 

45 

 

Cvetkovic, V., & Frampton, A. (2012). Solute transport and retention in three-dimensional 

fracture networks. Water Resources Research, 48(2), 1–11. 

https://doi.org/10.1029/2011WR011086 

D’Alessandro, M., Mousty, F., Bidoglio, G., Guimerà, J., Benet, I., Sánchez-Vila, X., et al. 

(1997). Field tracer experiment in a low permeability fractured medium: Results 

from El Berrocal site. Journal of Contaminant Hydrology, 26(1–4), 189–201. 

https://doi.org/10.1016/S0169-7722(96)00068-X 

Day-Lewis, F.D., Lane, J.W., & Gorelick, S.M. (2006). Combined interpretation of radar, 

hydraulic, and tracer data from a fractured-rock aquifer near Mirror Lake, New 

Hampshire, USA. Hydrogeology Journal, 14(1-2), 1-14. 

De Dreuzy, J. R., Méheust, Y., & Pichot, G. (2012). Influence of fracture scale 

heterogeneity on the flow properties of three-dimensional discrete fracture 

networks (DFN). Journal of Geophysical Research: Solid Earth, 117, 1–21. 

De Hoog, F.R., Knight, J.H., & Stokes, A.N. (1982). An Improved Method for Numerical 

Inversion. Of Laplace Transforms. SIAM Journal on Scientific Computing, 3, 357–

366. 

Divine, C. E., & McDonnell, J. J. (2005). The future of applied tracers in hydrogeology. 

Hydrogeology Journal, 13, 255–258. 

Feenstra, S, Cherry, J.A., Sudicky, E.A., & Haq, Z. (1984). Matrix Diffusion Effects on 

Contaminant Migration from an Injection Well in Fractured Sandstone. Ground 

Water, 22, 307-316.  

Field, M. S., Wilhelm, R. G., Quinlan, J. F., & Aley, T. J. (1995). An assessment of the 

potential adverse properties of fluorescent tracer dyes used for groundwater tracing. 

Environmental Monitoring and Assessment, 38(1), 75–96. 

https://doi.org/10.1007/BF00547128 

Frampton, A., & Cvetkovic, V. (2011). Numerical and analytical modeling of advective 

travel times in realistic three-dimensional fracture networks. Water Resources 

Research, 47, 1–16. 

Freeze, R.A., & J.A. Cherry, 1979. Ground Water. Prentice-Hall Inc. 

Gartner Lee Limited & Acres International Ltd. (1996). Regional Geologic Model: 

Smithville Phase IV. Report No. 95-160. 

Gelhar, L. W., Welty, C., & Rehfeldt, K. R. (1992). A Critical Review of Data on Field-

Scale Dispersion in Aquifers. Water Resources Research, 28(7), 1955–1974.  

Golder Associates Limited. (1995). Report on: Hydrogeological data compilation and 

assessment CWML site Smithville, Ontario. Project No. 94-106. 

Grisak, G.E., & Pickens, J.F. (1980). Solute Transport Through Fractured Media 1. The 

Effect of Matrix Diffusion. Water Resources Research, 16, 719-730. 
https://doi.org/10.1029/92WR00607 

Guihéneuf, N., Bour, O., Boisson, A., Le Borgne, T., Becker, M.W., Nigon, B., 

Wajiduddin, M., Ahmed, S., & Maréchal, J.C. (2017). Insights about transport 

https://doi.org/10.1016/S0169-7722(96)00068-X
https://doi.org/10.1007/BF00547128
https://doi.org/10.1029/92WR00607


 

46 

 

mechanisms and fracture flow channeling from multi-scale observations of tracer 

dispersion in shallow fractured crystalline rock. Journal of Contaminant 

Hydrology. 206, 18–33. 

Guimerà, J., & Carrera, J. (2000). A comparison of hydraulic and transport parameters 

measured in low-permeability fractured media. Journal of Contaminant Hydrology, 

41(3–4), 261–281. https://doi.org/10.1016/S0169-7722(99)00080-7 

Gwo, J. P., Jardine, P. M., & Sanford, W. (2005). Effect of advective mass transfer on field 

scale fluid and solute movement: Field and modeling studies at a waste disposal 

site in fractured rock at Oak Ridge National Laboratory, Tennessee, USA. 

Hydrogeology Journal, 13, 565–583. 

Hadermann, J., & Heer, W. (1996). The Grimsel (Switzerland) migration experiment: 

integrating field experiments, laboratory investigations and modelling. Journal of 

Contaminant Hydrology, 21, 87-100 

Hadgu, T., Karra, S., Kalinina, E., Makedonska, N., Hyman, J. D., Klise, K., et al. (2017). 

A comparative study of discrete fracture network and equivalent continuum models 

for simulating flow and transport in the far field of a hypothetical nuclear waste 

repository in crystalline host rock. Journal of Hydrology, 553, 59–70. 

https://doi.org/10.1016/j.jhydrol.2017.07.046 

Haggerty, R., Mckenna, S. A., & Meigs, L. C. (2000). On the late-time behavior of tracer 

test breakthrough curves. Water Resources Research, 36, 3467-3479.    

Holden, J., & Burt, T. P. (2002). Laboratory experiments on drought and runoff in blanket 

peat. European Journal of Soil Science, 53(4), 675–689. 

https://doi.org/10.1046/j.1365-2389.2002.00486.x 

Illman, W. A. (2006), Strong field evidence of directional permeability scale effect in 

fractured rock. Journal of Hydrology, 319 (1-4), 227-236. 

Johnston, P.B., Atkinson, T., Barker, J., Odling, N. (2009). Constraining the uncertainty in 

fracture geometry using tracer tests. Hydrogeology Journal, 17(3), 527-539. 

Jørgensen, P. R., McKay, L. D., & Spliid, N. H. (1998). Evaluation of chloride and 

pesticide transport in a fractured clayey till using large undisturbed columns and 

numerical modeling. Water Resources Research, 34(4), 539–553. 

https://doi.org/10.1029/97WR02942 

Joyce, S., Hartley, L., Applegate, D., Hoek, J., & Jackson, P. (2014). Multi-scale 

groundwater flow modeling during temperate climate conditions for the safety 

assessment of the proposed high-level nuclear waste repository site at Forsmark, 

Sweden. Hydrogeology Journal, 22, 1233–1249. 

Kang, P. K., Dentz, M., Le Borgne, T., & Juanes, R. (2015). Anomalous transport on 

regular fracture networks: Impact of conductivity heterogeneity and mixing at 

fracture intersections. Physical Review E - Statistical, Nonlinear, and Soft Matter 

Physics, 92(2), 1–15. https://doi.org/10.1103/PhysRevE.92.022148 

Kosakowski, G., Berkowitz, B., & Scher, H. (2001). Analysis of field observations of tracer 

transport in a fractured till. Journal of Contaminant Hydrology, 47, 29–51. 

https://doi.org/10.1016/S0169-7722(99)00080-7
https://doi.org/10.1016/j.jhydrol.2017.07.046
https://doi.org/10.1046/j.1365-2389.2002.00486.x
https://doi.org/10.1029/97WR02942
https://doi.org/10.1103/PhysRevE.92.022148


 

47 

 

Kozuskanich, J. C., Novakowski, K. S., & Anderson, B. C. (2012). Discretizing a discrete 

fracture model for simulation of radial transport. Water Resources Research, 48, 1–

5. 

Kurtzman, D., Nativ, R., & Adar, E. M. (2007). Flow and transport predictions during 

multi-borehole tests in fractured chalk using discrete fracture network models. 

Hydrogeology Journal, 15, 1629–1642. 

Lapcevic, P. A., Novakowski, K. S., & Sudicky, E. A. (1999). The interpretation of a tracer 

experiment conducted in a single fracture under conditions of natural groundwater 

flow. Water Resources Research, 35(8), 2301–2312. 

https://doi.org/10.1029/1999WR900143 

Liberty, B.A., 1981. Structural geology. In: I.H. Tesmer (Editor), Collosal Cataract: The 

Geologic History of Niagara Falls. Albany: State University of New York Press.  

Lu, G., Liu, H. H., & Salve, R. (2011). Long term infiltration and tracer transport in 

fractured rocks: Field observations and model analyses. Journal of Hydrology, 396, 

33–48. 

Maloszewski, P., & Zuber, A. (1985). On the theory of tracer experiments in fissured rocks 

with a porous matrix. Journal of Hydrology, 79(3–4), 333–358. 

https://doi.org/10.1016/0022-1694(85)90064-2 

Maloszewski, P., & Zuber, A. (1993). Tracer experiments in fractured rocks: Matrix 

diffusion and the validity of models. Water Resources Reseach, 29, 2723–2735. 

Marsily, G. (1986). Quantitative hydrogeology: Groundwater hydrology for engineers. 

Orlando, FL, Academic Press. 

McKay, L. D., Gillham, R. W., & Cherry, J. A. (1993). Field experiments in a fractured 

clay till: 2. Solute and colloid transport. Water Resources Research, 29, 3879–3890. 

Moore, B. (2008). Solute Transport in Discrete Fractures at Scales Exceeding 100 m 

(master’s thesis). Queen’s University, Kingston, Ontario, Canada. 

https://qspace.library.queensu.ca/handle/1974/1367  

National Academies of Sciences, Engineering, and Medicine. (2015). Characterization, 

Modeling, Monitoring, and Remediation of Fractured Rock. Washington, DC: The 

National Academies Press. 

Neuman, S. P. (2005). Trends, prospects and challenges in quantifying flow and transport 

through fractured rocks. Hydrogeology Journal, 13(1), 124–147. 

https://doi.org/10.1007/s10040-004-0397-2 

Nordqvist, R., Hjerne, C., & Andersson, P. (2012). Single-well and large-scale cross-hole 

tracer experiments in fractured rocks at two sites in Sweden. Hydrogeology Journal, 

20, 519–531. 

Novakowski, K. S., Bickerton, G., & Lapcevic, P. (2004). Interpretation of injection-

withdrawal tracer experiments conducted between two wells in a large single 

fracture. Journal of Contaminant Hydrology, 73, 227–247 (2004). 

https://doi.org/10.1016/0022-1694(85)90064-2
https://qspace.library.queensu.ca/handle/1974/1367
https://doi.org/10.1007/s10040-004-0397-2


 

48 

 

Novakowski, K.S., Bickerton, G., Lapcevic, P., Voralek, J., & Ross, N. (2006). 

Measurements of groundwater velocity in discrete rock fractures. Journal of 

Contaminant Hydrology, 82, 44–60 (2006). 

Novakowski, K. S., & Lapcevic, P. A. (1988). Regional hydrogeology of the Silurian and 

Ordovician sedimentary rock underlying Niagara Falls, Ontario, Canada. Journal 

of Hydrology, 104(1–4), 211–236. https://doi.org/10.1016/0022-1694(88)90166-7 

Novakowski, K. S., & Lapcevic, P.A. (1994). Field measurement of radial solute transport 

in fractured rock. Water Resources Research, 30(1), 37-44. 

Novakowski, K„ Lapcevic, P., Bickerton, G., Voralek, J., Xanini, L., & Talbot, C. (1999). 

The Development of a Conceptual Model for Contaminant Transport in the 

Dolostone Underlying Smithville, Ontario. Prepared for the Smithville Phase IV 

Bedrock Remediation Program. Gov of Canada Pub., NWRI 99-250, 175 pp. 

http://publications.gc.ca/pub?id=9.870418&sl=0 

Novakowski, K.S., Sudicky, E.A., & Lapcevic, P. (2007). Groundwater flow and solute 

transport in fractured media. In: Groundwater Engineering, 2nd Edition, Ed: J. 

Delleur, CRC Press. 

Odén, M., Niemi, A., Tsang, C. F., & Öhman, J. (2008). Regional channelized transport in 

fractured media with matrix diffusion and linear sorption. Water Resources 

Research, 44, 1–16. 

Paillet, F. L., Williams, J. H., Urik, J., Lukes, J., Kobr, M., & Mares, S. (2012). Cross-

borehole flow analysis to characterize fracture connections in the Melechov 

Granite, Bohemian-Moravian Highland, Czech Republic. Hydrogeology Journal, 

20, 143–154. 

Palmer, C. D. (1988). The effect of monitoring well storage on the shape of breakthrough 

curves - A theoretical study. Journal of Hydrology, 97(1–2), 45–57. 

https://doi.org/10.1016/0022-1694(88)90065-0 

Pedretti, D., & Bianchi, M. (2018). Reproducing tailing in breakthrough curves: Are 

statistical models equally representative and predictive? Advances in Water 

Resources, 113, 236–248. 

Reimus, P., Pohll, G., Mihevc, T., Chapman, J., Haga, M., Lyles, B., et al. (2003). Testing 

and parameterizing a conceptual model for solute transport in a fractured granite 

using multiple tracers in a forced-gradient test. Water Resources Research 39 (12), 

1356. https://doi.org/10.1029/2002WR001597  

Robert, T., Caterina, D., Deceuster J., Kaufmann, O., & Nguyen, F. (2012). A salt tracer 

test monitored with surface ERT to detect preferential flow and transport paths in 

fractured/karstified limestones. Geophysics, 77, B55-B67. 

https://doi.org/10.1190/GEO2011-0313.1 

Sánchez-Vila, & Carrera, J. (2004). On the striking similarity between the moments of 

breakthrough curves for a heterogeneous medium and a homogeneous medium with 

a matrix diffusion term, Journal of Hydrology, 294 (1-3), 164–175. 

https://doi.org/10.1016/j.jhydrol.2003.12.046 

https://doi.org/10.1016/0022-1694(88)90166-7
https://doi.org/10.1016/0022-1694(88)90065-0
https://doi.org/10.1029/2002WR001597
https://doi.org/10.1016/j.jhydrol.2003.12.046


 

49 

 

Sekhar, M., Suresh Kumar, G., & Misra, D. (2006). Numerical Modeling and Analysis of 

Solute Velocity and Macrodispersion for Linearly and Nonlinearly Sorbing Solutes 

in a Single Fracture with Matrix Diffusion. Journal of Hydrologic Engineering, 11, 

319–328 (2006). 

Shapiro, A. M. (2001). Effective matrix diffusion in kilometer-scale transport in fractured 

crystalline rock. Water Resources Research, 37, 507–522. 

Sidle, R.C., Nilsson, B., Hansen, M., & Fredericia, J. (1998). Spatially varying hydraulic 

and solute transport characteristics of a fractured till determined by field tracer tests, 

Funen, Denmark. Water Resources Research, 34, 2515-2527.  

Smart, P. L., & Laidlaw, I. M. S. (1977). An Evaluation of Some Fluorescent Dyes for 

Water Tracing. Water Resources Research, 13(1), 15–33. 

https://doi.org/10.1029/WR013i001p00015 

Snow, D. (1965). A parallel plate model of fractured permeable media (PhD thesis). 

University of California, Berkeley 

Therrien, R., & Sudicky, E.A. (1996). Three-dimensional analysis of variably-saturated 

flow and solute transport in discretely-fractured porous media. Journal of 

Contaminant Hydrology, 23, 1-44.  

Tsang, C., & Neretnieks, I. (1998). Flow Channeling in Heterogeneous Fractured Rocks. 

Reviews of Geophysics, 36, 275-298.  

Weatherill, D., Cook, P. G., Simmons, C. T., & Robinson, N. I. (2006). Applied tracer tests 

in fractured rock: Can we predict natural gradient solute transport more accurately 

than fracture and matrix parameters? Journal of Contaminant Hydrology, 88, 289–

305 (2006). 

Weatherill, D., T. Graf, C. T. Simmons, P. G. Cook, R. Therrien, and D. A. Reynolds 

(2008), Discretizing the fracture-matrix interface to simulate solute transport, 

Ground Water, 46(4), 606–615. 

Wu, Y.-S., Ye, M., & Sudicky, E. A. (2010). Fracture-Flow-Enhanced Matrix Diffusion in 

Solute Transport Through Fractured Porous Media. Transport in Porous Media, 81, 

21–34. 

Zanini, L., Novakowski, K.S., Lapcevic, P., Bickerston, G.S., Voralek, J., & Talbot, C. 

(2000). Ground Water Flow in a Fractured Carbonate Aquifer Inferred from 

Combined Hydrogeological and Geochemical Measurements. Groundwater. 38, 

350-360.  

Zheng, Q., Dickson, S. E., & Guo, Y. (2008). On the appropriate ‘equivalent aperture’ for 

the description of solute transport in single fractures: Laboratory-scale experiments. 

Water Resources Research, 44, 1–9. 

Zhou, Q., Liu, H. H., Molz, F. J., Zhang, Y., & Bodvarsson, G. S. (2007). Field-scale 

effective matrix diffusion coefficient for fractured rock: Results from literature 

survey. Journal of Contaminant Hydrology, 93, 161–187. 

 

https://doi.org/10.1029/WR013i001p00015


 

50 

 

 

The use of Constant Head Test Results for the Development of DFN 

Model Grids 

Abstract 

A commonly used technique for the field-measurement of fracture transmissivity is 

constant head testing. As this method measures a bulk transmissivity for each test section, 

where the section length is often longer than the true fracture spacing, it is frequently 

unclear how the measured transmissivity relates to the hydraulic properties of individual 

fractures. The goal of this study is to determine if constant head tests conducted at scales 

larger than average fracture spacing can be used to generate a discrete fracture network 

(DFN) model that accurately describes transport. The methodology involved generating 

DFNs using measurements from constant head tests conducted at lengths above and below 

the average fracture spacing at a site in southern Ontario, Canada. Transport predictions 

from DFNs produced from different scales of hydraulic tests were compared to determine 

if a method for proportioning larger-scale test results to obtain a DFN representative of the 

smaller scale tests could be established. The results of this study support previous work 

which concluded that only a small percentage of observed fractures are important to 

transport. Furthermore, this research indicates that the choice of method used to apportion 

bulk transmissivities has a significant impact on transport results. While the most 

appropriate method is case specific, the error resulting from the choice needs to be taken 

into consideration when using DFN models.  
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3.1 Introduction 

Fractures in sedimentary and crystalline bedrock units provide the primary 

pathways for groundwater flow and contaminant transport. It is well recognized that 

fractures complicate contaminant migration by allowing for the rapid movement of 

groundwater through convoluted pathways (Hsieh & Shapiro 1996; Le Borgne et al. 2006; 

Neuman 2005; NASEM 2015). To understand these pathways and in particular to 

successfully predict solute transport in fractured rock aquifers, a standard approach is to 

use numerical models based on discrete fracture frameworks (Chapman et al. 2013; Hyman 

et al. 2015; Lapcevic et al. 1999; McKay et al. 1993; Pierce et al. 2018; Sudicky et al. 

2008). For this to be successful, however, accurate estimates of the physical attributes of a 

fracture network, including the hydraulic apertures (or transmissivities) of individual 

fractures, are required (e.g. Golder Associates Ltd. 2010).  

Numerous field methods, such as flow metering, constant head tests, and FLUTe 

liner profiling can be used for the determination of fracture properties (Price et al. 1980; 

Frampton and Cvetkovic 2010; Nastev et al. 2004; Parker et al. 2012; Persaud et al. 2018; 

Quinn et al. 2011; Quinn et al. 2012). One of the most widely-utilized methods is constant 

head testing using straddle-packer systems (NASEM 2015; Novakowski et al. 2007; Quinn 

et al. 2011). The method involves injecting water into a vertical section of the borehole 

isolated between two packers at a constant hydraulic head and measuring the resulting flow 

rates (Ziegler 1976). These tests thus measure a bulk transmissivity for the entire section 

tested which are often 2 m or greater in length due to the difficulty and cost associated with 

smaller measurement scales (e.g. as in Shapiro and Hsieh (1998); Niemi et al. (2000), and 

Nastev et al. (2004)).  
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The most significant difficulty with the bulk transmissivities obtained from 

constant head testing is that a single, large-scale test section (i.e. a larger test interval than 

average fracture spacing) may include several fractures. Thus, it can be unclear how the 

bulk transmissivity obtained from tests conducted at scales larger than the fracture spacing 

relates to that of individual fractures. The bulk transmissivity is composed of the sum of 

the contributions from the fractures and the matrix (Snow 1969). Individual fracture 

identification at < 2 m typically requires either numerous constant head tests at very small 

scale or the independent interpretation of open fractures from acoustic televiewer or core 

logs (Hess 1985; Lemieux et al. 2006; Paillet et al. 1987; Williams and Johnson 2004). The 

first method is very costly and has rarely been conducted in practise while the latter often 

yields uncertainty as to the number of open fractures (West et al. 2005).  

The issue of assigning transmissivities from bulk tests to individual fracture 

features has long been recognized (Snow 1969; Raven 1986; Neuman 2005). In the past, it 

was common practice to evenly divide a transmissivity among the observed fractures 

(Maini 1971). However, it has since been reported that only a small proportion of all 

fractures observed in core logs will be active (Chilès and Marsily 1993; Hitchmough et al. 

2007; Quinn et al. 2011). Thus, evenly dividing the measured transmissivity is likely not 

appropriate in most settings.   

Numerous advances in determining individual fracture transmissivities from 

hydraulic tests conducted in large intervals have been made in the last two decades. For 

example, Novakowski (2000) suggested that the assumption of one active fracture when 

calculating hydraulic fracture aperture from bulk transmissivity may be valid. Therefore, 

the transmissivity of an interval could be converted to an effective single-fracture aperture 
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using the cubic law (Snow 1965). This would provide the most conservative estimate of 

contaminant transport. A multitude of other methods for determining fracture 

transmissivity have also been proposed.  

Hitchmough et al. (2007) for example used a lognormal distribution for fracture 

transmissivities to estimate individual values from 3.5 m test sections. The parameters of 

the distribution, μ, σ, and the proportion of non-flowing discontinuities, were obtained 

using a maximum likelihood method. A Pareto distribution has also been suggested 

(Gustafson and Fransson 2006). In this study, parameters of the distribution were 

determined using log-log plots and the measured transmissivity data. Random 

transmissivities for each fracture could then be generated using the distribution. Several 

more qualitative methods of estimating fracture transmissivities have also been proposed. 

West et al. (2005) assigned the relative probabilities of being permeable to fractures 

observed in core logs using physical characteristics, such as the weathering surrounding 

the fracture. In another study, a methodology using a correlation between the critical 

Reynold’s number and fracture aperture to estimate the number of hydraulically active 

fractures in a test section was developed (Quinn et al. 2011). While each of these methods 

appear reasonable, there is still no clear consensus on obtaining estimates of individual 

fracture characteristics without the use of additional hydraulic testing (e.g. flow logs or 

small-scale constant head tests).  

The primary objective of this study is to compare several different, quantitative 

methods for the use of constant head tests having a test interval of  2 m to delineate 

conductive fractures and generate physically representative discrete fracture networks 

(DFNs) for numerical modelling. The focus of this study is a dolostone unit in southern 
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Ontario, Canada, in which constant head tests from multiple scales (0.5 m and 2 m) in the 

same rock unit (in the same borehole) have been conducted. By comparing simulations of 

the transport of a conservative tracer in DFN models produced using the two scales of 

measurement, we seek to establish a method for proportioning larger-scale test results to 

obtain a representative DFN at a site. The simulations have been conducted using a three-

dimensional control-volume finite element model which uses a discrete fracture 

formulation and is based on the standard Advection-Dispersion Equation. 

 

3.2 Methods 

In this study we first used core logs and transmissivity measurements from constant 

head tests conducted at 0.5 m intervals in a selected borehole to generate a DFN most likely 

to be representative of the natural setting surrounding the test borehole. This is based on 

the assumption (supported by core-log data) that the average fracture spacing is greater 

than 0.5 m. The probability distributions necessary for this generation were selected by 

using Kolmogirov-Smirnov tests to evaluate the fits of established functions with 

established parameters to the measured data. Using the DFN produced, transport of a 

conservative solute was simulated over a span of 50 m. This result was assumed to be the 

most representative of natural conditions. The distributions of solute were then compared 

to concentration predictions from DFN models produced using 2 m constant head tests and 

four distinct methods of determining individual fracture transmissivities from a bulk 2 m 

value. These methods include evenly apportioning the bulk transmissivity amongst 

available fractures, using a lognormal distribution to assign fracture transmissivities, using 

a Pareto distribution to assign transmissivities, and assigning the bulk transmissivity to a 
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single fracture. Finally, to support and corroborate the observations made from the above 

process, the same procedure was repeated using constant head data from hypothetical 

boreholes generated using fracture spacing and hydraulic aperture statistics collected from 

the same dolostone (Novakowski et al. 1999). 

 

3.2.1 Site Description 

This study uses constant head test results that have been collected in a previous 

study at a PCB contaminated site near the town of Smithville in southern Ontario. The tests 

were conducted in the Eramosa member of the Lockport formation, which is a Silurian-

aged fractured dolostone characterized by vuggy features and laminations (Liberty 1981). 

At the study site, this unit is overlain by approximately 10 m of till. The geology of the site 

is described in further detail in Novakowski et al. (2000) and what follows is a short 

summary of the site information relevant to the present research.   

Transmissivity measurements at both a 0.5 m and 2 m test interval have been 

collected from 11 inclined boreholes distributed within an area of 1 km2 at the site. The 

boreholes are of 96 mm in diameter and range in length from 50-60 m.  A total of 384 

measurements were collected in the boreholes at the 0.5 m scale and 99 at the 2 m scale. 

These tests were collected contiguously and were conducted over the same sections of rock 

(meaning the 0.5 m tests were conducted over the same depths as the 2.0 m tests), allowing 

for comparison.  

Figure 3.1 shows an example of the transmissivities measured in one borehole 

(Borehole 59). Contiguous measurements at a 0.1 m interval were also obtained over 4 m 

in one of the tested boreholes. In general, these results indicate that groundwater flow in 
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the Upper Eramosa is controlled by a few horizontal, bedding plane fractures with large 

hydraulic apertures (>500 μm) corresponding to transmissivities of greater than 10-5 m2/s 

(Novakowski et al. 2007; Zanini et al. 2000). Furthermore, the low (0.0001) regional 

gradient to the south-east, the presence of high transmissivity constant head test intervals 

that can be correlated over multiple boreholes, and the appearance of tracer across >100 m 

distances during previously conducted tracer experiments, all indicate that these fractures 

may be connected laterally over hundreds of meters (Novakowski et al. 1999; Novakowski 

et al. 2006).  

The mean transmissivity of the 2 m interval constant head tests was 4×10-4 m2/s 

with a standard deviation of 1.8×10-3 m2/s. The 0.5 m interval data had a mean of 1.5×10-

4 m2/s and a standard deviation of 1.1×10-3 m2/s. Note that the difference between the two 

means will be further discussed later in the methodology. The range of transmissivity 

measurement which applies to both the 0.5 m and 2 m scales was 10-10 to 10-2 m2/s. The 

accuracy of the measurements is approximately half an order of magnitude (Elmhirst 

2011).  

Core logs with detailed descriptions of fracture depths were also collected in each 

borehole. From the core logs, it was determined that the average vertical spacing of the 

horizontal fractures is between 0.39 and 0.53 m and can be fit by a power law with R2=0.90 

(Novakowski et al. 1999; West et al. 2005). This is shown in equation (1), where frequency 

is the proportion of values corresponding to a spacing measured in metres. Because of this 

spacing, we define the 2 m constant head tests as large-scale (above the fracture spacing) 

and the 0.5 m tests as small-scale (at or below the fracture spacing).  

                                      Frequency = 8.1123 ∗ (Spacing)-1.7695                                                                         (1)                                    
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Vertical fractures are also present in the unit. From core logs in the several 

boreholes that were drilled in the inclined orientation, the average horizontal spacing is 

0.77 m and can also be fit using a power law with R2=0.75 (Novakowski et al. 1999). Based 

on fracture height data collected from a nearby quarry face, the vertical fractures are mostly 

less than 1 m in length, with a mean of 0.68 m and a standard deviation of 0.89 m (Gartner 

Lee Ltd. 1996). The transmissivities of the vertical fractures were obtained from 39 

constant head tests of 0.5 m length in which only vertical fractures were recorded in the 

corresponding core log. Most values are between 10-6 to 10-9 m2/s. There are, however, six 

values of transmissivity between 10-5-10-4 m2/s, which could represent important, 

connecting features. With all values included, the mean of the vertical fracture 

Figure 3.1: Constant head tests at two scales for the chosen section of Borehole 59. A 10-

meter section from elevations of 174.61 m to 182.90 m, which represents 22 m and 12 m 

depth along the borehole, respectively, was selected for further analysis in this study.   
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transmissivity was 1.9×10-5 m2/s, the standard deviation 0.47 m2/s, and the minimum and 

maximum 2.0×10-9 and 1.9×10-4 m2/s, respectively.  

Other relevant site properties include the hydraulic conductivity of the matrix, 

which has been measured to be between 10-9 m/s and a maximum of 10-6 m/s using constant 

head tests conducted at 0.1 m spacing. From 47 measurements at this spacing where no 

fracture was observed in the core log, the mean K was 10-7 m/s and standard deviation was 

1.9×10-7 m2/s. As these values are orders of magnitude lower than that of the conductive 

horizontal fractures, flow in the matrix is considered negligible in this study. Thus, the 

matrix can be ignored when apportioning transmissivity from constant head tests. The 

porosity of the matrix was reported to have a mean value of 6.5 % (Novakowski et al. 1999) 

and does play a role in transport through the fractures via matrix diffusion. 

 

3.2.2 Generation of DFNs from small-scale constant head tests 

In order to develop a methodology to determine individual fracture transmissivities 

from large-scale constant head tests, a ten-meter section from one of the boreholes was first 

chosen (Figure 3.1). The segment was selected in such a way that the error in total 

transmissivity between the different scales of measurement was minimized. This criterion 

was necessary as amongst much of the data, there were large (>50%) discrepancies 

between the sum of the 2 m interval tests and the sum of the corresponding 0.5 m interval 

tests, thus making comparison difficult. This discrepancy arises due slight errors (± 0.02 

m) in positioning of the packers in contiguous tests for both scales of measurement. Even 

in the selected section, which had the lowest error amongst all of the comparative data, 

there was a 16% difference in the sum of measured transmissivities between the two scales 
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of measurement. For this section, the error mostly resulted from one 2 m interval in which 

two adjacent 0.5 m interval tests had equal transmissivities which were also individually 

equivalent to the corresponding 2 m test. Thus, the cause of this error was likely a slight 

overlap between test sections at the lower scale, which caused one or more fractures to be 

measured twice. By eliminating one of the two 0.5 m tests, the error between the two scales 

is reduced to ~1%. 

Core logs and the transmissivity measurements from 0.5 m intervals were next used 

to generate a 2-dimensional DFN considered to best represent the hydraulically active 

fractures in the vicinity of the borehole (Figure 3.2). The process to do this is summarized 

in a flow chart shown in Figure 3.3. This will be referred to as the 0.5-m DFN. Using 

intervals with measured hydraulic conductivity (transmissivity divided by test section 

length) greater than that of the largest matrix value (10-6 m/s), active horizontal fractures 

were generated at elevations indicated by the core log. These were assigned apertures 

calculated using the cubic law and the measured transmissivity. Where the core log 

indicated that more than one fracture was present in a conductive interval, two end-member 

scenarios were tested; the first involved assigning all the transmissivity to a single fracture 

whereas the second allocated it evenly between the observed fractures. For the 10 m 

interval selected, this only occurred in the 1 m span where the overlap error occurred. Four 

fractures were recorded here. Thus, two DFNs were generated, one in which the 
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transmissivity was assigned to just one of the four fractures and another in which the total 

transmissivity of that 1 m section was evenly divided amongst all four.  

For simplicity, all the transmissivity in the selected constant head tests was assumed 

to belong to horizontal fractures. While this is unlikely the reality, the site has been shown 

to be dominated by horizontal fractures (see the site description). Additionally, while there 

is some evidence of a small number of highly transmissive vertical fractures at the site, 

those represent a small proportion of the measurements. Overall, there wasn’t a strong 

overlap observed between vertical fractures and transmissive intervals across the site. As 

an example, of the 20 selected constant head test intervals, only 8 had core log evidence of 

Figure 3.2: A DFN generated using transmissivity data from 0.5 m constant head tests. 

Vertical fractures not connected to ≥2 horizontal fractures are removed. Vertical 

exaggeration is 5× 
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vertical fractures (10 fractures observed). Of these, only one interval with a transmissivity 

higher than that of the matrix had vertical fractures present. This was the interval with 

multiple fractures discussed above. These arguments indicate that the error created through 

this assumption is likely minimal. Furthermore, as this assumption was consistent between 

the 0.5 m and 2 m scales, the impact on the conclusions is negligible.  

The spacing and length properties of the vertical fractures in the DFN were 

randomly generated using the statistics from Novakowski et al. (2000) and Gartner Lee 

(1996) discussed above. Thus, a power law was used to assign the spacing between the 

horizontal positions for each fracture center. To define the vertical extent of each fracture, 

a vertical center position and a height were generated. The vertical center positions were 

Figure 3.3: A flowchart of the process involved in creating DFNs from the 0.5 m interval 

transmissivity data and core logs.  
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determined using a uniform distribution. In this study, it was assumed that the vertical 

fracture heights at Smithville followed a lognormal distribution. The use of a lognormal 

distribution for the heights in this study was supported by the results of a Kolmogirov-

Smirnov test applied to the measured heights at 95% confidence (p= 0.69). There was still 

much uncertainty however in how representative the fracture heights were of the natural 

setting due to effects of blasting and the artificial nature of quarry walls (Lemieux et al., 

2009). A lognormal distribution that best fit the measured data was also used to assign the 

transmissivities of the vertical fractures. The Kolmogirov-Smirnov test of normality at 95% 

confidence was unable to reject a lognormal distribution but the p-value was low (0.08) 

due to large, outlier values.  

 After the initial generation of fractures, vertical fractures were added iteratively 

where necessary to maintain an approximation of the measured spacing. As the spacing 

measurements came from core log and there were no measurements of the two-dimensional 

vertical fracture density, this was done simply by searching for vertical fractures within 2.6 

m of each fracture center. This distance was chosen as it was the 95th percentile for spacing. 

If no fractures were found, an additional vertical fracture was added at a randomly 

generated spacing away from the original fracture. The last steps in the DFN generation 

were to remove unconnected vertical fractures and to truncate fractures extending outside 

the domain. Boundary effects induced by not allowing the generation of fracture centers 

outside the domain, as described by Leung & Zimmerman (2012), were considered but 

deemed minimal due to the large distance between the domain edge and outer horizontal 

fracture relative to vertical fracture heights. To manage the uncertainty in the generation, 

the effects of changing the transmissivities and the lengths of the vertical fractures were 
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explored through the simulation of transport in fracture networks with different vertical 

fracture properties. Mean vertical fracture lengths between 0.68 m (mean measured length) 

and 2.5 m were tested and random generation from a vertical fracture transmissivity 

distribution both with the larger values included and then without was also examined.  

Using the DFNs generated above, flow and transport were simulated to 50 m 

distance in a 500×500×10.3 m domain using a control-volume finite element model 

(Therrien & Sudicky 1996). This model was selected for this study because it uses 

measurable physical properties for the matrix and fractures and can represent the complex 

geology at the Smithville site. To simulate tracer migration, a tracer with properties like 

that of an inert dye was added at a constant concentration of 1 g/L to the entirety of the 

upstream boundary of the domain. The initial concentration throughout the domain was 0 

g/L. In order to achieve appropriate discretization for accurate simulation of matrix 

diffusion around the fracture, the block dimensions (element sizes) were optimized by 

reducing the minimum and maximum block sizes until the transport solution did not vary 

visually. This resulted in vertical discretization having blocks that were 700 µm in 

thickness adjacent to the horizontal fractures and coarsening outwards to 0.5 m by a factor 

of 2 following the methods suggested by Kozuskanich et al. (2012), and Weatherill et al. 

(2008). Horizontally, the elements increased in size perpendicular to vertical fractures from 

0.07 × 0.7 m adjacent to the fracture to a maximum of 0.7 × 0.7 m using a multiplier of 5. 

Finer discretization was required for the horizontal fractures because, as previously 

discussed, horizontal bedding plane fractures control much of the solute transport at this 

site. At the three edges of the domain where solute was not inserted, the horizontal 

discretization was coarsened to larger (5 m) elements for computational efficiency. This 
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coarsening did not have any visual impact on transport at relevant distances to this study, 

likely due the distance between the observation points and the edges of the domain. 

Constant head boundaries were used at two edges of the domain to maintain the measured 

regional hydraulic gradient of 0.0001. The other sides were set as no flux boundaries.  

The total tracer mass crossing the internal faces at 20 m and 50 m as a function of 

time was recorded for each simulation. These distances were chosen such that sufficiently 

developed breakthrough curves could be observed without the need for hydraulic gradients 

higher than what was observed at the site. Horizontal fractures are assumed to be 

continuous over distances of >50 m in this study, as previously discussed. The free-water 

diffusion coefficient was chosen to agree with what was used by Novakowski et al. (2004). 

The dispersivity was chosen to be consistent with values reported by Gelhar et al. (1992) 

and Zhou et al (2007) for this scale.  Other relevant parameters for the simulation (Table 

3.1), such as matrix porosity, are arithmetic averages from field and lab measurements 

obtained at the site (Novakowski et al. 1999).  

Table 3.1: A table of the parameters used in the simulation of tracer migration through 

generated DFNs. Support for the values used is provided in the text above. 

Parameter  Value 

Longitudinal Dispersivity 1 m 

Transverse Dispersivity 0.1 m 

Matrix Hydraulic Conductivity 1×10-8 m/s 

Free-water Diffusion Coefficient 5.5×10-10 m2/s 

Matrix Porosity 7 % 

Hydraulic Gradient 0.0001 

Tortuosity  0.1 

Bulk Density 2570 kg/m3 
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3.2.3 Generation of DFNs from large-scale constant head tests 

DFNs comparable to those generated from the 0.5 m interval test data were 

developed using the constant head tests conducted with 2 m packer intervals in the same 

10-m section (Figure 3.4). These will be referred to as 2-m DFNs. In the creation of these 

DFNs, the horizontal fracture spacing was determined through random generation from the 

measured distribution reported previously.  The horizontal lengths, vertical fracture 

properties, and matrix properties were identical to those of the 0.5-m DFNs.  To obtain 

fracture transmissivities, four different methods of dividing the 2 m test transmissivities 

were tested. These are listed below.  

Figure 3.4: DFNs produced using four different methods of dividing measured 2 m 

interval transmissivities. a: Transmissivity divided evenly. b: One fracture placed in each 

2 m interval. c: Lognormal distribution. d: Pareto distribution. Vertical exaggeration in 

the figure is 5× 
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• Bulk transmissivity was divided evenly amongst generated fractures within the 

interval (Figure 3.4a).  

 

• Transmissivity was assigned to a single fracture placed in the center of each interval 

(Figure 3.4b). When a single fracture per interval was used, the vertical position 

was not found to have an impact and thus the center of the interval was chosen for 

simplicity. 

 

• A lognormal distribution was used with the measured mean and variance for 2 m 

interval constant head tests (see site description) to randomly generate 

transmissivity values for fractures (Figure 3.4c). The random generation was 

repeated in a loop for each 2 m test section until the sum of the generated fracture 

transmissivities was within a 10% error margin of the measured transmissivity. 

 

• Apportioned measured transmissivities with a Pareto distribution (Figure 3.4d). 

The parameters of the Pareto distribution were determined from a log-log plot as 

described by Gustafson & Fransson (2006). Random generation from this 

distribution was repeated using the same methodology as for the lognormal 

distribution. 

Note that for each case listed, fractures with apertures below approximately 100 

µm were removed in post-processing because of their minimal impact on transport and to 

increase the computational speed. This threshold was selected as it corresponds to a 

hydraulic conductivity of 1×10-6 m/s. 
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Transport was then simulated through the DFNs produced and the mass crossing 

the 20 m and 50 m thresholds in the fractures was calculated. The discretization, boundary 

conditions, and matrix properties of the domain were identical to that of the 0.5-m DFN 

simulations. For each method used for dividing transmissivity, the DFN creation and 

transport simulation procedure were repeated in a Monte Carlo approach until the mean 

and variance of the breakthrough curves stabilized ( 5%). This resulted in approximately 

40 simulations for each method used to apportion transmissivity. Finally, the mean curve 

and the interquartile produced from the 2-m DFNs at 20 m and 50 m were compared to the 

breakthrough curves produced from the DFNs produced by constant head tests at 0.5 m 

test intervals to determine which apportionment method produced similar transport 

characteristics to the DFN generated from the small-scale constant head tests. 

 

3.2.4 Comparison to Hypothetical Scenarios 

As it is noted that the preceding exercise is based on one field example out of 

virtually an infinite number of examples in nature, additional exploration of both the 

method and other possible network arrangements is needed. To further evaluate the 

different methods for dividing transmissivities, additional scenarios with different 

hypothetical distributions of conductive fractures were used. This was also undertaken to 

avoid the error between scales in the constant head test data collected from the field. In this 

case, hypothetical core logs and 0.5 m interval tests were generated along with 

corresponding 2 m constant head test data derived from these. This was completed by first 

using random generation from spacing and hydraulic fracture aperture distributions to 

generate a hypothetical 2-D DFN with a 10 m height and 50 m length (Table 3.2). The 
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power law in Equation (1) was used for spacing. Fracture aperture statistics were obtained 

by isolating 0.5 m interval constant head tests with 1 fracture recorded and using the cubic 

law to calculate apertures. A Kolmogirov-Smirnov test was used to evaluate the fit of the 

resulting data to a lognormal distribution. A fit was not rejected at 95 % confidence, and 

the calculated p-value was 0.15. Thus, a lognormal distribution with a mean of 4.9×10-4 

and a standard deviation of 2.1×10-3 was used to generate transmissivities for each fracture. 

Generated transmissivities with a value outside the measured range (e.g. negative values) 

were rejected and a new transmissivity was produced.  

Each hypothetical DFN was then used to generate constant head test results by 

summing the transmissivities of 0.5 m and 2 m intervals vertically. The hydraulic 

conductivity of the matrix was simply assumed to be 1×10-8 m/s for this. The positions of 

each fracture were also recorded. Finally, the methodology described in the previous two 

sections was then repeated to compare the transport properties of a DFN produced using 

small-scale tests to those of DFNs produced using 2 m interval tests. For this study, three 

hypothetical DFNs were generated, which are listed below.  

• One (Case #1) was selected because of its similarity to the measured section 

examined in this study (Figure 3.5). In particular, most highly conductive fractures 

were situated in different 2 m intervals for both the measured data in BH59 and the 

first hypothetical case.  

• The other two DFNs (Cases #2 and #3) were chosen to have more closely spaced 

fractures (i.e. multiple conductive fractures in each 2 m interval). This allowed for 

the comparison between different methods of dividing transmissivities for cases 

where there was more than one conductive fracture in each 2 m test interval.  
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Each case was selected to avoid containing multiple fractures in any one 0.5 m length 

interval of high transmissivity (>1×10-4 m2/s) in order to prevent the associated uncertainty 

in the 0.5 m DFN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Transmissivities produced from the hypothetical constant head test 

generation. In case #1, the spacing of the fractures considered to be highly conductive is 

sparse, with an average spacing of less than one per 2 m interval. Case #3 represents a 

more closely spaced generation, with multiple fractures in each 2 m interval. 
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3.3 Results 

3.3.1 Comparison of Simulated Transport from 0.5 m and 2 m Measurements at 

BH59 

 Results from the simulation of transport through generated 0.5-m DFNs at two 

selected times is shown in Figure 3.6. Little to no interaction of the solute with the domain 

boundaries was observed. Further, it was found that changes to the vertical fracture 

properties (length, spacing, transmissivity) had little impact on transport at distances 

relevant to this study. Even removing the vertical fractures did not have a significant impact 

on the breakthrough at either observed distance. This was likely because of the absence of 

a vertical hydraulic gradient. Transport was dominated by the larger horizontal fractures. 

When a vertical gradient of up to 0.1 was added, which represented the upper limit of 

vertical gradients measured in observation boreholes at the field site, differences in 

concentration of up to 10% were observed between DFNs using shorter (0.68 m mean) 

vertical fractures and those with longer fractures (2.5 m mean). This difference was not 

Figure 3.6: Cross-sectional view of the Hydrogeosphere transport results at the end of 

the simulation. The 20 m and 50 m observation points are shown as red lines.  Vertical 

exaggeration is approximately 25×  
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considered large enough to significantly influence the interpretations because, as will be 

seen in the following, it was small relative to both the interquartile ranges of concentrations 

produced from each method of dividing transmissivity as well as the concentration 

differences between each of the methods. No difference is observed between the use of 

short fractures and the case with no vertical fractures. Because of this, it was concluded 

that the uncertainties regarding vertical fracture lengths and apertures had little impact in 

this study and could be ignored. The vertical fractures were therefore removed for other 

simulations in this study. Note that variation of the horizontal fracture positions also had 

negligible impact on the breakthrough curves.  

Figure 3.7 shows the breakthrough curves for transport through the 0.5-m DFNs and 

the 2-m DFNs produced by the various methods of apportioning the constant head test 

results. The results at both 20 m distance and 50 m distance from the source are shown. As 

discussed in the section above describing the generation of fracture networks from the 

small-scale measurements, there was uncertainty regarding the number of conductive 

fractures in one of the 0.5 m intervals. Therefore, two curves are presented for the 0.5-m 

DFN to represent the end-member cases. The simulation in which transmissivity was 

assigned to one of the four fractures in the uncertain interval is referred to as the upper 

bound as it represents the upper limit on transmissivity for a single fracture in the relevant 

interval. The other, in which transmissivity was evenly divided amongst the four fractures, 

is referred to as the lower bound.  
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The DFN created using the 0.5 m interval constant head data from the chosen interval 

contained between 5 and 8 fractures conductive enough to be distinguished from the 

background. Of the conductive fractures, only 2-3 contributed significantly to transport. In 

contrast to this, 17 fractures were observed in the core log for the same interval. This 

supports the conclusions of previous work that only a small proportion of observed 

fractures contribute to flow (i.e. Chilès and Marsily (1993)). Note that the fractures which 

Figure 3.7: Comparison of breakthrough curves ranges from generated 0.5-m and 2-m 

DFNs. Results at 20 m distance are shown on the left and results at 50 m distance are on 

the right. The plot labelled as a is the even division of transmissivity, b is the single 

fracture, c is lognormal, d is the results using a Pareto distribution.   
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controlled transport corresponded to intervals with transmissivities greater than 1×10-4 m2/s 

(equivalent hydraulic aperture = 550 µm), which is why intervals with transmissivities of 

this magnitude are referred to as highly conductive in this study. 

For the 2-m DFNs, the mean curve of the Monte Carlo simulations and the inter-quartile 

range are shown in Figure 3.7. Note that for the single fracture case, only a single curve is 

shown because there was no need to use a Monte Carlo approach to assign transmissivities 

to a single fracture.  

Significant differences in the arrival times and late time concentrations were observed 

between the 0.5 m and 2 m scales for the even division of transmissivity (Figure 3.7a). At 

50 m distance, the 2-m DFNs estimate arrival times more than 200 hours later than that of 

the 0.5-m DFNs. Allocating the transmissivity to one fracture provided a breakthrough 

curve that closely follows the most conservative estimates of the 0.5-m DFNs. Dividing 

the transmissivity according to a lognormal distribution also provided significantly 

improved estimates of concentrations relative to the even division (Figure 3.7c). This was 

anticipated as, based on the results of a Kolmogirov-Smirnov test at 95% confidence, a 

lognormal distribution was not rejected for the measured 2 m interval constant head test 

transmissivities (p= 0.64). A lognormal distribution also fit the 0.5 m constant head test 

data (p= 0.23). The Pareto distribution provided similar concentration estimates to that 

from the lognormal distribution, especially at early times where the concentration 

differences between the means were less than 0.1 g/L (Figure 3.7d).  

While using a single fracture in each 2 m interval produced breakthrough curves 

similar to those from the 0.5-m network in this instance (Figure 3.7b), this would not 

necessarily be the case at locations with multiple transmissive features in each interval. 
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Furthermore, the error between the observed 0.5 and 2 m transmissivity measurements 

created uncertainty in how successful the different methods of dividing transmissivity were 

at simulating transport. This is why additional transmissivity distributions considered 

possible at the site were generated using the method outlined previously.  

 

3.3.2 Hypothetical Case Simulations 

 The first hypothetical case (Case #1) had a similar transmissivity profile to the 

BH59 data in that the highly conductive fractures (>1×10-4 m2/s) were sparse (>2 m 

spacing). The results of transport simulations at 20 m distance in DFNs generated from the 

generated 0.5 m and 2 m transmissivity values are shown in Figure 3.8. Simulations at 50 

Figure 3.8: Transport simulation results at 20 m distance for different methods of dividing 

transmissivity in Case #1. Plots a to d represent the same scenarios as in Figure 3.7.  
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m distance are included in an appendix (Appendix B) but are not displayed here as they 

show the same trends. As there was no uncertainty in the 0.5-m DFN, it is represented by 

1 curve here. Furthermore, as with Figure 3.7, the single fracture case only has one curve 

as it was not necessary to run in a Monte Carlo format.  

 The results of this case agree with what was observed with the measured data. At 

early times, the even division of transmissivity causes significant underestimations of 

concentrations while overestimating by over a factor of 2 at late times. Visually, the single 

fracture method matches the 0.5-m curve extremely well, which would be expected as in 

this case, there was no more than one conductive fracture per 2 m interval. The right-tailed 

distributions provided interquartile ranges that were once again similar to one another and 

the single fracture method. In this case, the Pareto distribution provided estimates that were 

a closer match to the 0.5-m results than the lognormal distribution at 20 m distance from 

the source. These observations were quantified using a root mean squared error (RMSE) 

estimate between the 2-m mean curve and the 0.5-m curve (Table 3.2). Agreement was 

observed between the results of this and the observations above.  

Table 3.2: Table of RMSE values for hypothetical case #1. Calculated by comparing the 

error between the mean of the 2-m simulations for each method and the 0.5-m curve. 

Method RMSE at 20 m RMSE at 50 m 

Single Fracture 0.008 0.008 

Even 0.790 0.387 

Lognormal 0.260 0.150 

Pareto 0.132 0.150 
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While the previous cases have had extremely sparse fractures, Cases #2 and #3 have 

multiple highly conductive fractures in each 2 m interval that remain consistent with 

measurements of spacing and transmissivity from the site. While two cases were run, only 

one will be presented here as the conclusions from the results of the two sets are the same. 

As with the previous figure, Figure 3.9 displays the interquartile ranges and mean 

breakthrough curves for the transport simulations resulting from different methods of 

dividing the 2 m constant head tests and from the 0.5 m constant head tests.  

 The observations from this case are antithetical to those from the measured data 

and Case #1 (Table 3.3). The use of a single fracture to divide 2 m interval transmissivities 

Figure 3.9: Breakthrough curve results for different methods of dividing transmissivity 

in case #3 at 20 m distance. Plots a to d represent the same scenarios as in Figure 3.7. 
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resulted in significant concentration underestimates (RMSE = 0.793 at 20 m). This could 

be expected with multiple fractures in a single interval. The lognormal and Pareto methods  

of transmissivity assignment, however, did not fare significantly better, with both 

underestimating concentrations even at the 75th percentile. Once again, the mean estimates 

provided by each right-tailed distribution were within 0.1 g/L of one another at early times 

and thus considered not significantly different. While the difference increased at later times 

(>70 hours), it was still small relative to the differences between the two curves and the 

0.5-m breakthrough curve. With an IQR of over 2 g/L at late times, evenly dividing 

transmissivity amongst generated fractures produced the largest range of possible 

breakthrough curves. However, the mean curve had the lowest RMSE with the 0.5-m curve 

(RMSE= 0.008 at 20 m). Thus, this was the best fit estimate in this scenario. Table 3.3 

displays a complete set of RMSE values for the curves in Figure 3.9.   

Table 3.3: Table of RMSE values for hypothetical case #3. Calculated using the same 

method as in Table 3.2. 

 

 

3.4 Discussion and Conclusions 

 As shown above, the choice of transmissivity allocation method has a significant 

impact on transport predictions. In this study, the breakthrough curves produced by evenly 

Method RMSE at 20 m RMSE at 50 m 

Single Fracture 0.793 0.325 

Even 0.008 0.009 

Lognormal 0.411 0.123 

Pareto 0.710 0.327 
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dividing transmissivity were up to a factor of two different than the predictions based on 

the use of a single fracture. At other sites with more closely spaced fractures, the observed 

differences in breakthrough predictions could be even larger than reported here. These 

cases could not be examined in this study due to a lack of necessary transmissivity or core 

log data needed for DFN generation.  

The distances explored in this study are short in the context of a contaminated site. 

By examining transport at larger distances (200 m) via several simulations representing 

different methods of dividing transmissivity from case #1, however, it was observed that 

differences in predictions observed at 20 m were not eliminated with distance (Appendix 

C).  

Note that the groundwater system at Smithville has a strong advective component, 

with multiple horizontal fractures having hydraulic apertures over 500 μm. Crystalline 

environments would also be dominated by advection because of extremely low matrix 

porosities; however, in sedimentary geology with smaller fractures, matrix diffusion could 

play a more important role. To investigate the effects of increased diffusion, the same 

simulations as in the preceding paragraph were used but with the matrix porosity increased 

to 20 % and the tortuosity factor increased to 0.4. This small set of simulations indicated 

that when looking at identical times in a system where diffusion processes were more 

dominant, the concentration difference between the different methods for proportioning 

transmissivity would be less than for the original simulations (Appendix C). The matrix 

diffusion only slows down the concentration increases, however, and eventually the 

concentration profiles for the four methods have significant differences. Therefore, the 

choice of method for proportioning transmissivity is still important.  
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Based on our results, no method was determined to be generally more suitable than 

any other, notably even at a single study site. Despite using consistent fracture spacing and 

the same transmissivity distribution from which to generate fractures, two different cases 

needed different methods of dividing transmissivity to successfully match the respective 

0.5-m DFNs. Where conductive fractures were spaced at intervals of greater than 2 m, a 

single fracture for each interval had the lowest RMSE when compared to the 0.5 m interval 

data. Conversely, for a spacing of less than 2 m, evenly dividing the 2 m transmissivities 

resulted in the lowest RMSE. 

The differences between the predictions in the various cases highlight the need for 

considering potential error created by the method of assigning bulk transmissivities to 

discrete features, especially for sites where the spacing of potentially conductive fractures 

is less than the constant head test interval. In these scenarios to obtain a truly representative 

estimate of the transport processes, additional detailed hydraulic measurements as 

described above are required.  

Where no further measurements are possible, the potential error could be 

incorporated into DFN models by using the even distribution and single fracture 

approaches of apportioning transmissivity as endmembers. The even division of 

transmissivity represents a lower bound for the maximum aperture in an interval, and thus 

an upper bound on the breakthrough time at an observation borehole some distance away. 

Conversely, using a single fracture provides the highest aperture possible and therefore 

represents faster breakthrough. Note that while many cases will have fracture spacing that 

is denser than the constant head test interval, at sites where the spacing is less than the 
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constant head test interval, it is most appropriate to assign the transmissivity of the interval 

to a single fracture. 

 For every case examined, neither the use of a lognormal or a Pareto distribution 

produced estimates with the best match to the 0.5 m interval data (i.e. the true 

representation), even though the transmissivity data collected from the site best fits a 

lognormal distribution. Furthermore, as the methods based on the two distributions 

produced estimates of concentration and error that were mostly between that for a single 

fracture and that for even methods of dividing transmissivity, the use of neither distribution 

provided better constraint on the possible error. Neither method was therefore determined 

to be useful for estimating individual fracture properties from a bulk value. Other 

distributions may have performed better, but as little evidence could be found in the 

literature for their use, they were considered outside the scope of this study.  

Based on the results and the discussion above, the following conclusions are drawn 

from this study:  

• This study highlights the difficulty in obtaining accurate estimates of transmissivity 

or hydraulic aperture for individual fractures from constant head tests where more 

than one fracture may contribute to the test.  

• This research also further corroborates previous work indicating that only a small 

percentage of observed fractures play a role in flow and transport.  

• Even when taking measurements at small scales well below the average fracture 

spacing (i.e. 0.1 m or 0.5 m), potential overlap in the measurement intervals can 

lead to significant errors in determining the true transmissivity of a section, which 

further complicates any interpretation of the results.  
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• The choice of method used to apportion bulk transmissivities has a significant 

impact on transport results, with a factor of two difference in concentrations from 

different methods observed for these fracture properties.  

• None of the four, distinct methods of assigning transmissivity that were examined 

were found to be the most suitable in every case.  

• The use of a lognormal or a Pareto distribution to generate DFNs provided 

concentration estimates that were not the closest fit to the 0.5-m breakthrough 

curves in any of the tested cases. They also were unable to provide additional 

constraint on the range of possible breakthrough curves relative to those provided 

by the single fracture and even methods of transmissivity designation.    

• Based on our results, error resulting from uncertainty in dividing bulk 

transmissivity needs to be incorporated into DFN models if they are to be used for 

predictive analysis or interpretation of observed transport, particularly if matrix 

porosity is small or if the transport time is long. More work is still required to 

carefully quantify the cut-offs for the transport times and matrix porosities at which 

the error produced becomes less significant.   

• The results also emphasize the importance of additional hydraulic measurements at 

a site (beyond large-scale constant head tests), that can be used to identify the 

properties of individual fractures. 
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Interpretation of a Network-scale Tracer Experiment in Fractured Rock 

Abstract 

The presence of fractures in bedrock allows for rapid aqueous contaminant 

transport through complex pathways and for diffusion of solutes between the fractures and 

the matrix, which creates long-term low concentration sources. To better understand 

transport in these settings, tracer experiments are a commonly used tool. The need for 

expensive multi-level wells to obtain depth-specific concentrations, however, limits the 

cost efficiency significantly. The primary objective of this study is to use a discrete fracture 

network approach to simulate the results of a divergent tracer experiment conducted using 

open observation boreholes in a well-characterized dolostone over distances of 55 m to 242 

m. The experiment was conducted using a fluorescent tracer which allowed for continuous 

concentration measurement with depth in each observation well. Two numerical models 

were employed in the interpretation of the experiment. The first was a 1-D finite difference 

model focused on flow and transport in the observation wells and the second was a 3-D 

control-volume finite element model capable of simulating the entire fracture network. 

Through fitting the experimental data to simulations, we were able to identify the most 

important fractures for transport in the system. Heterogeneity of the fracture apertures was 

identified as the likely cause of the highly tortuous transport observed at the experiment 

site. This study demonstrates that tracer experiments conducted using open observation 

boreholes and a downhole fluorometer can improve our understanding of large-scale 

transport in fractured rock, especially when used in conjunction with multiple experiments, 
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and other measured properties such as matrix porosity, hydraulic aperture, and fracture 

orientation.  

 

4.1 Introduction 

Fractures in bedrock create preferential pathways for groundwater flow and allow 

for the rapid movement of groundwater and aqueous contaminants over large distances. 

These pathways can be exceptionally tortuous and heterogeneous (Bear et al., 1993; 

Neuman, 2005; Tsang and Neretnieks, 1998). As an example, Novakowski and Lapcevic 

(1994) found that the hydraulic aperture of a single fracture feature varied significantly (> 

200 µm) over distances of less than 5 m in an Ordovician shale. During transport, diffusion 

of aqueous contaminants from fractures into the rock matrix further adds to the complexity 

by establishing a long-term low concentration source that is difficult to remove (Carrerra 

et al., 1998; Feenstra et al., 1984; Jardine et al., 1999; Mutch Jr. et al. 1993; West & Kueper 

2010). The result of these issues provides difficulty in the prediction of solute transport in 

fracture networks that can present a significant problem for the protection of drinking 

water.  

Tracer experiments can be powerful tools for interpreting and understanding flow 

and transport in many groundwater settings (Berkowitz, 2002; NRC, 1996; NASEM, 

2015). Numerous tracer experiments have been conducted in fractured rock using a variety 

of configurations, which have greatly advanced our understanding of the governing 

transport processes (e.g. Abelin et al. 1991; Cvetkovic et al. 2010; D’Alessandro et al. 

1997; Maloszewski et al. 1999; Mckay et al. 1993; Novakowski et al. 2004; Paillet et al. 

2012; Reimus et al. 2003; Webster et al. 1970). Many of these studies have been conducted 
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at transport distances of less than 50 m, which is far less than what is typically relevant at 

a contaminated site. Experiments in larger networks are needed to better understand the 

importance of fracture interconnections. Despite this, far fewer tracer experiments have 

been conducted at larger distances, primarily due to the cost and complexity of undertaking 

these investigations. For example, in a review by Zhou et al. (2007), just six of the 

approximately 40 experiments examined involved transport scales at or above 50 m.  

One of the difficulties that remains with understanding large-scale transport 

through fractured rock is the potential for non-uniqueness in the interpretation of 

experiments. Conceptual model non-uniqueness has been well recognized at all scales 

(Becker and Shapiro 2003; Berkowitz et al. 2006; Frampton and Cvetkovic 2011; Johnston 

et al. 2009; Sánchez-Vila and Carrera 2004). Several studies which have encountered non-

uniqueness have suggested scaling of parameters such as aperture or matrix porosity with 

distance (Guihéneuf et al., 2017; Lapcevic et al., 1999; Shapiro 2001; Zhou et al. 2007). 

However, the use of scaling parameters does not provide substantial information regarding 

the nature of the heterogeneity at a site and can be difficult from which to make predictions.  

To accurately predict transport in fractured rock at a contaminated site with non-uniqueness 

issues, multiple transport experiments are often needed and even then, success in 

determining a unique conceptual model is not common. Moreover, these experiments need 

to be conducted in different configurations and at the scale of a large network to be 

representative of a contaminated site. To identify the effects of matrix diffusion, multiple 

tracers may also be required. Because of the cost and difficulty associated with most tracer 

experiments, numerous tests are simply not possible at many sites, thus limiting the 

information available for conceptual model development.    
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In addition to the need for multiple experiments, large-scale transport studies 

typically use multi-level wells with numerous measurement zones in favour of the much 

more common open well, which further adds to the expense and difficulty (Lasagna & De 

Luca, 2016; Lerner & Teutsch, 1994; Poulson et al., 2019). Open boreholes cannot be used 

to collect samples from individual fracture features and typically provide only averaged 

samples for all fractures intersecting the borehole, forcing the use of an equivalent porous 

media (EPM) approach (Blessent et al. 2013; Harte, 2013; Molson et al. 2012; NRC 1996; 

Pankow et al. 1985). Conversely multi-level wells can provide depth-discrete 

concentrations, although these too are subject to concentration averaging where fracture 

spacing is small (Shapiro, 2002). Note that due to both the highly heterogeneous natures 

of concentration profiles in fractured rock and the evidence that only a small proportion of 

observed fractures may control solute transport at many sites (Chilès and Marsily 1993; 

Hitchmough et al. 2007; Quinn et al. 2011; Zanini et. al. 2000), the complexity of transport 

pathways is not easily captured with either open wells or multi-level piezometers. Despite 

this issue, experiments in open boreholes remain an attractive option due to cost. Thus, it 

would be advantageous if a tracer experiment could be conducted using open boreholes in 

such a way as to be able to obtain discrete fracture properties and information regarding 

in-fracture concentrations, which in turn would enable analysis of large-scale transport 

based on a discrete fracture network (DFN) approach to modelling (Blessent et al., 2011; 

Chapman et al., 2013; Hyman et al., 2015; Molson et al., 2012; Pierce et al, 2018).  

Downhole fluorometers have been shown to provide depth-discrete concentrations 

in tracer experiments (Flynn et al. 2005; Levison and Novakowski 2012; Petrella et al. 

2008). However, very few studies have been conducted using this method at distances 
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exceeding 20 m. Furthermore, experiments involving downhole fluorometers have been 

mostly limited to hydrogeological settings in unconsolidated media. While local scale (<10 

m transport) studies have been conducted in epikarst (Petrella et al. 2008) and crystalline 

rock (Levison and Novakowski, 2012), this method has had no known use in fractured rock 

at larger scales. A notable drawback occurs because of mixing processes in the open well 

which can dilute concentrations and may obscure the individual fractures through which 

most of the solute is transported. Thus, further investigation to determine the usefulness of 

this method for accurately estimating transport in fractured bedrock at the network scale, 

is still required.  

The primary objectives of this study are to develop a methodology to successfully 

simulate experiments conducted in sparse fracture networks using open boreholes and 

downhole tracer concentration measurement and to explore the processes of solute 

transport in a fracture network. In particular, this study will focus on the development of a 

conceptual model that can reproduce the measured concentrations and on determining the 

important tracer-carrying fractures. Another objective is to identify issues of non-

uniqueness that can arise in interpreting tracer experiments conducted in this fashion. These 

issues will be investigated through the application of the method to an experiment 

conducted in a divergent fashion in a Silurian dolostone located in southern Ontario. This 

site has been the focus of extensive investigations over the last three decades and yet 

transport at the site is still not fully understood (e.g. Gartner Lee Ltd., 1996; Golder 

Associates Ltd., 1995; Novakowski et al., 1999). The tracer experiment was conducted in 

a previous study (Moore, 2008) and the focus of this paper will be to use a discrete fracture 

based numerical model to interpret the results and improve our understanding of transport 



 

92 

 

at large scales both at this site and at other sites with similar hydrogeological 

characteristics.   

 

4.2 Methodology 

4.2.1 Modelling Approach  

The focus of this paper is the analysis of a tracer experiment that was conducted by 

injecting a fluorescent dye tracer into an open 10.4 m section of Borehole 72 (Figure 4.1) 

and then observing breakthrough in six down gradient wells (56, 58, 59, 70, 71, and 73) 

located at distances between 55 m and 242 m from the injection point. To simulate the 

results of the tracer experiment, two numerical models were used. The first of these is a 

finite difference model for flow and transport through a 1-D feature representing the open 

wells with terms to provide net fluxes through the well. The flux terms represent inflow or 

outflow from fractures. In this model, no consideration of the governing processes outside 

the observation well was taken as the focus was solely on the analyses of the net fluxes 

required to achieve a fit to observed concentrations. A second model was therefore needed 

with an expanded domain to include the fracture network and surrounding porous medium. 

For this, a control-volume finite element (CVFE) model (Therrien & Sudicky, 1996) was 

employed using physical properties (e.g. matrix porosity, fracture aperture) based on those 

measured in the field. A detailed description of the tracer experiment and the application 

of both models is described in the following.  
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4.2.2 Site and Description of Tracer Experiment  

 This study was conducted at a site to north of the town of Smithville, Ontario, 

Canada (Figure 4.1). In the early 1980s, PCB waste from nearby municipalities was stored 

at the site (Golder Associates Ltd., 1995). After the detection of TCE and PCBs in the 

subsurface, significant efforts to characterize the hydrogeology of the site have been 

undertaken, including the completion of more than 1400 constant head tests, numerous 

pumping and pulse-interference tests, several local-scale tracer experiments, and multiple 

large-scale tracer experiments such as the one of interest to this research. The constant head 

tests, pumping tests, pulse interference tests are described in Novakowski et al. (2000). The 

local scale tracer experiments are described in Novakowski et al. (2004). 

Figure 4.1: Displays relative positions of injection well (red) and observation wells (black) 

used in the tracer experiment. Additional wells where constant head tests were conducted 

in are shown in blue. Boreholes 70, 71, 73 were not used for transmissivity measurements. 

Also shown is the general location of Smithville near Toronto and Niagara in southern 

Ontario.   
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The near-surface geology at the Smithville site is composed of approximately 10 m 

of overburden till underlain by the Lockport dolostone. This is a Silurian-aged dolostone, 

which can be further subdivided into four units including the Gasport, Goat Island, 

Vinemount, and Eramosa. The uppermost of these is the Eramosa, which is the focus of 

this study, and is approximately 15 m in thickness. The unit dips slightly to the south-east 

and is characterized by vuggy features, laminations, and a dark grey colour (Golder 

Associates Ltd, 1995; Novakowski et al., 1988). Both horizontal bedding plane fractures 

and vertical fractures with five sets of orientations have been identified in the Eramosa 

(Novakowski, 2000).  

Constant head tests conducted in eight wells (Figure 4.1) in the vicinity of the tracer 

experiment using 0.1 m, and 0.5 m packer spacings were used to determine the distribution 

of hydraulic conductivity and the location of permeable fractures in the Eramosa (Ziegler, 

1976). Boreholes 70-73 were drilled vertically, and the remaining boreholes were inclined 

with plunges of ~55 degrees. The drilling was conducted using triple-tube diamond coring 

methods. The diameter of all the wells was 96 mm (H-size). The wells all fully penetrated 

the Eramosa and ranged in length from approximately 23 m to 59 m.  

The 51 tests conducted at 0.1 m packer spacing in Borehole 64 indicate that the 

background (unfractured) hydraulic conductivity of the Eramosa ranges from 

approximately 10-9 to 10-6 m/s. The tests conducted at 0.5 m lengths, which were conducted 

in each well across the entire span of the Eramosa, provided evidence that groundwater 

flow is dominated by a small number of highly conductive bedding plane fractures (Zanini 

et al., 2000). In particular, five primary horizontal fractures were identified in many of the 

wells with significantly higher conductivities (>500 μm hydraulic aperture) than the 
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background. Hydraulic apertures were determined using the measured transmissivity from 

constant head tests with the Cubic Law (Snow 1965). Core logs were used to corroborate 

the positions of the fractures identified by constant head tests and to assist in distinguishing 

horizontal and vertical fractures. Note that numerous other horizontal fractures (>15 in 

each well) were observed in the core log for the Eramosa but showed no evidence of 

conducting significantly more flow than the matrix. The identified horizontal fractures are 

believed to be correlated horizontally across hundreds of meters at the site (Novakowski et 

al., 1999) as illustrated in Figure 4.2. This is both because of the observation of high 

transmissivity horizontal features at approximately the same heights across each well and 

due to the low regional gradient measured of ~0.0001 to the south-east (Novakowski et al., 

2006). The appearance of the tracer at distances of over 100 m in both this experiment and 

other experiments at the site also support this hypothesis (Moore, 2008).  

The lowest of these horizontal features was located at approximately ~173 masl 

(Figure 4.2) and the geometric mean of the measured hydraulic apertures is 1261 μm. Other 

relevant statistics are provided in (Table 4.1). The mean value was not considered 

particularly meaningful here due to the small number of measurements for each fracture 

and the high variability in the values observed. However, combined with other statistics, it 

was useful as a guide for approximate apertures in the tracer experiment models. This 

bottom fracture was observed in each well (Figure 4.2). A feature between 175 and 178 

masl (mean hydraulic aperture ~464 microns) and one at the top of the Eramosa unit were 

also identified in each well. The top of the Eramosa unit was located at 182-184 masl, with 

an elevation of 184 m in the closer wells (55-59) and 182 m at distant observation points 

(64, 37C). The mean hydraulic aperture of the uppermost fracture was 903 μm.  
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Two other high transmissivity features were observed in most of the observation 

wells, but notably there was no corresponding high transmissivity zone in the injection well 

(Figure 4.2).  One was identified in all but the injection well consistently at an elevation of 

approximately 179-180 masl with a mean hydraulic aperture of 792 μm. The other was 

located between this fracture and that at the top of the Eramosa (~182 masl) but was only 

observed in the 55-59 cluster of wells, possibly due to an intersection with the top of the 

unit in more distant wells. Finally, while not listed in the table, note that another, smaller 

feature was observed at the bottom of 4 of the observation wells (37C, 55, 57, 58). The 

geometric mean of the hydraulic apertures was 320 μm, with a range of 223 to 409 μm.  

Table 4.1 Table of the geometric mean, median, and range of hydraulic aperture 

measurements for each fracture. Note that several of the fractures had maximum measured 

values above the upper cut-off of the constant head tests, which is a transmissivity of 10-2 

m2/s. Therefore, these fractures were simply assigned an aperture (2569 μm) 

corresponding to this value. The error resulting from this assumption was considered 

minimal as there was no more than one such outlier for each fracture.   

Fracture 

elevation (masl) 

Mean hydraulic 

aperture (μm) 

Median (μm) Minimum (μm) Maximum 

(μm) 

171-175 1261 1200 511 >2569  

175-178 464 482 315 631 

179-180 792 785 382 >2569 

182 497 472 407 583 

182-184 903 903 439 >2569 

 

The identified vertical fractures had an average spacing determined from the core 

to be 0.77 m (Novakowski et al. 1999). Borehole inclination was considered when 

calculating spacings. Constant head tests at 0.5 m spacing indicated that many of the 

vertical fractures have transmissivities in the range of 10-9 - 10-6 m2/s, which corresponds 
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to hydraulic apertures of approximately 12-120 μm. However, there were several larger 

features, corresponding to hydraulic apertures between 250 and 690 μm. While fracture 

heights could not be measured at the Smithville site, they were taken at a nearby quarry 

(Gartner Lee Ltd., 1996). Most fractures were less than 1 m in length, but fractures with a 

greater length were observed at a 15-20 m spacing. The ability of these fractures to provide 

vertical connections between horizontal fractures at the site is not fully understood, based 

on the characterization conducted by Novakowski et al. (2000). From hydraulic head 

measurements in four multi-level piezometers at the test site, there is little to no indication 

of vertical flow or recharge in the Eramosa unit. 

As diffusion between the matrix and fractures is potentially significant in a 

carbonate rock, measurements of matrix porosity were conducted. Gravimetric methods 

were used to measure the matrix porosity (Novakowski et al., 1999). This involved 

comparing the weights of wet samples and then oven-dried samples of 5-20 mm discs 

collected from core. The range of the 342 measurements was 1 to 20 % matrix porosity. 

The interquartile range, however, was 5 to 7.5 %, providing a practical range on the matrix 

porosity that was used for the modelling. 

The tracer experiment was conducted by first isolating the Eramosa in the injection 

well (BH72) using a packer at the top of the unit (Figure 4.2) (Moore, 2008). The bottom 

of the well did not cross the lower boundary of the Eramosa. The resulting isolated section 

was approximately 10.4 m in length. In the six observation wells used in the experiment 

(Figure 4.1), packers were placed at the bottom of the unit. The top was left open, resulting 

in an observation region 14-15 m in length.   
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 Steady flow conditions were first established, with a flow rate of 92 ± 2 L/min. 

Once this was achieved, Lissamine FF dye tracer was injected at a concentration of 150 

mg/L for 19 minutes, after which the source was switched back to fresh water at the same 

flow rate for the remaining duration of the experiment. The Lissamine dye was chosen 

because of its resistance to retardation (Novakowski et al., 2004; Smart & Laidlaw, 1977). 

In most rock, with exceptions for where organic matter is ubiquitous, such as peat, 

Lissamine FF has losses of less than 10 % due to retardation (Smart & Laidlaw, 1977). 

Concentration profiles were measured in the observation wells using downhole 

fluorometers. A submersible fluorometer (Turner Designs, Cyclops 7) with a detection 

limit of 0.001 mg/L coupled with a pressure transducer was used. Before tracer arrival, 

background fluorescence was measured and was found to be 0.015 mg/L or less.  

Figure 4.2: Figure displaying four tracer experiment wells and corresponding 

transmissivity profiles. The injection well did not fully penetrate the unit and was isolated 

with a packer at the top. The observation wells were open at the top of the domain with a 

packer at the base. Borehole inclination is not presented on the figure but the corresponding 

elevations for each test are correctly displayed; thus, the apparent constant head test length 

on the figure for 56-59 is slightly less than the actual test length. Dotted lines represent the 

initial interpretation of fracture connections based on constant head tests. 
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At each measurement event, the fluorometer was lowered down the borehole at a 

rate of 2-3 m/minute and then brought back up at a similar rate. Continuous measurements 

were taken during this time, with readings every second recorded with a Campbell 

Scientific CR10-X data logger. The concentration measurements were linked to water 

depth using a continuously-recording pressure transducer attached to the fluorometer. Due 

to the length of the experiment relative to the duration of the measurement of each profile, 

it was considered unlikely that the concentrations changed significantly in the time it took 

to lower and raise the fluorometer. Measurements were initially obtained at half hour 

intervals, which later became less frequent as the experiment neared conclusion. The total 

duration of the experiment was 72 hours, with two additional measurements taken several 

days later. For more detail regarding the tracer experiment, the reader is directed to Moore 

(2008). 

 

4.2.3 Finite Difference Well Model Development 

 As the observation wells were open, hydraulic communication between fractures 

intersecting the wells at different depths was possible. Thus, to analyze the tracer 

experiment, a 1-D implicit finite difference model for flow and transport in an observation 

well was developed to accommodate this process. In the model, flow is treated as uniformly 

steady whereas transport is transient. In the experiment, steady flow conditions were 

reached before injection of the dye tracer, so this assumption was deemed reasonable. The 

governing equations used are given in (1) and (2), where (1) represents the equation for 

flow in an open well and (2) represents solute transport (Lacombe et al. 1995).  

𝜋𝑟𝑠
2 𝐾𝑤 

𝜕2ℎ

𝜕𝑙2
  ± 𝑞|𝑛 = 0                                                                                             (1) 
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𝜋𝑟𝑠
2  

𝜕𝐶𝑤

𝜕𝑡
 −𝐷𝑤 

𝜕2𝐶𝑤

𝜕𝑙2
  +𝑞𝑤 

𝜕𝐶𝑤

𝜕𝑙
   ±𝛤|𝑛 = 0                                                        (2) 

𝐾𝑤 = 
𝑟𝑠

2𝜌𝑔

8µ
                                                                                             (3) 

𝐷𝑤 = 𝐷0 + 
𝑟𝑠

2𝑞𝑤
2

48𝐷0
                                                                                     (4) 

These equations are similar to that for flow and transport in a porous media, with 

an additional term representing flux perpendicular to the well at each node. This term 

allows for the representation of fractures intersecting the well as flux values, where in (1) 

rs represents the well radius, q|n is the normal component of the nodal Darcy flux integrated 

over the circumference at position along the well l, h is the hydraulic head, and Kw is the 

hydraulic conductivity of the well, which is defined in (3). Fluid density, the gravitational 

acceleration constant, and fluid viscosity are represented by ρ, g, and µ, respectively. In 

(2), qw represents the water velocity along the well (qw = -Kw 
𝜕ℎ

𝜕𝑙
 ), Cw is the concentration 

in the well, and 𝛤|𝑛 is the nodal solute flux normal to the well, integrated over the 

circumference at elevation l.  The hydrodynamic dispersion coefficient, Dw, is defined in 

(4), where D0 is the free-water diffusion coefficient. 

A central difference approach was used for the spatial terms whereas a forward 

difference approach was used for time. The model domain was 15 m long as illustrated in 

Figure 4.3 with the base at 170 masl (in the context of the field setting). A single node at 

173.5 masl was selected as a constant head and concentration boundary. This node was 

chosen at the height of the highest hydraulic aperture fracture which could be correlated 

between the injection and observation wells. Elements of 0.1 m length were used with time 

steps of 20 s. To test the suitability of the discretization, an analytical solution to equation 

(2) was compared to the finite difference solution with the flux terms in (2) set to zero 
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(Ogata-Banks, 1961). Using a qw varied between 10-5 and 10-3 m/s, no difference between 

the numerical model and the analytical solution was observed visually, indicating that the 

discretization was acceptable. Fining of the discretization beyond these values made no 

discernible difference to the solution. A well radius of 0.05 m, consistent with the field 

value, was used. A value of 5.6×10-10 m2/s was used for the free-water diffusion coefficient. 

This is consistent with Novakowski et al. (2004) for the same tracer used in the present 

field study. Finally, the fluid density, gravitational acceleration constant, and dynamic fluid 

viscosity were set as 1000 kg/m3, 9.81 m2/s, and 1.124×10-3 kg/m•s, respectively.  

The top and bottom boundaries of the model were set as no-flow. The choice of the 

position of the constant head boundary was varied by choosing other points as Dirichlet 

boundary conditions to determine if this influenced the conclusions drawn from this 

analysis. This will be further discussed in the results section. Once the model development 

was complete, flow and transport were simulated in each well separately with different 

values of nodal flux terms to achieve fits to the shape of the concentration profile. Through 

observing which nodes required external fluxes to fit the model to the experimental profile, 

the purpose was to identify important fractures intersecting the borehole and develop one 

or more depictions of flow and transport at the observation well.  
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4.2.4 Expanded Domain with Control-Volume Finite Element Model 

To support the conclusions of the finite difference model and to simulate the entire 

experimental domain, a 3-D control volume finite element model was used (Therrien & 

Sudicky, 1996). This model is capable of simulating groundwater flow and solute transport 

through discrete fractures coupled to a porous matrix (Brunner & Simmons, 2012). A 700 

x 700 x 17 m domain was first generated. This domain size was selected by increasing the 

domain size until the transport solution at specific snapshots in time no longer varied 

significantly (<5% change in concentrations between domain sizes) at the observation 

Figure 4.3: Schematic displaying setup of well model in Borehole 56. A constant 

concentration was placed at 173 masl. In this setup, nodal fluxes are placed in positions 

based on high measured transmissivities (elevations of 177.5, 179.5, 182, and 184 masl) 
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wells. The injection well (BH72) was placed at the center of the domain and the observation 

wells at appropriate positions relative to this. The observation wells were fully penetrating 

whereas the injection well was an isolated 10.4 m section (~172-183 masl) with 

impermeable material above and below. The injection well was assigned a constant 

pumping rate of 92 L/min. Observation wells are represented as 1-D line features in the 

domain (i.e. equations 1-4), which allowed for mixing in the wells. Due to computational 

restraints, these were placed vertically rather than at an incline.  

Initially, four fully continuous fractures between the injection and observation 

wells were placed at elevations of 173, 177.5, 179.5, and 182 masl, which was supported  

by the constant head test results. The fracture heights, and the horizontal extents were later 

varied to explore fits to the measured data. The discretization of the domain was centered 

on the fractures, with elements of 1 mm vertical height and 10 mm horizontal length in the 

immediate vicinity. This then coarsened outwards to 1 x 1 x 0.5 m blocks. Outside of the 

region with observation wells, this was further coarsened to 100 x 100 x 0.5 m. Figure 4.4 

shows an illustration of the model grid in the plane of the fracture. The element sizes were 

chosen by shrinking the elements until the transport solution no longer varied with changes 

to the discretization. The discretization was corroborated through comparison of the 

numerical model to an analytical solution developed by Chen (1985). As the analytical 

solution is for just one fracture, does not account for a regional gradient, and uses a constant 

concentration source, the numerical model was adapted for this, but retained the grid 

structure and discretization. The comparison showed no visibly discernable difference in 
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breakthrough curves between the two models at several locations in the domain (Appendix 

D).   

Two of the horizontal boundaries of the domain were assigned a constant head, 

providing a regional gradient of 0.0001 across the domain for the duration of the 

simulation. This is consistent with what was measured at the site (Zanini et al., 2000). The 

other four boundaries were assigned as no-flow. Other relevant properties to the simulation, 

such as matrix porosity and matrix hydraulic conductivity were assigned values based on 

previously described measurements. The longitudinal dispersivity was initially set as 5 m, 

which is consistent with Gelhar et al. (1992).  This was then varied as necessary during the 

simulations to provide a better fit to the measured data. The horizontal transverse 

Figure 4.4: Overhead view of the CVFE model domain with discretization mesh. The 

element sizes are very fine (0.5 m) in the region of the tracer experiment and then much 

coarser outside of this. 
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dispersivity was set at 1/10th the longitudinal dispersivity and the vertical transverse 

dispersvity was 1/10th the horizontal transverse dispersivity (Marsily1986). The reasonable 

possibility of non-reversible adsorption or loss of solute from the domain was examined 

using a first order decay parameter. While a first order decay parameter may not be 

completely accurate in representing these processes, it will show the effects of solute loss. 

It was quickly determined that decay was not important in achieving a fit because the 

duration of the experiment was short (~72 hours) and because it made the tail of the 

breakthrough impossible to fit.  

At the beginning of the simulation, a tracer with the properties of a fluorescent dye 

was placed into the isolated 10.4 m section of the injection well at a concentration of 150 

mg/L for 19 minutes. It was assumed that the tracer was fully mixed in the open section of 

the injection well. After this, the tracer source was turned off and tracer breakthrough was 

observed at the observation wells. The simulated profiles were then compared to the 

measured profiles and the results of the finite difference model. An analytical solution that 

accounts for mixing in the well, such as that described by Novakowski (1992) was not 

implemented in this study as such solutions cannot account for multiple contributions from 

complex fracture distributions or a variable concentration profile.  

To achieve a fit to the measured data and to determine which properties had the 

most effect on the solution, a wide array of parameters was varied deterministically. For 

the fractures, aperture heterogeneity was examined by systematically changing the 

apertures of rectangular regions in each fracture. The sizes and apertures of the regions 

were adjusted as necessary to approach a fit. This allowed for an exploration of the effects 

of regions of closure or of possible channelization. The horizontal extents of fractures were 
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also varied to allow connection to specific wells, but not others. Additional horizontal 

fractures were added to the model, with some unconnected to any of the wells. In particular, 

the addition of a fracture at bottom of the domain was a focus for this due to the evidence 

from the constant head tests. Vertical fractures with apertures up to 1 mm were added to 

connect the different horizontal fractures. Note that for each of the properties listed above, 

the effects were examined both individually and combined with changes to other 

properties, resulting in complex fracture networks. 

As matrix diffusion was a potentially key process at this site, the matrix porosity 

was varied between 1 and 15 % to observe its effects on the transport solution. Zones of 

increased matrix diffusion (40 % porosity) with a length of up to 4 m were also added to 

represent heterogeneity in the matrix porosity or the possible presence of enhanced porosity 

due to zones of dense, low aperture fractures. These were added because the core from 

multiple boreholes contained zones with broken core and numerous fractures within a 50 

cm length. While the length and quantity of these regions was not well known, it was 

possible that they influenced transport.  

The regional horizontal gradient was too small to have an impact on the 

simulations; however, vertical gradients ranging from 0.01 to 0.67 were implemented into 

the numerical model. There was little indication of a vertical gradient at the site from 

hydraulic head measurements, but there was enough error in the measured values that a 

gradient within the range listed above was possible.  
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4.3 Results and Discussion 

4.3.1 Initial CVFE Model Analysis of Tracer Experiment 

The analysis presented herein is primarily focused on one observation well, 56, 

located 55 m downstream from the injection well. The breakthrough observed at most other 

wells were much weaker, with the fluorescence in wells 59, 70, 71, and 73 only increasing 

from the 0.015 mg/L background to less than 0.03 mg/L with a significant amount of 

background fluctuation also appearing (Appendix E). In contrast, the breakthrough at 

Borehole 56 rose to over 1 mg/L. Breakthrough was observed at 58, but with much lower 

peak concentrations that were >10x smaller than at 56. Borehole 58 is nearby to Borehole 

56 and the breakthrough was a similar shape. Therefore, 56 was viewed as representative 

of both. The weaker breakthrough at other wells in this experiment makes it difficult to 

determine the effectiveness of this method at distances of over 100 m. However, it does 

provide evidence for the presence of significant fracture heterogeneity between the 

injection and observation wells.   

 Concentration profiles in Borehole 56 are presented in Figure 4.5. To interpret this 

experiment in a way that provides useful information regarding the hydrogeology of the 

fracture network, it is not only necessary to determine the tracer concentrations entering 

the well from the formation, but also to recreate the transport and dilution that was 

occurring via the different fractures intersecting the borehole wall. In particular, note the 

divide in concentrations at ~ 180 masl, which coincides with one of the observed fractures. 

Initial attempts at modelling this system with the 3-D CVFE model using the four 

continuous fracture representation described in the methods section were completely 

unable to replicate this as there was little to no mixing in the well in the model. These 
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produced a concentric plume, as would be expected from a divergent setup. This is not 

shown here as it provided little additional information. The decreases in concentration at 

the bottom of the domain relative to rest of the profile at early times and increases at late 

time were another particularly challenging part of the profile to explain with the initial 

models.  

 

Due to the similarity between the measurements in both the ascending and 

descending profiles (Figure 4.5), it is unlikely that the process of lowering and raising the 

fluorometer could explain the measured profile. Furthermore, a profile similar to this was 

Figure 4.5: Measured concentration profiles in Borehole 56 at various measurement times 

in the experiment. After Moore (2008). Each profile line represents a continuous series of 

concentration measurements as a fluorometer was lowered (descending profile) or raised 

(ascending profile) in the well. For clarity, only 13 selected times are shown. The first four 

times are shown in A, the next four are shown in B, and the remaining times are in C.  
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observed in Borehole 58, especially with regard to the break in concentrations at 

approximately 180 masl. Diffusion through the well was also unable to explain the profile, 

as the diffusion coefficient (5.56×10-10 m2/s) was simply too small to create significant 

diffusion over multiple metres in a timespan of just a few days. Therefore, the most likely 

explanation was advection dominated flux between fracture features (i.e. as shown in 

Figure 4.2) using the well as a conduit. The wide variation in concentrations in the 

measured profile, combined with the lack of breakthrough at several of the observation 

wells, indicates strong tortuosity in the plane of individual horizontal fractures and/or in 

vertical connection between fractures. The next steps were to investigate this hypothesis 

and to determine the feasibility of constraining the position and magnitude of the most 

important fluxes to and within the well using numerical models.  

 

4.3.2 Results of Well Model Simulations 

Through variation of nodal flux terms for both flow and transport, a fit was achieved 

in BH56 to the measured concentration profiles using the finite difference model for the 

well (Figure 4.6). Each fit to a line in the 3 diagrams shown was achieved using the same 

model configuration. The best fit was determined visually. Non-uniqueness was observed 

in the number of fractures and the magnitude and direction of water velocity through the 

well that could result in a fit. Each of the fits, however, shared a number of similar 

characteristics.  

 Note that all the values for fluxes in this section correspond to net fluxes 

into or out of the well. The flux term in equations (1) and (2) do not account for the absolute 

amount of mass entering the well, only the mass left in the well. To determine if the net 
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water fluxes used in this study were considered reasonable, estimates of total flux into the 

well were then compared to the net fluxes in the well model. The total flux was calculated 

using the Cubic Law with a range of values from 0.0001 to 0.001 for the hydraulic gradient 

near Borehole 56 during the experiment and the apertures as derived from the hydraulic 

testing results shown in Figure 4.2. For any parameter combination within the measured 

values, the water flux obtained from the well model fit was consistently lower than that 

estimated from the Cubic law, which would be expected as water would be also leaving 

the borehole at the same time. 

Figure 4.6: Displays the resulting concentrations produced by a model which achieved an 

approximate visual fit to the measured descending profile. The source condition at 173.5 masl 

was a constant concentration at each time but was changed with time to reflect the measured 

breakthrough concentration. A, B, and C represent the same sets of times as in Figure 4.5. 
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To fit the measured concentrations, the model required 5-6 connecting fractures. In 

addition to the 173.5 masl fracture acting as a constant source, fractures were added at 

elevations of approximately 170 m, 171.5 m, 179.5 m, 182 m and 184 m in the domain. 

For water fluxes, while the direction of the resulting velocity in the borehole was not 

unique, the magnitude needed to be on the order of 10-3 m/s through the middle of the 

domain (173.5 – 179.5 masl ) to achieve a fit. At the edges, this was reduced to 10-4 m/s. 

These velocities correspond to net Darcy fluxes between 5×10-5 m/s for the larger fractures 

and 10-100× smaller for the smaller fractures. The possibility of an external vertical 

gradient influencing the velocity over the entire domain was considered; however, such a 

gradient could not be responsible for a velocity larger than those at the domain boundaries 

(10-4 m/s), indicating that the effect of any vertical gradient would have to be small and 

could not be responsible for a significant component of the 10-3 m/s velocity observed 

through the centre of the domain. 

Another feature common to multiple fits was that the fractures at 179.5 masl and 

184 masl had net positive flow and solute fluxes, with the majority being added from the 

179.5 masl fracture (fluxes 10x larger than any other fracture). Conversely, the fractures at 

170 m and 171.5 masl had net negative fluxes for both flow and solute in all fits to the 

measured data. The net fluxes for the solute corresponded to concentrations that were 

significantly less (< 10%) than the injection concentration.  

An example of the conceptual model for transport in Borehole 56 as described 

above is shown in Figure 4.7. In this diagram, the fracture at 173.5 masl is constant, two 

fractures are providing a net positive influx into the well (elevations of ~179.5 masl and 

184 masl), and the others are removing solute (~182 masl and 171.5 masl). The fracture at 
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182 masl also had net negative flow and solute flux, but the values were much smaller 

(>10-100 x) than in other fractures, Thus, this fracture was not considered to be as 

important as the others to explaining transport into the well. This model for Borehole 56 

was used to achieve fits in the other observation wells using the same number of fractures, 

elevations, and directions of net flux.  

 

Figure 4.7: Figure displaying a possible conceptual model for solute transport through the 

borehole. Fractures are placed at elevations of 171.5, 173.5, 179.5, 182, and 184 masl. The 

base of the model is at an elevation of 170 masl. Red arrows show the direction of water 

flow. The top and bottom boundaries are no flow conditions.   
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With some exceptions, the positions of these fractures correspond to high 

transmissivity zones in the constant head tests. For example, both the 179.5 masl and 184 

masl fractures were observed in almost all observation wells (e.g. Figure 4.2), providing 

additional support for their significance to flow and transport in this system. Notably, 

despite the importance of the 179.5 masl fracture to solute transport in the model, it was 

not observed in the injection well via the constant head tests. Also note that no fracture is 

needed at 187 masl in the well model, indicating that the fracture observed at that height 

may not be important for solute transport in the tracer experiment. Finally, while it was 

unclear whether a fracture was present at the base of the unit from the transmissivity logs, 

it was not possible to achieve a fit to the tracer experiment without such a feature.  

The location of the constant concentration node (173.5 masl) was varied to 

determine if that would influence the conclusions from the simulations. By moving the 

constant source to both 179.5 masl and 184 masl, it was observed that the 173.5 and 179.5 

masl fractures were the most significant in terms of solute flux entering the well. It was not 

possible to distinguish which of the two fractures was more important with a unique 

solution. While solute fluxes did change when moving the constant source node, the 

magnitude of the velocities through the well as well as the number, approximate positions, 

and relative importance of the five important fracture features for transport did not.   

The importance of the 179.5 masl fracture to fitting the measured data despite not 

being observed in injection well constant head tests indicates that there is at least some 

vertical connection at the site. This is possibly only true near the injection well as the 

differences in the solute fluxes from fractures of similar hydraulic aperture indicate that 

there is not a strong vertical connection in the domain near the observation well. It is not 
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possible to make further interpretations based on the well model alone. While the open 

borehole tracer experiment combined with a simple finite difference model for flow and 

transport in the borehole can provide us mostly qualitative information regarding the 

transport properties of the Upper Eramosa, it does not supply any detail on absolute 

concentrations in the formation or provide specifics on the transport parameters of 

individual fractures. Thus, the next step was to look at results of a model of the larger 

network system. 

 

4.3.3 3-D Modelling Results 

 Figure 4.8 shows the results of the closest fit that was achieved visually using the 

3-D CVFE model. This was accomplished using six fractures, at approximately the same 

elevations as used with the well model (170.5, 171.5, 173.5, 179.5, 182, and 184 masl). 

Note that because the injection well was isolated between 172 and 183 masl, three of the 

fractures in the Borehole 56 were not connected to the source. Except for the 14 m fracture, 

the apertures of each fracture were constant throughout the domain. A small amount of 

heterogeneity was needed in the 184 masl fracture, with the aperture 700 μm between the 

injection and observation well and then increasing to 900 μm past Borehole 56. The other 

parameters are listed in Table 4.2. Note that while the center of the profile (173 – 180 masl) 

and the drop in concentrations at 180 masl were comparable to the measured values, this 

model remained unable to fully explain the data.   
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Due to the sensitivity of the profile to small changes in the fracture network and the 

countless possible fracture geometries, the primary goal was to match the overall shape of 

the profile at the greatest number of times simultaneously and not to achieve a perfect fit 

at every point. Most of the discrepancies observed were thus not considered important to 

the overall fit (e.g. the differences between measured at simulated curves at 2.4 hours). The 

late-time concentration peaks at 184 masl and at the base of the Eramosa were particularly 

Figure 4.8: Results of visual best fit 3-D CVFE simulation along with the measured 

descending profile concentrations in Borehole 56. Fit is best in the center of the well, with 

anomalous peaks observed at the edges of the domain in the finite element model. A, B, 

and C represent the same sets of times as in Figure 4.5. 
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anomalous, however. These were caused by solute entering the well through the fractures 

at 173.5, 179.5, and 182 masl and being pushed outwards to the edges of the well. Once 

there, it was unable to leave the well because the regional gradient responsible for flow and 

transport in these fractures was simply too low. The reason for this issue arising in the 

model but not in the measured data is not entirely clear. This model also does not show any 

breakthrough in the significant fractures at Borehole 71, which does not match the small, 

but clear, increase observed tracer concentration in the experiment (Appendix E). Clearly, 

there is important additional tortuousity between Boreholes 56 and 71 but this was difficult 

to simulate without a stronger breakthrough profile.  

Table 4.2: Summary of the relevant fracture and matrix parameters used in the CVFE 

model. 

Parameter  Value 

Longitudinal Dispersivity 5.0 m 

Fracture aperture at 170.5 masl  700 µm 

Fracture aperture at 171.5 masl  1100 µm 

Fracture aperture at 173.5 masl  650 µm 

Fracture aperture at 179.5 masl  550 µm 

Fracture aperture at 182 masl  700 µm 

Fracture aperture at 184 masl  700-900 µm 

Free-water Diffusion Coefficient 5.56×10-10 m2/s 

Tortuosity  0.1 

Hydraulic Conductivity 1×10-8 m/s 

Regional Hydraulic Gradient 0.0001 

Matrix Porosity 6.7 % 
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 Variation of the vertical fracture properties, vertical gradients, and matrix 

properties discussed in the methods were unable to achieve a comparable fit and were 

mostly unable to achieve a significant amount of vertical spreading in the well. Also note 

that no matter the combination of parameters, the peaks observed Figure 4.8 were also 

present in these models. It was concluded that the addition of fractures at locations 

indicated by the well model combined with aperture heterogeneity was best able to explain 

the measured concentrations. Overall, the conceptual model produced from this was of a 

series of six poorly connected horizontal fractures with varying amounts of aperture 

heterogeneity. Through the variation of parameters discussed in the methods, the properties 

of the rock matrix, while potentially more important in experiments with longer timespans 

or under natural gradient, were not found to be particularly influential on the results of this 

experiment. A further experiment where advection is less dominant (i.e. natural conditions) 

would be required to better understand the importance of the matrix. There are still issues 

of non-uniqueness with the exact parameter values used, in particular for the fracture 

apertures. Numerous fits could be achieved through different combinations, however, like 

with the well model, the overall conceptual model did not change significantly with these 

arrangements.      

The resulting conceptual model derived from the simulations is considered 

consistent with the well model. In both, 5-6 fractures are needed to explain the results of 

the tracer experiment. Furthermore, the positions of these fractures are essentially identical. 

While the apertures of the 173.5 m and 179.5 masl fractures in the CVFE model might be 

smaller than that of the others, they remain the most important fractures for solute transport 

due to their apparent connection to the injection well. In both models, the fracture at 175-
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178 masl observed in constant head tests was not necessary to explain measured 

concentrations. The most significant difference between this model and the well model was 

that the fracture at 184 masl had a net positive flux in the well model but not in the CVFE 

model. In both models however the flux was small relative to that of other fractures, so the 

influence was likely negligible. 

The differences between the model and the measured constant head test data are 

more significant. While the apertures of the fractures are reasonable based on the ranges 

provided in Table 4.1 and the positions of most fractures are similar, the constant head tests 

indicated that the fractures at 9.5 masl and 12 masl may not be connected to the injection 

well unless through unknown vertically connected pathways. It was not possible however, 

to recreate the measured profile without these connections. Furthermore, the two fractures 

added at the bottom of the model needed to be significantly larger than what was observed 

in the observation wells where they were present. It is possible that the one fracture 

measured at 171-174 masl was actually two features. In wells where it was observed, there 

were multiple adjacent test intervals with similar transmissivities (e.g. Boreholes 58 and 

59 in Figure 4.2). The explanation for this was initially thought to be overlap in the tests, 

but it is also possible that more than one conductive fracture was present. However, the 

maximum aperture for the measured feature was approximately 400 μm, which is less than 

half the aperture used in the model. Differences between apertures determined from tracer 

experiments and those from hydraulic tests have been observed and discussed extensively 

in the literature before (Cady et al., 1993; Hjerne et al., 2010; Silliman, 1989; Tsang, 1992; 

Zheng et al., 2008). Therefore, discrepancies between the aperture determined from this 

analysis and that measured in constant head tests could be expected.   
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 Overall, from the CVFE model of the tracer experiment, it was possible to 

corroborate which fractures were important to solute transport, their positions, and relative 

importance. Furthermore, while it was not possible to completely explain the experiment 

with a numerical model due to the difficulty of fitting a complex concentration profile at 

numerous times with a single model, a better understanding of transport processes at this 

site was obtained from this analysis. Aperture heterogeneity, rather than vertical 

connections between the horizontal fractures, was indicated to be an essential factor to 

explaining the tortuous transport patterns that have been observed at this site. Thus, it can 

be concluded that experiments conducted in open boreholes using downhole fluorometers 

can inform conceptual models of transport processes in sparsely fractured rock. 

 

4.4 Conclusions 

 In this study we used two numerical models to analyze the results of a unique, 

network scale tracer experiment conducted in a Silurian dolostone near Smithville, Ontario. 

The purpose was to obtain discrete fracture properties from the experiment, which was 

conducted using open boreholes with concentrations obtained using a downhole 

fluorometer. The first simulations were conducted using a finite difference model of one 

observation well, which represented flow and transport through the well and nodal net 

fluxes accounting for solute additions to or subtractions from the well. The second set of 

simulations was conducted using a control volume finite element model, which simulated 

transport between the injection and observation wells through a series of discretely 

formulated fractures coupled with a porous matrix in a three-dimensional domain. From 

the results of this modelling, the following conclusions were drawn: 



 

120 

 

• A fit to the experimental data could be achieved using the well model having 

5-6 fractures intersecting the borehole wall. A 3-D control volume finite 

element model which was consistent with the configuration of the well 

model could also fit much of the measured profile.  

• Through the analyses presented in this paper, we were able to identify the 

most important horizontal fractures for transporting aqueous contaminants 

to the observation wells.  

• Based on the models presented in this paper, it appears much more likely 

that aperture heterogeneity, as opposed to vertical fracture connections 

between horizontal fractures, is the most important factor in explaining 

observed tortuosity.  

• Non-uniqueness in model fits made it extremely difficult to constrain exact 

parameter values, such as the fracture aperture, for the different fractures. 

• Consistent with previous studies, only limited agreement between the 

transport-carrying fractures as determined from the present analysis and 

those that would be predicted from the results of constant head tests, are 

observed.  

• Overall, this study indicates that tracer experiments conducted in open 

boreholes with the use of a downhole fluorometer can provide useful 

information for large-scale transport. Because of the difficulty in 

interpreting breakthroughs at distances of over 100 m and because it was 

not possible to fit the entire profile using the control-volume finite element 
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model, this experimental setup may be best used in conjunction with other 

investigation techniques.  

In this study, the loss of solute with distance effectively limited the distances that 

could be studied to little more than 50 m. Larger scale experiments are still required to 

better understand transport at scales relevant to the field scale. Note that the source tracer 

concentration was limited to 150 mg/L. Increasing this value by an order of magnitude 

would be possible without introducing significant density effects and would significantly 

increase the potentially observable transport distance. Furthermore, as this study involved 

a forced-gradient tracer test, there are issues surrounding how representative the results are 

of the natural environment. For example, the importance of matrix diffusion was difficult 

to determine due to the high flow rate and short timeframe of the experiment. A natural 

gradient experiment would be required to make further conclusions on this subject.  
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Conclusions and Recommendations 

5.1 Conclusions and Contributions  

The aim of this research was to improve the current understanding of large-scale 

aqueous phase transport in fractured rock by identifying key properties governing transport 

in a sparsely fractured carbonate rock using a control volume finite element model. The 

numerical analysis was conducted by simulating two separate large-scale (> 100 m 

transport distance) tracer experiments, one conducted in an isolated discrete fracture 

feature, and the second conducted in a network of fractures over an approximately 15 m 

thickness of carbonate rock formation.  As a result of the work completed, the following 

conclusions have been made: 

1. By achieving fits to the measured data in both tracer experiments using the 

numerical model, it was possible to identify aperture heterogeneity as likely to 

be the most important factor in explaining tortuous transport in the sparsely 

fractured carbonate rock studied in this research.  Enhanced diffusion into the 

matrix because of zones of numerous, closely spaced, small aperture fractures 

could also play a role. Connections between horizontal fractures through 

vertical fractures were found to not be able to fully explain the experimental 

results. 

2. During the discrete-fracture experiment loss of dye was observed, especially at 

the most distant well, which had a breakthrough that occurred over of hundreds 

of hours. This is attributed to either a small degree of irreversible adsorption, 

horizontal or vertical spreading of the solute through the fracture network to 
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regions outside the measurement domain, photochemical decay, or 

biodegradation, or a combination of the above.   

3. In this research the most important horizontal fractures for transport in the upper 

carbonate unit were identified. The small number of fractures that contributed 

to flow and transport in the simulations corroborates previous research 

indicating that only a small percentage of fractures at a site will govern solute 

transport. The number of fractures and their positions were not seen to change 

significantly with scale of observation.  

4. While fits could be achieved to measured breakthrough curves using 

parameters, the predicted breakthrough curves from the discrete-fracture 

experiment indicate that the use of scaling parameters underestimate 

concentrations relative to simulations that represent heterogeneity physically in 

the model. Therefore, a contribution to the scientific literature made by Chapter 

2 is that caution should be used when employing scaling parameters to represent 

heterogeneity.   

5.  Non-uniqueness was an issue in simulating both experiments presented. 

Difficulty in distinguishing between different conceptual models was 

encountered when attempting to simulate the discrete fracture experiment.  

Multiple fits were found to be acceptable, even though multiple observation 

wells were used. Furthermore, constraining parameters using the measured 

breakthrough concentrations was not possible for either experiment as multiple 

combinations of values for the various parameters could produce almost 

identical results. While non-uniqueness has been observed in the literature 
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before, the work in this thesis is novel in that multiple different observation 

wells at increasing scales were used and issues with non-uniqueness were still 

encountered. This non-uniqueness should be considered when modelling solute 

transport at any site. This is especially the case in fractured rock because 

aperture heterogeneity and complex interconnections can create an enormous 

quantity of equally plausible fracture networks.  

6. The choice of method used to obtain individual fracture transmissivities from a 

bulk value measured in a constant head test has a significant impact on transport 

predictions. A contribution from Chapter 3 was that the uncertainty from this 

should be incorporated into discrete fracture network models. Of the four 

methods of assigning transmissivity examined in this thesis, none were the most 

suitable in every case; however, the error in apportioning transmissivities can 

be constrained by comparing the case in which a single fracture is used and the 

case in which transmissivity is evenly divided. It was determined that use of a 

lognormal or Pareto distribution to assign transmissivities did not provide any 

additional restriction on the range of breakthrough curves in any of the tested 

cases and thus was not found to be useful for partitioning bulk transmissivities.  

7. Overlap between the intervals used for constant head tests can create significant 

errors in estimating the true transmissivity of a section. The results of Chapter 

3 emphasize the need for additional hydraulic measurements beyond large-scale 

constant head tests to correctly identify the properties of individual fractures.   

8. Through the successful simulation of a tracer experiment conducted using open 

boreholes with a downhole fluorometer for concentration measurement, it was 
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possible to conclude that this method can be used to generate discrete fracture 

network models of the subsurface. This represents a novel finding as this type 

of data has not been previously used in simulating transport in fractured rock. 

Note that because of the difficulty in interpreting the breakthrough profile, 

especially at distances of over 100 m, this type of experiment may be best used 

alongside other investigation methods.  

The conclusions from this research provide a better understanding of some of the 

important properties to consider in investigating large-scale aqueous phase transport in 

fractured rock.  This research also provides an example of simulating tracer experiments 

conducted at distances of over 100 m. Experiments at these scales at sites with such 

tortuous flow and transport patterns are not widely apparent in the literature. Furthermore, 

experiments conducted using downhole fluorometers and open wells at scales of over 50 

m in fractured rock have not been published.  

 

5.2 Limitations and Recommendations for Future Research 

 While this research has provided further insights into transport in fractured rock, 

additional research is still needed in the following areas: 

1. The current research was limited to simulating two tracer experiments. While fits 

have been achieved and predictions at other locations can be made, these have not 

been tested against data at further distances. Additional experiments with different 

configurations or different solutes with different diffusion properties would be 

helpful in confirming the results presented herein.  
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2. While larger than many other similar experiments in the literature, the scales used 

in this research are still smaller than what is relevant to transport scales between 

source and receptor at most contaminated sites (many hundreds of metres or even 

kilometres). An area that still requires further research is applying the lessons 

learned from modelling experiments conducted at scales of 1-200 m to regional 

groundwater models in the context of risk assessment for contaminated sites.  

3. The tracer experiments were conducted using a forced gradient, which creates 

uncertainty regarding how representative the results are of the natural environment. 

An experiment conducted using natural gradients could be used to provide a better 

understanding of this, although it is recognised that this is an extremely difficult 

challenge, technically.   

4. Tracer loss was observed in the analysis of the longer duration tracer experiment in 

the discrete fracture. The cause of this was not fully explored and the possibility of 

degradation or retardation should be further examined. There is also a need for a 

better tracer having more range in detection for large-scale experiments. 

5. While this research noted the possible errors in measuring the transmissivity of the 

borehole due to overlap, it was not possible to quantify the precision more 

accurately. To determine how much of an impact overlap errors have, it could be 

beneficial to conduct multiple sets of constant head tests at the same scale using a 

single borehole.  

6. Clear breakthrough profiles were not observed in the wells at distances of greater 

than 100 m for the network scale tracer experiment (Chapter 4), making it difficult 

to distinguish a unique model that achieved a fit. Larger scale experiments are still 
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required to better demonstrate that these experiments can be modelled using 

discrete fracture network models at distances of hundreds of metres.  
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Appendices 

Appendix A: Hydrogeosphere Fits at Boreholes 55, 57, and 59 in the 

Single Fracture Experiment 

Included here are plots of the fits achieved at BH55 (A1), BH57 (A2), and BH59 

(A3) using the 4 conceptual models presented in Chapter 2 as well as fits produced from 

the use of an scaling matrix porosity and aperture. BH55 is 30.5 m from the injection well, 

BH57 is 20.4 m, and BH59 is 31.0 m. 

Figure A1 

Figure A2 
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Figure A3 
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Appendix B: Concentrations from the Different Methods of Dividing 

Transmissivity Observed at 50 m Distance for Cases 1 and 3 

The below plots show concentrations at 50 m from cases #1 (Figure B1) and #3 

(Figure B2). In the plots, A is the even division of transmissivity, B is the single fracture, 

C is lognormal, D is the results using a Pareto distribution.   
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Figure B1 

Figure B2 
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Appendix C: Concentrations from Four Simulations at 200 m Distance 

and with Increased Matrix Porosity 

The plots below display four representative different simulations selected randomly 

from Case #1. Each represents a different method of dividing transmissivity. The first plot 

presents the concentration profile at 20 m distance (Figure C1). At 200 m distance, the 

differences in concentration have not been eliminated and grow with time as the 

breakthrough profile develops (Figure C2). Finally, the last plot displays the same 

concentration profile as B1, except with matrix porosity set at 20 % and the tortuosity factor 

at 0.4 (Figure C3).  

 

 

 

 

 

 

 

 

 

Figure C1 
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Figure C2 

Figure C3 
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Appendix D: Comparison Between Analytical and Numerical Model at 

Distances of up to 250 m  

Figures A1 (100 m distance) and A2 (250 m) below show breakthrough curve 

comparisons between an analytical solution (Chen, 1985) and the control volume finite 

element model at two distances. Almost no difference can be seen between the curves at 

these distances. Therefore, the discretization used to construct the numerical model was 

deemed appropriate.  

Figure A1 
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Figure A2 
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Appendix E: Measured Concentration Profiles at Boreholes 58, 59, 70, 

71, and 73 

The below figures show the measured concentrations in the other five boreholes 

used in the experiment. These are profiles measured when lowering the fluorometer. The 

profile for 58 (Figure B1) is similar in shape to that observed at 56, albeit with lower 

concentrations. Even lower concentrations, with significant amounts of background 

fluctuation, were seen at boreholes 59 (Figure B2), 70 (Figure B3), 71 (Figure B4), and 73 

(Figure B5).   

Figure B1 
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Figure B2 
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Figure B3 

 

 

 

 



 

144 

 

 

Figure B4 
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Figure B5 
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Appendix F: Matlab Code for Finite Difference Model of Flow and 

Transport in a Well 

Flow: 
%This code solves steady 1-D flow in a well. Fluxes are user 

defined. Solves an equation of form Ax=B. Left and right are used 

to describe the boundaries, but as it is 1-D, this could also be 

up/down without any effect on the solutions.  

%Units everywhere are kg/m/s 

  

%%%%%%%%%%User defined parameters:  

deltax=0.1;   %Discretization 

domlength=15;  %Length of the domain. 

xlength=domlength+deltax;    %Number of nodes 

%NOTE: xlength/deltax needs to be an integer 

rs=0.05; %Radius of screen 

rc=rs; %Radius of casing 

rho=1000;  %Density  

g=9.80665;   %Gravitational acceleration constant 

visc=1.124e-3; %Viscosity 

Kw=((rs^2)*rho*g)/(8*visc); 

C1=(-pi*(rs^2)*Kw/(deltax^2));    

  

%%%%%Position variables calculated from above 

xnode=round(xlength/deltax); %Number of x nodes 

ynode=1; %No y component. Number of y nodes. 

numb=xnode*ynode; %number of nodes 

xpos=0:deltax:domlength;   %An array with all positions in it 

  

  

%%%%%Initial and boundary conditions: 

init=0; %Initial head condition. 

lbound=0;  %use c if constant, use the value of flux if flux. 

rbound=0; 

BCL=0; %Use 0 for this if boundary is a flux boundary. Value 

otherwise. This is constant boundary condition for left boundary. 

BCR=0; 

pointsource=1;    %This should be 0 if not wanting point source. 

1 otherwise.  

  

%Initial condition: 

L=1;          %Left boundary node 

R=numb;       %Right boundary node 

  

%Flow initial and boundary conditions (user defined): 

%Middle: 

x(1:numb,1)=init;        %Building zero time head matrix. 

  

%Boundaries: 

if lbound=='c'   %Left bound 
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x(L,1)=BCL; 

else %If not a constant head boundary, it is a flux boundary. 

This is just setting up initial heads.  

x(L,1)=init; 

end 

  

if rbound=='c'   %Right bound 

x(R,1)=BCR; 

else 

x(R,1)=init; 

end 

  

%Point source boundary condition   

if pointsource==1 

positionz=3.5; 

pointsourcenode=positionz/deltax+1;    

pointsourceh=15;   %Head at point source 

else %nothing 

end 

  

%%%%%Point Fluxes (user defined): 

%Net Node Flux term---User Defined 

q=zeros(numb, 1); 

fluxvals0m=-2*0.000005; %As an example, these are the values of 

flux at 0m point. 

fluxvals15m=-0.00005;  

fluxvals95m=0.00005; 

fluxvals12m=-0.0000005; 

fluxvals14m=0.000005+0.0000005; 

  

q(0/deltax+1,1)=fluxvals0m; %At 0m, flux is defined. Array 

position is height above base. 

q(1.5/deltax+1,1)=fluxvals15m;  

q(9.5/deltax+1,1)=fluxvals95m; 

q(12/deltax+1,1)=fluxvals12m; 

q(14/deltax+1,1)=fluxvals14m; 

 

 

%%%%%%%%Build 'A' matrix for flow: 

 %Middle: Setting the general case for the 'A' matrix where no 

boundaries. 

 for i=2:1:numb-1     

A(i,i)=-2*C1; 

A(i,i-1)=C1; 

A(i,i+1)=C1;      

 end 

  

%%Boundary condition in A matrix 

%Lbound 

  if lbound=='c' %First option is that it is constant value 

coundary. 
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      A(L,1:numb)=0;     %Resetting the row to 0 to overwrite the 

Middle above. 

      for z=1:xnode:numb 

      A(z,z)=1;          %Then setting new values for the 

coefficient matrix 

      end 

  else %Else it is flux. 

      A(L,1:numb)=0; 

      for z=1:xnode:numb 

      A(z,z)=-2*C1; %Currently just no flux boundary. 

      A(z,z+1)=2*C1; 

      end 

  end 

 

%Rbound 

  if rbound=='c' 

      A(R,1:numb)=0; 

      for z=xnode:xnode:numb 

      A(z,z)=1; 

      end 

  else  

      A(R,1:numb)=0; 

      for z=xnode:xnode:numb 

      A(z,z)=-2*C1;  

      A(z,z-1)=2*C1; 

      end 

  end 

   

 %Point source transport if constant or flux source  

 if pointsource==1 

 node=pointsourcenode; 

 A(node,1:numb)=0; 

 A(node,node)=1; 

 else 

 end 

  

  

%%%%%Build B matrix and solve for x 

if pointsource==1 

x(pointsourcenode,1)=pointsourceh; 

else 

    %skip this if not equal to 1. 

end 

  

for i=1:1:numb 

B(i,2)=x(i,1)+q(i,1);     %The previous value at the position. 

end 

x(1:numb,2)=A\B(1:numb,2); %Calculating x. 

  

  

  

%%%%%Velocity in the well. Vx array is final result.   
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 counting=0; 

 for i=1:1:numb 

     counting=counting+1; 

     ch1=counting==R; 

     ch2=counting==L; 

     ch3=100*sum(ch2)+sum(ch1); %The two will never occur 

together so I separate them by multiplying one by 100. 

     if ch3>=1 && ch3<100   %Right boundary. Reverse difference 

         vx(R,1)=-(Kw*((x(R,2)-x(R-1,2))./(deltax)));  %Left and 

right boundaries use forward and reverse difference respectively 

     elseif ch3>=100 %Left Boundary. Forward difference. 

             vx(L,1)=-(Kw*((x(L+1,2)-x(i,2))/(deltax))); 

     else %Rest of the nodes between boundaries. Center 

difference. 

         vx(i,1)=-(Kw*((x(i+1,2)-x(i-1,2))/(2*deltax)));  %I 

calculated velocities using center difference approach.  

     end 

 end 

  

  

  

Transport: 
%This code solves the 1-D solute transport well in a well using 

an implicit finite difference model (equation of form Ax=B). 

Velocities and fluxes are user defined. Units of m/s/kg 

  

%%%%%New user defined parameters:  

deltat=20;   %finaltime and all measured times need to be 

divisible by deltat currently. 

finaltime=510840;   %Time in seconds 

dispersivity=1.0;        %Longitudinal dispersivity.  

transdisp=dispersivity/10;   %Transverse dispersivity 

diff=5.556e-10;         %Free-water diffusion coefficient.  

  

%Extra spatial variables calculated from user defined parameters 

xnode=round(xlength/deltax); %Number of x nodes 

ynode=1; %No y component. Number of y nodes. 

numb=xnode*ynode; %number of nodes 

times=finaltime/deltat+1; %The +1 is for time=0, which will be 

for first column. 

  

 

%%%%%Initial and boundary conditions: 

initC=0; %Initial concentration condition. 

lboundc=0;  %use c if constant, use the value of flux if flux. 

rboundc=0; 

BCLC=0; %Use 0 for this if boundary is a flux boundary. Value 

otherwise. This is constant concentration boundary condition for 

left side. 

BCRC=0; 

ALLTIMES=[0:deltat:finaltime]'; %Array with all the times. 
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tstartc=1;    %This is the row in ALLTIMES that we will will 

enter C into the system. Default is 1 but could add later. 

pointsource=1;    %This should be 0 if not wanting point source. 

1 if I do want. 2 if I want a flux. 

  

%Creating point source that is variable in time.  

if pointsource==1 

    positionz=3.5; 

    pointsourcenode=positionz/deltax+1;   

    meastimes=[ 

0 

1440 

8640 

12780 

14700 

16740 

19080 

30240 

35460 

41280 

45480 

131760 

219600 

510840 

    ]; 

measconc=[ 

0 

0.035 

0.368 

1.011 

1.083 

1.27 

1.34 

0.892 

0.77 

0.656 

0.511 

0.059 

0.0285 

0.025   

]; 

measconc=measconc./1000;   %Converting mg/L to kg/m3 

pointsourceC=interp1(meastimes,measconc,ALLTIMES);     

else  

end 

  

%%Initial condition%%: 

L=1;         %Left boundary node 

R=numb;      %Right boundary node 

  

%%Initial concentration condition%%: 
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Conc(1:numb,1)=initC;    %Building zero time concentration 

matrix. 

  

  

%%%%%Velocity 

vx=importdata('velocities.txt');   %This is the velocities from 

flow model saved into a text file.  

 for i=1:1:numb 

    A3(i,1)=(vx(i,1)*deltat)/(2*deltax); 

    DW(i,1)=diff+(((rs^2*(vx(i,1))^2))/(48*diff)); 

    A2(i,1)=(DW(i,1)*deltat/(deltax^2)); 

 end 

  

  

 %%%%Node Flux term%%% 

 q=zeros(numb, times); %Predefining flux array 

  

 fluxtimes=[ 

0 

1440 

8640 

12780 

14700 

16740 

19080 

30240 

35460 

41280 

45480 

131760 

219600 

finaltime   

     ]; %These are the times at which flux changes 

  

  fluxvals0m=[ 

      0.0  

     -0.000000002 

     -0.000000014 

     -0.000000014 

     -0.00000001  

     -0.00000003 

     -0.00000001 

     -0.00000001 

     0.0   

     0.0 

     0.0 

     0 

     0.0 

     ]; 

   fluxvals15m=[ 

      0.00000000006  

     -0.00000001 
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     -0.00000007 

     -0.00000007 

     -0.00000005 

     -0.00000015 

     -0.00000008 

     -0.00000005 

     0.0   

     0.0 

     0.0 

     0 

     0.0 

     ]; 

fluxvals95m=[ 

     0.000000006    

     0.0 

     0.0000007      

     0.0000007     

     0.0000007     

     0.0000005 

     0.00000015        

     0.00000001          

     -0.0000002    

     -0.00000015  

     -0.000000001 

     -0.0000000008    

     -0.0000000008 

      ]; 

 fluxvals12m=[ 

      0.000000004  

      0  

      0      

      0      

      0 

      0  

     -0.000000008 

     -0.00000001 

     -0.000000008     

     -0.000000005   

     -0.0000000001 

     0 

     0 

     ]; 

  fluxvals14m=[ 

     0.000000004  

     0.000000005 

     0.00000005    

     0.00000005   

     0.00000007   

     0.00000006  

     0.00000005   

     0.00000003 
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     0.00000002  

     0.00000001 

     0.000000001 

     0.0000000008   

     0.0000000008 

     ]; 

  

 

count=1; 

curtime=0; 

for p=2:1:length(fluxtimes) 

 while curtime <fluxtimes(p) 

q(0/deltax+1,count)=fluxvals0m(p-1); 

q(1.5/deltax+1,count)=fluxvals15m(p-1); 

q(9.5/deltax+1,count)=fluxvals95m(p-1); 

q(12/deltax+1,count)=fluxvals12m(p-1); 

q(14/deltax+1,count)=fluxvals14m(p-1); 

count=count+1; 

curtime=ALLTIMES(count); 

 end 

end 

  

%%%%%%%%%%%%%%%%%%%%%%%%%% 

%%%%%Transport solution: 

%%%First setting up the A matrix 

  

for j=2:1:times 

  

%%%%%%Build A matrix for transport%%%%% 

A1=deltat/((pi*(rs)^2));  

A2=A2; %These are coefficients for 'A' matrix. Calculated 

alongside veloctiy. 

A3=A3;   %Calculated previously alongside the velocity. 

  

 %Middle: 

 for i=2:1:(numb-1) 

AA(i,i)=2*A2(i,1)+1; 

AA(i,i-1)=-A2(i,1)-A3(i,1); 

AA(i,i+1)=-A2(i,1)+A3(i,1);      

 end 

  

%Lbound 

  if lboundc=='c'    %Constant concentration 

      AA(L,1:numb)=0; 

      for z=1:xnode:numb 

      AA(z,z)=1; 

      end 

  else  %Else it is flux. 

      AA(L,1:numb)=0; 

      for z=1:xnode:numb 

      AA(z,z)=2*A2(z,1)-2*A3(z,1)+1;  

      AA(z,z+1)=-2*A2(z,1)+2*A3(z,1); 
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      end 

  end 

 %Rbound 

  if rboundc=='c' 

      AA(R,1:numb)=0; 

      for z=xnode:xnode:numb 

      AA(z,z)=1; 

      end 

  else  

      AA(R,1:numb)=0; 

      for z=xnode:xnode:numb 

      AA(z,z)=2*A2(z,1)+2*A3(z,1)+1;  

      AA(z,z-1)=-2*A2(z,1)-2*A3(z,1); 

      end 

  end 

   

 %Point source 

 if pointsource==1 

 node=pointsourcenode; 

 AA(node,1:numb)=0; 

 AA(node,node)=1; 

 else 

 end 

  

%%%%%Check of whether to begin transport solution 

if j>tstartc && j<tstartc+2    %Prevents it from setting initial 

conditions more than once.  

%Middle: 

Conc(1:numb,j-1)=initC;  

  

%Top and bottom Boundaries: 

if lboundc=='c' 

Conc(L,j-1)=BCLC; 

else 

Conc(L,j-1)=initC; 

end 

if rboundc=='c' 

Conc(R,j-1)=BCRC; 

else 

Conc(R,j-1)=initC; 

end 

else 

 Conc(1:numb,j)=initC;  

end 

  

%Point source concentrations. Want to do this at every time step. 

if pointsource==1 

Conc(pointsourcenode,j-1)=pointsourceC(j-1); 

else 

end 
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%%%%%Run through solution for concentration. 

if j>tstartc 

for i=1:1:numb 

 BB(i,j)=Conc(i,j-1)+A1*q(i,j);     %The previous value at the 

position. 

end 

Conc(1:numb,j)=AA\BB(1:numb,j); %Calculating concentration. 

else  

end 

end 

  

%End of transport solution 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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Appendix G: Hydrogeosphere Input Files for Several Representative 

Models 

Three sets of Hydrogeosphere input files (one for each body chapter) are included 

here as representatives of the simulations in each chapter. While the numerous variations 

for each model cannot be included in this appendix, each of those can be produced using 

these files as a starting point. The grok file represents the primary input file for the 

simulation, with mprops, fprops, and wprops providing media, fracture, and well 

properties, respectively, to the grok file.  

 

Chapter 2: Initial attempt at fit using a single fracture (Figure 2.5) 

Grok: 

!--------------------------  Grid generation 

generate blocks interactive 

 

Grade x 

200.0  0.0  0.5  10.0  100.0           

Grade x 

250.0  200.0  0.05  10.0  0.5            

Grade x 

250.0  300.0  0.05  10.0  0.5 

Grade x 

300.0  500.0  0.5  10.0  100.0 

 

Grade y 

200.0  0.0  0.5  10.0  100.0           

Grade y 

250.0  200.0  0.05  10.0  0.5            

Grade y 

250.0  400.0  0.05  10.0  0.5 

Grade y 

400.0  500.0  0.5  10.0  100.0 

  

Grade z 

0.05  0.0  0.001  2.0  0.5 

Grade z 

0.05  0.15  0.001  2.0  0.5 
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Grade z 

0.25 0.15 0.001 2.0 0.5 

Grade z 

0.25 0.5 0.001 2.0 0.5 

end  

end  

 

!--------------------------  General simulation parameters 

units: kilogram-metre-second 

 

!--------------------------  Porous media properties 

use domain type 

porous media 

properties file 

Media.mprops 

clear chosen elements 

choose elements all 

new zone 

1 

clear chosen zones 

choose zone number 

1 

read properties 

Upper Eramosa 

 

!_______________________ fracture media properties 

use domain type 

fracture 

properties file 

Fracture.fprops 

clear chosen faces 

choose faces z plane 

0.25 

1.0d-9 

new zone 

1 

clear chosen zones 

choose zone number 

1 

read properties 
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fracture1 

!--------------------------  Porous media flow 

choose nodes all 

initial head 

0.0 

clear chosen nodes 

choose nodes y plane 

0.0 

0.4 

create node set 

inflow 

echo on 

boundary condition 

    type 

    head 

 

    node set 

    inflow 

    time value table 

    0.0 0.05 

    end 

end  

 

clear chosen nodes 

choose nodes y plane 

500 

0.4 

create node set 

y2 

echo on 

boundary condition 

    type 

    head 

    node set 

    y2 

    time value table 

    0.0 0.0 

    end 

end  
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!--------------------------  Injection well properties 

use domain type 

well 

properties file 

Well.wprops 

clear chosen segments 

choose segments polyline 

2 

250.0  250.0  0.0 

250.0  250.0  0.5 

new zone 

1 

clear chosen zones 

choose zone number 

1 

read properties 

BH56 

clear chosen nodes 

choose node 

250.0  250.0  0.0 

create node set 

pump 

boundary condition 

type 

flux nodal 

name 

pump 

node set 

pump 

time value table 

0.0 0.0000683 

end 

end 

 

!--------------------------  Solute Transport 

do transport 

Solute 

name 

Lissamine 

free-solution diffusion coefficient 
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5.556e-10 

end solute  

use domain type 

porous media 

clear chosen nodes 

choose node 

250.  250. 0.25 

specified concentration 

6 

0.0 150.0 1.0 

150.0 157.7 0.3 

157.7 214.2 0.15 

214.2 340.6 0.075 

340.6 630.0 0.0325 

630.0 1.0e9 0.0 

 

!--------------------------  Timestep controls 

initial time 

0.0 

 

output times 

0 

10 

20 

40 

60 

80 

100 

120 

140 

150 

1000 

5000 

10000 

20000 

30000 

40000 

50000 

60000 

70000 
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80000 

90000 

100000 

120000 

140000 

160000 

180000 

200000 

240000 

280000 

320000 

360000 

400000 

420000 

440000 

460000 

480000 

500000 

520000 

540000 

560000 

580000 

600000 

640000 

680000 

720000 

760000 

800000 

840000 

880000 

920000 

960000 

1000000 

1100000 

1200000 

1300000 

1400000 

1500000 

1600000 

1700000 
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1800000 

1900000 

2000000 

2100000 

2200000 

2300000 

2400000 

2500000 

2600000 

2700000 

2800000 

2900000 

3000000 

end 

 

!--------------------------  Output 

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 

 

Make observation point 

BH58 

247.8  288.3  0.25 

 

Make observation point 

BH59 

242.9  280.2  0.25 

 

Make observation point 

BH64 

240.8 375.9 0.25 
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Mprops: 

Upper Eramosa 

k isotropic 

1e-08 

bulk density 

2570 

porosity 

0.067 

longitudinal dispersivity 

4.0 

transverse dispersivity 

0.4 

vertical transverse dispersivity 

0.4 

tortuosity 

0.1 

end material 

 

Fprops: 

Fracture1 

aperture           

0.0007 

longitudinal dispersivity 

4.0 

transverse dispersivity 

0.4 

end material 

 

Wprops: 

BH56 

radius 

0.05 

End 

 

 

Chapter 3: DFN model produced from 0.5 m interval experiments with vertical 

fractures removed 

Grok: 

!--------------------------  Grid generation 
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generate blocks interactive 

 

Grade x  

150.000000 0.000000 0.700000 5.000000 5.000000  

Grade x  

250.000000 150.000000 0.070000 5.000000 0.700000  

Grade x  

250.000000 350.000000 0.070000 5.000000 0.700000  

Grade x  

350.000000 500.000000 0.700000 5.000000 5.000000  

   

Grade y  

0.000000 400.100000 0.070000 5.000000 0.700000  

Grade y  

400.100000 500.000000 0.700000 5.000000 5.000000  

   

Grade z  

2.900000 0.000000 0.000700 2.000000 0.500000  

Grade z  

2.900000 3.465000 0.000700 2.000000 0.500000  

Grade z  

4.030000 3.465000 0.000700 2.000000 0.500000  

Grade z  

4.030000 5.105000 0.000700 2.000000 0.500000  

Grade z  

6.180000 5.105000 0.000700 2.000000 0.500000  

Grade z  

6.180000 6.360000 0.000700 2.000000 0.500000  

Grade z  

6.540000 6.360000 0.000700 2.000000 0.500000  

Grade z  

6.540000 7.370000 0.000700 2.000000 0.500000  

Grade z  

8.200000 7.370000 0.000700 2.000000 0.500000  

Grade z  

8.200000 10.290000 0.000700 2.000000 0.500000  

end  

end  

 

!--------------------------  General simulation parameters 
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units: kilogram-metre-second 

 

!--------------------------  Porous media properties 

use domain type 

porous media 

properties file 

Media.mprops 

clear chosen elements 

choose elements all 

new zone 

1 

clear chosen zones 

choose zone number 

1 

read properties 

Upper Eramosa 

 

!_______________________ fracture media properties 

use domain type  

fracture  

properties file  

Fracture.fprops  

clear chosen faces  

choose faces block  

0.000000 500.000000  

0.000000 500.000000  

2.900000 2.900000    

new zone  

1  

clear chosen zones  

choose zone number  

1  

read properties  

fracture1  

!--------------------------------------------  

use domain type  

fracture  

properties file  

Fracture.fprops  

clear chosen faces  
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choose faces block  

0.000000 500.000000  

0.000000 500.000000  

4.030000 4.030000   

new zone  

2 

clear chosen zones  

choose zone number  

2 

read properties  

fracture2 

!--------------------------------------------  

use domain type  

fracture  

properties file  

Fracture.fprops  

clear chosen faces  

choose faces block  

0.000000 500.000000  

0.000000 500.000000  

6.180000 6.180000  

new zone  

3 

clear chosen zones  

choose zone number  

3 

read properties  

fracture3  

!--------------------------------------------  

use domain type  

fracture  

properties file  

Fracture.fprops  

clear chosen faces  

choose faces block  

0.000000 500.000000  

0.000000 500.000000  

6.540000 6.540000  

new zone  

4 
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clear chosen zones  

choose zone number  

4  

read properties  

fracture4 

!------------------------------------------  

use domain type  

fracture  

properties file  

Fracture.fprops  

clear chosen faces  

choose faces block  

0.000000 500.000000  

0.000000 500.000000  

8.200000 8.200000  

new zone  

5 

clear chosen zones  

choose zone number  

5 

read properties  

fracture5 

   

!--------------------------  Porous media flow 

choose nodes all 

initial head 

10.29 

 

!----Input boundary 

clear chosen nodes  

choose nodes y plane 

0.0 

1.e-5 

create node set 

inflow 

boundary condition 

    type 

    head 

    node set 

    inflow 
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    time value table 

    0.0 10.34 

    end 

end 

 

!------Outflow boundary 

clear chosen nodes 

choose nodes y plane 

500.0 

1.e-5 

create node set 

outflow 

boundary condition 

    type 

    head 

    node set 

    outflow 

    time value table 

    0.0 10.29 

    end 

end 

 

!-----Other boundaries 

clear chosen nodes 

choose nodes x plane 

0.0 

1.e-5 

choose nodes x plane 

500.0 

1.e-5 

create face set 

fluxb 

boundary condition 

type 

flux 

face set 

fluxb 

time value table 

0.0  0.0 

end 
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end 

 

!--------------------------  Solute Transport 

do transport 

Solute 

name 

Lissamine 

free-solution diffusion coefficient 

5.556e-10 

end solute  

use domain type 

porous media 

 

clear chosen nodes 

choose nodes block 

0.0 500.0 

0.0 0.0 

0.0 10.29 

specified concentration 

1 

0.0 1.0e19 1.0 

 

!--------------------------  Timestep controls 

initial time 

0.0 

 

output times 

0 

10 

20 

40 

60 

80 

100 

120 

140 

150 

1000 

5000 

10000 
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20000 

30000 

40000 

50000 

60000 

70000 

80000 

90000 

100000 

120000 

140000 

160000 

180000 

200000 

240000 

280000 

320000 

360000 

400000 

420000 

440000 

460000 

480000 

500000 

520000 

540000 

560000 

580000 

600000 

640000 

680000 

720000 

760000 

800000 

840000 

880000 

920000 

960000 

1000000 

1200000 
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1400000 

1600000 

1800000 

2000000 

2200000 

2400000 

2600000 

2800000 

3000000 

3200000 

3400000 

3600000 

3800000 

4000000 

4200000 

4400000 

4600000 

4800000 

5000000 

5200000 

5400000 

5600000 

5800000 

6000000 

6200000 

6400000 

6600000 

6800000 

7000000 

7200000 

7400000 

7600000 

7800000 

8000000 

8200000 

8400000 

8600000 

8800000 

9000000 

9200000 
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9400000 

9600000 

9800000 

10000000 

end 

 

!--------------------------  Output 

Make observation point 

BH2 

250.0  20.0  2.90 

 

Make observation point 

BH3 

250.0  20.0  4.03 

 

Make observation point 

BH4 

250.0  20.0  6.18 

 

Make observation point 

BH5 

250.0  20.0  6.54 

 

Make observation point 

BH6 

250.0  20.0  8.20 

 

Make observation point 

BH7 

250.0 50.0 2.90 

 

Make observation point 

BH8 

250.0  50.0  4.03 

 

Make observation point 

BH9 

250.0  50.0  6.18 

 

Make observation point 
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BH10 

250.0  50.0  6.54 

 

Make observation point 

BH11 

250.0  50.0  8.20 

 

Mprops: 

Upper Eramosa 

k isotropic 

1e-08 

bulk density 

2570 

porosity 

0.07 

longitudinal dispersivity 

1.0 

transverse dispersivity 

0.1 

vertical transverse dispersivity 

0.01 

tortuosity 

0.1 

end material 

 

Fprops: 

fracture1  

aperture  

0.000642 

longitudinal dispersivity  

1.000000  

transverse dispersivity  

0.100000  

end material  

!--------------------------------------------  

fracture2  

aperture  

0.000124 

longitudinal dispersivity  

1.000000  
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transverse dispersivity  

0.100000  

end material  

!--------------------------------------------  

fracture3  

aperture  

0.000143  

longitudinal dispersivity  

1.000000  

 transverse dispersivity  

0.100000  

end material  

 !--------------------------------------------  

fracture4 

 aperture  

0.000928 

longitudinal dispersivity  

1.000000  

   

transverse dispersivity  

0.100000  

end material  

!--------------------------------------------  

fracture5 

 aperture  

0.000577  

longitudinal dispersivity  

1.000000  

transverse dispersivity  

0.100000  

end material  

 

 

Chapter 4: Closest Hydrogeosphere fit to the measured data in the open borehole 

tracer experiment (See Figure 4.8) 

Grok: 

!--------------------------  Grid generation 

generate blocks interactive 

Grade x 
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320.0  0.0  0.5  10.0  100.0           

Grade x 

350.0  320.0  0.1  10.0  1.0            

Grade x 

350.0  450.0  0.1  10.0  1.0 

Grade x 

450.0  700.0  0.5  10.0  100.0 

 

Grade y 

310.0  0.0  0.5  10.0  100.0           

Grade y 

350.0  310.0  0.1  10.0  1.0            

Grade y 

350.0  600.0  0.1  10.0  1.0 

Grade y 

600.0  700.0  0.5  10.0  100.0 

  

Grade z 

0.0  0.0  0.001  2.0  0.5 

Grade z 

0.0  0.75  0.001  2.0  0.5 

Grade z 

1.5  0.75  0.001  2.0  0.5 

Grade z 

1.5  1.75  0.001  2.0  0.5 

Grade z 

2.0  1.75  0.001  2.0  0.5 

Grade z 

2.0  2.5  0.001  2.0  0.5 

Grade z 

3.5  2.5  0.001  2.0  0.5 

Grade z 

3.5  6.5  0.001  2.0  0.5 

Grade z 

9.5  6.5  0.001  2.0  0.5 

Grade z 

9.5  10.75  0.001  2.0  0.5 

Grade z 

12.0  10.75  0.001  2.0  0.5 

Grade z 
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12.0  12.5  0.001  2.0  0.5 

Grade z 

13.0  12.5  0.001  2.0  0.5 

Grade z 

13.0  13.5  0.001  2.0  0.5 

Grade z 

14.0  13.5  0.001  2.0  0.5 

Grade z 

14.0  15.0  0.001  2.0  0.5 

end  

end  

 

!--------------------------  General simulation parameters 

units: kilogram-metre-second 

 

!--------------------------  Porous media properties 

use domain type 

porous media 

properties file 

Media.mprops 

 

clear chosen elements 

choose elements all 

new zone 

1 

clear chosen zones 

choose zone number 

1 

read properties 

Upper Eramosa 

 

!-----------------------Impermeable 

use domain type 

porous media 

properties file 

Media.mprops 

clear chosen elements 

choose elements block 

349.5 350.5 

349.5 350.5 
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0.0 2.0 

choose elements block 

349.5 350.5 

349.5 350.5 

13.0 15.0 

new zone 

2 

clear chosen zones 

choose zone number 

2 

read properties 

Imperm 

 

!_______________________ fracture media properties 

use domain type 

fracture 

properties file 

Fracture.fprops 

clear chosen faces 

choose faces z plane 

3.5 

1.0d-9 

new zone 

1 

clear chosen zones 

choose zone number 

1 

read properties 

fracture1 

!------------------------- 

use domain type 

fracture 

properties file 

Fracture.fprops 

 

clear chosen faces 

choose faces z plane 

9.5 

1.0d-9 

new zone 
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2 

clear chosen zones 

choose zone number 

2 

read properties 

fracture2 

!-------------------------- 

use domain type 

fracture 

properties file 

Fracture.fprops 

clear chosen faces 

choose faces z plane 

12.0 

1.0d-9 

new zone 

3 

clear chosen zones 

choose zone number 

3 

read properties 

fracture3 

!-------------------------- 

use domain type 

fracture 

properties file 

Fracture.fprops 

clear chosen faces 

choose faces block 

0.0 700.0  

0.0 400.0  

14.0 14.0 

new zone 

4 

clear chosen zones 

choose zone number 

4 

read properties 

fracture4 

!-------------------------- 



 

179 

 

use domain type 

fracture 

properties file 

Fracture.fprops 

clear chosen faces 

choose faces block 

0.0 700.0  

400.0 700.0  

14.0 14.0 

new zone 

5 

clear chosen zones 

choose zone number 

5 

read properties 

fracture5 

!-------------------------- 

use domain type 

fracture 

properties file 

Fracture.fprops 

clear chosen faces 

choose faces z plane 

1.5 

1.0d-9 

new zone 

6 

clear chosen zones 

choose zone number 

6 

read properties 

fracture6 

!------------------------- 

use domain type 

fracture 

properties file 

Fracture.fprops 

clear chosen faces 

choose faces z plane 

0.0 
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1.0d-9 

new zone 

7 

clear chosen zones 

choose zone number 

7 

read properties 

fracture7 

 

!--------------------------  Porous media flow 

choose nodes all 

initial head 

15.0 

clear chosen nodes 

choose nodes y plane 

0.0 

0.4 

create node set 

inflow 

boundary condition 

    type 

    head 

 

    node set 

    inflow 

    time value table 

    0.0 15.07 

    end 

end  

 

clear chosen nodes 

choose nodes y plane 

700 

0.4 

create node set 

y2 

boundary condition 

    type 

    head 

    node set 
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    y2 

    time value table 

    0.0 15.0 

    end  

end  

!------------------------- No flow 

clear chosen faces 

clear chosen nodes 

choose nodes x plane 

0.0 

0.4 

choose nodes x plane 

700.0 

0.4 

choose nodes z plane 

15.0 

1.0e-5 

choose nodes z plane 

0.0 

1.0e-5 

create face set 

fluxb 

boundary condition 

type 

flux 

face set 

fluxb 

time value table 

0.0  0.0 

end 

end 

!--------------------------  Well properties 

use domain type 

well 

properties file 

Well.wprops 

 

!-----55 

clear chosen segments 

choose segments polyline 
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2 

363.0  414.0  0.0 

363.0  414.0  15.0 

!-----56 

choose segments polyline 

2 

387.0  391.0  0.0 

387.0  391.0  15.0 

!-----57 

choose segments polyline 

2 

387.0  410.0  0.0 

387.0  410.0  15.0 

!-----58 

choose segments polyline 

2 

383.0  427.0  0.0 

383.0  427.0  15.0 

!-----59 

choose segments polyline 

2 

372.0  428.0  0.0 

372.0  428.0  15.0 

 

!-----64 

choose segments polyline 

2 

370.0  516.0  0.0 

370.0  516.0  15.0 

!-----70 

choose segments polyline 

2 

412.0  478.0  0.0 

412.0  478.0  15.0 

!-----71 

choose segments polyline 

2 

436.0  579.0  0.0 

436.0  579.0  15.0 

!-----73 
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choose segments polyline 

2 

390.0  459.0  0.0 

390.0  459.0  15.0 

new zone 

1 

clear chosen zones 

choose zone number 

1 

read properties 

obswells1 

clear chosen nodes 

choose node 

363.0  414.0  15.0 

choose node 

387.0  391.0  15.0 

choose node 

387.0  410.0  15.0 

choose node 

383.0  427.0  15.0 

choose node 

372.0  428.0  15.0 

choose node 

370.0  516.0  15.0 

choose node 

412.0  478.0  15.0 

choose node 

436.0  579.0  15.0 

choose node 

390.0  459.0  15.0 

create node set 

obs 

boundary condition 

type 

flux nodal 

name 

obs 

node set 

obs 

time value table 
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0.0 0.0 

end 

end 

!-------------------------------------------------- 

use domain type 

well 

properties file 

Well.wprops 

!-----72 

clear chosen segments 

choose segments polyline 

2 

350.0  350.0  2.0 

350.0  350.0  13.0 

new zone 

2 

clear chosen zones 

choose zone number 

2 

read properties 

pump1 

clear chosen nodes 

choose node 

350.0  350.0  13.0 

create node set 

inject 

boundary condition 

type 

flux nodal 

name 

inject 

node set 

inject 

time value table 

0.0 0.001533 

end 

end 

 

!--------------------------  Solute Transport 

do transport 
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Solute 

name 

Lissamine 

free-solution diffusion coefficient 

5.556e-10 

end solute  

use domain type 

porous media 

!----assuming uniform concentration in injection well 

clear chosen nodes 

choose nodes block 

350 350 

350 350 

2.0 13.0 

specified concentration 

2 

0.0 1140 0.150 

1140.0 1.0e9 0.0 

 

!--------------------------  Timestep controls 

initial time 

0.0 

 

output times 

0 

10 

20 

40 

60 

80 

100 

120 

140 

150 

1000 

1440 

1980 

2400 

2640 

3000 
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3480 

3600 

7200 

8640 

10800 

12780 

14400 

14700 

15300 

16740 

18000 

19080 

21600 

25200 

25320 

28800 

30240 

31320 

32400 

35460 

36000 

36180 

36600 

39600 

41280 

41880 

43200 

45480 

46800 

50400 

54000 

57600 

61200 

64800 

68400 

70620 

71100 

72000 

75600 

79200 
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80640 

82800 

86400 

90000 

93600 

96720 

97200 

100800 

104400 

107460 

108000 

111600 

115200 

118800 

121380 

122400 

126000 

129600 

131760 

133200 

136800 

140400 

143280 

144000 

147600 

151200 

154800 

158400 

162000 

165600 

165840 

169200 

172800 

176400 

177840 

180000 

187200 

189300 

194400 

201600 
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203640 

204660 

208800 

216000 

219600 

220020 

220680 

223200 

230400 

237480 

237600 

244800 

246540 

252000 

258000 

259200 

266400 

273600 

280800 

288000 

295200 

302400 

309600 

316800 

324000 

331200 

338400 

345600 

352800 

360000 

378000 

396000 

414000 

432000 

450000 

468000 

486000 

504000 

510840 

511500 
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512100 

512580 

522000 

540000 

576000 

612000 

648000 

666420 

667140 

668220 

669480 

684000 

710880 

720000 

end 

!--------------------------  Output 

!----56 

Make observation point 

BH56@0mh 

387.0  391.0  0.0 

 

Make observation point 

BH56@0_5mh 

387.0  391.0  0.5 

 

Make observation point 

BH56@1mh 

387.0  391.0  1.0 

 

Make observation point 

BH56@1_5mh 

387.0  391.0  1.5 

 

Make observation point 

BH56@2mh 

387.0  391.0  2.0 

 

Make observation point 

BH56@2_5mh 

387.0  391.0  2.5 
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Make observation point 

BH56@3mh 

387.0  391.0  3.0 

 

Make observation point 

BH56@3_5mh 

387.0  391.0  3.5 

 

Make observation point 

BH56@4mh 

387.0  391.0  4.0 

 

Make observation point 

BH56@4_5mh 

387.0  391.0  4.5 

 

Make observation point 

BH56@5mh 

387.0  391.0  5.0 

 

Make observation point 

BH56@5_5mh 

387.0  391.0  5.5 

 

Make observation point 

BH56@6mh 

387.0  391.0  6.0 

 

Make observation point 

BH56@6_5mh 

387.0  391.0  6.5 

 

Make observation point 

BH56@7mh 

387.0  391.0  7.0 

 

Make observation point 

BH56@7_5mh 

387.0  391.0  7.5 



 

191 

 

 

Make observation point 

BH56@8mh 

387.0  391.0  8.0 

 

Make observation point 

BH56@8_5mh 

387.0  391.0  8.5 

 

Make observation point 

BH56@9mh 

387.0  391.0  9.0 

 

Make observation point 

BH56@9_5mh 

387.0  391.0  9.5 

 

Make observation point 

BH56@10mh 

387.0  391.0  10.0 

 

Make observation point 

BH56@10_5mh 

387.0  391.0  10.5 

 

Make observation point 

BH56@11mh 

387.0  391.0  11.0 

 

Make observation point 

BH56@11_5mh 

387.0  391.0  11.5 

 

Make observation point 

BH56@12mh 

387.0  391.0  12.0 

 

Make observation point 

BH56@12_5mh 

387.0  391.0  12.5 
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Make observation point 

BH56@13mh 

387.0  391.0  13.0 

 

Make observation point 

BH56@13_5mh 

387.0  391.0  13.5 

 

Make observation point 

BH56@14mh 

387.0  391.0  14.0 

 

Make observation point 

BH56@14_5mh 

387.0  391.0  14.5 

 

Make observation point 

BH56@15mh 

387.0  391.0  15.0 

 

Mprops: 

Upper Eramosa 

k isotropic 

1.0000000e-008 

bulk density 

2570 

porosity 

0.067 

longitudinal dispersivity 

5.0 

transverse dispersivity 

0.5 

vertical transverse dispersivity 

0.05 

tortuosity 

0.1 

end material 

!---------------------------------- 

Imperm 
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k isotropic 

1.0000000e-020 

bulk density 

2570 

porosity 

0.000000001 

longitudinal dispersivity 

0.00001 

transverse dispersivity 

0.0000001 

vertical transverse dispersivity 

0.00000001 

tortuosity 

0.00001 

end material 

 

Fprops: 

fracture1 

aperture           

6.5000000e-004 

longitudinal dispersivity 

5.0 

transverse dispersivity 

0.5 

end material 

!-------------------------------------- 

fracture2 

aperture           

5.5000000e-004 

longitudinal dispersivity 

5.0 

transverse dispersivity 

0.5 

end material 

!-------------------------------------- 

fracture3 

aperture           

7.0000000e-004 

longitudinal dispersivity 

5.0 
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transverse dispersivity 

0.5 

end material 

!-------------------------------------- 

fracture4 

aperture           

7.0000000e-004 

longitudinal dispersivity 

5.0 

transverse dispersivity 

0.5 

end material 

!-------------------------------------- 

fracture5 

aperture           

9.0000000e-004 

longitudinal dispersivity 

5.0 

transverse dispersivity 

0.5 

end material 

!-------------------------------------- 

fracture6 

aperture           

1.1000000e-003 

longitudinal dispersivity 

5.0 

transverse dispersivity 

0.5 

end material 

!-------------------------------------- 

fracture7 

aperture           

7.0000000e-004 

longitudinal dispersivity 

5.0 

transverse dispersivity 

0.5 

end material 
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Wprops: 

obswells1 

radius 

0.05 

end 

!---------------------- 

pump1 

radius 

0.05 

end 
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Appendix H: Complete Eramosa Constant Head Test Results  
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