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Abstract 

Two tracer experiments were conducted in a highly-transmissive discrete rock fracture to explore the 

transport properties of solute and heat, and the influence of fracture heterogeneities. The experiments 

were conducted between two boreholes located approximately 10 m apart in a granitic gneiss. The 

discrete fracture used for the experiments was identified from prior pulse interference testing and 

geophysical logging. Test sections were minimized in both boreholes to isolate the discrete feature. Heat 

and solute tracers were applied simultaneously in the same divergent flow field developed by injecting 

water (6-10 Lpm). Both solute and thermal breakthrough were observed with peak arrival within ½ hour 

for solute and within two hours for heat. Based on the analytical analysis of pulse interference tests that 

were conducted prior to the experiments (in the same test section), hydraulic conditions measured during 

the experiments, and the results of the solute breakthroughs, a complicated fracture geometry with 

channelized flow was suggested. Numerical analysis conducted with uniform aperture and a radial flow 

field did not fit either of the tracers, so variable aperture configurations were investigated. Channelized 

flow fields with variable aperture provided reasonable fits for both solute and heat breakthrough curves. 

The tracers, however, were fit using different fracture geometry. The best fit for the heat tracer was 

achieved using a 0.2 m-wide channel with a 4.0 mm aperture and an unrealistic matrix thermal 

conductivity of 28 W/mK. The best fit for the solute tracer was achieved using a 5 m-wide channel, 1.4 

mm aperture and a longitudinal dispersivity of 1 m. Both fits were achieved with similar hydraulic head 

rises to those measured during the field experiments. The substantial difference in flow geometry, and the 

need to use an unrealistic thermal conductivity is not easily attributed to any known feature of the flow 

system. 
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Chapter 1 

Introduction 

A greater understanding of heat transport in the subsurface is important for applications in 

thermal remediation, geothermal energy, and nuclear waste storage. Thermal remediation is an in-

situ remediation technique used for the cleanup of contaminated sites (ie: Kuppusamy et al., 

2017; Vidonish et al., 2016). A thorough understanding of the hydraulic and thermal properties of 

the subsurface, and the migration of heat is important for designing the most effective thermal 

remediation strategy to optimize the cleanup of contaminants (Baston & Kueper, 2009; Chen et 

al., 2015). The migration of thermal energy in the subsurface, and how it is influenced by 

groundwater movement, is also of interest for geothermal applications (Dehkordi et al., 2015; 

Dehkordi & Schincariol, 2014), in order to understand the location of the thermal front and the 

plume developed by heat exchange systems. Therefore, understanding heat migration assists in 

designing and implementing the most effective geothermal/energy exchange system. Studies have 

been conducted which evaluate the thermal properties and ability of materials to transport heat 

from heat-generating nuclear waste repositories (Ballarini et al., 2017; Gens et al., 2009). Heat 

migration is an important aspect of repository design as it informs the location and the layout of 

the repository (Sundberg et al., 2009). Pruess et al. (2002) investigated fluid flow and both heat 

and solute transport at a repository where leakage had occurred, highlighting the importance of 

understanding a variety of subsurface characteristics in settings where nuclear waste will be 

stored. 

 

One method to assist in the characterization of both hydraulic and thermal parameters of the 

subsurface is the application of tracers. Tracers are used in practice to better understand solute 

transport and to determine aquifer or fracture characteristics in a groundwater system. Tracer 



 

2 

 

experiments have been applied at both the local and regional scale with success (Cady et al., 

1993; Constantz et al., 2003; Lapcevic et al., 1999; Nordqvist et al., 2012; Wagner et al., 2014).  

Solute transport is quite robustly understood and extensively studied as tracers are frequently 

used in fractured rock field settings (Becker & Shapiro, 2000; Berkowitz, 2002; Bradbury & 

Muldoon, 1992; Cady et al., 1993; Dorn et al., 2012; Novakowski et al., 2004). In fractures, 

solute tracers provide a method to confidently determine connectivity and explore flow pathways.  

 

Heat has also been used as a tracer in both porous media and fractured rock systems (Anderson, 

2005; Leaf et al., 2012; Rau et al., 2014). Heat tracers can be used to characterize system 

hydraulics (Engelhardt et al., 2011; Rau et al., 2014; Saar, 2011) or to better understand thermal 

properties and thermal energy migration (Vandenbohede et al., 2011). Although simultaneous 

heat and solute transport has been explored in porous media settings (Vandenbohede et al., 2009), 

there is a lack of experiments conducted using the two tracers simultaneously under controlled 

conditions in fractured rock groundwater systems at the field scale. 

 

Solute diffusion in the matrix is analogous to heat conduction. However, these two processes 

occur at significantly different rates: heat conduction is a more rapid process than solute diffusion 

by several orders of magnitude (Read et al., 2013). Conduction and diffusion rates are impacted 

by the concentration/temperature gradient and the matrix conductivity/diffusion values. As heat 

conducts through the matrix at a higher rate than solute diffuses, recent studies suggest that 

conduction must be accounted for two dimensionally, thus accounting for heat migration both in 

the direction perpendicular and parallel to the fracture (Bou Jaoude et al., 2018; Martínez et al., 

2014; Yang, 2016). As solute diffuses at a much lower rate – it does not diffuse far into the 

matrix and therefore, matrix diffusion of solute during transport can be reasonably approximated 

to be one dimensional (Chen, 1985). The transport mechanisms of matrix diffusion and 
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conduction are illustrated in Figure 1. This difference in behaviour impacts tracer interaction with 

points of closure in a fracture as the high rate of conduction would allow a heat tracer to travel 

through this point however a solute would have to travel around the closure. 

 

Figure 1:  Matrix diffusion, a mechanism of solute transport, is reasonably 

approximated to be one-dimensional. Heat conduction, a mechanism of 

thermal energy transport, must be accounted for two-dimensionally as it 

occurs at a higher rate than solute diffusion and therefore is a more 

important transport mechanism which cannot be approximated to be one-

dimensional as its’ higher rate creates conduction of heat in the direction 

parallel to the fracture, through the matrix. Whereas for solute the 

relatively slow process of matrix diffusion will not cause a significant 

amount of transport in the direction parallel to the fracture through the 

matrix and this is why it can be approximated as one-dimensional. 

 

Bench-scale heat tracer experiments have deepened the understanding of heat transport and the 

relative impact matrix conduction (heat) and matrix diffusion (solute) have on tracer transport 

(Cherubini et al., 2017; Pastore et al., 2015). Pastore et al. (2015) conducted a heat tracer 

experiment in a lab sample fracture that had previously been used to look at solute tracers and 

observed that heat exhibited a higher residence time than solute.  
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Fractures are often approximated as parallel plates, however in nature they include 

heterogeneities (refer to Figure 2). Variability in aperture, caused by fracture heterogeneity 

creates points of closure which can cause flow channeling and preferential pathways throughout a 

discrete fracture, illustrated in Figure 3 (Guo et al., 2016; Lapcevic et al., 1999; Tsang & Tsang, 

1987, 1989; Watanabe et al., 2008). Whitehouse and Archard (1970) discussed the significance of 

surface roughness in natural contexts and demonstrated a method to approximate surface 

roughness for modelling purposes which they compared to digital surface profiles. Neuzil and 

Tracey (1981) identified that the widely accepted parallel plate model is inadequate, as it ignores 

surface roughness, and developed a model capable of accommodating variable aperture by having 

regions of parallel plates with differing apertures throughout a model domain. Brown (1987) 

numerically simulated flow through variable aperture fractures and observed flow channeling in 

the regions of higher aperture within the fracture. Fracture channels are an important 

consideration in tracer experiments as they can cause the tracer transport to be unrepresentative of 

the mean flow and can impact the breakthrough of tracers in ways that are difficult to analyse 

(Brown et al., 1998; Tsang & Neretnieks, 1998; Tsang et al., 1988). 

 

 

Figure 2:  Heterogeneity of the aperture distribution causes points of closure where the 

matrix is in contact.  
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Figure 3:  Points of closure can cause the development of preferential 

pathways/channelization. Closure is caused by variability in fracture 

aperture. 

 

The application of tracers can assist in understanding fracture heterogeneities as well as the 

behaviour of the tracers themselves. This information can help improve the effectiveness of 

thermal remediation and geothermal system design as well as assist in the optimization of 

location and layout design for nuclear waste repositories. 

 

The primary objective of this study is to use both heat and solute tracers under the same flow 

conditions at the field scale to uncover more about fracture heterogeneity, channelization and the 

development of preferential pathways. In order to examine this, a field experiment was conducted 

where a discrete fracture was isolated in minimized test sections between two boreholes. Two 

tracer experiments were conducted where thermal and solute tracers were applied under the same 

flow field conditions and breakthrough was measured in the observation borehole approximately 

10 m away. The numerical analysis of both tracers using both uniform and non-uniform aperture 
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fracture configurations was conducted and compared to an analysis of the hydraulics measured 

during the experiment and to an analysis of pulse interference testing done in the same test 

section.  
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Chapter 2 

Heat and Solute Transport in a Discrete Fracture: A Field Experiment 

2.1 Introduction 

The study of heat transport in fractured rock systems at the field scale is becoming increasingly 

important due to a rise in the popularity of thermal remediation, and heat storage and recovery for 

aquifer thermal energy storage or geothermal systems (Alcocer, 2012; Baston & Kueper, 2009; 

Dehkordi et al., 2015; Dehkordi & Schincariol, 2014; National Academies of Sciences 

Engineering and Medicine, 2015). Studies of heat transport in fractured rock settings can also be 

used to increase our understanding of the fundamental aspects of flow and transport in general, 

such as the development of preferential pathways, the influence of fracture geometry and flow 

channelization in fractured rock settings (Klepikova, et al., 2016a). Heat transport can be used as 

a tracer of groundwater flow as the measurement technology and numerical interpretation 

techniques become more readily available and less expensive (Anderson, 2005). 

 

Heat has been used as a tracer in both unconsolidated porous media and fractured rock settings. 

Experiments in unconsolidated porous media have been conducted for a variety of applications 

including studies of infiltration, surface water-groundwater interactions, subsurface 

characterization, determination of hydraulic parameters and to further understanding of heat 

storage and transport (Anderson, 2005; Befus et al., 2013; Cady et al., 1993; Klepikova et al., 

2016b; Leaf et al., 2012; Rau et al., 2014; Silliman & Booth, 1993; Vandenbohede et al., 2011). 

Both natural and induced heat have been used as a tracer in these studies (Rau et al., 2014). With 

an induced heat tracer, Wagner et al. (2014) tested the suitability of thermal tracers in porous 

media for characterization of hydraulic properties. These results were consistent with previous 

hydraulic testing. Subsequent numerical analysis allowed the hydraulic conductivity distribution 
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throughout the aquifer to be determined. Somogyvari and Bayer (2017) performed a thermal 

tracer experiment and used distributed heat sensing to infer hydraulic characteristics and aquifer 

heterogeneities, the results of which were compared and matched to previous solute tracer results. 

 

Heat tracer experiments have also been used at the field scale in fractured rock settings to 

determine hydraulic parameters and explore fracture geometry (Anderson, 2005; Klepikova et al., 

2016a; Saar, 2011). Saar (2011) used temperature-depth profiles in wells to characterize 

permeability, emphasizing the usefulness of heat as a tracer. Leaf et al. (2012) used distributed 

temperature sensing to characterize subsurface flow in a fractured rock setting. Klepikova et al. 

(2016a) conducted a heat tracer experiment in fractured rock which provided a thermal 

breakthrough curve that was interpreted to imply fracture geometry.  

 

Heat migration in fractured rock occurs through advection in the fracture and conduction in the 

matrix (Baston & Kueper, 2009; Martínez et al., 2014). Dehkordi et al. (2015) demonstrated that 

when there is a heat source in the subsurface, matrix conduction plays an important role although 

the shape of the heat front can be impacted by advective flow of groundwater in fractures. A 

groundwater system is conduction-dominated when an aquifer exhibits a very low permeability, 

or a fracture exhibits a small fracture aperture (Bou Jaoude et al., 2018; Saar, 2011). Saar (2011) 

identified a minimum permeability required for advective heat transport to play a role in heat 

migration. This creates an application for the use of heat as a tracer, as conductive-dominated 

heat transport in the subsurface will evidence a lack of significant groundwater flow. In a 

numerical modelling study, Bou Jaoude et al. (2018) identified the importance of two-

dimensional (2-D) matrix conduction and that the migration of heat is largely governed by the 

magnitude of the fracture aperture and the groundwater velocity in the fracture.  
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To interpret heat tracer experiments, a numerical approach is required as there is no analytical 

solution to the authors’ knowledge that exists with appropriate heat source conditions and which 

accommodates two-dimensional conduction in the matrix (Bou Jaoude et al., 2018). There are 

several numerical models available however which have been used to interpret heat migration in 

groundwater systems with the ability to accommodate discrete fractures and 2-D conduction in 

the matrix (Brunner & Simmons, 2012; Molson et al., 2007; Pehme et al., 2013; Therrien et al., 

2010). Solutions which account only for matrix conduction perpendicular to the fracture are not a 

sufficient representation of heat migration as 2-D heat conduction in the rock matrix plays an 

important role under many advective flow settings (Bou Jaoude et al., 2018; Martínez et al., 2014; 

Yang, 2016).  

 

Heat and solute tracers, when used together, can provide complimentary sets of data to infer flow 

and transport characteristics, allowing for improved interpretation of the subsurface (Klepikova et 

al., 2016a). Such experiments have been conducted in unconsolidated porous media with success 

(Engelhardt et al., 2013; Klepikova et al. 2016b; Ma et al., 2012; Vandenbohede et al., 2009; 

Wildemeersch et al., 2014). Rau et al. (2014) provide a review of heat and solute tracer 

experiments conducted in porous media and concluded that a simultaneous heat and solute tracer 

experiment can uncover more about transport mechanisms of the tracers themselves (such as the 

differences in behaviour of tracer transport) and how this can be used to determine aquifer 

properties as well as assist with aquifer characterization. Constantz et al. (2003) used both heat 

and solute tracers to model groundwater-surface water interaction in a stream. They determined a 

hydraulic conductivity using the heat tracer and applied this to model and successfully predict 

solute transport in the same system thus demonstrating the compatibility of the two tracers. The 

authors note, however, that this may not be the case in the presence of preferential flow due to the 

differences in transport mechanisms between solute and heat tracers. 
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Solute transport in discrete fractures is quite robustly understood and extensively studied as there 

have been numerous tracer experiments in field settings (Becker & Shapiro, 2000; Berkowitz, 

2002; Bradbury & Muldoon, 1992; Cady et al., 1993; Dorn et al., 2012; Novakowski et al., 2004). 

Matrix diffusion of solute during solute transport can be reasonably approximated to be one 

dimensional (Chen, 1985). Due to their differences in behaviour (heat conduction into the matrix 

being two-dimensional), the comparison of heat and solute tracers in the same discrete fracture 

could assist in identifying heterogeneities in fracture aperture. Variations in aperture cause 

closure or points of contact (Brown et al., 1998; Guo et al., 2016; Lapcevic et al., 1999; Tsang & 

Neretnieks, 1998; Tsang et al., 1988; Tsang & Tsang, 1987, 1989; Watanabe et al., 2008), which 

will influence solute transport by diverting flow around the contact, whereas heat transport may 

progress though the point of closure by conduction through the matrix in the direction of the 

fracture.  

 

Klepikova et al. (2016a) conducted several push-pull tests using heat tracers where one test 

included a solute tracer. The experiment was conducted from a single borehole in which a 

discrete fracture was isolated between two packers. Heat and solute tracers were injected 

simultaneously for a short period of time and then withdrawn from the same section. The 

resulting heat breakthrough curve was interpreted to be the result of flow channeling, specifically 

a series of circular pipes having a range of small (mm) diameter. This approximate conceptual 

model is difficult to reconcile with what we typically expect for channelized flow as described in 

the literature cited above. The analysis also lacked the accommodation of the heat loss into the 

cylindrical wall of the borehole (which seems not to be accommodated in the model employed), 

comparison to simulations of solute transport, and comparison to hydraulic measurements such as 

rise in hydraulic head in the injection/withdrawal well. Hawkins et al. (2017) conducted a heat 
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and solute tracer experiment in a discrete fracture in sandstone and used distributed sensing to 

monitor heat throughout the system in addition to measurements collected in the injection and 

withdrawal wells. Analysis of the results using analytical or numerical simulation was not 

conducted, and only general observations were provided on the observed difference between heat 

and solute in the swept volume of the fracture. Kocabas (2005) suggested a single well heat and 

inter-well solute tracer test (both with the same source well) at a fractured rock field site in order 

to characterize parameters of heat transport. This experiment lacked the interpretation of inter-

well heat transport and the analysis lacked the accommodation of longitudinal (2-D) heat 

migration in the matrix. Read et al. (2013) used fiber optic distributed temperature sensing in an 

observation borehole to infer connectivity between wells based on a heat tracer experiment. 

Results were compared to previous solute tracer experiments that had been done using the same 

wells. However, results were not analyzed using analytical or numerical analysis and focus was 

on the viability of the field method (use of fiber optic distributed temperature sensing). Therefore, 

there is clearly a need to conduct a heat and solute tracer experiment where two-dimensional 

matrix conduction is accounted for in the interpretation of the heat tracer results and a robust 

comparison to analogous solute test results and hydraulic measurements is undertaken. 

 

The objective of this study is to explore fracture heterogeneities, potential flow channelization 

and the development of preferential pathways using a heat and solute tracer in a discrete fracture. 

In this study a suitable discrete fracture pathway between two wells was identified using pulse 

interference testing, and two field experiments were conducted using both heat and solute tracers 

under the same flow field conditions and with similar timing. The results were analyzed using 

numerical modelling as a tool for interpretation of both solute and heat transport using both 

radially symmetric and channelized flow systems. The experiments were conducted by injecting 

heated water and a solute tracer (under the same flow conditions) into a near-horizontal discrete 
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fracture isolated in one borehole using straddle packers with arrival detected in an isolated section 

in another borehole approximately 10 m away. The hydraulics of the flow system were carefully 

measured throughout both experiments. 

 

2.2 Methods 

2.2.1 Field Setting 

The field site is located at the Kennedy Field Station in Tamworth, Ontario, Canada, illustrated in 

Figure 4a. At this location, there is an array of eight wells distributed around an area of 

approximately 30 m × 40 m and drilled to approximately 30-40 m depth in a moderately-fractured 

granitic gneiss. There has been significant hydraulic testing conducted in the well field including 

over 10 pumping tests, over 150 constant head injection tests using 2 m and 1 m packer spacings, 

and more than 50 pulse interference tests (PITs). The PITs were conducted with minimized test 

intervals (< 1 m) in the source wells and numerous observation sections isolated with packers 

throughout the well field (N. Augustine, Personal Communication, 2018). Based on the results of 

the PITs, a highly-transmissive feature located approximately 15 m below the ground surface was 

identified between boreholes KF9 and KF4 (Figure 4b). During a previous study, acoustic 

televiewer (ATV) data was collected which confirmed the presence of a discrete fracture feature 

at this depth (Persaud, 2017). Figure 5 illustrates the ATV logs showing the location of the 

fracture feature in each borehole. Borehole KF9 was selected as the injection well and borehole 

KF4 was selected as the observation/withdrawal well for the tracer experiments. 
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Figure 4: Map of Ontario: the star marks the location of the experimental test site 
(Kennedy Field Station in Tamworth, Ontario, Canada) (a). Map of the well 
field located at the Kennedy Field Station in Tamworth, Ontario. The well 
field includes eight wells drilled into a fractured granitic gneiss. The 
injection/source well and withdrawal/observation well used in the two tracer 
experiments are identified (b) (adapted from Persaud et al. 2018). 

 

(a) 
(b) 
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(a) 
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Figure 5: Borehole geophysics data for KF9, the injection/source well (a) and KF4, the 
withdrawal/observation well (b). The isolated test section used for the tracer 
experiments is marked by horizontal black lines. The highly-transmissive 
feature identified during pulse interference testing is evident in the virtual 
BH, amplitude and virtual caliper measurements. Based on the depth of the 
fracture intersection in each borehole and the slight angle of the fracture 
evident in each ATV log, the fracture appears continuous and dipping very 
slightly to the south (adapted from Persaud 2017). 

(b) 
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2.2.2 Experimental Configuration 

Two tracer experiments were conducted where both heat and solute were injected under the same 

flow field conditions and with similar timing in the discrete fracture connecting KF9 and KF4 

(images from the field experiments are included in Appendix A). The experiments were 

conducted under a forced gradient hydraulic field induced by injection into the test section in 

KF9. 

 

The wells are located approximately 10 m apart, as depicted in Figure 4b. Both KF9 and KF4 are 

of 0.0762 m radius in the test sections. For both experiments, two sets of straddle packers were 

used to isolate the transmissive zone connecting KF9 and KF4. The test section size was 

minimized in both wells so as to isolate only the discrete fracture identified. Test sections were 

0.79 m length in KF9 (16.15 to 16.94 mbgs), and 0.67 m length in KF4 (13.77 to 14.44 mbgs). 

The volume of water in each test section was 14 L and 12 L in KF9 and KF4, respectively 

(bench-scale test sections were constructed in lab to investigate the distribution of heat in the 

borehole and preliminary results are presented in Appendix B).  

 

Figure 6 illustrates schematically the configuration of the experimental equipment. The injection 

system included the source water containers, an injection pump and a recording water level 

transducer. Two source water containers were used, one 1000 L plastic container filled with water 

at ambient  temperature which was used to maintain steady state flow, and one 800 L plastic 

container equipped with two 1 kW bucket heaters to heat the water to be used as the heat pulse. 

An organic dye, Lissamine FF was used as the solute tracer. Lissamine has been used 

successfully as a conservative tracer in other experiments conducted in fractured rock (Lapcevic 

et al., 1999; Novakowski et al., 2004). A trash pump was used for injection and a sampling port 

between the pump and well injection tubing allowed for the sampling of source concentration of 

the dye tracer. Nylon tubing with an outer diameter of 12.7 mm was used for injection. A 
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recording water level transducer (30 m full scale) was located in the test section which allowed 

for the collection of both level and temperature data. Water level was collected with an accuracy 

of ±0.015 m. The logger recorded temperature with an accuracy of ±0.05oC and a resolution of 

0.003oC. 

 

The withdrawal system included a thermistor, and a peristaltic pump for sample withdrawal. A 

field fluorometer was used for sample analysis on site. The thermistor in the observation well test 

section was a high-sensitivity temperature logger (RBR), which provided both high accuracy 

(±0.002oC) and high resolution (0.00005oC) temperature measurements. The thermistor obtained 

measurements every 0.5 seconds. The high resolution of the thermistor allowed even very minor 

changes in groundwater temperature to be detected at this location, thus providing the best quality 

data to understand heat transport in this system (Saar, 2011). The withdrawal well tubing was 

nylon with an outer diameter of 6.35 mm. The peristaltic pump withdrew a small volume of water 

continually from the well at a relatively low rate to sample water for dye concentration. Unlike 

the injection system, the observation well was equipped with a standpipe above the straddle 

packers, as a means by which to install the high-sensitivity logger in the test section, directly in 

the path of the water exiting from the fracture. A recording water level transducer was installed in 

the standpipe to record level measurements for hydraulic analysis. For Experiment 1, level was 

collected from the observation well with an accuracy of ±0.005 m and temperature was collected 

with an accuracy of ±0.1oC and a resolution of 0.1oC. For Experiment 2, level was collected with 

an accuracy of ±0.0025 m and temperature was collected with an accuracy of ±0.05oC and a 

resolution of 0.003oC. The in-situ temperature of the groundwater in the test section (monitored 

by the RBR thermistor) before the tracer experiment was approximately 8.2oC whereas the 

temperature of the water in the standpipe at the location of the recording water level transducer 

was approximately 14oC, due to the proximity to the ground surface.  
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A field fluorometer was used at the withdrawal location which allowed for solute concentrations 

to be measured in-field, with a detection limit of 0.01 μg/L. Samples were obtained every one to 

two minutes with decreasing frequency after peak arrival. The high-sensitivity thermistor and the 

withdrawal tubing intake were located side by side in the observation well test section to ensure 

consistency in the sampling points of both tracers and minimise the transit time in the test section. 

 

Figure 6: In-field equipment configuration of the injection-withdrawal tracer 
experiments. A recording transducer was instrumented in line with the fracture 
in the injection test section. Note the standpipe in the withdrawal borehole 
which allowed for the installation of the high-sensitivity thermistor in the test 
section (adapted from Novakowski et al. 2004). 

2.2.3 Conditions for Each Experiment 

The experiments were conducted under divergent conditions using an injection-withdrawal pair 

where the injection rate (1.1x10-4 to 1.5x10-4 m3/s) was significantly higher than the withdrawal 

pumping rate (2.8x10-6 m3/s). The withdrawal was used solely to obtain solute tracer samples, and 

the flow rate was minimised so not to disturb the flow field significantly. The experiments were 
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conducted two weeks apart to ensure there was no residual heat or solute remaining from the first 

experiment before the start of the second. The details of each experiment are provided in Table 1. 

 

For each experiment, steady flow was achieved by injecting ambient temperature water from the 

ground surface for one to two hours. Injection rate was calculated at several times throughout the 

day by monitoring the level in the source water container and recording the decrease in level in 

the container over time. While injecting to reach steady conditions, the bucket heaters were 

placed into the 800 L container of water which was approximately 1/3 full for each experiment. 

Once steady conditions were achieved based on the stabilization of hydraulic head in both the 

injection and observation wells, the injection intake was switched to the heated water. At the end 

of the heated water (heat tracer) injection (with <100 L remaining), a one litre 0.5 g/L stock 

solution of Lissamine was added, mixed and injected for the remainder of the heated water 

injection. The source concentration of Lissamine was 10 and 12 mg/L in Experiment 1 and 2 

respectively. Total volume of heated water ranged from 250-300 L (Table 1). This generated a 

solute source in the identical flow field used for the heat tracer. Dye tracer was added at the end 

of the heated water injection to minimize the mass of solute that entered the subsurface. When all 

the tracer had been introduced, injection pumping was returned to the ambient temperature water 

at ground surface to maintain the forced gradient hydraulic field, and the arrival of the tracers was 

monitored in the observation well. Overall durations for each experiment were eight and seven 

hours, respectively.  
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Table 1:  In-field experimental parameters for both tracer experiments. 

 Experiment 1 Experiment 2 

Injection Rate (Lpm) 6-7 8.5-9.5 

Withdrawal Rate (mL/min) 170 170 

Volume, heated water pulse (L) 300 250 

Input temperature, max (oC) 44 46.5 

Dye tracer source concentration (mg/L) 10 12 

Duration of heated water injection (mins) 56 24 

Volume of water with dye tracer injected (L) Approx. 40 Approx. 35 

 

2.2.4 Methods of Analysis 

2.2.4.1 Hydraulic Conditions 

Hydraulic analysis was conducted using the observed rise in hydraulic head from both field 

experiments and hydraulic data from past PITs. In all cases, conversion between aperture and 

transmissivity (or vice versa) was calculated using the cubic law. The hydraulic analysis 

conducted included: 

1) Use of the Thiem equation for analysis of the hydraulic head in steady flow conditions 

(Fetter, 2001). The observed rise in hydraulic head in the source well and the rise in 

hydraulic head without the effect of drawdown from pumping at the observation well 

were used to calculate an aperture and transmissivity. 

2) Transient analysis conducted with the Papadopolos method (Kruseman & de Ridder, 

1990) using the early-time injection conditions during the experiments. Analysis was 

conducted by finding a transmissivity and storativity to match the injection well hydraulic 

head rise and then evaluating the expected rise in hydraulic head at the observation well. 

3) Numerical analysis of the hydraulic head conducted using HydroGeoSphere (HGS - see 

following section). Under radial conditions (initially), the aperture was adjusted to match 

the injection head rise for each experiment. 
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4) Analysis of pulse interference tests previously conducted in the same test section as the 

tracer experiments. Analysis was conducted using two methods: (1) by hand calculation 

(Novakowski, 1989) and (2) by use of an analytical model that accounts for both 

injection and observation well borehole storage (Novakowski, 1989). 

2.2.4.2 Numerical Simulations 

Numerical simulations were conducted using HydroGeoSphere (HGS), a finite-element 3-D 

numerical model, which represents discrete fractures embedded in a porous media and 

accommodates both solute and heat transport. HGS can also accommodate 2-D heat conduction in 

the matrix and can appropriately represent the source conditions for the heat tracer in the test 

section.  

2.2.4.2.1 Governing Equations 

HGS uses the control-volume finite-element method to numerically approximate the flow and 

transport equations.  

 

Flow in both the fracture and the matrix is modelled using a modified form of Richard’s equation. 

The matrix flow is negligible in this study due to very low matrix hydraulic conductivity. The 

governing equation for two-dimensional flow in the fracture used by HGS is (Aquanty Inc., 

2015): 

− ∙ 2 ∙ − 2 ∙ Г = 2                             (1) 

where  is the two-dimensional gradient operator, 2b is the fracture aperture, qf is the fluid flux 

in the fracture, Г  is the source/sink term, and  is the saturation of the fracture. This study was 

conducted under steady flow and fully-saturated conditions therefore the right-hand term is zero 

for this application. 
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Fluid flux in the fracture, analogous to that in porous media, is given as: 

= − ∙ ( + )                (2) 

where  is the fracture hydraulic conductivity,  is the relative permeability in the fracture,  

is the pressure head and  is the elevation head. 

 

Hydraulic conductivity, also analogous to porous media is given as: 

= ( )                   (3) 

where  is the density of water,  is gravitational acceleration and  is the viscosity of water. 

 

For transport, both solute transport and the migration of thermal energy throughout the domain in 

both discrete fractures and porous media matrix are accommodated. The analogous governing 

equations for heat and solute transport are presented below.  

 

For solute, the advection-dispersion equation used to simulate transport in the porous media 

matrix is given by: 

−∇ ∙ ( − ∇ ) + ± Г = ( ) +            (4) 

where ∇ is the three dimensional gradient operator, q is the fluid flux, C is the concentration of 

the solute,  is the porosity of the solid,  is the water saturation, D is the hydrodynamic 

dispersion tensor which includes the diffusion coefficient, R is the retardation factor, λ is the 

constant for first-order decay, Г  is a solute source/sink term. As no retardation was considered 

for this study, R is always set to 1.0. 

 

The equation for solute transport in the fracture is given as: 

− ∙ 2  − 2  ∇ + 2 − 2  Г = 2 +          (5) 
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where subscript f designates the fracture, and Rf is equal to 1.0 for our case. 

 

For heat, the advection-conduction equation is used to model thermal energy transport (which is 

analogous to the advection-dispersion equation for solute). The equation used to model heat 

transport in the matrix is given as: 

= −∇[ − ∇ ( + )] ± Г              (6) 

where  is the heat capacity of the matrix,  is the density of the matrix , Tm is the matrix 

temperature, q is the Darcy flux,  is water density,  is the heat capacity of the water, kb is the 

matrix thermal conductivity, Dm is the term for matrix thermal dispersion, and Г  is a thermal 

source/sink term. 

 

The cbρb and kb are volumetric averages calculated as follows, and thermal equilibrium in the 

matrix is assumed: 

= (1 − ) +                 (7) 

= (1 − ) +                  (8) 

where  is the matrix porosity, subscript s represents the solid phase and subscript w represents 

the liquid phase, water. 

 

The equation for two-dimensional heat transport in the fracture is given as (Molson et al., 2007): 

+ ( ) − −
±

= 0          ( , = , )           (9) 

where Tf is the temperature in the fracture, v is the fluid velocity in the fracture, and kw is the 

thermal conductivity of the fluid (water). 
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2.3 Results 

The rise in hydraulic head observed in the injection and withdrawal wells for each experiment are 

provided in Table 2. Note the relatively large rise in hydraulic head measured in the withdrawal 

well.  

Table 2:  Observed rise in hydraulic head for given injection rates. The low flow 
pumping in the observation/withdrawal well generated only 0.021 m in 
drawdown. Note that the values for rise in hydraulic head in the observation 
well include the rise generated from injection in the source well and the 
drawdown from pumping in the observation well. 

 Average Qinjection Rise in Hydraulic Head in 

Source Well (m) 

Rise in Hydraulic Head in 

Observation Well (m) 

Experiment 1 6.9 Lpm 

 

0.40 0.28 

Experiment 2 8.5 Lpm 

 

0.60 0.43 

 

 

Temperatures determined from the downhole levelogger in the injection well and solute 

concentrations measured in the source fluid are presented in Figure 7a and 7b.   
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Figure 7: Temperature in the injection section for Experiment 1 (a). Injection started 
at 10:55:30. The hot water injection began at 12:00:00. Addition and 
injection of solute occurred beginning at 12:50:04 and the end of injection of 
both tracers occurred at 12:56:00. Temperature in the injection section for 
Experiment 2 (b). Injection started at 10:02:30. The hot water injection 
began at 11:30:00. Addition and injection of solute occurred beginning at 
11:51:40 and the end of injection of both tracers occurred at 11:56:00.  

 

Breakthrough of both heat and solute tracers in KF4 was observed in both experiments as 

illustrated in Figure 8a and 8b. The data is plotted against the time elapsed from the start of 

injection for each tracer. The arrival of heat tracer resulted in an increase in temperature of 0.6-

0.7oC in both experiments. The solute tracer moved through the system much more quickly than 

the heat. The solute tracer was well past peak concentration before the peak in temperature was 

observed in both experiments. The rapid arrival at the observation well of both tracers is due to 

the high transmissivity of the fracture feature selected for these experiments. 

 

The temperature data was filtered using a moving average to minimize noise due to the high 

frequency of sampling. This was applied with an interval of 500 thus calculating the moving 

average of the previous 499 data points to produce the curve (see Appendix C for the comparison 

of raw data to data with the filter applied). The resulting curve demonstrates the trend of 

temperature increase from the addition of heated water 10.2 m away (the calculated radial 

distance between the two test sections given the slight inclination of the fracture). Before the heat 
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pulse was added there was a slight rise in temperature at the observation well due to the addition 

of the ambient temperature water (approximately 11oC) from ground surface to reach steady 

conditions, approximately 3oC warmer than the groundwater temperature in the injection test 

section before the experiment began. 

              

Figure 8: Heat and solute tracer breakthrough for Experiment 1 (a) and Experiment 2 
(b). In both figures, temperature data was treated with a moving average 
filter to smooth data. Both figures illustrate elapsed time according to the 
start of the heat pulse injection and solute injection. 

 

Assuming a radially-divergent flow system, there was 14% mass recovery of the solute tracer. 

Mass recovery can be significantly less in a divergent flow field relative to the convergent case 

when conducted between the same wells (Novakowski, 1992). For a divergent flow system, mass 

recovery can only really be evaluated from successful numerical or analytical simulation of the 

experiment. Again assuming a radially-divergent flow system, there was 5% energy recovery 

from the heat tracer (Refer to Appendix D). Therefore, there was higher heat loss observed than 

mass loss of solute in the system.  

 

2.4 Analysis 

2.4.1 Hydraulics 

In order to properly interpret the experiments and understand the flow pathways, lines of 

evidence are required from all data. The hydraulic data obtained from the discrete fracture used 
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for this experiment therefore have been analyzed to better understand the geometry of the fracture 

and assist in the interpretation of the tracer experiments. 

 

A variety of hydraulic interpretation methods were used, some based on the data collected during 

the experiments, and some from previous hydraulic tests as described above in Section 2.2.4.1. A 

summary of these results is provided in Table 3 and Table 4, with details of the calculations 

provided in Appendix E. 

 

The results of the Thiem analysis indicate a large-aperture, high-transmissivity fracture. The 

results from both experiments, which had different injection rates, yielded very similar estimates 

for aperture and transmissivity thus increasing confidence in the similarity of conditions between 

the two experiments conducted. The transient analysis using the Papadopoulos method resulted in 

an expected observation well head rise significantly lower than what was observed. This suggests 

there may be some non-radial channelization in the system generating anomalously high 

hydraulic head in the observation well. Similarly, the results of the numerical analysis, simulating 

a radial system where the rise in hydraulic head at the injection well was matched (within three 

centimeters of the observed rise in hydraulic head from field measurements), resulted in both a 

lower aperture at the source well and a low rise in hydraulic head at the observation well, again 

suggesting the possibility of a channelized system connecting the two wells. A channel would 

increase the head rise at the observation well, allow for a higher aperture between the two wells 

all while maintaining a high rise in hydraulic head (like that observed) in the source well. 

 

Table 4 provides the interpretation of the pulse interference tests. Note that we were unable to fit 

field data using the analytical model, as demonstrated in Figure 9. In this Figure, fits are 

attempted to the leading and trailing limbs of the field data yielding different estimates of T. This 
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suggests that the apertures calculated from the interpretation are not meaningful, and again that 

there are potential non-radially symmetric flow effects in the system. However, additional pulse 

interference testing conducted previously at the site where the slug was introduced from our test 

section in KF9 had observable responses (many of significant magnitude) in isolated sections in 

KF2, KF3, KF4, KF5, KF6, KF7 and KF8 (refer to Figure 4b for well locations) (N. Augustine, 

Personal Communication, 2018). Therefore, the flow field does exhibit some limited radial 

behavior (cannot be a channel linking the two wells chosen for this study). 

 

Both the hand calculation and Novakowski (1989) analytical model (which assume radial flow 

conditions) provide an estimate of storativity on the order of 10-10. This value, however, lies well 

below what is typical in fractured rock (Elmhirst & Novakowski, 2012). The storativity used in 

both models is related to the peak height in the observation well.  A lower value of storativity 

simulates a higher observation peak. This suggests again, the potential influence of channelization 

(schematic diagram presented in Figure 10). 
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Table 3:  Comparison of observed hydraulic data from the field experiment with 
analysis conducted analytically and numerically for Experiments 1 and 2. 
The Thiem analysis was conducted using the rises in hydraulic head to 
calculate an aperture and transmissivity. Transient and numerical analysis 
were matched to hydraulic head rise due to injection for each experiment to 
generate an aperture, transmissivity, storativity and the expected 
observation well rise in hydraulic head. 

 Rise in 
Hydraulic 
Head in 

Source Well 
(m) 

Rise in 
Hydraulic 
Head in 

Observation 
Well (m) 

Aperture 
(µm) 

Transmissivity 
(m2/s) 

Storativity 

Field Data, 
Experiment 1 

0.40 0.28*    

Thiem 
Calculation 

  1125 8.4×10-4  

Transient 0.40 0.18 860 3.8×10-4 1×10-5 
Numerical+ 0.40 0.08 785 2.9×10-4  
Field Data, 
Experiment 2 

0.60 0.43**    

Thiem 
Calculation 

  1090 7.7×10-4  

Transient 0.60 0.27 840 3.45×10-4 1×10-5 
Numerical+ 0.60 0.11 780 2.8×10-4  

*Calculated drawdown effect from pumping well was 2.1cm so head rise without effect of pumping would be 0.30 m. 
**Calculated drawdown effect from pumping well was 2.1cm so head rise without effect of pumping would be 0.45 m. 
+HGS simulation included both injection and withdrawal wells 
 
 

Table 4:  PIT analysis in which field data from a previous hydraulic test was used to 
calculate fracture aperture, transmissivity and storativity. Test was 
conducted in the same isolated intervals as used for our experiments in KF9 
– KF4. 

 Aperture (µm) Transmissivity (m2/s) Storativity 
PIT 
(Analytical 
Model) 

750 to 910 2.5×10-4 to 4.5×10-4 3×10-10 

PIT Hand 
Calculation 

590 1.2×10-4 2.5×10-10 
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Figure 9: Best fit to the leading and trailing limbs of the PIT data using Novakowski 
(1989) which accommodates both source and observation wellbore storage with 
T=2.5×10-4 m2/s and S= 3×10-10 and T= 4.5×10-4 m2/s and S= 3×10-10. 

 

 

 

Figure 10: Simplified illustration of channelization between two wells. 
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2.4.2 Numerical Analysis 

To conduct the numerical analysis, the same flow parameters were used for the simulations of 

both heat and solute tracers (listed in Table 5 and Table 6). Table 5 and Table 6  provide the base 

values of the parameters used in the solute and heat simulations, respectively. For the solute 

tracer, a domain of 150m × 150m × 1m was used with a fracture at 0.5 m depth, as illustrated in 

Figure 11a. For the heat tracer, a domain of 150m × 150m × 20m with a fracture at 10 m depth 

was used, as illustrated in Figure 11b. Domain sizes were chosen to minimize boundary effects 

and optimize computing efficiency. The change in vertical domain size between tracers is to 

accommodate the higher rate of matrix conduction with the heat tracer compared to matrix 

diffusion in solute tracers. Considerable effort was placed on the evaluation of discretization to 

ensure accuracy, as described below. Finer discretization was used in line with the injection well 

and along the fracture plane. Similar discretization was used for both tracers to ensure identical 

hydraulic conditions. Appendix F includes sample input files for the uniform aperture case of 

solute transport and thermal energy transport. 

 

The analytical model presented by Chen (1985) was used to assist in the optimization of 

discretization and to verify solute tracer results computed by numerical simulation. Chen (1985) 

provides an analytical solution for radially divergent solute transport, resulting in a breakthrough 

curve of a solute tracer at an observation well. Superposition was used to modify the analytical 

model for a pulse input. Chen (1985) also assumes no transverse dispersivity so this parameter 

was set to a small non-zero number in the numerical model. Appendix G demonstrates the curve 

matching results for the optimized grid. 
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Table 5:  Parameters used in the numerical model for solute simulation, as used in the 
uniform aperture flow case for radial flow. 

Parameter Value 

Initial concentration in the system and source 0.0 

Constant concentration of the solute source 0.012 g/L 

Isotropic hydraulic conductivity of the matrix 1x10-10 m/s 

Porosity of the matrix 1% 

Fracture aperture 780 µm 

Dispersivity – longitudinal 1.0 m 

Dispersivity – transverse 0.1 m 

Tortuosity (matrix) 0.4 

Effective diffusion coefficient  5.556x10-10 m2/s 

 

 

 

Table 6:  Parameters used in the numerical model for heat simulation, as used in the 
uniform aperture flow case for radial flow. 

Parameter Value 

Initial temperature of the system and source 8.2oC 

Ambient water temperature injected for steady state 11oC 

Temperature of heated water pulse  46.5oC 

Isotropic hydraulic conductivity of the matrix 1x10-10 m/s 

Porosity of the matrix 1% 

Thermal conductivity of water 0.59 W/(mK) 

Specific heat capacity of water 4189 J/(kgK) 

Fracture Aperture 780 µm 

Matrix Thermal Conductivity 4.0 W/(mK) 
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Figure 11: The domain and grid for solute transport simulation is shown in (a). Domain 
and grid for heat transport simulation (b). Both the grids have dark lines of 
dense closely-spaced discretization that is in line with the source and 
observation wells, and the fracture plane. 

 

2.4.2.1 Preliminary Fit with Uniform Aperture 

An initial simulation conducted using the parameters specified in Table 5, yielded a breakthrough 

of solute that does not match that measured in the field (Figure 12). It is evident from this 

simulation that the arrival of solute is quicker and in higher concentration than what is predicted 

under uniform aperture conditions.   

 

Similarly, arrival of heat observed in the field occurred significantly earlier than what was 

estimated from the initial simulation under radial conditions using the parameters given in Table 

6 (Figure 13). There was more heat, arriving more quickly than what was predicted. It is clear 

from Figure 13 that a uniform aperture was not a sufficient representation of the fracture 

geometry contributing to the observed field measurements.  

 

An illustration of the simulation of both solute and heat transport under radial conditions is 

included in Figure 14a and 14b. In both cases the results support the initial interpretation from the 

analysis of the flow hydraulics that non-radially symmetric processes influence this flow system. 

Therefore, in order to better match the field data, we explored a variety of channelized systems. 

(a) (b) 
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Figure 12:  Solute tracer breakthrough as modelled using radial conditions with a 

uniform aperture of 780 μm, including both source and withdrawal wells, 
compared to the field data for the solute tracer measured during 
Experiment 2. 

 

 

 

 

Figure 13:  Heat tracer breakthrough as modelled under radial conditions with a 
uniform aperture of 780 μm, compared to the field data for the heat tracer 
measured during Experiment 2. Note the different scales used for the field 
and simulated breakthrough. 
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Figure 14: Solute transport (a) and thermal energy transport (b) under uniform 
aperture conditions. The solute transport is illustrated at approximately two 
hours after the start of injection (about 5 minutes after the start of the solute 
tracer pulse in the injection well). The thermal energy transport is 
illustrated at approximately 19 hours since the start of injection where the 
46.5oC pulse of hot water was introduced from 1.5 – 2 hours, approximately. 
For the heat transport, the water injected to maintain steady state at 11oC 
also contributed to the heat migration. 

 

2.4.2.2 Fitting with Non-Uniform Aperture 

The best fit for heat and solute tracer breakthrough were achieved using visual optimization and 

by matching the peak concentration/temperature, peak arrival time and shape of the curve. With 

known injection rates, apertures were modified to match field observed rise in hydraulic head at 

the injection well. Visual fits were undertaken in preference to a parameter estimation method 

such as PEST (Doherty et al., 1994), due to the need to manually modify the aperture 

distributions. In the following the approach taken to achieve the best fits is described. Note that 

variable aperture distributions generated by correlated random field methods such as that used by 

Lapcevic et al. (1999) were not employed due to the sparsity of statistical data on apertures in 

known discrete features. 

 

To fit the numerical model to field observations a series of non-uniform aperture simulations 

were developed. This was accomplished by generating regions of the fracture with an aperture 

(a) (b) 
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equal to approximately 80 m which were used to simulate areas of fracture closure, thus, 

creating a main channel. Other distributions of regions of closure were also explored, for example 

randomly-distributed and regularly-distributed regions of lower aperture were simulated. None of 

the latter approaches were found to provide better approximations of the breakthrough curve/field 

hydraulic measurement results than uniform aperture values (Appendix H).   

 

Solute transport was simulated with varying channel size and dispersivity. Both the injection well 

and the withdrawal well were placed in the center of the channel. The best fit to the solute 

breakthrough was with a 5 m channel configuration and 1 m longitudinal dispersivity and is 

illustrated in Figure 15 and Figure 16. Hydraulics at this channel size matched the field 

observations for Experiment 2 very closely with an injection head rise of 0.60 m and a 

withdrawal head rise of 0.47 m. For the 5 m channel, the aperture used to match the rise in 

hydraulic head at the injection well was 1.4 mm.  

 

 

Figure 15: Solute tracer breakthrough as modelled with a 5-m channel, a 1-m 
longitudinal dispersivity, with a channel aperture of 1.4 mm and a closure 
aperture of 80 μm, compared to the field data for the solute tracer measured 
during Experiment 2. 
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Figure 16:  Illustration of the best fit solute transport simulation with a 5 m channel, 1 
m longitudinal dispersivity and 1.4 mm channel aperture The solute 
transport is illustrated at approximately two hours after the start of 
injection (about 5 minutes after the start of the solute tracer pulse in the 
injection well). The XY plane demonstrated is at z = 0.5 m which is the 
fracture plane - solute injection was at (75, 75, 0.5). 

 

The 5-m channel had the most exact match to the hydraulics observed in the field and with a 

reasonable aperture (1.4 mm), however, this width of channel produced a thermal breakthrough 

curve similar to that seen for radial flow with the arrival significantly later than observed (i.e. 

Figure 13). 

 

For the heat tracer simulations, the most successful approach was based on channel sizes which 

were varied from 0.2 m to 10 m in width. See Appendix I for the results of the varied channel 

sizes. The 0.2 and 0.4 m channels yielded results that were closest in the overall shape but 

significantly higher in peak temperature. For each of those channel sizes, then, the thermal 

conductivity of the matrix was increased from the initial value of 4.0 (Table 6) to however high a 

number was needed to bring the temperature down to achieve a fit (even well beyond realistic 

values of thermal conductivity).  
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Figure 17 and Figure 18 show the best fit to the heat breakthrough which is based on a 0.2 m 

channel and a matrix thermal conductivity of 28 W/mK which is well above what is reasonably 

expected for crystalline rock (Bou Jaoude et al., 2018). This is however the only way in which 

heat could arrive as quickly and reach the same peak temperature as was observed in the field. 

The hydraulics of this system are similar to what was observed in-field with an injection well 

head rise of 0.59 m and a withdrawal well head rise of 0.49 m. To match the injection well head 

rise in this case, however, an aperture of 4.0 mm was used which is an unrealistically high value 

for a discrete fracture in crystalline rock.  

 

 

Figure 17: Heat tracer breakthrough as modelled with a 0.2 m channel, symmetrical 
about the injection well, and a closure aperture of 80 μm. This best fit was 
achieved with a matrix thermal conductivity of 28 W/mK and is compared 
to the field data for the heat tracer measured during Experiment 2. 
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Figure 18:  Illustration of the best fit thermal energy transport simulation with a 0.2 m 
channel, 28 W/mK matrix thermal conductivity and 4.0 mm channel 
aperture. The heat transport is illustrated at approximately two and three 
quarter hours after the start of injection (about 10 minutes after the peak 
arrival of heat in the observation well predicted by the simulation). The XY 
plane demonstrated is at z = 10 m which is the fracture plane – heated water 
injection was at (75, 75, 10). 

 

The configuration that provided the best fit to the heat tracer (0.2 m channel) was then applied to 

the solute case as is demonstrated in Figure 19. It is immediately evident that this configuration is 

not a reasonable representation of the pathway taken by the solute tracer and is an unrealistic 

representation of the field conditions on this basis.  
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Figure 19: Solute tracer breakthrough as modelled with a 0.2 m channel, symmetrical 
about the injection well, with a channel aperture of 4.0 mm and a closure 
aperture of 80 μm, compared to the field data for the solute tracer measured 
during Experiment 2. 

 

Additional illustrations of thermal energy and solute transport are included in Appendix J.  

 

The Reynold’s number was calculated and turbulence is not expected to have had an impact on 

results (Brush & Thomson, 2003). The most likely case for the Reynold’s number is presented in 

Appendix K. 

 

2.5 Discussion 

Both heat and solute tracers produced similar breakthrough curves in both experiments. This 

demonstrates that the heat response at KF4 in particular was not an artifact of the site conditions, 

but specifically due to the injection of warm water in the source well, KF9. In addition, the 

repeatable results provide confidence in the experimental method, and that heat tracer 

experiments conducted between wells are a viable means by which to explore heat migration 

processes in fractured rock.  

 

For the initial design of the experiment, the arrival of temperature was not expected until many 

hours after the arrival of the solute (i.e. Figure 13). This led to the acquisition of the highly-

sensitive temperature logger which would provide us with the detection of the extreme leading 
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edge of the temperature front. Heat conduction in the matrix was expected to play such an 

important role that the heat front would dissipate significantly and minimize the peak of measured 

temperature. As this however was not the case, an alternative explanation is required. As 

advective and conductive heat transport are the main heat migration mechanisms and advective 

flow impacts the migration of the heat front under aggressive flow conditions such as those used 

for the present experiments (Dehkordi & Schincariol, 2014), results suggest that advective heat 

transport dominates the transport mechanism in a unique way in this case as observed heat arrival 

was much earlier than realistic simulations predicted.  

 

The necessity to utilise a completely different conceptual model for the heat simulations 

compared to that for the solute modeling, and the need for an unrealistic thermal conductivity for 

the matrix indicates that one of the two conceptual models is wrong or inadequate, or there is a 

transport process (likely a heat transport process) that is not accommodated herein. As the fit to 

the solute experiments was found using reasonable hydraulic conditions which matched the field 

values, there is substantial confidence in the conceptual model for solute transport. This leaves 

uncertainty with the conceptual model for heat transport, and unknown heat transport processes as 

possible explanations. Note that a difference in flow pathways between solute and temperature 

migration was also observed by Read et al. (2013) who attributed the different pathways to 

different conductive fractures. 

 

In the case of the conceptual model used for heat transport, the need for a channel limited to 0.2 

m in width does not agree with the observations of the radial connections observed using pulse 

interference tests, nor does it seem sensible that such a connection occurs fortuitously between 

these two wells. This result is however similar to that observed by Klepikova et al. (2016a) who 

found that a conceptual model based on a series of small-diameter pipes was required to fit their 
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results to a model. As their experiment was relatively short-lived, the potential penetration into 

the rock was likely only a fraction of the distance travelled in the present experiment. Based on 

visual inspection of fractures in local outcrop exposure, ATV logs, and core records, it is very 

difficult to surmise how small-diameter cylindrical channels might persist in the rock used for the 

present experiment over the 10 m between the source and observation well. There is no other 

example in the literature (to the best of the author’s knowledge) of experimental results that 

suggest either persistent narrow channel features or a series of cylindrical conduits in studies 

other than those focused on heat migration. 

 

The  methodology used for the present experiment is similar to that used by Hawkins et al. (2017) 

who also conducted both solute and heat transport experiments in a discrete fracture, albeit in a 

sandstone aquifer. The results they observed are what would be expected in this setting (i.e. 

Figure 13) with significant delay in heat arrival relative to the solute breakthrough curve. 

Although the results were not evaluated using a numerical analysis as we have done here, a 

distinction between the swept volumes between the heat and solute tracers does suggest 

channelization of the solute. The most significant distinction between the two experiments 

(Hawkins et al., 2017 and the present experiment) is the geologic setting where Hawkins et al. 

(2017) used a flat-lying fracture in sandstone, and we used a discrete fracture in crystalline rock. 

 

The final aspect to consider is the need to use a value of 28 W/mK for the effective thermal 

conductivity of the rock. This value was required in order to bring down the simulated 

temperature at the observation point to match the curve. The value is more than seven times 

larger than what might be expected for this type of rock (Bou Jaoude et al., 2018) and no 

reasonable explanation of the physical setting can explain this. The shape of the heat 

breakthrough at KF9 is similar to that measured in-field (Figure 17) which suggests that the flow 
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system and heat exchange with the matrix is reasonably approximated by the model, thus the 

value of thermal conductivity is simply in error. The only possible explanation is heat loss during 

the transit between the fracture and the temperature logger in KF9, although considering the 

equipment configuration, this seems unlikely.   

 

The use of solute and heat simultaneously has given two lines of evidence to attempt to better 

understand and interpret fracture geometry. Therefore, based on the inability to fit hydraulic 

analysis (analytically) and both tracer breakthrough curves (numerically) with radial flow 

systems, the fracture used for this experiment is interpreted to have exhibited complicated 

geometry likely with preferential pathways and channelization. Additional variable aperture 

analysis which focused on channelization between the two wells was inconclusive, as the model 

was unable to match heat and solute tracer breakthrough to the same fracture geometry. However, 

further investigation using a wider variety of aperture distributions could be explored to 

potentially reach more conclusive results. The results suggest a more complicated geometry, 

perhaps involving unknown fracture intersections.  

 

Overall, the results of this experiment have demonstrated that fractures in crystalline rock provide 

a unique challenge related to complicated geometry which impacts heat migration in a 

significantly different way than solute transport, and even differently than heat transport in 

sedimentary rock. 

 

2.6 Conclusions 

A study of heat and solute transport was conducted in a discrete fracture in crystalline rock. 

Previous hydraulic testing and geophysical evaluation determined the fracture to be highly-

transmissive. This feature was selected for two tracer experiments conducted between two wells 
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over a separation distance of approximately 10 m. The experiments were conducted where heat 

and solute were applied under the same flow field and conditions of similar timing. Rapid 

breakthrough of both tracers was observed. Numerical modelling of tracer breakthroughs, and 

analysis of the hydraulics demonstrated an inability to fit radial flow systems with the observed 

data. Channelized systems were investigated numerically however the fit achieved for the heat 

tracer uses unrealistic flow (aperture and channel width) and thermal migration properties and 

both tracers were unable to be fit by the same simulated fracture geometry. This inter-well field 

experiment of both heat and solute tracer, analyzed accounting for two-dimensional matrix 

conduction of heat and compared to an analysis of system hydraulics is the most complete 

discrete fracture solute and heat tracer experiment which has been analyzed to date. 

 

The following conclusions are made based on the two field experiments conducted and the 

subsequent analysis that was undertaken: 

 Heat and solute tracers can be applied under the same hydraulic conditions to provide 

analogous breakthrough curves at the field-scale in a discrete fracture. 

 The fit to the solute tracer breakthrough provides confidence in its conceptual model as it was 

fit using realistic parameters, and honoured the hydraulic head data collected during the 

experiment. 

 The inability to match heat and solute tracer breakthrough to the same fracture geometry, and 

the inability to fit the thermal breakthrough with realistic parameters, creates uncertainty in 

the conceptual model and heat transport processes used to simulate thermal energy transport. 

 Preferential pathways and/or channelization caused by variation in aperture appear to impact 

heat and solute tracers in a significantly different way. 

This experiment has provided a field method and method of analysis for the successful 

application of a heat and solute tracer under the same flow field in a discrete fracture allowing for 
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the measurement of analogous breakthrough curves. Clearly, repeat experiments of this type are 

required to help resolve the uncertainties generated by the results of the present experiments. 

 

2.7 Nomenclature 

   Two-dimensional gradient operator  

∇  Three-dimensional gradient operator  

2b [L]   Fracture aperture  

q [L/T]  Fluid flux 

Г  [1/T] Source/sink term 

Г  [1/T] Thermal source/sink term 

Г  [1/T] Solute source/sink term 

 [-]  Saturation of the fracture 

 [-]  Water saturation 

 [L/T] Fracture hydraulic conductivity 

 [-]  Relative permeability in the fracture 

 [L]  Pressure head 

 [L]   Elevation head 

 [M/L3]  Density of water 

 [M/L3] Density of the matrix 

 [L2/T] Gravitational acceleration  

 [M/(LT)] Viscosity of water 

C [M/L3]  Solute concentration 

R [-]  Retardation factor 

λ [1/L]   Constant for first-order decay  

 [-]  Matrix porosity 
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 [-]  Porosity of the solid 

 [L2/(T2K)] Heat capacity of the matrix 

 [L2/(T2K)] Heat capacity of the water 

Tm [K]  Matrix temperature 

Tf [K]   Temperature in the fracture  

D [L2/T] Hydrodynamic dispersion tensor which includes the diffusion coefficient 

Dm [L2/T]  Matrix thermal dispersion term 

v [L/T]  Fluid velocity in the fracture  

kb [ML/(T3K)] Matrix thermal conductivity 

kw [ML/(T3K)] Thermal conductivity of the fluid (water) 

Subscripts 

f  Fracture 

s Solid phase 

w Liquid phase, water 

m Matrix 
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Chapter 3 

Conclusions and Recommendations 

 
This objective of this study was to explore fracture heterogeneities, potential flow channelization 

and the development of preferential pathways using heat and solute tracers in a discrete fracture. 

Numerical modelling was used to assist in the interpretation of experimental results and the 

resulting analysis and interpretations were compared to an analysis of the hydraulics of the 

system and interpretations from past hydraulic testing in the same discrete fracture. Conclusions 

from this study include: 

1. The successful measurement of breakthrough curves in both experiments demonstrated 

that heat transport is measurable at the field-scale in fractured rock.  

2. The use of an unrealistic matrix thermal conductivity and the need for a high aperture to 

accommodate a tight channel necessary to fit the thermal breakthrough curve suggests the 

conceptual model for the heat tracer is incorrect or that there is some unaccommodated 

heat migration/transport process.  

3. The analytical analysis of hydraulic tests and numerical analysis of tracers demonstrated 

that radial flow is not always a reasonable assumption and results can stray significantly 

from what is expected in a radial system. This system therefore is likely to include some 

form of variable aperture distribution causing preferential pathways and channelization 

and therefore a more complicated fracture geometry. 

4. The use of a heat tracer was unable to conclusively describe fracture heterogeneity. The 

analogous heat and solute breakthrough curves are therefore challenging to interpret, and 

there is no obvious processes accountable for their simulated fits to different geometry.  
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5. Crystalline fractures provide a unique challenge in interpreting and understanding tracer 

experiments due to complicated fracture geometry, and therefore are difficult to model 

numerically given multiple sets of analogous data. 

For future study, there is a need for the development of an analytical model which can 

accommodate a line source for heat and two-dimensional migration of thermal energy in the 

matrix. Such a model would assist in the analysis of heat tracers (such as was done in this 

experiment, numerically). This analytical model would also be important and useful as it can 

assist in validating numerical models which incorporate two-dimensional heat transport in the 

matrix and provide confidence in the interpretation of heat tracer test results interpreted by these 

methods. Additionally, further numerical modelling exploring a variety of aperture variations and 

fracture intersections has the potential to uncover more about the specifics of the fracture 

geometry of the discrete feature tested in this study. Finally, more field experiments involving the 

simultaneous application of heat and solute tracers should be undertaken to further investigate the 

differences in tracer behavior and how this impacts the resulting tracer breakthrough. Such 

experiments should be analyzed and compared to hydraulics in an attempt to understand what 

fracture geometry is suggested by both tracers – and whether they both suggest the same 

geometry. 
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: Images from Field Work 

 

Photographs from the field work for the two tracer experiments are included in Figure A1, Figure 

A2, Figure A3, Figure A4, Figure A5, and Figure A6. 

 

 
Figure A1:  Assembled straddle packers before being lowered downhole. 

 

 
Figure A2:  Injection Well. 
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Figure A3: Image of the containers of water for injection. On the left is the container of 

ambient temperature water injected to reach steady state and on the right is 

the heated water container instrumented with bucket heaters. 

 
Figure A4:  Image of the injection system including the two water containers and trash 

pump used for injection. 
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Figure A5:  Image of withdrawal well and system including peristaltic pump and field 

fluorometer. 

 
Figure A6:  Image of in-field sampling and testing of solute concentration from the 

withdrawal well. 
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: Lab Study of Heat Migration in Boreholes 

A series of lab experiments were conducted using a constructed cell simulating a borehole test 

section with a volume of roughly 15L (similar in length and volume to the borehole test sections 

used in field experiments), demonstrated in Figure A7. The experiments involved filling the 

simulated test section with ambient temperature water and then adding a pulse of hot water on 

one side of the center horizontal plane with withdrawal on the other side. The injection rate of 

54mL/min was used to replicate a 1mm fracture aperture with a gradient of 1x10-2.  

 

Figure A7: The flow cell (a), thermistors are indicated by blue arrows. White arrows 

indicate the injection and withdrawal points. The inside of the cell (b) 

demonstrates the thermistor locations within the cell – all were exactly 

halfway (3 inches) into the cell, and lined up vertically. 

Nine thermistors with an accuracy of ±0.1oC were instrumented into the lab cell in order to 

monitor the distribution of heat throughout the simulated borehole. The thermistors were 

instrumented in a vertical line of equal spacing with T1 (thermistor 1) closest to the bottom of the 

cell. The input/output tubing was placed in the center of the lab cell on either side (see Figure A7) 

and were also instrumented with a thermistor to monitor the temperature of the water as it was 

entering and exiting the lab cell. Some preliminary data is presented in Figure A8. It is interesting 

to note from this figure that the thermistors in the upper half of the lab cell (T5 – T9) exhibit on 

(a) (b) 
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average higher temperatures than the thermistors in the lower half of the lab cell (below the 

input/output – T1 – T4), which seem to exhibit very little change in temperature. 

 

 

Figure A8: Results with an injection flowrate of 54 mL/min and a nine minute heated 

water pulse. Elapsed time begins at the start of the heated water pulse.  

This work was conducted to assist in the understanding of how heat behaves when it enters the 

borehole test section from a fracture in an attempt to better understand thermal energy 

measurement best practices. 
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: Filtering of Raw Heat Data 

 

A moving average filter was applied to the raw data collected of temperature in the observation 

well and is demonstrated in Figure A9. 

 

Figure A9: Raw and filtered temperature measurements from the observation test 

section during Experiment 1 (August 21, 2017). The moving average filter 

averaged 499 points to smooth out the curve. 
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: Mass and Energy Balance Calculations 

Mass Balance for Solute Tracer 

Qout = 170 mL/min therefore volume of water removed every 10 minutes = 1.7 L 

Mass Injected: 0.5 g = 500 mg 

Source concentration 10 ppm 

From breakthrough curve C/Co x 10ppm 
C(ppm) x 
Volume (1.7L) Using mass 

X (mins) Y (C/Co) Y (C in ppm) Y (mass in mg) A(trapezoid) 
10 0.01 0.1 0.17 6.97 
20 0.072 0.72 1.224 12.8945 
30 0.0797 0.797 1.3549 13.1155 
40 0.0746 0.746 1.2682 11.0925 
50 0.0559 0.559 0.9503 8.2365 
60 0.041 0.41 0.697 6.035 
70 0.03 0.3 0.51 4.505 
80 0.023 0.23 0.391 3.57 
90 0.019 0.19 0.323 3.145 

100 0.018 0.18 0.306 2.72 
110 0.014 0.14 0.238 1.9295 
120 0.0087 0.087 0.1479  

        74.2135 
 

Mass recovered = 74 mg = 14.84 % recovered 

 

Energy Balance for Heat Tracer 

Density of water = 1000 kg/m3 

Specific heat capacity of water = 4186 J/kgK 

 

Injection 

Duration (s) Injection rate 

(m3/s) 

Volume (m3) Mass (kg) T difference 

from 

background T 

(K) 

Energy (J) 

3870 6.5 0.41925 419.25 5.5 9652392.7 

3360 6.5 0.364 364 33.2 50586973 

22870 6.5 2.477583 2477.583 5.6 58078517 
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Total energy injected = 1.183E+08 Joules 

Withdrawal 

Withdrawal of water 170 mL/min. Water withdrawn every 30 minutes = 5.1 L = 0.0051 m3 = 5.1 

kg 

X (mins) approx Y (from background T) A(trapezoid) (in joules)   
0 0.0433518 0.788223 16827.45754   

30 0.0091964 0.866556 18499.75742   
60 0.048574 2.407209 51390.54206   
90 0.1119066 5.95095 127044.4512   

120 0.2848234 12.702696 271184.7758   
150 0.562023 18.872238 402895.8602   
180 0.6961262 21.350955 455812.9979   
210 0.7272708 21.9318615 468214.5384   
240 0.7348533 22.1239905 472316.2236   
270 0.7400794 22.352643 477197.6343   
300 0.7500968 22.430247 478854.3711   
330 0.745253 22.408755 478395.547   
360 0.748664 22.469373 479689.6564   
390 0.7492942 22.742466 485519.8096   
420 0.7668702 23.006106 491148.1546   
450 0.7668702 15.24342 216950.4508   
470 0.7574718     

 Total 257.647689 5.392E+06   

   4.6 
% energy 
recovered 
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: Hydraulic Analysis Calculations 

 

The following calculations were done according to Section 2.2.4.1 (Hydraulic Methods of 

Analysis) to produce the values in Table 3. 

Thiem Calculation 

Using the Theim equation, the known injection rate (Q), the radius of the well (r1, or, rw), the 

radial distance between source and observation wells (r2, or, re), the observed head rise in the 

source well (h1) and the head rise in the observation well (h2) without the effect of drawdown, a 

transmissivity was calculated. 

=
2 (ℎ − ℎ ) ln  

Experiment 1: August 21 

Calculate Transmissivity 
Q [m3/s] 0.000107833 
r1/rw [m] 0.0762 
r2/re [m] 10.2 
h1 [m] 0.4 
h2 [m[ 0.3 
T [m2/s] 8.40x10-4 

 

Then, using the equation for equivalent single fracture aperture, and using the transmissivity an 

aperture was calculated. 

2 =
12 /

 

viscosity, μ (Ns/m2)  1.39x10-3 at 10oC 
specific weight of water, ρg (N/m3) 9804 at 10oC 

2besf 0.00113 (m) 

 1.12549 (mm) 
 

Experiment 2: September 1 
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Calculate Transmissivity 
Q [m3/s] 0.000148333 
r1/rw [m] 0.0762 
r2/re [m] 10.2 
h1 [m] 0.6 
h2 [m[ 0.45 
T [m2/s] 7.71x10-4 

 

viscosity, μ (Ns/m2)  1.39x10-3 at 10oC 
specific weight of water, ρg (N/m3) 9804 at 10oC 

   
2besf 0.00109 (m) 

 1.09347 (mm) 
 

Transient Calculation 

Note that for storativity, limited options to change this value by the availability of tables to read 

F(). 

= ( 4⁄ ) ( , ) 
 

=
4

( , , / ) 

 

=
4

 

 

=  

By changing transmissivity (T) and storativity (S), the r = 0.0762m was matched to the injection 

head rise observed in the field during the experiments. The anticipated observation head rise was 

then calculated at the radial distance to the field observation well of r = 10.2 m. 

 
Experiment 1: August 21 

 
r (m) s (m)  

0.0762 0.403902 
10.2 0.180109 
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Input parameters 

Q (Lpm) 6.5 
Q (m3/s) 0.000108 
KD (m2/s) 
T 3.80E-04 
S 1.00E-05 
t (s) 3600 

rew (m) 0.0762 

rc (m) 0.0762 
r (m) 0.0762 

 

Experiment 2: September 1 

 
r (m) s (m) 
0.0762 0.60224 

10.2 0.267914 
 

Q (Lpm) 8.9 
Q (m3/s) 0.000148 
KD (m2/s) 
T 3.45E-04 
S 1.00E-05 
t (s) 3600 

rew (m) 0.0762 

rc (m) 0.0762 
r (m) 0.0762 
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: Sample Input for HydroGeoSphere 

 

The following includes example scripts used for the numerical modelling in HydroGeoSphere. 

All relevant text files are included: material properties – mprops, fracture properties – fprops, 

well properties – wprops, and list of commands – grok (for both a thermal energy transport 

simulation and a solute transport simulation – both under radial conditions). 

 

Thermal Energy Transport Simulation (Radial)  

Leslie_A.grok 

!_______________________ grid definition 
 
generate blocks interactive 
 
grade x 
60.0 90.0 0.1 1.0 0.1 
 
grade x 
60.0 0.0 0.1 1.1 2.0 
 
grade x 
90.0 150.0 0.1 1.1 2.0 
 
grade y 
60.0 90.0 0.1 1.0 0.1 
 
grade y 
60.0 0.0 0.1 1.1 2.0 
 
grade y 
90.0 150.0 0.1 1.1 2.0 
 
grade z 
10.0 0.0 0.0008 2.0 1.0 
 
grade z 
10.0 20.0 0.0008 2.0 1.0 
 
end   !Block Generation 
end 
 
!_______________________ porous media properties 
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use domain type 
porous media 
 
properties file 
Leslie_A.mprops 
 
 
clear chosen elements 
choose elements block 
-0.1 150.1 
-0.1 150.1 
-0.1 20.1 
 
new zone 
1 
clear chosen zones 
choose zone number 
1 
read properties 
layer1 
 
!_______________________ fracture media properties 
 
use domain type 
fracture 
 
properties file 
Leslie_A.fprops 
 
clear chosen faces 
choose faces z plane 
10.0 
1.0d-9 
 
new zone 
1 
clear chosen zones 
choose zone number 
1 
read properties 
fracture1 
 
!_______________________ heat transfer parameters 
 
specific heat capacity of water 
4189.0 
 
thermal conductivity of water 
0.59 
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solute 
 
name 
temperature 
 
temperature species 
 
free-solution diffusion coefficient 
1.0d-09 
 
end solute 
 
mechanical heat dispersion 
 
!_______________________ solver parameters 
 
units: kilogram-metre-second 
 
!_______________________ Timestep controls 
 
 
concentration control 
1 
 
output times 
1 
10 
100 
1000 
3600 
36000 
43200 
46800 
50400 
51000 
52000 
59000 
63000 
66000 
68400 
70000 
72000 
end 
 
echo to output 
 
 
!_______________________ initial conditions for flow 
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clear chosen nodes 
choose nodes all 
 
initial head 
20.0 
 
 
!_______________________ boundary conditions for flow 
 
!bottom boundary 
 
clear chosen nodes 
choose nodes y plane 
0.0 
0.001 
 
create node set 
y0 
 
echo on 
 
boundary condition 
    type 
    head 
 
    node set 
    y0 
 
    time value table 
    0.0 20.0 
    end 
     
end ! new specified head 
 
 
!top boundary 
 
clear chosen nodes 
choose nodes y plane 
150.0 
0.001 
 
create node set 
y150 
 
echo on 
 
boundary condition 
    type 
    head 
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    node set 
    y150 
 
    time value table 
    0.0 20.0 
    end 
     
end ! new specified head 
 
 
!left boundary 
 
clear chosen nodes 
choose nodes x plane 
0.0 
0.001 
 
create node set 
x0 
 
echo on 
 
boundary condition 
    type 
    head 
 
    node set 
    x0 
 
    time value table 
    0.0 20.0 
    end 
     
end ! new specified head 
 
 
 
!right boundary 
 
clear chosen nodes 
choose nodes x plane 
150.0 
0.001 
 
create node set 
x150 
 
echo on 
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boundary condition 
    type 
    head 
 
    node set 
    x150 
 
    time value table 
    0.0 20.0 
    end 
     
end ! new specified headspecified head 
 
echo flow boundary conditions 
 
!_______________________ initial conditions for heat transfer 
 
clear chosen nodes 
 
choose nodes all 
 
initial concentration 
8.2 
 
 
 
!_______________________ Well Properties 
 
use domain type 
well 
 
properties file 
wells.wprops 
 
clear chosen segments 
choose segments polyline 
2 
75.0 75.0 9.5 
75.0 75.0 10.5 
 
new zone 
1 
 
clear chosen zones 
choose zone number 
1 
 
read properties 
INJ 
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clear chosen nodes 
choose node 
75.0 75.0 10.0 
 
create node set 
injection 
 
boundary condition 
 
 type 
 flux nodal 
 
 name 
 injection 
 
 node set 
 injection 
 
 time value table 
 0.0 0.000148 
 end 
end 
 
!_______________________ boundary conditions for heat transfer 
 
use domain type 
porous media 
 
clear chosen nodes 
choose nodes block 
74.95d0 75.05d0 
74.95d0 75.05d0 
9.5d0 10.5d0 
 
specified concentration 
3                       ! number of time panels 
0.0 5380.0 11.0d0 
5380.0 6850.0 46.5d0 
6850.0 1.0d20 11.0d0          ! timeon. time off. species 1. 2. 3 concentration (conc at source) 
(large time off so it stays running) 
 
echo transport boundary conditions 
 
! Getting velocity 
 
plot maximum velocity 
 
!_______________________ geometry output 
 
make observation point 
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obs_f 
75.0 75.0 10.0 
 
make observation point 
obs_f2 
75.0 80.0 10.0 
 
make observation point 
obs_f3_10.2m 
75.0 85.2 10.0 
 
make observation point 
obs_bc 
0.1 1.0 0.1 
 
 
Leslie_A.mprops 

!------------------------------------------ 
layer1 
k isotropic 
1.0d-10 
thermal conductivity of solid 
4.0 
specific heat capacity of solid 
800 
bulk density 
2650 
porosity 
0.01d0 
longitudinal dispersivity 
1.0 
transverse dispersivity 
0.1 
vertical transverse dispersivity 
0.01 
tortuosity 
0.4 
end material 
!------------------------------------------ 
Leslie_A.fprops 

!-------------------------------------- 
fracture1 
aperture 
0.00078 
longitudinal dispersivity 
0.1 
transverse dispersivity 
0.1 
end 
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end 
!-------------------------------------- 
 
Leslie_A.wprops 

!------------------ 
INJ 
radius 
0.0762 
end 
 
 
Solute Transport Simulation (Radial)  

Leslie_F.grok 

!_______________________ grid definition 
 
 
generate blocks interactive 
 
grade x 
60.0 80.0 0.1 1.0 0.1 
 
grade x 
60.0 0.0 0.1 1.1 2.0 
 
grade x 
80.0 150.0 0.1 1.1 2.0 
 
grade y 
65.0 85.2 0.1 1.0 0.1 
 
grade y 
65.0 0.0 0.1 1.1 2.0 
 
grade y 
85.2 150.0 0.1 1.1 2.0 
 
grade z 
0.5 0.0 0.0008 2.0 1.0 
 
grade z 
0.5 1.0 0.0008 2.0 1.0 
 
 
end   !Block Generation 
end 
 
!_______________________ solver parameters 
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units: kilogram-metre-second 
 
 
!_______________________ porous media properties 
 
 
use domain type 
porous media 
 
properties file 
Leslie_F.mprops 
 
clear chosen elements 
choose elements block 
-0.1 150.0 
-0.1 150.0 
-0.01 1.0 
 
new zone 
1 
clear chosen zones 
choose zone number 
1 
read properties 
layer1 
 
 
!_______________________ fracture media properties 
 
use domain type 
fracture 
 
properties file 
Leslie_F.fprops 
 
clear chosen faces 
choose faces z plane 
0.5 
1.0d-9 
 
new zone 
1 
clear chosen zones 
choose zone number 
1 
read properties 
fracture1 
 
!______________________ solute addition 
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solute 
 
name 
lissamine 
 
chloride species 
 
free-solution diffusion coefficient 
5.556e-10 
 
end solute 
 
!_______________________ initial conditions for flow 
 
clear chosen nodes 
choose nodes all 
 
initial head 
1.0 
 
!_______________________ boundary conditions for no flow 
 
clear chosen nodes 
choose nodes x plane 
0.0 
0.4 
 
choose nodes x plane 
150.0 
0.4 
 
choose nodes y plane 
0.0 
0.4 
 
choose nodes y plane 
150.0 
0.4 
 
create node set 
head1 
 
boundary condition 
 
 type 
 head 
 
 node set 
 head1 
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 time value table 
 0.0 1.0 
 end 
end 
 
 
echo flow boundary conditions 
 
!_______________________ Well Properties 
 
use domain type 
well 
 
properties file 
wells.wprops 
 
clear chosen segments 
choose segments polyline 
2 
75.0 75.0 0.0 
75.0 75.0 1.0 
 
new zone 
1 
 
clear chosen zones 
choose zone number 
1 
 
read properties 
INJ 
 
clear chosen segments 
choose segments polyline 
2 
75.0 85.2 0.0 
75.0 85.2 1.0 
 
new zone 
2 
 
clear chosen zones 
choose zone number 
2 
 
read properties 
PUMP 
 
clear chosen nodes 
choose node 
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75.0 75.0 0.0 
 
create node set 
injection 
 
boundary condition 
 
 type 
 flux nodal 
 
 name 
 injection 
 
 node set 
 injection 
 
 time value table 
 0.0 0.000148 
 end 
end 
 
clear chosen nodes 
choose node 
75.0 85.2 0.0 
 
create node set 
pump 
 
boundary condition 
 type 
 flux nodal 
 
 name 
 pump 
 
 node set 
 pump 
 
 time value table 
 0.0 -0.00000283 
 end 
end 
 
 
!_______________________ initial conditions for transport 
 
use domain type 
porous media 
 
clear chosen nodes 
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choose nodes all 
initial concentration 
0.0 
 
!_______________________ Boundary conditions for solute 
 
clear chosen nodes 
choose node 
75.0, 75.0, 0.5 
 
specified concentration 
3 
0.0 6550.0 0.0 
6550.0 6764.0 0.012 
6764.0 1.0d20 0.0  
 
!_______________________ Timestep controls defaults 
 
concentration control 
0.001 
 
initial time 
0.0 
 
output times 
120 
500 
1000 
5000 
6873 
7248 
10000 
10800 
14400 
20000 
25200 
28800 
32400 
36000 
39600 
43200 
end 
 
echo to output 
 
!_______________________ geometry output 
 
make observation point 
obs_injwell 
75.0 75.0 0.55 
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make observation point 
obs_injwell_frac 
75.0 75.0 0.5 
 
make observation point 
obs_injwell_0.1m 
75.0 74.9 0.5 
 
make observation point 
obs_obswell_5m 
75.0 80.0 0.5 
 
make observation point 
obs_obswell_10.2m 
75.0 85.2 0.5 
 
make observation point 
obs_bc 
0.00001 0.00001 0.00001 
 
Leslie_F.mprops 

!------------------------------------------ 
layer1 
 
k isotropic 
1.0d-10 
 
bulk density 
2650 
 
porosity 
0.01d0 
 
longitudinal dispersivity 
1.0 
 
transverse dispersivity 
0.1 
 
vertical transverse dispersivity 
0.01 
 
tortuosity 
0.4 
 
end material 
 
!------------------------------------------ 
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Leslie_F.fprops 

!-------------------------------------- 
fracture1 
 
aperture 
0.00078 
 
longitudinal dispersivity 
1.0 
 
transverse dispersivity 
0.1 
 
end 
 
!-------------------------------------- 
 
Leslie_F.wprops 

!------------------ 
INJ 
 
radius 
0.0762 
 
end 
 
PUMP 
 
radius 
0.0762 
 
end  
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: Comparison of Numerical Model to Analytical Solution for 

Solute Transport 

 

Matching of the numerical simulation to the analytical model presented in Chen (1985) was 

conducted. Our observation well was located at a radial distance of 10.2m. The analytical model 

is built for a constant source however our field experiment used a pulse (which is what was 

represented in HGS) so superposition of the analytical model was used to simulate a pulse source. 

Additionally, Chen (1985) assumes no transverse dispersivity so this parameter was set to a small 

non-zero number in HGS. Furthermore there is no withdrawal well accounted for in the Chen 

model so this aspect of the field test was removed from HGS. This matching is presented in 

Figure A10 below. 

 
Figure A10:  Results from Chen (1985) and HGS simulation. 
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: Results of Variable Aperture Configurations 

 

In addition to channelization, other variable aperture configurations were simulated as 

demonstrated in Figure A11.  

                  
Figure A11: An example of a configuration with a series of 2 m x 2 m low aperture (80 

μm) blocks in the fracture plane where red indicated low aperture (a). The 

resulting breakthrough simulation in comparison to field data (b). 

Aperture was altered to match injection head rise to the field observations. In this case, an 

aperture of 800 μm was used, creating a rise in hydraulic head at the injection well of 0.576 m 

and a rise in hydraulic head at the observation well of 0.115 m (still significantly lower than what 

was observed). 

 

Creating a patch of low aperture at the injection well was also investigated and resulting 

breakthrough model is presented in Figure A12. In this simulation an aperture of 600 μm was 

used around the injection well with an aperture of 1.5 mm everywhere else in the fracture plane. 

This generated a rise in hydraulic head of 0.723 m at the injection well (higher than observed) and 

0.019 m at the observation well (significantly lower than observed). Therefore, due to the 

hydraulics this was considered an unrealistic representation of the field conditions. 

(a) (b) 
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Figure A12: Comparison of low aperture patch around injection well to field data. 
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: Result of Varying Channel Widths for Thermal Energy 

Transport Simulations 

 

Figure A13 demonstrates the thermal breakthrough for a variety of simulated channel sizes all 

with the matrix thermal conductivity of 10.0 W/mK, Table 7 presents the associated hydraulic 

conditions. 

 
Figure A13: Varying channel width simulations compared to field data for Experiment 2. 

Elapsed time is since the start of injection. 

 

Table 7: Hydraulic conditions for varying channel widths. 

Channel width 
(m) 2b (mm) 

Rise in hydraulic 
head at the 

injection well 

Rise in hydraulic 
head at the 

observation well 
0.2 4.0 0.595 m 0.513 m 
0.4 3.2 0.582 m 0.501 m 
0.6 2.75 0.613 m 0.526 m 
0.8 2.6 0.546 m 0.467 m 
1 2.5 0.493 m 0.421 m 
2 1.9 0.570 m 0.479 m 
5 1.4 0.605 m 0.479 m 

10 1.15 0.606 m 0.432 m 
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: Visualization of Heat and Solute Transport 

In order to visualize the migration of thermal energy and solute throughout the domain, files were 

run using Tecplot. The tracer transport simulations are illustrated in Figure A14, Figure A15, and 

Figure A16 below. 

Heat 

 

Figure A14: z = 10 m (fracture plane) for the thermal energy transport at t = 3600 s 

where t = 0 is the start of injection. This image represents the entire domain 

of 150 m by 150 m. 
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Figure A15: x = 75 m (cross section halfway through the domain) for the thermal energy 

transport at t = 3600 s where t = 0 is the start of injection. 

Solute 

 

Figure A16: z = 0.5 m plane for the solute transport simulation (fracture plane) at t = 

7000s (approximately 300 seconds after the application of the solute tracer 

in the injection well). This image represents the entire domain of 150 m by 

150 m. 

  



 

91 

 

: Reynold’s Number Calculation 

 Most Likely (10oC) 
p (g/cc) 0.99975 
p (kg/m3) 999.75 
u (Ns/m2) 1.31E-03 
W (m) 5 
Q (Lpm) 4 
Q (m3/s) 0.00006668 

  
Re 10.20 

 

Halved Q as channelized flow was suspected. The Reynold’s number was calculated using (Brush 
& Thomson, 2003):  

=  

 


