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Abstract 

The goal of this work is to investigate the influence of overburden cover on controlling recharge 

to a bedrock aquifer, specifically focusing on rapid recharge events. Rapid recharge events have 

been observed in a fractured rock site in eastern Ontario and fractured rock sites around the 

world. The mechanisms that cause these events are poorly understood. At a field site near Perth, 

Ontario, measurements of hydraulic head were obtained in the spring and summer of 2012 using 

18 different monitoring wells. Rainfall and weather data were also collected. Infiltration 

experiments were performed in the summer period using a 10 m by 10 m rainfall simulator. A 

ground penetrating radar (GPR) survey was conducted around a piezometer to determine depth to 

bedrock. Permeameter tests were performed in the overburden layer. A piezometer which 

responds rapidly to rainfall was identified and field measurements and observations were used to 

numerically model the piezometer on an outcrop.  Three-dimensional numerical simulations 

reproduced the response in the piezometer for both short (24 hour) and long (one month) 

timescales. An equivalent porous media (EPM) approach was taken to numerically model 

fractured rock. The numerical simulations for a month-long period required that 

evapotranspiration was accounted for and this was achieved by limiting applied rainfall to the 

area above the outcrop in the model. Numerical simulations were also used to determine what 

parameters have the greatest effect on controlling rapid recharge.  

Based on this study it was concluded that large magnitude head rises recorded in this piezometer 

are a result of recharge to the shallow aquifer. Hydraulic head rises rapidly because of 

transmissive vertical fractures connecting the low specific yield rock to the surface. A thin layer 

of overburden (0.4 m) can completely eliminate response in the well especially during times 

when evapotranspiration is high.   
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Forward 

This document has been created in accordance with the requirements for a manuscript format 

thesis. Chapter 1 provides an introduction to the topic as well as motivation for the research. 

Chapter 2 is a journal article planned to be submitted to the Journal of Hydrology. Chapter 3 is a 

journal article planned to be submitted to the Journal of Hydrology at a future date. Chapter 4 

presents the conclusions of the study. Appendix A provides field measured data that was used in 

Chapter 2 and Chapter 3. Appendix B provides sample code used in the numerical model. 

Appendix C presents some additional modelling performed to supplement Chapter 4. Appendix D 

presents additional field data recorded during the testing in Chapter 3.  
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Chapter 1 

Introduction 

Many communities in Ontario rely on groundwater located in fractured rock aquifers.  Infiltration 

and groundwater recharge are difficult to measure and yet are very important for both the 

protection and proper management of groundwater resources.  The rate of groundwater recharge 

can vary significantly spatially and temporally in fractured rock settings and the mechanisms that 

cause these variations are inadequately understood (Cook et al., 1989; Gburek and Folmar, 1999; 

Lee and Lee, 2000; Risser, et al., 2009; Gleeson et al., 2009). It is challenging to measure 

recharge directly and it often has to be estimated from secondary measurements; using the water 

table fluctuation method (Healy and Cook, 2002) or using the water balance approach (Risser et 

al., 2009). In fractured rock systems recharge can be especially difficult to estimate because of the 

complexity of these systems and the low porosity and specific yield common to these systems 

(Gburek and Folmar, 1999; Lee and Lee, 2000; Milloy, 2007; Gleeson et al., 2009; Risser et al., 

2009).  

Recharge in fractured rock settings can vary significantly over a watershed (Lee and Lee, 2000; 

Gleeson et al., 2009; Risser et al., 2009). This is because recharge is dependent on many factors 

including overburden thickness and cover, the topography of the bedrock surface, fracture 

connectivity and aperture, fracture spacing, and the nature of the interface between the soil 

overburden and the fractures. Groundwater recharge is also highly temporally variable because of 

additional abstractions from high evapotranspiration, which can vary significantly through the 

year (Lafleur et al., 2005).  

Localized large magnitude rapid hydraulic head rises have been observed at a crystalline rock site 

with minimal overburden cover in Ontario (Milloy, 2007; Gleeson et al., 2009; Praamsma et al., 
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2009). These events are characterised by hydraulic head rises on the order of 1.0 m to 3.0 m in 

response to a rainfall event.  These hydraulic head rises have a rapid increase (on the order of two 

hours) before an equally fast recovery to background hydraulic head (Milloy, 2007). They are 

observed in a shallow piezometer located on an outcrop, when nearby (100m away) shallow 

piezometers respond in a subdued manner or do not respond at all to the same rainfall event. This 

is usually observed in the summer months when recharge across the site is minimal (Milloy, 

2007).  Similar large magnitude hydraulic head rises have been recorded at different fractured 

rock sites around the world (Gburek and Folmar, 1999; Rhode and Bockgård, 2006). Gburek and 

Folmar (1999) observed multiple meters of water table rise in a few hours in fractured rock below 

an average of 1.5 m of overburden thickness. Rhode and Bockgård (2006) noted response in wells 

overlain by 10 m of till that was observed to be rapid and of magnitude much greater than would 

be typically observed in porous media. In each of these cases, the response could be indicative of 

actual recharge (water table rise), or a hydraulic effect due to loading, air entrapment, or a 

combination of these (Rodhe and Bockgård, 2006; Weeks, 2002).  

The influence of overburden thickness on recharge in fractured rock aquifers is poorly understood 

(Gleeson et al., 2009). Some studies have focused on flow between soil and shallow bedrock 

(Stothoff, 1997; Kosugi et al., 2006; Gleeson et al., 2009). The effect of overburden thickness on 

recharge in fractured rock has been explored numerically; simulations have been performed 

investigating this effect one-dimensionally (Stothoff, 1997) and two-dimensionally (Gleeson et 

al., 2009). Studies including three-dimensional numerical modelling with variable drift thickness 

were not found in the literature.  

This thesis explored rapid recharge using field data collected at a field site near Perth, Ontario. In 

the spring and summer of 2012 field data were collected in the form of hydraulic head and 

rainfall records. A Ground Penetrating Radar (GPR) survey was performed to delineate depth to 
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bedrock around the rapidly responding piezometer. Permeameter measurements were taken in the 

overburden. A series of infiltration tests were performed to recreate the hydraulic responses in the 

piezometer using a rainfall simulator. In Chapter 2 we explore the conditions leading to rapid 

recharge at the site using the collected field data in a numerical model. A three-dimensional 

numerical model is used to simulate rapid recharge processes occurring on a single outcrop. 

Simulations are then used to determine the most important parameters that lead to rapid recharge.  

Chapter 3 describes the infiltration experiments conducted to recreate rapid hydraulic head 

responses and further explore the influence of overburden on recharge in a fractured rock setting. 

Chapter 4 describes conclusions of these studies. 

.    
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Chapter 2 

Numerical Simulation of Rapid Recharge Events in a Shallow Fractured 

Rock Aquifer Having Minimal Overburden Cover 

2.1 Introduction 

In many homes and communities groundwater from fractured rock aquifers is the sole source of 

drinking water. The temporal and spatial distribution of groundwater recharge in this setting is 

important and relatively inadequately understood (Cook et al., 1989; Gburek and Folmar, 1999; 

Lee and Lee, 2000; Risser et al., 2009). Recharge is difficult to measure and is usually estimated 

using secondary methods, via inferring recharge volume from water table rise using the water 

table fluctuation method (Healy and Cook, 2002) or via the water balance approach (Risser et al., 

2009).  Use of a combination of these methods is best but not always practical (Risser et al., 

2009), especially in more complicated fractured rock systems, where fracture orientation and 

connectivity lead to preferential flow, spatial variation, and stream underflow.  

Recharge is typically a smaller percentage of annual rainfall for fractured rock settings compared 

to porous media settings. Recharge in fractured rock has been found to be between 0.4% and 10% 

of average annual rainfall (Harte and Winter, 1995; Rodhe and Bockgård, 2006; Milloy, 2007; 

Croteau et al., 2010; Chesnaux, 2013). These are compared to recharge rates of the order of 20%-

40% of annual rainfall for porous media in a similar climate, such as the Oak Ridges Moraine in 

southern Ontario (Gerber and Howard, 2002).   

Recharge in fractured rock settings is dependent on many factors such as overburden thickness 

and cover, the topography of the bedrock surface, fracture connectivity and aperture, fracture 

spacing, and the nature of the interface between the soil overburden and the fractures. Within a 
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watershed these factors can vary significantly resulting in groundwater recharge that is highly 

spatially variable (Lee and Lee, 2000; Risser et al., 2009; Gleeson et al., 2009). Temporally, in a 

temperate climate, recharge is also dependent on the changes in abstractions that occur during the 

growing season, with evapotranspiration (ET) typically having the largest seasonal variability 

(Lafleur et al., 2005). Abbott (2000) attributed groundwater recharge zones to areas where ET 

was much lower due to climate and elevation in a bedrock watershed in Vermont. Similarly, 

Gburek and Folmar (1999) recorded large spatial and temporal variability during the growing 

season using lysimeter measurements at a site in Pennsylvania where depth to bedrock is shallow 

(average 1.5 m of overburden).  Notably, response in hydraulic head to rainfall in two wells 

located 49 m apart in that study were significantly different from one another, and the larger 

magnitude responses were thought to be attributed to differences in fracture hydraulic properties 

connecting the piezometers to the aquifer (Risser et al., 2009).   

Harte and Winter (1995) investigated recharge and flow in a crystalline-rock aquifer at the 

watershed scale using a numerical model and found that recharge in aquifers having high 

hydraulic conductivity is significantly influenced by small topographic features. It was found that 

heterogeneity of hydraulic conductivity is very important in controlling the size of recharge areas 

(Harte and Winter, 1995), but the temporal differences arising from the growing and dormant 

seasons were not considered. Other studies on the spatial heterogeneity of recharge conducted 

using numerical models have shown that high heterogeneity in hydraulic conductivity within the 

subsurface has a significant impact on recharge and flow (Bockgård and Niemi, 2004; Fiori and 

Russo, 2007) at the watershed scale. At present, numerical studies conducted at the scale of an 

outcrop (10 m x 10 m) are not found in the literature, and it is unclear if the same processes 

observed to influence the watershed scale may be prevalent more locally.  
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The influence of overburden thickness on local recharge in fractured rock aquifers is also poorly 

understood (Gleeson et al., 2009). Kosugi et al. (2006) used soil and bedrock tensiometers to 

investigate flow between soil and shallow bedrock, and they noted that the soil on the bedrock 

moderated intensity of infiltration into the fractured bedrock. In a study conducted by Stothoff, 

(1997) overburden thickness on fractured bedrock was modelled using an equivalent porous 

media approach for each unit over decade-long cycles in an arid environment. A one-dimensional 

semi-infinite, finite-element model was used to estimate average annual infiltration from a decade 

of hourly rainfall data. The results of this study strongly linked average annual recharge as a 

percentage of precipitation to overburden thickness. Recharge was found to vary significantly 

with small changes in overburden thickness. For instance, 0.02 m of overburden thickness yielded 

an annual recharge of 30% of annual precipitation. Increasing overburden thickness in the model 

to 0.25 m decreased recharge to less than 1% of annual precipitation (Stothoff, 1997). The study 

however neglected the transient effects of individual storm events and did not include the 

influence of two- or three-dimensional flow. Gleeson et al. (2009) used two-dimensional  

numerical modelling and the results of field measurements using isotopic tracer to determine the 

factors producing rapid recharge responses at a site in Ontario. The modelling in that study 

focused on a two-dimensional domain with limited vertical fracturing and no spatial variation in 

depth to bedrock within the model.  

Large-magnitude rises in hydraulic head in response to rainfall have been recorded at a variety of 

fractured rock sites around the world (Gburek and Folmar, 1999; Rodhe and Bockgård, 2006; 

Milloy, 2007; Gleeson et al., 2009; Praamsma et al., 2009). Gburek and Folmar (1999) observed 

multiple meters of water table rise in a few hours in fractured rock below an average of 1.5 m of 

overburden thickness. Rhode and Bockgård (2006) noted response in wells overlain by 10 m of 

till that was observed rapidly, and of magnitude much greater than would be typically observed in 

porous media. Rapid large-magnitude response to rainfall events have been observed at a field 
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site in Ontario, where rises in hydraulic head on the order of 1.0 – 3.0 m were recorded at one 

well over a few hours, while nearby similarly-constructed wells responded with much smaller 

head rise of less than one 1.0 m (Milloy, 2007; Gleeson et al., 2009). In each of these cases, the 

response could be indicative of actual recharge (water table rise), or a hydraulic effect due to 

loading, air entrapment, or a combination of these (e.g. Rodhe and Bockgård, 2006; Weeks, 

2002). At present the actual mechanism responsible for this process is unconfirmed and in order 

to properly model and predict recharge at the larger scale, the mechanism should be resolved.  

The purpose of this research is to explore the mechanisms behind rapid responses in hydraulic 

head using a three-dimensional numerical modelling study in conjunction with field measurement 

of recharge events.  We also undertake to determine the most important parameters that generate 

these rapid head rises, and thereby better understand the mechanics of recharge to shallow 

fractured rock at the scale of an outcrop (10 m by 10 m). To conduct the study we collected 

detailed rainfall data and hydraulic head from 21 multi-level wells completed in a bedrock aquifer 

over a four km by eight km area. Numerical modelling was used to recreate recorded events and 

determine the factors controlling rapid recharge in this setting.  

2.2 Field Site  

During the spring and summer of 2013, detailed measurements of hydraulic head were obtained 

from the Tay River Field site near Perth, Ontario (Figure 2.1). This site has been hydraulically 

characterized in previous studies (Milloy, 2007; Gleeson et al., 2009; Praamsma et al., 2009; 

Trimper, 2010; Levison and Novakowski, 2012) to a high degree and there are 21 multi-level and 

open hole piezometers distributed over a small area (four km by eight km). These piezometers 

have exhibited variable response to rainfall in years previous.  The field site is located in the Tay 

River Watershed, which is a tributary of the Rideau river system in the Great Lakes drainage 



 

9 

 

basin on the Canadian Shield. The watershed is 95 km long and 800 km
2
 in area. Average 

temperatures vary from 20°C in the summer to -12°C in the winter (Environment Canada, 2013). 

Average annual precipitation is between 850 and 975 mm in the region. (RVCA, 2002)  Annual 

precipitation in the area is distributed fairly uniformly throughout the year, according to averages 

compiled by Environment Canada over a 30 year period (Station 6104027 in Kemptville, ON. 

retrieved 2013).  

The majority of piezometers at the site are located in a hay field adjacent to the Tay River, with 

satellite wells located on the periphery (Figure 2.1). The hay field is approximately 5.5 hectares in 

size and 11 multi-level and open-hole piezometers are completed in this area, only some of which 

are used in this study. The topography of the hay field is flat, with elevations ranging from 157 to 

152 masl. There are several rock outcrops in the field and overburden thickness ranges up to four 

meters. The bedrock is syenite-magmaite gneiss (Wilson, 1961), and the overburden is a thin till 

consisting of a clayey sand (Levison and Novakowski, 2012).  

Specific yield (Sy) is an important parameter for estimating recharge (Healy and Cook, 2002) and 

the range for the bedrock at this site was measured by Milloy (2007) from 5.4x10
-4

 (-) at TW03S 

to 9.6x10
-4

(-) at nearby TW04S located 215m away in the same formation. These values are 

reasonable for a fractured rock matrix (Gleeson et al., 2009; Chesnaux, 2013), and suggest that 

the effective porosity is low in this site. Effective porosity can be estimated by taking the total 

equivalent aperture of each well, and dividing this by the total length of the intervals measured. 

Equivalent aperture calculated from transmissivity logs is shown in Appendix A. Overall porosity 

is estimated horizontally (only vertical wells) in the area to be 1.9x10
-4

 (-). These values are lower 

than the estimated Sy, but comparable.  
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Boreholes were drilled previously using air rotary percussion methods and lithology was 

identified using chip samples (Milloy, 2007; Gleeson et al., 2009). Hydraulic testing was 

conducted in each of the boreholes using straddle packer systems and slug or pumping tests. Test 

zones below the water table were isolated using the packer system having test intervals 1.5 m or 

3.0 m in length (Milloy, 2007; Praamsma et al., 2009). The testing was conducted to obtain 

hydraulic estimates contiguously with depth in each borehole. Transmissivity and fracture 

aperture (equivalent single fracture) were estimated for each of these intervals (Milloy, 2007; 

Praamsma et al., 2009). A borehole camera was used to log the fracture features most likely to be 

open to groundwater flow. Boreholes were completed as multi-level piezometers based on the 

occurrence of high transmissivity zones and likely-to-be-open fracture features using 1.5 inch 

PVC slotted screens and PVC risers to surface (Milloy, 2007; Praamsma et al., 2009). Sand packs 

were placed around the screens and bentonite seals were used to isolate intervals. The barometric 

efficiency of the wells in the hay field was studied by Milloy (2007) and found to be very high, 

suggesting an unconfined shallow bedrock aquifer.  

2.3 Field Methods 

In the spring of 2012, 19 water level loggers were deployed in the hay field and surrounding area. 

Location for the deployment of each was selected based on overburden thickness, piezometer 

location, and the likelihood of the piezometer to respond quickly to rainfall. The goal of this was 

to better identify areas of rapid recharge and to measure response to rainfall in piezometers 

completed in different drift thicknesses. Loggers were primarily installed in shallow intervals, but 

deep and intermediate intervals were also logged in some areas that are known to respond rapidly, 

so as to provide a comparison to the shallow responses in hydraulic head.  Loggers were set to 

record pressure and temperature on five minute intervals. A barometric data logger was also 

installed in the annular well space above the water table in TW20. The barometric transducer was 
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used to calculate hydraulic head by subtracting the barometric head from the hydraulic head 

obtained from each deployed water level logger. Two tipping bucket rain gauges were installed in 

the hay field, at opposing sides (Figure 2.1). The rain gauges recorded temperature every five 

minutes and also logged each tip of the gauge as 0.2 mm of rainfall.  

A Ground Penetrating Radar (GPR) unit was used to determine depth to bedrock in the vicinity of 

the outcrops around the hay field. The unit used was a MALA GPR with a 100 MHz antenna 

mounted on a sled. The apparatus was dragged in parallel lines across the field spaced 3.0 m apart 

and in an orthogonal grid around the outcrop with similar spacing. Depth to bedrock was 

estimated from the GPR image at discrete points every 3.0 m along the lines to generate a grid of 

points. Kriging interpolation was used on the grid to generate a raster map using ArcGIS. The 

GPR was calibrated to penetrate to depths of 4.0 m reliably, beyond which the image was not 

interpretable.  

A Guelph Permeameter (Reynolds and Elrick, 1985) was used to estimate saturated hydraulic 

conductivity of the overburden. These were performed at three different depths and two different 

locations in the field in order to compare results with previous double-ring infiltrometer 

experiments (Gleeson et al., 2009). Permeameter tests were conducted using two hand-bored 

holes located approximately 15.0 m north of the outcrop. The tests were conducted at depths of 

0.05 m, 0.15 m and 0.40 m.  

Infiltration experiments were also conducted during the summer of 2012. During July and August 

an irrigation system was used to distribute water evenly over a 10 m by 10 m area. The 

infiltration experiments were designed to simulate approximately 25 mm/hr of rain over the area. 

Water was pumped from a nearby well (90 m away) and delivered through rows of drip irrigation 
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equipment to evenly distribute water at the prescribed rate, a conceptual drawing of which is 

shown in Figure 2.2. 

Several experiments were conducted around TW03S and the outcrop, but are not the focal point 

of this paper (see Chapter 3).  Rather, two of the resulting responses from these experiments were 

used herein for model calibration. Also, these experiments disrupted the natural water level in 

TW03 for some of the summer months, limiting the natural data collected to late spring.  

2.4 Field Results 

Based on the observed responses in the 19 instrumented wells, piezometer TW03S was selected 

for this study as it was observed to respond rapidly to rainfall with a large magnitude rise in 

hydraulic head. Another piezometer (TW20) is located adjacent to TW03, approximately 6.5 m 

away on the same outcrop, and is completed as a single open-hole piezometer open to the depth 

of 15.2 mbgs. Six other piezometers were also selected for use in this study due to their proximity 

to TW03S and because they are screened in the shallow bedrock aquifer in the hay field. The 

piezometers are described in Table 2.1 with locations shown in Figure 2.1. Piezometers TW01, 

TW03, TW07, and TW20 are all located on rock outcrop. All piezometers are located within the 

hay field, with the exception of TW09S that is located nearby, approximately 400 m to the north-

east.  

The distribution of transmissivity in the shallow interval in the outcrop has been measured in 

TW03S, and TW20 (Milloy, 2007; Praamsma et al., 2009) and is shown in Figure 2.3a. Borehole 

camera logs obtained for TW20 show steeply inclined fractures above the water table at 1.5 

mbgs, 2.1 mbgs, and 2.8 mbgs. Significant horizontal fracture features were observed at 6.9 mbgs 

and 9.8 mbgs, corresponding to the higher transmissivities in the logs. It is believed that the two 

wells are connected with the horizontal fracture feature at 9.8 mbgs, and connected to the surface 
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with shallow sub-vertical fracture features (Gleeson et al., 2009). Hydraulic testing in TW03 

shows a low permeability zone from 15.0-19.0 mbgs, and borehole camera logs in TW20 show no 

major fracture features below 9.8 mbgs. 

Fractures were mapped on the surface of the outcrop in a previous study (Trimper, 2010) and a 

number of large fractures are identifiable (Figure 2.4a).  One or more of these surface fracture 

features are believed to be connected to a horizontal fracture feature between TW03S and TW20 

at approximately 3.5 mbgs. Hydraulic testing conducted in previous studies (Praamsma et al., 

2009; Gleeson et al., 2009) suggests that horizontal fractures in the shallow bedrock aquifer at 

this location are represented by a range of equivalent single fracture apertures from 100 to 800 

m.  

The results of the GPR study correspond well to the previous depth to bedrock studies that were 

performed on this site by ground probing and seismic reflection methods (Gleeson et al., 2009). 

The GPR data was used to generate a detailed map of depth to bedrock around the outcrop 

(Figure 2.4b).  

Analysis of the permeameter tests provided estimates of hydraulic conductivity in the overburden 

ranging from 1.6 x 10-6 (+1.6 x 10-6, -8.0 x 10-5) to 5.0 x 10-6 (+5.0 x 10-6, -2.5 x 10-6) m/s 

known within of a factor of two (Reynolds and Elrick, 1985). In a previous study, Gleeson et al. 

(2009) measured the hydraulic conductivity of the overburden using a double ring infiltrometer, 

at seven different locations over the site and found a range between 3.6 x 10
-7

 to 4.8 x 10
-4

 m/s, 

with a geometric mean of 2.1x10
-6 

m/s.  

Figure 2.6 shows the response in hydraulic head to a 30 mm rainfall event that lasted 

approximately two hours on July 17. This storm was in between summer infiltration experiments 
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and the water level in TW03S had returned to background levels in the aquifer. As a result of this 

storm, TW03S responded significantly with an increase of 1.25 m of hydraulic head in 2.5 hours 

to this event, when other piezometers showed little or no response at all (Figure 2.6).  

In addition to the natural rainfall events, infiltration experiments generated large magnitude 

hydraulic responses in TW03S when conducted adjacent to the outcrop. These tests were 

repeatable and the magnitude of response was dependent on the location of the rainfall simulator 

and the length of time of the test.  

2.5 Numerical Simulation 

Numerical simulations were employed to better understand the processes governing the recharge 

at this field site. Three possible mechanisms that might generate a large response in hydraulic 

head to rainfall were considered: 1) Air entrapment (Weeks, 2002), 2) Aquifer compression from 

rainfall loading (Rodhe and Bockgård, 2006), and 3) flow focusing as a result of outcrop location, 

overburden thickness, high ET, and low Sy values in the rock. Air entrapment was ruled out as a 

possible mechanism, because the large response in hydraulic head was observed during the 

infiltration experiments where entrapped air could escape around the periphery of the infiltration 

simulator.  In order to distinguish between the latter two mechanisms, it was hypothesised that 

low Sy rock aquifer overlain by a higher Sy overburden unit and variable drift thickness results in 

the localized large magnitude response of the rock aquifer. If the numerical modelling is 

successful in simulating the response while not considering surface-loading, the surface loading 

effect is not likely a substantial contributor to the response. 

The objective of the model was to simulate the typical responses that are observed in the field 

setting, for both a short time period on the order of hours (eg. one storm event), to a full month of 

responses where a dynamic water table is observed. Model parameters were estimated from field 
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measurements or literature values. Analysis of the influence of each parameter on response 

magnitude was performed to determine the most important factors in rapid recharge. 

The modelling was conducted using HydroGeoSphere (HGS), a finite-element/finite-difference, 

model capable of simulating transient flow in saturated and unsaturated, fractured and porous 

media (Therrien and Sudicky,1996). Further details on the modeling domain and approach are 

provided below.  

2.5.1 Conceptual Model 

Figure 2.7 illustrates a conceptual cross section of the outcrop based on GPR, hydraulic testing, 

water level data, and surface fracture observations along with a diagram of the resulting 

numerical model. The water table is located in the shallow rock aquifer below an undulating rock-

soil interface. As rainfall is distributed across the site, some of the water infiltrates through 

unsaturated fractures on the outcrop surface and some is abstracted by runoff and ET in the 

thicker overburden areas covered by plant life.  The piezometer is open to a few meters below 

ground surface in the highly transmissive fractured rock.  

The modelling period covers a time when ET is large enough to significantly influence recharge 

rates. ET is not modelled numerically due to lack of estimates for the appropriate parameters and 

to ease computational demand. Therefore an alternative approach is used to estimate ET in the 

model. Typically in southern Ontario, 25% of ET losses occur during the non-growing season 

from October to April (Lafleur et al., 2005). We can therefore estimate the amount of potential 

ET for the growing season. Bulk ET for the watershed has also been estimated by Golder and 

Associates Ltd. (2003) to be 60% of rainfall. Assuming 850-975 mm of annual precipitation, this 

corresponds to 510-567 mm. This means that 75% of this, on the order of 380-425 mm of 

potential ET is available from May to September, during the growing season. Assuming annual 
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precipitation is distributed approximately evenly over the year, 340-410 mm of rainfall can be 

expected for this same growing period, slightly less than the potential ET for these months.  

Therefore, after runoff, we would expect negligible recharge to areas where plant uptake is 

possible. This is confirmed by examining the annual fluctuations in groundwater levels for this 

site, where cool spring and late autumn months are the months with significant recharge, and 

negligible recharge is observed over the summer (Milloy, 2007).  Therefore, on average the 

amount of water available for aquifer recharge for these five months would only be from storms 

that provide enough infiltrate through the root zone before transpiration by plants.  This could 

occur either during a large enough storm event or before potential ET becomes large. A 

combination of these two factors is present in the cooler spring months.  

ET is spatially variable as well as temporally variable, and outcropped areas with less developed 

plant life will have much less to no ET relative to areas where plants are deep rooted.  It is 

hypothesized that infiltration into the subsurface in thicker overburden (greater than 1.0 m) 

around the outcrop is not producing recharge to the aquifer in the rock due to abstractions and ET 

in this time. This hypothesis was tested with the numerical modelling. Thus for our month-long 

numerical simulations, rain falling on areas with thicker overburden (greater than 1.0 m) is 

considered to be completely used by ET and this was accounted for by adjusting the boundary 

conditions in the model, where rain is applied in the model to the outcrop only. This hypothesis is 

based on preliminary modelling similar to that done by Stothoff (1997), where infiltration was 

found to be negligible when overburden is thicker than 0.5 m.   

2.5.2  Application of the Numerical Model  

For this study an equivalent porous media (EPM) approach was chosen to model the fractured 

rock aquifer, as shown by Figure 2.7b.  This is done for three reasons. Firstly, discrete fracture 

aperture was not found to be an important factor in the response when initially modelling the 
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system. Discrete fractures and fracture aperture were tested in a simplified infiltration model and 

other factors such as overburden thickness and porosity were found to play a much more 

significant role. This was observed in previous modelling of this field site (Gleeson et al. 2009), 

where fracture aperture was determined not to be a significant factor in recharge.   

Secondly, vertical fracture location and spacing underneath the overburden is not known and has 

to be estimated to model discrete fractures. If we assume these fractures are relatively evenly 

spaced in the upper permeable part of the rock, the dominating factor in recharge becomes not the 

fracture locations, but how permeable the rock is on average vertically. As aforementioned, there 

is high transmissivity horizontally in the shallow aquifer (Figure 2.3), suggesting a high degree of 

fracturing. Numerous open fractures are observed at the surface of the outcrop and are known to 

connect to shallow horizontal or sub vertical fractures (Trimper, 2010). This high degree of 

fracturing in the shallow bedrock makes the EPM approach more appropriate than modelling the 

discrete fractures.  

Thirdly, because HGS treats unsaturated flow in fractures analogously to porous media 

(represented by the Brooks-Corey model for unsaturated flow), the fractures and the EPM are 

equivalent for bulk unsaturated flow and discrete fractures would have no advantage in this 

respect. Discrete fracture modelling performed on a single unsaturated fracture (Cey et al., 2006) 

indicates that the distribution of fracture aperture in a discrete fracture does not influence the 

strictly hydraulic response of unsaturated flow in that feature. This suggests localized flow within 

the fractures from variable aperture will not affect the overall hydraulics of the system thus the 

EPM is treated with the same unsaturated flow functions as an average fracture.   

Rock EPM and overburden parameters for the numerical model are shown in Table 2.2. These 

were derived from field measurements or estimated from literature values. Parameters were 
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varied to determine their relative importance on hydraulic head response for the July 17
th
 rainfall 

event, discussed herein. Relevant model input parameters and the amount they were varied along 

with the resulting change in peak response due to variation in the parameter are also shown in 

Table 2.2. 

HGS was used in finite difference mode, with a three dimensional grid comprised of rectangular 

elements of variable size. The domain is of size 175 m by 175 m by 15 m. The horizontal (175 m) 

distance is chosen to represent the distance to other head measurement points in the shallow 

aquifer, where the overburden is thicker and wells do not rapidly respond. This is approximately 

the distance from TW03 to upgradient well TW01, and the lateral distance (measuring 

perpendicular to gradient) to TW04. The vertical domain is chosen to be 15.0 mbgs as 

transmissivities are relatively consistent from 0.0-15.0 mbgs and become significantly lower in 

the interval 15.0-19.0 mbgs, providing a natural low-flow barrier in the model. Also, this allows 

for accurate modelling of the response in TW20 which is approximately 15.0 m deep. The grid is 

discretized horizontally around the outcrop where infiltration is highest, with nodal spacing of 0.5 

m across the outcrop, increasing to 5.0 m furthest from the outcrop. Horizontal nodal spacing was 

not found to influence the system response at this discretization. Vertical nodal spacing however 

was found to influence results, and the grid was refined until changes in the response were small 

(±0.1% peak hydraulic head) when the grid was refined further. A resulting mesh of 279 450 total 

nodes was generated, with spacing of 0.01 m vertically near surface increasing to 0.5 m at the 

bottom boundary. Sample input code is presented in Appendix B.  

The outcrop and well were located in one corner of the domain and Type I boundary conditions 

were used for the extents opposite to the outcrop. No flow boundary conditions were used for the 

sides adjacent to the outcrop and the bottom. Only one quarter of the outcrop was modelled due to 

symmetry in order to save on computational demand. The outcrop was conceptualised as a square 
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in a square domain, therefore x and y slices through the middle of the domain are where 

symmetry occurs and are the horizontal extents of the model.  The outcrop itself is simulated by 

first classifying the overburden depth from the GPR survey (shown in Figure 2.4) into categories, 

and then choosing elements within the grid to form a square outcrop based on the areas of each of 

these categories. The resulting model domain is shown in cross-section in Figure 2.8.  

The top boundary condition of the model is simulated using overland flow parameters typical of 

the field, with rill storage and roughness coefficients based on a hay crop. Rainfall is applied 

according to the rainfall recorded in the two gauges on site for the simulation of natural events, or 

to the known application rates for the infiltration experiments. For the month of May 21-June 20, 

rainfall is only applied to the faces immediately above the outcrop to represent the rainfall that is 

not abstracted by ET processes in areas with deep overburden (greater than 1.0 m). For other 

shorter simulations rain applied on the entire top of the model does not change the peak hydraulic 

response of the outcrop due to the short timescales of the responses observed.  

For the month-long simulations, the boundary conditions for the horizontal extents were based on 

recorded head up and down gradient approximately 175 m away. Figure 2.9 illustrates the 

hydraulic head in TW03S, upgradient and down-gradient wells, and the resulting boundary 

condition that was used for the simulation. During this period some recharge was observed, and 

the water table responded in the shallow bedrock aquifer across the entire site. The boundary 

condition for TW03S cannot be a constant value for this month and is better represented by the 

recorded head in piezometers that do not rapidly respond, such as TW09S and TW10S. The 

natural hydraulic gradient across the site is not included as its effect on the response is 

insignificant, and the site-wide gradients are very small compared to the hydraulic head rises in 

TW03S. 
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2.6 Analysis and Discussion 

To undertake the analysis, the model was applied first to test what parameters cause the greatest 

change in hydraulic head response and provide insight into what conditions lead to rapid recharge 

events. Secondly, the hypothesis is tested whereby ET abstracts rainfall from infiltration during 

the growing season leading to extremely localised rapid recharge events. This is conducted using 

a month long modelling period and a dynamic watertable boundary condition. Thirdly, the model 

is used to recreate hydraulic head responses from infiltration tests that were performed to better 

understand the mechanisms causing rapid recharge events. Finally, the model is used to explore 

the effect of piezometer length to explain the different responses observed between TW03S and 

TW20.   

2.6.1 Parameter Testing 

A short (2 hour) rainfall event is used to test the accuracy of the model in simulating rapid 

recharge events on a short time scale. The rainfall event on July 17
th
 is shown with simulation 

results in Figure 2.10. A static water table boundary is used to simulate this event. The model 

approximately fits the observed response for the timing and magnitude of the hydraulic head at 

early time but underestimates the response as the hydraulic head decays.  The discussion on the 

fit of the modelled response to field observations will be provided in the following, recognizing 

that parameter non-uniqueness plays a role in any fitting procedure using the model.   

This July 17
th
 event was chosen for use as the base case model so as to determine the relative 

importance of individual parameters, and the results are presented in Table 2.2. This event is 

chosen because it demonstrates a typical natural rapid response in TW03S and is computationally 

less demanding than the longer simulations. It is not necessary to account for ET on this short a 

timescale, where only 24 hours of simulation time are required. The effect on the response in 
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hydraulic head to rainfall over a range of values for each parameter was tested (Table 2.2). The 

range was chosen as based on practical values of what would be expected for the parameter. 

Hydraulic conductivity, specific storage (Ss), and porosity were all varied by one order of 

magnitude, while other parameters were varied by a factor of two.  unless a range of literature 

values were tested. 

Sy is not a parameter in the model, but is the combination of porosity and Ss. The results of the 

simulations where porosity and Ss were decreased by a one order of magnitude (Table 2.2) 

suggests that these parameters do not influence the response substantially (less than 15% change 

in peak hydraulic head). Increasing these parameters by an order of magnitude however changes 

the response more substantially. A 40% and 25% change in peak hydraulic head for porosity and 

Ss, respectively, are observed.  This suggests there is a threshold value of porosity and Ss above 

which a change in response is observed, but below which the change is negligible. Porosity and Ss 

are also at a comparable magnitude and thus they affect the Sy and ultimately the response 

similarly.   

Varying the Brooks-Corey λ parameter for the EPM rock matrix over the range of literature 

values (1.0 to 8.0) did not influence the response significantly. Less than 10% difference in peak 

height was observed over the range tested.  Air entry was varied according to fracture apertures 

for this site (50 to 1000 µm) as estimated by Gleeson et al. (2009) and calculated from a 

simplified form of the Young-Laplace equation (Cey et al., 2006). The air entry pressure 

influenced the results by increasing and decreasing the response by approximately 15% 

The most significant factors in determining response were the outcrop size, overburden thickness, 

and hydraulic conductivity of the EPM rock matrix (Figure 2.11). The outcrop size (Figure 2.11a) 

for the base case was 30.3 m
2
 and was varied by increasing this to 121.0 m

2
 and decreasing to 7.6 
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m
2
 (corresponding to doubling or halving the side length, respectively). Reducing outcrop size 

decreases the response by 70%, while increasing size causes the response to be increased by 48%. 

Larger outcrops influence the response to a smaller degree. Logically as the outcrop gets larger it 

becomes closer to dominating the entire solution domain. 

Adding additional overburden thickness on the outcrop substantially reduces response (Figure 

2.11b). The overburden has a much larger Sy and lower K than the upper rock layer and this 

subdues the response. Adding only 0.3 m of overburden cover reduced the peak head response 

84%, and adding 0.4 m of overburden eliminates the hydraulic response entirely. In comparison, 

one dimensional modeling performed by Stothoff (1997) also showed a profound influence of 

overburden thickness on infiltration into the rock. In the results of the modelling in that study, it 

was estimated that average infiltration was reduced by two orders of magnitude with an increase 

of only 0.20 m of overburden thickness (Stothoff, 1997). Similarly, in the modelling performed 

by Gleeson et al. (2009) it was noted that increasing soil cover to 0.4 m effectively eliminated 

rapid recharge for a time scale of ten days. Even at the dramatically different timescales, 

overburden conditions, bedrock properties and solution domains used in these two studies we 

observe agreement with the amount of overburden that governs the limiting result.  

The influence of overburden thickness and outcrop size on the surrounding water table was also 

explored using the numerical model, by calculating a radius of influence of infiltration on the 

outcrop. The results of this analysis however, do not impact the conclusions of this study and are 

presented in Appendix C.  

Hydraulic conductivity of the fractured rock matrix (Figure 2.11c) was found to be inversely 

proportional to the response in TW03S. Increasing hydraulic conductivity an order of magnitude 

lowers the response by 85% while decreasing by an order of magnitude increases the response by 
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273%. This significant increase in hydraulic response occurs for two reasons. Firstly, decreasing 

the hydraulic conductivity reduces lateral connectivity to the boundaries and increases the 

hydraulic head gradients thus amplifying the head rise. This is similar to the results observed in 

(Gleeson et al., 2009) where increasing horizontal fracture aperture increased boundary 

connectivity and lowered the hydraulic head response. Secondly, low hydraulic conductivity 

maintains a higher vertical head gradient during infiltration and therefore the shallow TW03S 

records the large magnitude head changes in the upper portion of the rock matrix.  

Inexact fit between the model and the field observations are observed in many of the figures. 

Improvement of the fits might be possible by model calibration, but that is not the objective of 

this study. There is non-uniqueness between individual model parameters. The base case model 

simulates a response that is 25% lower than what is observed in the field for this storm (Figure 

2.10). As shown by Table 2.2, there are multiple parameters and combination of parameters that 

could be adjusted to reduce this difference and make a closer fit to the field observations. 

Therefore calibrating the model to match field observations may not be meaningful. The model 

remains capable of recreating responses on the order of magnitude of the hydraulic head 

responses observed in the field on similar time scale. Considering how rapid and large the 

response is this is likely accurate enough to continue exploring the factors leading to rapid 

recharge using these parameters.  

2.6.2 Evapotranspiration 

At this site it was observed that hydraulic head in shallow piezometers responded in concert with 

each other when potential ET was low in the early growing season (May-June) and response was 

highly spatially variable in the later growing season (July-August). This is similar to the seasonal 

variability observed in the study by Gburek and Folmar (1999).  
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To illustrate the effect of evapotranspiration, the May-June data was simulated without 

accounting for ET (Figure 2.12). Rainfall was applied over the entire domain. Infiltration through 

thicker overburden areas was slower, but eventually recharged the bedrock underneath. There was 

also a large recharge event at a simulation time of approximately 375 hours, representing the 

point where saturation of the thicker overburden was complete and infiltration to the rock over 

the entire domain occurred. The recharge in this case is persistent across the entire model domain 

and represents soil saturation conditions in the thicker overburden layers. The simulation shows 

that a large magnitude non-rapid recharge response affects the water table in the domain for the 

remainder of the simulation time. As this is not what is observed in the field, the simulation was 

repeated with ET accounted for by restricting rainfall to only those element faces covering the 

outcrop (Figure 2.13). The model underestimates (Figure 2.13b, c) some peak hydraulic responses 

and over-estimates (Figure 2.13d) others, but in general provides a relatively good fit to the data. 

This confirms the hypothesis that applying rainfall only on the outcrop to account for ET 

abstractions is an appropriate approach when modelling this time span. Clearly ET is a significant 

factor in the temporal and spatial distribution of recharge. This also illustrates how the rapid 

recharge events are localized to the outcrop only whereby contributions to the hydraulic head rise 

in TW03S are likely only from the exposed and thinly covered bedrock. 

2.6.3 Infiltration Tests 

To explore the localization of infiltration and the potential effect of air entrapment, the two 

infiltration experiments were performed directly on the outcrop during a dry period of several 

days in duration. Only TW03S and TW20 showed a response in hydraulic head to the 

experiments.  The water table was static during these tests, allowing the constant head boundary 

to be set to a static value in the model. Rainfall was simulated in the field on approximately one 

quarter of the outcrop at a measured flow rate for a set period of time and hydraulic  head was 
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recorded in TW03S (Figure 2.14). These infiltration experiments with the rainfall simulator test 

the validity of the modeling approach because the location of infiltration is isolated to a 

constrained area. The model slightly underestimates the head rise, but generally provides a good 

fit to the field data. Thus the hypothesis that recharge is limited to the outcrop during the growing 

season is supported by these results.  

There are small irregularities in all modelled head responses around the peak and during the 

recession which are due to the approximation of the outcrop when it was discretized in the 

numerical model. These are especially apparent in Figure 2.14. Because the model uses an 

orthogonal grid, it is necessary to define individual elevation changes in the outcrop, forming 

‘steps’, seen in the upper right of Figure 2.8. A more refined outcrop with additional ‘steps’ in 

theory could eliminate these although a more refined horizontal grid spacing would be required 

which creates computational demand above what is available for these simulations.   

2.6.4 Adjacent Piezometers 

The difference between the responses of TW03S and TW20 is large considering how close the 

piezometers are located to each other on the outcrop (6.5 m). This may be the result of the 

location of discrete fractures and connectivity differences between the wells. The most 

transmissive vertical fracture features may be closer to TW03S and therefore the head rise is 

larger. In addition to this, there is a much more permeable fracture feature in TW20 at 8.6 to 10.6 

mbgs with an equivalent single fracture aperture of 1.1 mm. This interval is almost two orders of 

magnitude more transmissive than any interval in TW03S. This is expected to contribute much to 

subduing the response in TW20. Modelling was attempted to compare these wells, but results 

were inconclusive. Further study into the fracture connection between TW03S and TW20 is 

needed to investigate this difference. 
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2.7 Conclusions 

Field measurements were used in a numerical model to simulate rapid recharge events. This 

model was compared with field observations of hydraulic head for single rainfall events, 

infiltration experiments, and a month-long period. Individual model parameters were tested to 

determine their effect on hydraulic response.  Several conclusions are drawn from this study: 

1. We have shown through field experiments, field measurements and numerical modelling 

that rapid, large-magnitude recharge events at this site are not an air entrapment process 

(Lisse effect), or likely not loading from increased weight of soil above the aquifer, but 

rather the result of direct infiltration on an outcrop. 

2. We conclude that a combination of high ET during the growing season, low Sy of the rock 

matrix, and outcropping results in localised rapid recharge events at this field site. 

3. Rapid large magnitude rises in water level are attributed to the higher conductivity, lower 

Sy in the highly fractured bedrock underneath thin lower conductivity, higher Sy 

overburden. Overburden delays recharge into the rock long enough for ET to take place  

4. The most important parameters involved with the rapid response are the physical 

dimensions of the outcrop and the amount of overburden, as well as the hydraulic 

conductivity of the rock.  

5. Even a minimal overburden thickness (<1.0 m) can reduce or eliminate rapid hydraulic 

head rises in this setting. 

6. Outcropping allows rapid recharge to shallow aquifers presenting a potential conduit for 

surface contaminants and nutrients to enter groundwater systems. 
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It is recommended that further research be conducted into the effect of multiple outcrops on the 

watershed scale, and the effect of rapid response to contaminant transport into shallow aquifers. 

The water table fluctuation method, commonly used in practice to estimate recharge, may not 

include these very localized rapid recharge events. Localized recharge events such as these could 

cause overestimation of recharge at this setting if it is not recognized how localized these 

responses are. The non-uniqueness observed in the model parameters should also be explored in 

greater detail.  
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Table 2.1: Piezometer elevation, screened intervals, and overburden thickness of the wells 

used for this study. 

Piezometer 
Name 

Surface 
Elevation 

(masl) 

Top 
Screen 
(mbgs) 

Bottom of 
Screen 
(mbgs) 

Overburden 
Thickness (m) 

TW01M 158.11 9.4 14.3 0.0 

TW03S 157.03 2.1 8.4 0.0 

TW03D 157.03 19.2 31.0 0.0 

TW04S 155.59 2.1 3.9 2.0 

TW07S 156.45 1.2 12.8 0.0 

TW08 156.21 1.2 41.0 0.0 

TW09S 152.48 2.4 6.7 1.8 

TW10S 156.45 2.7 15.4 2.1 

TW20 156.69 1.2 15.2 0.0 

 

Table 2.2: Numerical Simulation Input Parameters 

        Low Range Simulated High Range Simulated 

    
Parameters 

Chosen Source Value 
% change in 
peak head Value 

% change in 
peak head 

Over-
burden 
Layer 

Porosity (-) 0.20 
Estimated 

(Gleeson, 2009) -   - -  -  
Hydraulic 
Conductivity 
(m/s) 1.1E-06 Field Measured  - -  - - 

EPM layer 

Porosity (-) 5.0E-4 

Estimated from 
Sy (Milloy, 

2007) 5.0E-5 15% 5.0E-3 -42% 
Hydraulic 
Conductivity 
(m/s) 2.5E-05 

Field Measured 
(Milloy, 2007) 2.50E-06 273% 2.50E-04 -85% 

Ss (-) 1.0E-5 
Estimated 

(Elmhirst, 2011) 1.0E-06 6% 1.0E-04 -25% 
Brooks -Corey 
Lp 2.0 Estimated (Cey 

et al. 2006, 
Reitsma and 

Kueper, 1994) 

1.0 1% 4.0 -2% 
Brooks -Corey 
Pd (m) -0.05 -0.025 -15% -0.1 16% 
Brooks -Corey 

λ (-) 4.0 1.0 -9% 8.0 8% 

Surface 
Para-

meters 

Outcrop Size 
(one side of 
square, m) 5.25 Field Measured 2.63 -69% 10.5 48% 

Rill Storage 
Height (m) 0.15 Field Measured 0.05 -1% 0.25 0% 

Manning’s 
Friction 
Factor 0.25 

Typical long 
grass (Engman, 

1986) 0.01 <-1% 0.5 <1% 
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Figure 2.1: Site location within Canada (top left), Ontario (top right), and piezometer and 

rain gauge locations in the hay field (bottom) 2.0 m contours shown in grey. 
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Figure 2.2: Picture taken of the rainfall simulator that was used for infiltration experiments 

(drawing is approximate). Water is applied through drip irrigation equipment evenly over 

the 100m
2
 area.  Flow meter/totalizer measures the amount of water that was applied for 

each test. Outcrop in foreground with piezometer TW20. Water level tape is shown for 

scale.  
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Figure 2.3: a) Transmissivity-depth logs from constant head testing, for adjacent wells 

TW03S and TW20. Piezometers are located 6.5m apart on the same outcrop at 

approximately the same elevation. b) Piezometer intervals below ground surface 

 

 

 

Figure 2.4: (a) Outcrop fracture map (Trimper, 2010) created from surface mapping of the 

observable rock surface and (b) depth to bedrock around the outcrop interpolated from an 

orthogonal 3.0 m grid of GPR determined points.  
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Figure 2.5: Hydraulic head recorded in the piezometers located in the hay field for the May 

21 to June 20, 2012 (Spring Period). Piezometers TW01M and TW10S are located 

upgradient, and TW07S, TW09S are down gradient.  

 

 

Figure 2.6: Hydraulic head recorded in piezometers located in the hay field during the 

rainfall event on July 17
th
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Figure 2.7: a) Conceptual model for recharge on an outcrop causing large magnitude 

response, including abstractions from ET and surface runoff. Water table is an 

approximation. b) Diagram of numerical model with EPM layer and discretized outcrop. 
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Figure 2.8: Cross-section of the numerical model domain with 5:1 vertical exaggeration. 

Piezometer TW03S is shown on the right with exaggerated width. 
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Figure 2.9: Hydraulic Heads Used to Derive Boundary Condition Head for Numerical 

Modelling 

 

 

Figure 2.10: Hydraulic head response during and after the July 17th event recorded in 

TW03S. Modelled hydraulic head is shown with a dashed line and the hydraulic head used 

for the model shown as a solid grey line. 
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Figure 2.11: Simulation results of hydraulic head response to the July 17
th

 event with 

varying select parameters. Parameters changed in the EPM rock matrix: a) outcrop size 

(length of one side) b) overburden thickness c) hydraulic conductivity. Dashed line is the 

base case in all plots.   
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Figure 2.12: Hydraulic head response of TW03S May 21 to June 20, and modelled 

hydraulic head, and recorded and modelled rainfall with no corrections for ET 
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Figure 2.13: Hydraulic head response of TW03S May 21 to June 20, modelled hydraulic 

head and rainfall recorded and modelled: a) full month run b) c) d) zoom on specific events  
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Figure 2.14: Recorded hydraulic head response, modelled response, boundary condition 

head, and rainfall simulation for rainfall simulation experiments on July 31 (a), and 

October 10-11(b). Rainfall simulation times are shown at the top of the plots. Boundary 

condition head was static for these simulations, shown as the grey line. 
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Chapter 3 

Recreating Large Hydraulic Responses in a Shallow Bedrock 

Piezometer Having Minimal Overburden Cover Using a Rainfall 

Simulator 

3.1 Introduction 

The influence of overburden thickness on groundwater recharge in a fractured rock setting is 

poorly understood, although recent studies have begun to focus on this process (Stothoff, 1997; 

Kosugi et al., 2006; Gleeson et al., 2009). In a study done by (Stothoff, 1997) overburden 

thickness on fractured bedrock was modelled using an equivalent porous media for decade-long 

cycles in an arid environment. A one-dimensional semi-infinite, finite-element model was used to 

estimate average annual infiltration from hourly rainfall data. The results of this study strongly 

linked average annual recharge to overburden thickness. Recharge was found to vary significantly 

with small changes in overburden thickness especially when the overburden was less than 2.0 m 

thin (Stothoff, 1997). Kosugi et al. (2006) used soil and bedrock tensiometers to investigate flow 

between soil and shallow bedrock, and they noted that the soil covering the bedrock moderated 

infiltration into the fractured bedrock. Gleeson et al. (2009) investigated the effect of various 

fracture feature and soil parameters on recharge using a two-dimensional numerical model and 

field data for a fractured rock setting with minimal overburden. Modelling was performed for a 

single recharge event and a short timescale (10 days), and it was found that small changes in 

overburden thickness (0.0 to 4.0 m) were significant in reducing the magnitude and intensity of 

rapid recharge events (Gleeson et al., 2009).  

Large magnitude rises in hydraulic head in response to rainfall have been recorded at a variety of 

fractured rock sites around the world (Gburek and Folmar, 1999; Rodhe and Bockgård, 2006; 
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Milloy, 2007; Gleeson et al., 2009; Praamsma et al., 2009). Rapid large-magnitude response to 

rainfall events have been observed at a field site in Ontario, where rises in hydraulic head on the 

order of 1.0 – 3.0 m were recorded at one well over a few hours, while nearby similarly 

constructed wells responded with much smaller head rise of less than one 1.0 m (Milloy, 2007; 

Praamsma et al., 2009; Gleeson et al., 2009). In each of these cases the response could be 

indicative of actual recharge (water table rise), a hydraulic effect due to surface-loading, air 

entrapment, or a combination of these (e.g. Weeks, 2002; Rodhe and Bockgård, 2006).  

Infiltration tests can be employed to help quantify potential groundwater recharge and determine 

infiltration flow paths (Black and Kipp, 1983; Caputo et al., 2010; Trimper, 2010; Levison and 

Novakowski, 2012). These can be as simple as a double ring infiltrometer test (Caputo et al., 

2010) to measure hydraulic conductivity, or can be more complicated to measure surface-to- 

subsurface connections using shallow monitoring wells (Black and Kipp, 1983; Trimper, 2010; 

Levison and Novakowski, 2012). Experiments have been performed which involve distributing 

water at surface, and often use dyes or other tracers to measure breakthrough times and 

concentrations in underlying groundwater wells (Black and Kipp, 1983; Levison and 

Novakowski, 2012). Black and Kipp (1983) used irrigation equipment to maintain a constant 

downward flux of water for application of radioactive tracer through Cretaceous chalk in 

England, gamma logs were used to estimate water movement in the underlying formation. Some 

field measurements have been made of infiltration rates to a single unsaturated fracture using a 

modified double ring infiltrometer (Caputo et al., 2010).  Surface to well tracer experiments have 

also been performed in fractured rock in order to study transport phenomena (Praamsma et al., 

2009; Trimper, 2010; Levison and Novakowski, 2012). 

Rainfall simulators have been employed by soil scientists to study runoff erosion, slope stability, 

and surface contaminant transport as well as to estimate infiltration to the subsurface (Munn and 
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Huntington, 1976; Roth et al., 1985; Parkin, 1995). For example, Parkin (1995) used a rainfall 

simulator with time domain reflectometry to investigate unsaturated hydraulic conductivity and 

measure infiltration rate in a field setting. Studies using rainfall simulation or infiltration 

experiments as a means to recreate a natural hydraulic response in bedrock have not been found 

in the literature. 

In this study, infiltration tests that are designed to mimic high rainfall intensity are used to 

recreate localised recharge events.  If hydraulic responses can be recreated these tests may be 

used to better determine the mechanisms for groundwater recharge in a fractured rock setting with 

minimal overburden cover. The purpose of this study is to 1) determine if it is possible to 

artificially recreate rapid hydraulic responses in shallow bedrock piezometers 2) help delineate 

areas of rapid recharge 3) identify the physical processes leading to these events 4) investigate the 

link between overburden thickness and recharge to an unsaturated fractured rock aquifer. The 

study was conducted by constructing a rainfall simulator, performing multiple (eight) infiltration 

experiments and recording hydraulic response in two bedrock wells.  

3.2 Materials and Methods 

The Tay River field site is used for this study and is located near Perth, Ontario (Figure 3.1). 

Detailed measurements of hydraulic head have been obtained in a shallow bedrock aquifer over 

multiple years, and it has been previously hydraulically characterised to a high degree (Milloy, 

2007; Gleeson et al., 2009; Praamsma et al., 2009; Levison and Novakowski, 2012). There are 21 

multi-level and open-hole piezometers distributed over a small area (four km by eight km). These 

piezometers have exhibited variable responses to rainfall in years previous. A well screened on 

one outcrop in particular is known to respond rapidly with large magnitude hydraulic head rise. 
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This well (TW03S as shown in Figure 3.1) was selected for the study. Infiltration tests were 

conducted around this well using a rainfall simulator.  

3.2.1 Field Setting 

The majority of piezometers at the site are located in a hay field adjacent to the Tay River, with 

satellite wells located on the periphery (Figure 3.1). The hay field is approximately 5.5 hectares in 

size and 11 multi-level and open-hole piezometers are completed in this area. The physical 

characteristics of the site are presented in Chapter 2.  

The piezometer TW03S is known to respond rapidly to rainfall with a large magnitude rise in 

hydraulic head (0.5 to 2.5 m of head rise from rainfall events). Another piezometer (TW20) is 

located adjacent to TW03, approximately 6.5 m away on the same outcrop, and is completed as a 

single open-hole piezometer open to the interval 1.0 to 15.2 mbgs.  The distribution of 

transmissivity in these piezometers was determined during previous studies (Milloy, 2007; 

Praamsma et al., 2009) and is shown in Figure 3.2 along with the open or screened intervals for 

each well.  

Fractures were mapped on the surface of the outcrop in a previous study (Trimper, 2010) and a 

number of large fractures are identifiable (Figure 3.3).  At least one of these surface features are 

believed to be connected to a horizontal fracture feature connecting TW03S and TW20 mbgs. 

Borehole camera logs of TW20 show steeply inclined fractures above the water table at 1.5 mbgs, 

2.1 mbgs, 2.8 mbgs, and significant horizontal fracture features which were observed at 6.9 mbgs 

and 9.8 mbgs, corresponding with the higher transmissivities in the logs. Below this there is a 

lower transmissivity zone (15.0 -19.0 mbgs) that is sparsely fractured. 
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The hydraulic conductivity of the overburden has been measured in two ways.  Permeameter tests 

measured a hydraulic conductivity ranging from 1.6 x 10
-6

 to 5.0 x 10
-6

 m/s, accuracy within a 

factor of two (Reynolds and Elrick, 1985). Gleeson et al. (2009) measured the hydraulic 

conductivity of the overburden using a double ring infiltrometer, at seven different locations at 

the site and found a range between 3.6 x 10
-7

 to 4.8 x 10
-4

 m/s, with a geometric mean of 2.1x10
-6

 

m/s.  

Ground Penetrating Radar (GPR) survey was undertaken to determine depth to bedrock in the 

vicinity of the outcrop (details of this survey are presented in Chapter 2) the results of which are 

shown in Figure 3.4. 

3.2.2 Experimental Method 

The intent of this study is to simulate natural, infiltration under controlled conditions over a 

specified area to help identify the processes leading to rapid, localized recharge. By using a 

rainfall simulator we performed repeatable infiltration tests at exact locations around the outcrop. 

The design goals of the experiment were to 1) apply simulated rainfall at a rate large enough and 

over a large enough area to induce large magnitude head rises 2) distribute this uniformly at a 

known rate over the area of interest. The size chosen for the simulator was 10 m by 10 m, based 

on the amount of water deliverable from a nearby water source. A design flow which reproduces 

the intensity of a ½ year return period rainfall event was desired. A rainfall rate of approximately 

40 mm/hr was estimated. Tests were conducted between rain events when the water table was 

static. To avoid evaporation the system was designed using drip irrigation lines rather than a 

sprinkler system. This also allows a large, very uniformly distributed rainfall.  

A conceptual drawing and images of the rainfall simulator are shown in Figure 3.5. The simulator 

was constructed with a 38 mm diameter PVC pipe manifold connected to 20 identical 11 m 
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lengths of irrigation hose with drip emitters. Rows of hose were spaced every 0.5 m, and emitters 

were spaced every 0.5 m making a rectangular grid. The drip emitters apply water to the ground 

in a controlled rate and they are designed to maintain a constant flow rate regardless of the 

pressure in the hose, allowing for an evenly distributed flow across the 100 m
2
 area. An inline 

flow meter was installed between the pump and the distribution system to measure flow rate, 

because flow from the water source was expected to vary depending on the elevation of the 

distribution system and the water table in the supply well.  

The source of water is a nearby (~90 m away) open hole piezometer, TW08. This well is highly 

transmissive in deep intervals and is able to supply a large volume of water without interfering 

with other piezometers in the area (Levison and Novakowski, 2012). 

Prior to each experiment, water levels were recorded manually in TW03S and TW20 and data-

recording transducers deployed in each were programmed to record hydraulic head and 

temperature every minute. Measurements of hydraulic head were used to compare the infiltration 

experiments to natural storm events as well as determine the effect of overburden thickness on the 

response. Temperature data was used as an indicator to determine if higher temperature percolate 

is entering the well bore signifying infiltration. Temperature can be used as an environmental 

tracer in some situations (Anderson, 2005), however, temperature is not employed as a tracer for 

these experiments. This is due to the difficulty in estimating the heat exchange between the water 

and the fracture walls as well as the porous media, compounded with the non-steady state and 

unsaturated conditions of the experiments.  

Infiltration tests were performed eight times around the outcrop in seven different locations, 

labeled Test 1 to Test 8 (Figure 3.6).  Each test was two days in length with the exception of Test 

4 which was only one day in length. Water was typically applied for 6-10 hours per day 
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depending on weather conditions, and two days of consecutive application were performed to 

maximize the response data once saturated conditions were achieved. The flow rate out of the 

emitters was lower than the design specification, resulting in lower overall flow than expected. A 

flow totalizer was installed for Test 4 and all subsequent tests, and used to calculate average flow 

rate presented in equivalent rainfall intensity (Table 3.1). The variance in flow rate between tests 

was likely due to slight elevation changes between the well and the rainfall simulator.  

Four tensiometers were installed in the overburden to provide an estimate of soil saturation during 

the last two experiments.  The tensiometers were placed at locations shown in Figure 3.7 (depths 

are shown in Figure 3.11. Tensiometers do not immediately respond to pressure changes, 

(Towner, 1980) and tensiometers respond accurately within an hour depending on the soil 

saturation (Soilmoisture Equipment Corp, 2011). Therefore for this test they are used as an 

indicator for approximate soil saturation. 

3.3 Experimental Results 

Hydraulic head responses observed in TW03S for each test are plotted in Figure 3.8 and 

individual tests are discussed. Plots of the hydraulic response in both piezometers as well as 

rainfall application for each test are available Appendix D   

Test 1 was started in relatively deep overburden area north west of the outcrop. Before response 

was seen in the well, 9.5 hours of rainfall application was required (Figure 3.8). This is attributed 

to the very dry conditions of the soil and the test being in relatively thick overburden of an 

average of 1.8 m. Ponding was noted shortly before response was seen in the well and is a 

consistent observation across all tests. Therefore it is probable that soil has to be completely or 

almost completely saturated before infiltration into the fractured rock occurs. 
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Tests 2 and Test 7 were performed on approximately the same place two months apart, south west 

of the monitoring wells, and show very similar response curves that are somewhat distinct from 

other tests (Figure 3.8). A relatively long amount time was required to see a response in the well 

considering the minimal amount of overburden for these tests and the waterlevel rises less rapidly 

compared to the other tests. A slower decline in water level is also observed for both of these tests 

suggesting the southwest side of the outcrop has limited connectivity to TW03S compared to the 

other three sides.  

Tests 3 to Test 6 are very similar in their hydraulic head response, and these four are shown in 

Figure 3.9. Test 3 was located with part of the simulator applying water directly on the outcrop 

and pooling on top of exposed fractures.  A quick response was observed and the waterlevel 

started rising in less than an hour at a rate of approximately 1.0 m/hr, the fastest rate observed 

from any test. Test 6 was located similarly to Test 3, although moved further from the outcrop by 

4.0 m and the simulator was no longer applying water directly on the outcrop. Test 6 resulted in 

the rate of head rise being dramatically reduced from 1.0 m/hr to 0.28 m/hr, and the time to 

response increased from under an hour to four hours.  

Test 4 was located on a different side of the outcrop and part of the simulator was applying water 

directly on the exposed fractures. Test 5 moved back from the outcrop approximately 4.0 m from 

the position of Test 4; simulator was no longer applying water directly on exposed fractures. Test 

5 had the effect of reducing the rate of head rise somewhat from 0.69 m/hr to 0.52 m/hr. The time 

to response increased from less than one hour to three hours. Also a slight reduction in the total 

head change was observed.  The time to response and rate of hydraulic head rise are significantly 

affected by this slight change in simulator location (Figure 3.9). This is likely the difference 

between applying water directly to fractures and applying water over thin overburden areas. 
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Test 8 was performed as much directly on the outcrop as possible, and drip lines were draped 

over the outcrop. It was anticipated that this test would have the greatest response, however, Test 

8 this had slightly less rapid of a response than Test 3, and the well responded after one hour at a 

rate of 0.75 meters per hour, (1.00 m/hr for Test 3). This is attributed to more water being applied 

on the less connected southwest side of the outcrop. From Test 2 and Test 7 it is known that the 

southwest side of the outcrop has poorer connection to TW03S, and Test 8 had a substantial 

portion of the simulator applying water to this less connected side. This likely resulted in the 

more subdued response compared to the more rapidly responding Test 3. 

A comparison was made between tests using several metrics.  Mean overburden thickness 

underneath the rainfall simulator for each test was calculated using ArcGIS. Rate of hydraulic 

head rise was calculated for the linear portion of each hydraulic head rise, (as shown in Figure 

3.10). The peak magnitude of the response was calculated from the difference between the initial 

and the highest observed hydraulic heads in the test. Finally, the time to the beginning of a 

response was recorded from the start of the rainfall application. These are shown in Table 3.2.  

During testing, ponding was consistently observed before a response in TW03S was detected. 

The tensiometers corroborate this and indicate saturation of the overburden occurs around the 

time of hydraulic head response.  

Tensiometer responses of Test 7 and Test 8 are shown in Figure 3.11. Tensiometer response 

during Test 7 was consistent with earlier observations where the overburden appeared to be 

saturated at the time when response was first observed. The tensiometers labeled T2 and T3 were 

installed in deeper intervals in the middle of the rainfall applied area and showed a drop in soil 

suction implying saturation was reached around the time of response (Figure 3.7). Tensiometer 

T1 was installed to a shallower interval in the middle of the simulator and indicated less than 
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fully saturated conditions, even after response was seen in the well, other tensiometers indicated 

saturation, and ponding was noted at surface. It is not known why this tensiometer did not 

respond in concert with the others. Tensiometer T4 was installed outside of the experiment just 

above the bedrock-overburden interface and indicated some increase in saturation. This indicates 

that some infiltration in the overburden was occurring outside the periphery of the simulator but 

not enough to create saturated conditions. 

Tensiometers during Test 8 were all installed downslope of the rainfall simulator (water 

application was directly on the outcrop). Tensiometers were installed to the bedrock/soil interface 

where possible in an attempt to measure the spread of saturation across the surface of the bedrock 

from the outcrop. Some increase in water content was observed on the first day in T1 and T2 and 

more significant increase was noted the second day in all tensiometers. Full saturation was not 

observed outside of the outcrop, even though a large hydraulic response was achieved in the well. 

Tensiometers indicated that infiltration outside the periphery of the experiment may have 

contributed some hydraulic response to the well but it is believed that the majority was on the 

exposed fractures where ponding was immediate.  

The temperature increase for Test 4 is shown in Figure 3.12, where wellbore fluid increased 

approximately 4.5°C during the head rise in the well. The water used for infiltration was extracted 

from the ground, and then pumped from the supply well through a length of over 100 m of 40 mm 

hose, exposed to the sun at the surface. Also the water was distributed at surface and percolated 

through the warm soil further increasing the temperature. Thus the water’s temperature was raised 

by several degrees before infiltrating, explaining the temperature response shown in the well. 

This temperature change is used only as an indication of probable fluid movement into the well 

from surface.  
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3.4 Discussion 

The successful recreation of large magnitude hydraulic head rises in the piezometer TW03S helps 

explain rapid recharge in two ways. First, air is allowed to escape around the periphery of the 

simulator during infiltration experiments and large magnitude hydraulic responses are still 

observed. Therefore, air entrapment is not likely contributing to these events as seen with the 

Lisse Effect (Weeks, 2002). Secondly, since a temperature rise was recorded in the piezometers 

the water entering the wellbore is likely from the infiltrate not the water in the formation. This 

indicates that surface-loading effects such as those observed by Rodhe and Bockgård (2006) are 

not the cause of rapid head responses at this site. Rapid recharge is therefore the direct infiltration 

of fluid in these experiments. This is explored further first by comparing to natural storm events 

and then by linking overburden thickness with response characteristics. 

3.4.1 Comparison to Natural Storm  

A comparison is shown in Figure 3.13 between a natural storm event recorded July 17
th
, 2012 and 

a simulated event from Test 4. The natural storm rainfall rate was lower and overall only 30 mm 

of rain was applied in two hours, thus a much smaller head rise is observed.  This event shows the 

agreement in the rate of hydraulic head rise and decline between the rainfall simulator and natural 

rainfall. If hydraulic response of this magnitude can be recreated with a 10 m by 10 m rainfall 

simulator it emphasizes the small scale of the rapid recharge area which appears to be limited in 

location to the outcrop, as concluded by numerical studies undertaken in Chapter 2. 

3.4.2 Test Comparison 

The values shown in Table 3.2 are plotted against overburden thickness on Figure 3.14. 

Overburden thickness was calculated using ArcGIS; the average overburden thickness under each 

test was calculated based on the GPR survey raster map. Trend lines and resulting coefficient of 
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determination for the series’ are also shown on Figure 3.14. The responses seen on the south west 

side of the outcrop (Tests 2 and 7) are not included in this analysis because of their significantly 

different responses from the other tests and apparent weaker fracture connection; only six tests 

are used for this analysis. 

It is important to note that because TW03S is located close to the center of the outcrop 

overburden thickness and distance to the monitoring well are proportional. As the simulator is 

moved further away from the outcrop and TW03S there is additional overburden cover. This 

analysis does not include the linear distance from the center of the rainfall simulator to the 

monitoring well.  

Several observations can be made from Figure 3.14:  

1. The peak change in hydraulic head is weakly inversely proportional to overburden 

thickness. This is logical, as more overburden is present, more water is held in the 

overburden resulting in a subdued response.  

2. Average overburden thickness is proportional to the length of time to a hydraulic 

response, which is agrees with numerical modelling of this system (Gleeson et al., 2009).  

3. The rate of head rise is inversely proportional to average overburden thickness. This is 

logical as more overburden we would expect increased buffering capacity and therefore a 

reduced rate of hydraulic head rise as was observed by Kosugi et al. (2006).   

It is important to note the relatively small scale of the overburden thicknesses tested. The 

difference between 0.5 m and 2.0 m of overburden thickness can change the time of response 

from zero to multiple hours, which represents a significant change in the rainfall rate and duration 
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required to initiate infiltration. This is agrees with the study by Stothoff (1997), where annual 

infiltration was dramatically reduced by overburden between 0 - 2.0 mbgs. Similarly, simulations 

performed by Gleeson et al. (2009) observed response to a snowmelt freshet event in this well 

was eliminated by the addition of 0.4 m of overburden.  

3.5 Conclusions 

Eight infiltration experiments were conducted around a piezometer located on an outcrop and 

were successfully able to recreate natural hydraulic responses. Tensiometers were deployed to 

estimate moisture conditions in the overburden. Hydraulic head responses and the overburden 

thickness were compared for each test to study the effect of overburden on recharge events. 

Several conclusions can be drawn from analysis of these tests: 

1. Large magnitude hydraulic head increases are a result of direct infiltration at this site, and 

are likely not a product of air entrapment or surface-loading.  

2. Ponding was noted before a hydraulic response was observed in the well. Response was 

rapid once ponding was observed. This suggests that the overburden must be saturated or 

close to saturation before rapid recharge occurs in the fractured rock.  

3. Ponding time varied with depth to bedrock and soil moisture conditions.  

4. Depending on the length and magnitude of rainfall, rapid recharge is likely constrained to 

outcropping or thinly covered fractured rock in these dry summer conditions. This is 

because rainfall events are not substantial enough to saturate the overburden during dry 

conditions.  Minimal amounts (0.0-2.0 m) of overburden significantly reduced infiltration 

from natural rain in the summer.  
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5. Tensiometers indicate full ground saturation was seen only in the second day of testing 

suggesting slow percolation through the unsaturated porous media. Tensiometer response 

may be delayed which would affect these results and should be investigated further.   
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Table 3.1: Test date, duration, and average and total flow 

  Duration day 1 
(hours) 

Duration Day 2 
(hours) 

Total Volume 
Applied 

(L) 

Average 
Application 

Rate 
(mm/hr) 

Test 1 09/07/2012 5.4 7.2 - - 

Test 2 11/07/2012 7.2 6.8 - - 
Test 3 23/07/2012 4.0 6.0 - - 

Test 4 31/07/2012 4.6 - 12 279 26.8 
Test 5 15/08/2012 7.4 7.2 39 697 27.3 

Test 6 21/08/2012   8.3 6.7 34 311 23.0 
Test 7 27/09/2012 6.1 7.1 30 072 22.7 
Test 8 03/10/2012 2.5 5.2 16 036 20.7 

 

Table 3.2: Test Statistics, linear distance from center of simulator to TW03S, the average 

overburden thickness was calculated from ArcGIS from the GPR interpolated data 

 Mean 
Overburden 

Thickness (m) 

Rate of Hydraulic 
Head Rise During 

Response (average of 
both days) (m/hr) 

Magnitude of 
Response (low 
day one to high 

day 2)  (m) 

Time to Start 
of Hydraulic 

Response (hr) 

Test 1 1.80 0.24 0.86 7.0 

Test 2 0.37 0.28 1.93 2.7 

Test 3 0.54 1.00 2.96 0.9 

Test 4 0.75 0.69 2.74 0.0 

Test 5 1.34 0.52 2.47 3.3 

Test 6 1.16 0.28 2.09 4.3 

Test 7 0.36 0.16 1.78 4.2 

Test 8 0.17 0.75 2.19 1.0 
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Figure 3.1: Site location within Canada (top left), Ontario (top right), and piezometer and 

rain gauge locations in the hay field (bottom) 
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Figure 3.2: Transmissivity-depth for adjacent wells TW03S and TW20 and screen depths, 

note TW20 is an open borehole, and transmissivity was not measured above 6.96 mbgs in 

TW03S due to the low waterlevel in the well at the time of measurement 

 

Figure 3.3: Fracture map of the outcrop surface. TW03 and TW20  shown.  
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Figure 3.4: Depth to bedrock around outcrop from the GPR Survey with TW03 and TW20.  
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Figure 3.5: Experimental Configuration of rainfall simulator - Top: conceptual model, 

(water table is approximate) Left: Rainfall simulator system deployed on outcrop, TW20 

seen in foreground, water level tape for scale Right: drip emitter lines during test 
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Figure 3.6: Test locations around the outcrop, depth to bedrock, and piezometer location. 

Top: Tests 1 to 4.  Bottom: Tests 5 to 8.  Note: Test 7 was performed on approximately the 

same location as Test 2. 
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Figure 3.7: Location of tests and tensiometers. TW03 and TW20 are shown with depth to 

bedrock. Top: Test 7. Bottom: Test 8.  
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Figure 3.8: Hydraulic head responses of piezometer TW03S, a) Tests 1 to 4 b) Tests 5 to 8, 

note the break in the plot of Test 6, the datalogger was above the waterlevel and no manual 

measurements were taken in that time 
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Figure 3.9: a) Location of tests 3 to 6 around the outcrop. b) Hydraulic head in TW03S, 

comparison. The thicker overburden tests are solid lines and the dashed lines are during 

tests when the simulator was applying water directly on the outcrop. Test 3 and Test 6 are 

on the same side of the outcrop with thicker overburden under Test 6. Test 4 and Test 5 are 

located on the same side of the outcrop with thicker overburden under Test 5. The Gap in 

test six was when the datalogger was above the water level and no manual measurements 

were taken at that time. 
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Figure 3.10: Determining rate of hydraulic head rise from Test 4. Hydraulic head is plotted 

and the linear portion of the response is used to calculate the rate of rise.  
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Figure 3.11: Tensiometer depth, response, and TW03S hydraulic head (secondary y axis). 

Tensiometer accuracy: +/- 0.05 m of suction head a) Test 7 b) Test 8  
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Figure 3.12: Hydraulic head rise (black line) and air and well-bore water temperature 

change in TW20 (grey lines) during Test 4. Temperature shown on secondary y-axis. 

 

Figure 3.13: Hydraulic head and rainfall rate of test 4 and natural event on July 

31
st
, rainfall rate and simulated rainfall rate on secondary y-axis.  
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Figure 3.14: Test comparison of six of the infiltration tests, the peak change in 

hydraulic head and the time to response shown on primary y-axis, the rate of 

hydraulic rise in TW03S shown on secondary y-axis. Tests 2 and Test 7 are not 

included due to limited connectivity to the well. Trend line and correlation 

coefficients are shown for each series. 
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Chapter 4 

Conclusions 

Through field observations of natural rainfall events, simulated infiltration experiments, and 

numerical modelling we conclude that rapid recharge events are the result of localised infiltration 

to the shallow bedrock aquifer. Our findings indicate that the large magnitude hydraulic head 

rises at the field site we studied are not strictly a hydraulic response due to air entrapment or 

surface loading effects.  

Minimal overburden cover (0 - 2.0 m) can significantly reduce the hydraulic head rises observed 

in shallow bedrock which limits rapid recharge events to outcrops with fractures exposed at the 

surface. The overburden acts as a buffer allowing evapotranspiration to abstract most rainfall 

before it reaches the water table during the growing season. This limits infiltration to areas with 

minimal overburden cover during this time.  

A rainfall simulator of size 10 m by 10 m was successfully able to recreate hydraulic responses 

observed during rainfall events emphasizing how localised these responses can be in a fractured 

rock environment. Groundwater recharge can be highly variable both temporally and spatially in 

a fractured rock environment.  
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Appendix A 

Depth – Transmissivity and Equivalent Single Fracture Aperture Logs 

of Tay River Field Site  

TW03 

Bottom of Interval Top of Interval Transmissivity 2b 

mbtoc masl mbtoc masl m2/s um 

30.96 126.07 28.96 128.07 2.82E-06 162 

28.96 128.07 26.96 130.07 3.02E-06 166 

26.96 130.07 24.96 132.07 4.95E-06 196 

24.96 132.07 22.96 134.07 3.11E-06 168 

22.96 134.07 20.96 136.07 3.38E-07 80 

20.96 136.07 18.96 138.07 9.10E-07 111 

18.96 138.07 16.96 140.07 1.00E-10 5 

16.96 140.07 14.96 142.07 1.00E-10 5 

14.96 142.07 12.96 144.07 2.77E-06 161 

12.96 144.07 10.96 146.07 1.00E-10 5 

10.96 146.07 8.96 148.07 7.90E-05 493 

8.96 148.07 6.96 150.07 2.22E-05 323 
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TW04 

Bottom of Interval Top of Interval Transmissivity 2b 

mbtoc masl mbtoc masl m2/s um 

30.56 125.03 28.79 126.80 1.90E-05 307 

29.20 126.40 27.43 128.17 2.78E-05 348 

27.84 127.75 26.07 129.52 2.11E-05 318 

26.48 129.11 24.71 130.88 3.07E-05 360 

25.12 130.47 23.35 132.24 2.74E-05 347 

23.76 131.83 21.99 133.60 1.57E-05 288 

22.40 133.19 20.63 134.96 1.66E-05 293 

21.04 134.55 19.27 136.32 1.96E-05 310 

19.68 135.91 17.91 137.68 3.76E-04 830 

18.32 137.27 16.55 139.04 4.41E-04 875 

16.96 138.63 15.19 140.40 8.79E-06 237 

15.60 139.99 13.83 141.76 1.07E-05 254 

14.24 141.35 12.47 143.12 6.79E-06 218 

12.88 142.71 11.11 144.48 3.87E-06 180 

11.52 144.07 9.75 145.84 1.55E-06 133 

10.16 145.43 8.39 147.20 1.40E-06 129 

8.80 146.79 7.03 148.56 1.67E-06 136 

7.44 148.15 5.67 149.92 1.88E-06 142 

6.08 149.51 4.31 151.28 5.59E-04 947 
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TW05 

Bottom of Interval Top of Interval Transmissivity 2b 

mbtoc masl mbtoc masl m2/s um 

55.98 100.50 54.21 102.27 1.83E-06 140 

54.21 102.27 52.44 104.04 5.07E-07 92 

52.44 104.04 50.67 105.81 3.65E-07 82 

50.67 105.81 48.90 107.58 3.15E-06 168 

48.90 107.58 47.13 109.35 3.65E-07 82 

47.13 109.35 45.36 111.12 2.73E-07 75 

45.36 111.12 43.59 112.89 4.81E-07 90 

43.59 112.89 41.82 114.66 3.89E-07 84 

41.82 114.66 40.05 116.43 1.14E-06 120 

40.05 116.43 38.28 118.20 9.87E-08 53 

38.28 118.20 36.51 119.97 2.83E-07 75 

36.51 119.97 34.74 121.74 7.08E-07 102 

34.74 121.74 32.97 123.51 4.57E-07 89 

32.97 123.51 31.20 125.28 4.61E-07 89 

31.20 125.28 29.43 127.05 2.94E-07 76 

29.43 127.05 27.66 128.82 7.97E-07 107 

27.66 128.82 25.89 130.59 1.27E-06 124 

25.89 130.59 24.12 132.36 1.17E-06 121 

24.12 132.36 22.35 134.13 1.45E-06 130 

22.35 134.13 20.58 135.90 6.56E-07 100 

20.58 135.90 18.81 137.67 2.15E-07 69 

18.81 137.67 17.04 139.44 1.14E-05 259 

17.04 139.44 15.27 141.21 1.78E-06 139 

15.27 141.21 13.50 142.98 1.38E-06 128 

13.50 142.98 11.73 144.75 2.98E-06 165 

11.73 144.75 9.96 146.52 1.55E-04 617 

9.96 146.52 8.19 148.29 1.00E-04 534 

8.19 148.29 6.42 150.06 5.85E-05 446 
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TW06 

Bottom of Interval Top of Interval Transmissivity 2b 

mbtoc masl mbtoc masl m2/s um 

49.78 105.59 48.01 107.36 4.28349E-05 402 

48.01 107.36 46.24 109.13 4.90595E-05 421 

46.24 109.13 44.47 110.90 0.000121862 570 

44.47 110.90 42.70 112.67 4.24954E-05 401 

42.70 112.67 40.93 114.44 2.93284E-05 354 

40.93 114.44 39.16 116.21 2.53624E-05 338 

39.16 116.21 37.39 117.98 2.20175E-05 322 

37.39 117.98 35.62 119.75 2.08016E-05 316 

35.62 119.75 33.85 121.52 1.90976E-05 307 

33.85 121.52 32.08 123.29 3.79803E-05 386 

32.08 123.29 30.31 125.06 7.4961E-05 485 

30.31 125.06 28.54 126.83 2.0447E-05 314 

28.54 126.83 26.77 128.60 0.000112257 554 

26.77 128.60 25.00 130.37 3.7807E-05 386 

25.00 130.37 23.23 132.14 1.13941E-05 259 

23.23 132.14 21.46 133.91 1.30779E-05 271 

21.46 133.91 19.69 135.68 0.000146078 605 

19.69 135.68 17.92 137.45 5.75059E-06 206 

17.92 137.45 16.15 139.22 4.70732E-06 193 

16.15 139.22 14.38 140.99 6.91074E-05 472 

14.38 140.99 12.61 142.76 0.000265751 739 

12.61 142.76 10.84 144.53 3.44492E-05 374 

10.84 144.53 9.07 146.30 3.57349E-06 176 

9.07 146.30 7.30 148.07 3.97023E-06 182 

7.30 148.07 5.53 149.84 1.28E-03 1249 
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TW07 

Bottom of Interval Top of Interval Transmissivity 2b 

mbtoc masl mbtoc masl m2/s um 

45.95 110.50 44.18 112.27 5.11E-06 198 

44.18 112.27 42.41 114.04 7.49E-04 1044 

42.41 114.04 40.64 115.81 1.73E-05 297 

40.64 115.81 38.87 117.58 7.15E-06 221 

38.87 117.58 37.10 119.35 2.92E-06 164 

37.10 119.35 35.33 121.12 3.73E-02 3841 

35.33 121.12 33.56 122.89 6.83E-06 218 

33.56 122.89 31.79 124.66 9.66E-06 245 

31.79 124.66 30.02 126.43 2.94E-06 165 

30.02 126.43 28.25 128.20 1.81E-04 650 

28.25 128.20 26.48 129.97 1.79E-03 1396 

26.48 129.97 24.71 131.74 2.08E-03 1468 

24.71 131.74 22.94 133.51 1.12E-04 555 

22.94 133.51 21.17 135.28 1.16E-04 561 

21.17 135.28 19.40 137.05 4.32E-05 403 

19.40 137.05 17.63 138.82 1.64E-05 292 

17.63 138.82 15.86 140.59 2.07E-06 147 

15.86 140.59 14.09 142.36 9.83E-06 246 

14.09 142.36 12.32 144.13 4.67E-07 89 

12.32 144.13 10.55 145.90 7.04E-07 102 

10.55 145.90 8.78 147.67 5.64E-03 2046 

8.78 147.67 7.01 149.44 1.29E-03 1250 
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TW08 

Bottom of Interval Top of Interval Transmissivity 2b 

mbtoc masl mbtoc masl m2/s um 

    41.240 114.97 2.57E-06 158 

41.24 114.97 39.460 116.75 1.72E-06 138 

39.46 116.75 37.680 118.53 1.29E-07 58 

37.68 118.53 35.910 120.30 1.73E-03 1380 

35.91 120.30 34.140 122.07 2.00E-03 1448 

34.14 122.07 32.370 123.84 5.92E-04 965 

32.37 123.84 30.600 125.61 4.97E-07 91 

30.6 125.61 28.830 127.38 3.27E-06 171 

28.83 127.38 27.060 129.15 1.29E-06 125 

27.06 129.15 25.290 130.92 3.71E-03 1780 

25.29 130.92 23.520 132.69 5.60E-05 440 

23.52 132.69 22.320 133.89 4.50E-05 409 

22.32 133.89 22.320 133.89 4.90E-07 91 

22.32 133.89 20.550 135.66 8.21E-07 108 

20.55 135.66 18.780 137.43 1.65E-07 63 

18.78 137.43 17.010 139.20 6.02E-07 97 

17.01 139.20 15.240 140.97 2.35E-06 153 

15.24 140.97 13.470 142.74 4.96E-07 91 

13.47 142.74 11.700 144.51 3.28E-07 79 

11.7 144.51 9.930 146.28 2.41E-04 715 

9.93 146.28 8.160 148.05 2.38E-06 153 

8.16 148.05 6.390 149.82 5.07E-07 92 
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TW09 

Bottom of Interval Top of Interval Transmissivity 2b 

mbtoc masl mbtoc masl m2/s um 

    34.33 118.15 2.30E-06 152 

34.33 118.15 32.56 119.92 2.60E-06 158 

32.56 119.92 30.79 121.69 3.69E-06 178 

30.79 121.69 29.02 123.46 3.19E-06 169 

29.02 123.46 27.25 125.23 2.65E-06 159 

27.25 125.23 25.48 127.00 2.51E-06 156 

25.48 127.00 23.71 128.77 2.22E-06 150 

23.71 128.77 21.94 130.54 2.39E-06 154 

21.94 130.54 20.17 132.31 2.04E-06 146 

20.17 132.31 18.4 134.08 2.27E-06 151 

18.4 134.08 16.63 135.85 1.87E-06 142 

16.63 135.85 14.86 137.62 1.78E-06 139 

14.86 137.62 13.09 139.39 5.72E-07 95 

13.09 139.39 11.32 141.16 1.21E-07 57 

11.32 141.16 9.55 142.93 1.03E-06 116 

9.55 142.93 7.78 144.70 1.43E-07 60 

7.78 144.70 6.01 146.47 1.76E-07 64 

6.01 146.47 4.24 148.24 6.62E-05 465 

4.24 148.24 2.47 150.01 7.40E-05 483 
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TW10 

Bottom of Interval Top of Interval Transmissivity 2b 

mbtoc masl mbtoc masl m2/s um 

    42.56 113.89 1.20E-05 263 

    42.58 113.87 4.17E-07 86 

42.58 113.87 40.81 115.64 7.25E-07 103 

40.81 115.64 39.04 117.41 3.16E-07 78 

39.04 117.41 37.27 119.18 1.26E-06 124 

37.27 119.18 35.5 120.95 7.50E-07 104 

35.5 120.95 33.73 122.72 6.04E-07 97 

33.73 122.72 31.96 124.49 3.86E-07 84 

31.96 124.49 30.19 126.26 7.95E-07 106 

30.19 126.26 28.42 128.03 3.63E-07 82 

28.42 128.03 26.65 129.80 3.54E-07 81 

26.65 129.80 24.88 131.57 4.11E-07 85 

24.88 131.57 23.11 133.34 4.29E-07 87 

23.11 133.34 21.34 135.11 5.61E-07 95 

21.34 135.11 19.57 136.88 2.68E-07 74 

19.57 136.88 17.8 138.65 4.37E-07 87 

17.8 138.65 16.03 140.42 4.99E-08 42 

16.03 140.42 14.26 142.19 6.87E-07 101 

14.26 142.19 12.49 143.96 5.01E-05 424 

12.49 143.96 10.72 145.73 9.89E-05 532 

10.72 145.73 8.95 147.50 2.54E-04 728 

8.95 147.50 7.18 149.27 4.04E-04 850 

7.18 149.27 5.41 151.04 5.46E-05 436 

5.41 151.04 3.64 152.81 1.32E-04 586 

3.64 152.81 2.67 153.78 5.28E-05 431 
 

TW20 

Bottom of Interval Top of Interval Transmissivity 2b 

mbtoc masl mbtoc masl m2/s Um 

14.54 142.15 12.58 144.11 1.80E-09 14 

12.58 144.11 10.62 146.07 3.99303E-09 18 

10.62 146.07 8.66 148.03 0.0009656 1136 

8.66 148.03 6.7 149.99 9.53115E-07 113 

6.7 149.99 4.74 151.95 3.40625E-06 173 
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Appendix B 

Sample HydroGeoSphere Input Code 

Grok File 

FIELD INFILTRATION TEST 

Base.grok 

end title 

 

!-------------------------- Grid generation 

 

Generate blocks interactive 

grade x     

164. 0.0 0.5 1.5 10. 

grade x     

164. 175. 0.5 1.5 .5 

 

grade y     

164. 0.0 0.5 1.5 10. 

grade y     

164. 175.0 0.5 1.5 .5 

 

grade z 

15. 14.5 0.1 1.09 0.1 

grade z 

14.5 10. 0.1 1.08 .1 

grade z 

10. 0. 0.1 1.4 .5 

 

end generate blocks interactive 

end 

mesh to tecplot 

gridadoodle.dat 

 

!-------------------------- General simulation parameters 

units: kilogram-metre-hour 

unsaturated 

finite difference mode 

remove negative coefficients 

compute underrelaxation factor 

no nodal flow check 

transient flow 

 

!-------------------------Nodes for overlandfLow BCs 

choose nodes block 

0.0, 175.0 

0.0, 0.0 

15.0, 15.0 

choose nodes block 

0.0, 0.0 
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0.0, 175.0 

15.0, 15.0 

write chosen nodes 

Node_Name.txt 

 

!-------------------------- Porous media properties 

use zone type 

porous media 

properties file 

rr.mprops 

 

!------------------------soil 

clear chosen elements 

choose elements block 

0.0, 175.0 

0.0, 175.0 

0.0, 15.0 

new zone 

1 

clear chosen zones 

choose zone number 

1 

read properties 

soil 

 

!-----------------------Rock 

clear chosen elements 

choose elements block 

0.0, 175.0 

0.0, 175.0 

0.0, 12.5 

choose elements block 

173.75, 175 

173.75, 175 

0.0, 14.99 

choose elements block 

171.25, 175 

171.25, 175 

0.0, 14.90 

choose elements block 

169.75, 175 

169.75, 175 

0.0, 14.80 

choose elements block 

166, 175 

166, 175 

0.0, 14.50 

choose elements block 

165, 175. 

165, 175. 
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0.0, 14.75 

choose elements block 

164, 175. 

164, 175. 

0.0, 14.0 

new zone 

2 

clear chosen zones 

choose zone number 

2 

read properties 

EPM 

 

!-------------------------- Initial Condition 

clear chosen nodes 

choose nodes block 

0.0, 350.0 

0.0, 350.0 

0.0, 15.0 

initial head 

9.45 

 

!--------------------------Boundary Condition 

clear chosen nodes 

choose nodes block 

0.0, 175.0 

0.0, 0.0 

0.0, 15.0 

choose nodes block 

0.0, 0.0 

0.0, 175.0 

0.0, 15.0 

 

specified head 

1  

0, 9.45 

 

 

!--------------------Useful for when the WT fluctuates 

interpolate specified head 

false 

 

!----------------------Surface Flow Conditions 

dual nodes for surface flow 

use zone type 

surface 

properties file 

rr.oprops 

clear chosen faces 

choose faces top 
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new zone 

1 

 

clear chosen zones 

choose zone number 

1 

read properties 

overland flow 

clear chosen nodes 

choose nodes top 

initial water depth 

1.D-6 

clear chosen faces 

!choose faces top 

Choose faces block 

164.,175. 

164.,175. 

15.0,15.0 

 

specified rainfall 

2 

0.0 0.020 

2.0 0.000 

 

!---this is neccessary when only modelling a quarter of the field, you must list all nodes that 

represent critical depth boundaries 

!critical depth boundary all around 

Critical depth boundary 

False 

      147826 

      147827 

      147828 

      147829 

      147830 

      147831 

      147832 

      147833 

      147834 

      147835 

      147836 

      147837 

      147838 

      147839 

      147840 

      147841 

      147842 

      147843 

      147844 

      147845 
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      147846 

      147847 

      147848 

      147849 

      147850 

      147851 

      147852 

      147853 

      147854 

      147855 

      147856 

      147857 

      147858 

      147859 

      147860 

      147861 

      147862 

      147863 

      147864 

      147865 

      147866 

      147867 

      147868 

      147869 

      147870 

      147871 

      147916 

      147961 

      148006 

      148051 

      148096 

      148141 

      148186 

      148231 

      148276 

      148321 

      148366 

      148411 

      148456 

      148501 

      148546 

      148591 

      148636 

      148681 

      148726 

      148771 

      148816 

      148861 

      148906 

      148951 
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      148996 

      149041 

      149086 

      149131 

      149176 

      149221 

      149266 

      149311 

      149356 

      149401 

      149446 

      149491 

      149536 

      149581 

      149626 

      149671 

      149716 

      149761 

      149806 

 

 

end 

 

!----------------------------Observation Well 

make well 

TW03 

175,175,6.5 

175,175,13.0 

1 

0.0,0.0 

175.,175.,15. 

0.0762 

0.0752 

 

 

!------------------------------- Output 

make observation point 

YisZero 

175. 0. 7.5 

make observation point 

XisZero 

0. 175 10.0 

make observation point 

top 

175. 175 15.0 

make observation point 

In_well 

175. 175. 7.5 
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initial timestep 

1e-4 

 

head control 

.05 

 

maximum timestep 

0.50 

output times 

0.25 

1. 

1.5 

2 

2.5 

3 

3.5 

4 

4.5 

80 

 

end 

newton iteration control 

7 

Newton maximum iterations 

12 

Jacobian epsilon 

1.0d-6 

Newton absolute convergence criteria 

1.0d-3 

Newton residual convergence criteria 

1.0d-3 

flow solver convergence criteria 

1e-8 

  

Fprops File 

rr.fprops 

!RR7.0.fprops 

vfracture 

specific storage 

4.4e-6 

aperture 

350.e-6 

unsaturated brooks-corey functions 

beta 

1.0 

pore connectivity 

1.0 
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air entry pressure 

-0.16 

generate tables from unsaturated functions 

end 

end material 

!------------------------- 

hfracture 

specific storage 

4.4e-6 

aperture 

125.e-6 

end material 

 

Mprops File 

 

!RR7.0.mprops 

! Porous medium property set 

soil 

k isotropic 

4.0d-3 

specific storage 

1.0D-5 

porosity 

0.20 

longitudinal dispersivity 

0.05 

transverse dispersivity 

0.005 

vertical transverse dispersivity 

0.005 

tortuosity 

0.1 

bulk density 

2000.0 

unsaturated tables 

pressure-saturation 

-1000 0.22532178 ! pressure, Saturation 

-200 0.25661515 

-100 0.28004868 

-50 0.31313708 

-20 0.37839157 

-10 0.45060625 

-7.0 0.49739729 

-5.0 0.54802657 

-4.0 0.58496215 

-3.4 0.61336611 

-3.0 0.63597157 
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-2.7 0.65539787 

-2.3 0.68544939 

-2.0 0.71186889 

-1.7 0.74246249 

-1.4 0.77817876 

-1.2 0.80535621 

-1.0 0.83555850 

-0.8 0.86890602 

-0.65 0.89582405 

-0.5 0.92389193 

-0.4 0.94276352 

-0.3 0.96115858 

-0.2 0.97821106 

-0.1 0.99248653 

-0.06 0.99686866 

-0.03 0.99937138 

-0.02 1.00000000 

0. 1. 

end p-s table 

saturation-relative k 

0.22532178 2.680690E-11 ! saturation, Relative Permeability 

0.25661515 5.008289E-09 

0.28004868 4.760099E-08 

0.31313708 4.516213E-07 

0.37839157 8.763402E-06 

0.45060625 8.090113E-05 

0.49739729 2.496616E-04 

0.54802657 7.088787E-04 

0.58496215 1.394431E-03 

0.61336611 2.258633E-03 

0.63597157 3.250622E-03 

0.65539787 4.391261E-03 

0.68544939 6.861189E-03 

0.71186889 9.994493E-03 

0.74246249 0.01521536 

0.77817876 0.02446315 

0.80535621 0.03484376 

0.83555850 0.05144394 

0.86890602 0.07927722 

0.89582405 0.11338976 

0.92389193 0.16789906 

0.94276352 0.22326156 

0.96115858 0.30396440 

0.97821106 0.42754706 

0.99248653 0.63711289 

0.99686866 0.77405567 

0.99937138 0.92735098 

1. 1.0 

end s-k table 

end tables 
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end material 

!------------------------- 

 

!------------------------- 

! Porous medium property set 

EPM 

k isotropic 

0.090 

specific storage 

1.0D-5 

porosity 

0.0005 

 

unsaturated brooks-corey functions 

 

! one over Alpha 

beta 

0.25 

pore connectivity 

2.0 

residual saturation 

0.00025 

air entry pressure 

-0.05 

generate tables from unsaturated functions 

 

end unsaturated functions 

 

end material 

!------------------------- 

  

Oprops File 
 

!RR7.0.oprops 

overland flow 

x friction 

0.0000036 

y friction 

0.0000036 

rill storage height 

0.15 

!obstruction storage height 

!0.25 

coupling length 

1.e-4 

end material 

 



 

89 

 

Appendix C 

Radius of Influence 

The outcrop’s effect on the local aquifer water table can be explored numerically. The numerical 

model discussed in Chapter 2 was used to determine the radius of influence of some different 

outcrop geometries. The model is the same as in Chapter 2, but the domain was extended so 

boundary conditions no longer affect the head rise. The goal of this is to determine a potential 

radius of influence of three outcrop sizes and drift thicknesses, and how far a rapid, large 

magnitude head rise will affect the water table. A head rise of 0.10 m is used as the determining 

point for influence. The same natural July 17 storm event is used. A radius of influence is shown 

in Figure C.1 

 

Figure C.1: Model domain showing a hydraulic head rise during an infiltration event. An 

extended domain and a variable outcrop size are used. 

- Standard outcrop size has a radius of influence of approximately 160 m.  



 

90 

 

- An outcrop half the size has a radius of influence of approximately 40m 

- An outcrop twice the size has a radius of influence of approximately 335 m 

Similarly, adding additional overburden cover to the base case outcrop model adjusts this radius 

of influence.  

- Standard overburden depth has a radius of influence of approximately 160m 

- Adding 0.2m of overburden reduces the radius of influence to 55m 

- Adding 0.4m of overburden reduces this to so that the response does not extend beyond 

the boundaries of the outcrop.  

 

  



 

91 

 

Appendix D 

Infiltration Test Plots 

 

Figure D.1 Hydraulic Head response of TW03S, TW03D, and TW20 during infiltration Test 

1. Rainfall application shown at top of plot.  
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Figure D.2 Hydraulic Head response of TW03S, TW03D, and TW20 during infiltration Test 

2. Rainfall application shown at top of plot.  

 

 

Figure D.3 Hydraulic Head response of TW03S, TW03D, and TW20 during infiltration Test 

1. Rainfall application shown at top of plot.  
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Figure D.4 Hydraulic Head response of TW03S, TW03D, and TW20 during infiltration Test 

4. Rainfall application shown at top of plot.  

 

Figure D.5 Hydraulic Head response of TW03S, TW03D, and TW20 during infiltration Test 

5. Rainfall application shown at top of plot.  
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Figure D.6 Hydraulic Head response of TW03S, TW03D, and TW20 during infiltration Test 

6. Rainfall application shown at top of plot.  

 

Figure D.7 Hydraulic Head response of TW03S, TW03D, and TW20 during infiltration Test 

7. Rainfall application shown at top of plot.  
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Figure D.8 Hydraulic Head response of TW03S, TW03D, and TW20 during infiltration Test 

8. Rainfall application shown at top of plot.  
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