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Abstract 

Flow, recharge and transport dynamics in fractured rock aquifers with low lying rock outcrops is a largely 

unexplored area of study in hydrogeology. The purpose of this thesis is to examine these topics in an 

agricultural area in Eastern Ontario. The study consists of a regional scale groundwater quality study, an 

infiltration experiment that considers bacteria transport from the ground surface to a well, and a numerical 

modelling study that tests the parameters that affect surface infiltration of a tracer from a rock outcrop to a 

deeper horizontal fracture. In the water quality study, approximately 65% of the samples contained total 

coliform, 16% contained E. coli, and 1% contained nitrate-N at greater than 5 mg/L. Occurrence of E. coli 

increased when considering seasonality, where wells were drilled on rock outcrops, and for shallow well 

intervals. Nitrate-N did not occur above the Guidelines for Canadian Drinking Water Quality (Health 

Canada, 2012) of 10 mg/L. Rapid arrival times were observed in the infiltration study for both the 

microspheres (30 minutes) and a dye tracer (45 minutes) in a well approximately 6.0 m in horizontal and 

2.8 m in vertical distance from the tracer source. Transport velocities were approximately 38.9 m/day for 

the dye tracer and 115.2 m/day for the colloidal tracer. Results of the model runs indicate that overburden 

can provide an effective protective layer to transport in fractures, that high groundwater velocities occur 

in larger fracture apertures and higher gradients dilute tracer concentrations, and that lower groundwater 

velocities occur with smaller fracture apertures and lower gradients result in elevated tracer 

concentrations. Lower rainfall rates, larger fracture apertures, early tracer time, larger gradients, and 

lower water levels maintained unsaturated conditions for longer time periods such that tracer transport 

was delayed until saturated conditions were attained. The overall heterogeneity of this aquifer 

environment creates a source water protection conundrum where the water quality is generally good, 

while transport can occur very quickly in proximity to rock outcrops and in areas with limited 

overburden. 
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Chapter 1 

Introduction 

Fractured rock aquifers are complex groundwater systems that can be extremely vulnerable to 

contamination (Borchardt et al., 2007; Levison and Novakowski, 2009). Source water protection 

measures have been established in most jurisdictions across Canada to protect drinking water quality by 

striving to ensure that the source water is protected from contaminant sources (O’Connor, 2002; Simms et 

al., 2010). A comprehensive understanding of how groundwater flow and transport occurs is an important 

component of a successful source water protection strategy. Important aspects of source water protection, 

with respect to groundwater quality, are establishing base line water quality, creating wellhead protection 

areas, and determining areas of vulnerability based on aquifer characteristics. The inherent anisotropy and 

heterogeneity of fractured rock aquifers makes that exceptionally difficult to characterize (Lapcevic et al., 

1999). Since it is realistically impossible to determine all fracture locations, it is impossible to determine 

which fractures are predominantly responsible for groundwater flow and transport.  

 

Agricultural activities, such as cattle pasturing, manure spreading, and fertilizer application can have a 

profound negative effect on rural groundwater quality (Bouwer, 1990; Böhlke and Denver, 1995; Goss et 

al., 1998; Rudloph et al., 1998; Conboy and Goss, 2000; Böhlke, 2002). Pathogenic strains of E. coli (e.g. 

O157:H7) that are found in animal feces cause gastro-intestinal distress, kidney disease (HUS), and can 

be potentially fatal (Kaper et al., 2004). Nitrates that are the result from nitrification of nitrogen fertilizers, 

can cause methemoglobinemia, when they occur in a drinking water supply. Long-term exposure to 

elevated concentrations of nitrate is also associated with bladder and ovarian cancers (Weyer et al., 2001) 

and non-Hodgkin’s lymphoma (Ward et al., 2005). In addition to the potential health risk, nitrate and 

bacteria have very different transport properties, which creates additional complexity in the transport 

system. Nitrates are very soluble and readily leached (Nolan, 1999; Nolan et al., 2002), and are thus 
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transported with groundwater flow, while bacteria are generally transported like a colloid (McCarthy and 

Zachara, 1989). 

 

Knowledge of the surface expression of vertical and subvertical fractures would be the ideal way to 

protect fractured rock aquifers, as the vertical fractures could be used to determine the likely pathways 

between the contaminant source and the receptor in a fractured rock environment. Lineament analysis 

using remote sensing has yielded conflicting results, where some locations are ideal for lineament 

analyses (Mabee et al., 1994) and others are not (Gleeson et al., 2009a). In areas where little overburden 

is present, combined with the lack of knowledge of the vertical fracture locations, bedrock aquifers are 

particularly vulnerable to contamination. Source water protection measures and effective data collection 

are imperative in these susceptible environments. 

 

Source water protection policies, such as wellhead protection areas and groundwater vulnerability studies, 

combined with nutrient management policy are useful land use management tools to protect groundwater 

sources in agricultural areas. A greater understanding of fracture networks, rock outcrops and transport of 

agricultural contaminants from the ground surface within these environments can lead to effective policy 

development, such as wellhead protection areas, nutrient management plans, and bolstering of well 

drilling regulations. Specific changes to policy may include well placement, casing lengths, ideal nutrient 

application, and methods for conducting vulnerability studies. 

 

The studies discussed in Chapter 2 through Chapter 5 were conducted at a field site near Perth, Ontario. 

The study site has been used extensively since 2004. Rapid recharge was investigated by Milloy (2007) 

and Gleeson et al. (2009b). Groundwater–surface water interaction was investigated by Gleeson et al. 

(2009c) and Praamsma et al. (2009). Agricultural effects were previously studied on the field scale by 
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Levison and Novakowski (2009). Tracer/infiltration experiments were completed by Trimper (2010), 

Levison and Novakowski (2012), and Miles and Novakowski (2014). 

 

All chapters in this thesis, except for this Introduction (Chapter 1) and the Discussions and Conclusions 

chapter (Chapter 5) are distinct, stand-alone manuscripts (Chapters 2, 3, 4). Each manuscript contains an 

introduction, including a focused literature review, methodology, results, discussion and conclusions 

pertinent to the specific topic. The research presented in Chapter 2 has been accepted to the Journal of 

Contaminant Hydrology. Chapters 3 and 4 will be submitted for publication. Chapter 5 provides 

discussion, conclusions and recommendations on the research in its entirety.  

1.1 Scope and Specific Objectives 

 

The research documented within this thesis was conducted with the intent of providing more insight into 

groundwater flow and transport in fractured rock systems where overburden is limited and rock outcrops 

are common. The studies were conducted on the regional and outcrop scales in a gneissic fractured rock 

aquifer in eastern Ontario. The effects of recharge, well location, overburden thickness, and fracture size 

and location were investigated on both scales in three different studies. The studies include: a regional 

scale well survey in an agricultural area; an infiltration study using microspheres; and a modeling study 

on the outcrop scale, using the fully integrated groundwater surface water model and discrete fracture 

model, HydroGeoSphere. The specific objectives of each theme are summarized herein. 

1.1.1 Chapter 2 – Effects of seasonality, well depth, overburden thickness, and precipitation on E. 

coli and nitrate transport in a fractured rock aquifer 

 

In Chapter 2, a statistical approach is used to resolve the effects of site characteristics (e.g. well depth, 

casing depth), geology (amount of overburden over a fractured bedrock aquifer), hydrogeology (e.g. 

depth to water level) and climate data (e.g. precipitation amounts) on groundwater quality. Site 
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characteristics, geology, climate, and groundwater quality data are compared to determine the effects of 

seasonality, well depth, water levels, and depth to overburden on groundwater quality in a 3400 ha 

agricultural area that sources drinking water from a fractured rock aquifer. Hydrogeological and statistical 

methods are used to constrain the possible effects of E. coli and nitrate on groundwater quality. Fracture 

connectivity and regional scale issues are also examined to determine if regional scale fracture 

connectivity and thus large scale contaminant transport exists in the study environment. 

 

1.1.2 Chapter 3 – Rapid infiltration of conservative and colloid tracers in a fractured rock aquifer 

having minimal overburden cover 

 

The objective of Chapter 3 is to investigate the vertical transport processes governing bacterial 

contamination in areas where outcrops and shallow overburden are common. In a well characterized 

fractured rock system, an infiltration experiment was designed and conducted in which a fluorescent dye 

and 2 m microspheres are tracked from a 1200 L reservoir adjacent to a rock outcrop to three nearby 

monitoring wells that are under steady state pumping conditions. The experiment was conducted under 

saturated conditions, designed to simulate heavy rainfall infiltration. Colloidal effects are evaluated and 

compared to the transport of aqueous solutions.  

 

1.1.3 Chapter 4 – Effects of rainfall rate, fracture size, tracer application time, gradient, water level 

and overburden thickness on vertical flow and transport in a fractured rock aquifer within a rock 

outcrop 

 

The objectives of Chapter 4 are to 1) explore the influence of rainfall rate, fracture size, tracer application 

time, gradient, water level and overburden thickness using the numerical model, HydroGeoSphere and 2) 

to determine if there is inherent vulnerability within fractured rock environments with little protective 

overburden. Conceptually, rock outcrops with little primary porosity would generally be considered a 
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barrier to flow and transport, with elevated runoff on the outcrop proper likely. However, to the best of 

our knowledge, the effects of the surrounding overburden, combined with exposed, vertical discrete 

fractures in the rock have not been explored. 
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Chapter 2 

Effects of seasonality, well depth, overburden thickness, and precipitation on 

E. coli and nitrate transport in a fractured rock aquifer 

2.1 Abstract 

 

A regional scale groundwater study was conducted in an agricultural watershed where drinking water is 

sourced from a fractured rock aquifer in Perth, Ontario. Potential sources of E. coli and nitrate 

contamination include cattle pasturing and manure spreading. Samples were collected between June 2007 

and February 2009 from 52 multi-level piezometers in 21 wells distributed over 3400 ha. All wells were 

characterized via pumping tests and hydraulic testing using straddle packers to determine bulk hydraulic 

conductivity, fracture locations, and connectivity between the wells. Statistical analyses were completed 

on the E. coli and nitrate results to determine the effects of ordinal date, overburden thickness, well depth, 

and cumulative precipitation three days prior to sampling, seven days prior to sampling and one month 

prior to sampling. Of the 190 samples examined, approximately 65% contained total coliform, 16% 

contained E. coli, and 1% contained nitrate-N at greater than 5 mg/L. Occurrence of E. coli increased 

when considering seasonality (27% in August, 2008 and 20% in October, 2008), where wells were drilled 

on rock outcrops (29%), and for shallow well intervals (24%). Nitrate-N did not occur above the 

Guidelines for Canadian Drinking Water Quality (Health Canada, 2012) of 10 mg/L. Results above 5 

mg/L occurred in 1% of the wells, but this value is not considered statistically significant at the 95% 

confidence interval (±1.5%). The hydraulic testing data suggest only small scale fracture connectivity is 

present, on the order of 15 m or less, with linkages through the regional fracture network. The lack of 

regional spatial correlation and the magnitude of local impacts imply that domestic well location and 

proper well completion are vital mitigative practices for protecting drinking water quality in rural 

agricultural areas where wells are completed in fractured rock aquifers.  
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2.2 Introduction 

 

Well surveys are essential in clearly demonstrating the effects of land use on the health of the aquifer 

particularly in agricultural areas (Bouwer, 1990; Böhlke and Denver, 1995; Goss et al., 1998; Rudloph et 

al., 1998; Conboy and Goss, 2000; Böhlke, 2002). However, well surveys do not always account for 

geological and hydrogeological conditions that complicate the epidemiological effects of contamination 

(e.g. Howard et al, 2003; Giannoulis et al, 2005; Sarkar et al., 2012). Examples from around the globe of 

domestic well surveys that consider geological conditions include Beck et al. (1985), Betcher et al. 

(1997), Hudak and Blanchard (1997), and Levallois et al. (1998), providing more insight on contaminant 

transport, including travel times and potential for attenuation. 

 

In eastern Canada and the northeastern United States, rural homeowners predominantly rely on wells that 

are drilled into fractured bedrock aquifers that have unique groundwater flow and contaminant transport 

conditions (Novakowski et al., 2006). Water quality surveys are also predominantly conducted using 

domestic wells with little knowledge of well construction, including the casing depth and the grouting 

materials that can provide a valuable barrier to localized contaminant inflow to the well and drinking 

water source (Goss et al., 1998; Conboy and Goss, 2000). Failed well casing and improperly designed 

wells are known to compromise the quality of water in some domestic wells (Novakowski et al., 2006). 

 

Water quality surveys that use dedicated multi-level piezometers provide a more reliable way to monitor 

groundwater quality than those that use domestic wells by controlling the effects of well construction, 

geologic characterization, and well depths (Rudolph et al., 1998). Limitations to groundwater quality 

issues arising from well construction were investigated in a large (provincial) scale groundwater quality 

study that was completed in agricultural areas in Ontario (Goss et al., 1998, Conboy and Goss, 2000). 

Conboy and Goss (2000) found that wells at high risk for contamination included shallow wells and wells 
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drilled in fractured rock aquifers with less than 12 m of overburden cover. In a companion study, Rudolph 

et al. (1998) used multilevel piezometers at several of the sites where domestic wells were constructed as 

shallow wells in porous media in the Goss et al. (1998) study. Notably, similar occurrences of elevated 

nitrate contamination were found in both the drinking water wells (Goss et al., 1998) and multilevel wells 

(Rudolph et al., 1998), though bacteriological results varied significantly between the well types and 

sampling seasons. A similar comparison was not conducted for the areas where wells were constructed in 

fractured rock aquifers. 

 

In fact, few regional scale comprehensive groundwater quality studies using multi-level piezometers have 

been performed in areas with fractured rock aquifers. Extensive study of agricultural contamination and 

recharge has been completed at a watershed scale research site in Pennsylvania where groundwater 

discharge into surface water is ultimately discharged to Cheasapeake Bay, USA with agricultural 

contaminants contributing to algal blooms in the Atlantic Ocean (Pionke and Urban, 1985; Gburek and 

Urban, 1990; Gburek and Folmar, 1999; Burton et al., 2002; Heppner et al., 2007; Risser et al., 2009). 

These studies highlight the effects of inherent heterogeneity in fractured rock aquifers that produce 

localized contamination, travel times influenced by anisotropic features, and variability in recharge and 

discharge due to the heterogeneity. Though this site produced very insightful information on agricultural 

issues on a watershed scale in fractured rock aquifers, the geology of the site consists of shales, siltstones 

and sandstones, that can be hydrogeologically very different from the gneissic and igneous rocks of the 

Precambrian Shield that are considered in this study.  

 

Field-scale studies in agricultural areas with fractured rock aquifers also provide significant insight into 

transport of contaminants in this type of setting. A field-scale study of nitrate concentrations in an 

agricultural area in Pennsylvania found that rain storms, through direct pathways in highly weathered 

dolomite, flushed nitrate into an adjacent river (Gerhart, 1986). In a field scale study that is the precursor 
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to this study, it was found that temporal and spatial variability of E. coli and nitrate occurred with rapid 

recharge dominating contaminant transport (Levison and Novakowski, 2009). In that study, nitrate 

concentrations were found to be persistent, attributed to limited nitrate attenuation in the fractured rock 

setting, while E. coli counts were variable during both monthly and daily sampling intervals. 

Significantly, the authors found that results at one monitoring location could not be extrapolated over 

larger areas due to extreme spatial heterogeneity in the fractured rock setting (Levison and Novakowski, 

2009). Additionally, other studies at the same field site found that groundwater discharge did not occur in 

the adjacent river due to heterogeneity of the gneissic aquifer and the resulting lack of fracture connection 

(Gleeson, 2009b; Praamsma et al, 2009). This implies that agricultural contamination was not reaching 

the river via groundwater travelling through the fractured rock aquifer. However, the focus of these 

studies were on the local-scale (i.e. a few ha), and there is uncertainty if these observations hold on a 

more regional scale. 

 

Quantifiable factors that influence groundwater flow and transport in fractured rock aquifers include 

precipitation, seasonality (e.g. ordinal date), well depth, depth to water, and depth to bedrock. In mid- to 

high- latitude areas, such as Canada, seasonality impacts groundwater levels with changes in amounts and 

types of precipitation, along with extreme changes in temperature. For example, the spring snow melt can 

recharge groundwater quickly (Rodhe and Bockgart, 2006; Gleeson et al., 2009a; Praamsma et al., 2009) 

and provide a short time frame where contaminants can be transported to the aquifer. Additionally, 

isolated rainfall events in hot and dry summers with unsaturated conditions can instigate plug flow and 

contaminant transport in preferential pathways, such as fractures (Miles and Novakowski, 2014). 

Recharge conditions often occur in the autumn when temperatures are cool and surface soils are saturated 

(i.e. little evapotranspiration is occurring) allowing groundwater tables to rise. Domestic wells deeper 

than 30 m are often drilled in bedrock aquifers to provide storage in low yield settings. For example, in 

Newfoundland and Labrador, for wells drilled in bedrock, the mean well depth is 57 m and the median 
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well depth is 49 m (CBCL, 2012). Rudolph et al. (1998) found that water quality issues in multi-level 

wells completed in porous media were related to depth, with greater concentrations of nitrate occurring at 

greater depths. The deepest multi-levels tested, however, were only 12 m deep. This finding is not 

comparable to conditions found in fractured rock settings, and no studies exist to indicate that depth is 

related to water quality in fractured rock. 

 

In this study a statistical approach is used to resolve the effects of site characteristics (e.g. well depth, 

casing depth), geology (amount of overburden over a fractured bedrock aquifer), hydrogeology (e.g. 

depth to water level) and climate data (e.g. precipitation amounts) on groundwater quality. Site 

characteristics, geology, climate, and groundwater quality data are compared to determine the effects of 

seasonality, well depth, water levels, and depth to overburden on groundwater quality in a 3400 ha 

agricultural area that sources drinking water from a fractured rock aquifer. Hydrogeological and statistical 

methods are used to constrain the possible effects of E. coli and nitrate on groundwater quality. Fracture 

connectivity and regional scale issues are also examined to determine if regional scale fracture 

connectivity and thus large scale contaminant transport exists in the study environment. 

 

2.3 Site description 

 

This study focuses on a rural area in the Precambrian Shield of Eastern Canada that has a rich history of 

small scale agriculture despite less than ideal soil conditions located near Perth, Ontario. The site consists 

of a smaller study area within a regional study domain (Figure 2.1). A total of 21 wells were drilled 

within the regional area that were hydraulically tested. Most well locations were chosen specifically to be 

in proximity to agricultural activities (i.e. crop and pasture land). Multi-level wells were later constructed 

in almost all of the wells (n=19). The smaller area is known as the Hay Field, with 22 multi-level well 

intervals within 5 ha, located adjacent to the Tay River. The regional study area has 55 multi-level well 
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intervals distributed throughout 3400 ha which includes the smaller region. The regional geology consists 

of Precambrian syenite-migmatite gneiss that is unconformably overlain by the Ordovician-aged Nepean 

formation, a calcareous sandstone (Wilson, 1961; Figure 2.2). Overburden layers consist of organic 

deposits, glaciofluvial deposits, glaciolacustrine deposits, till and drift complexes that are associated with 

both the Precambrian and Paleozoic aged bedrock (Kettles, 1992; Figure 2.3). In the field scale study 

area, overburden thickness range from 0 to > 8 m and can generally be characterized as thin. The 

topography of the regional study area is gently rolling where surface elevations range from 143 to 168 

masl, with several rock outcrops distributed throughout the area. Fracture mapping completed on both 

sandstone and gneissic outcrops by Gleeson (2009) suggests dominant northeast oriented fractures that 

control flow and transport through the rock mass. 

 

As mentioned above, a total of 21, 0.15 m diameter, monitoring wells were drilled (Figure 2.1) using an 

air rotary rig. Casing was installed into only the upper 0.5 m of competent bedrock. Hydraulic testing was 

completed on each well to locate significant fracture features, to determine the transmissivity of each 

section, and to determine potential fracture connections between well locations. Most wells (n=18) were 

completed with three multi-level piezometers using 0.05 m diameter PVC pipes with bentonite confining 

layers above screened intervals that extended through the productive fracture layers, providing 55 

piezometers that can be used to test discrete levels. Three wells were completed with two multi-level 

piezometers and the remaining three wells were left open for hydraulic testing purposes for other projects. 

Average open intervals were 11.3 m, which includes the open wells.  Overburden thicknesses encountered 

during drilling ranged between 0-8 m, where the greatest thicknesses were encountered in wells drilled 

closest to the Tay River. Six wells were drilled directly on rock outcrops.  

 

The climate for the study area is humid temperate continental, exhibiting cold winters, hot summers, with 

average monthly temperatures from -12 to 20 °C (Environment Canada, 2009), receiving between 850-



14 

 

975 mm of precipitation (RVCA, 2001). Groundwater levels are high, within four metres of surface and 

recharge rates are low (Gleeson, 2009; Milloy, 2007; Praamsma et al., 2009). 

 

The study site has been used extensively since 2004. Rapid recharge was investigated by Milloy (2007) 

and Gleeson et al. (2009b). Groundwater–surface water interaction was investigated by Gleeson et al. 

(2009a) and Praamsma et al. (2009). Agricultural effects were previously studied on the field scale by 

Levison and Novakowski (2009). Tracer/infiltration experiments were completed by Trimper (2010), 

Levison and Novakowski (2012), Miles and Novakowski (2014), and Praamsma and Novakowski 

(submitted). 

2.4 Methods 

 

The study was conducted by surveying the local residents and through a comprehensive field 

characterization, well sampling program, an analytical program for chemical and bacterial parameters, 

and by completing statistical analyses of the chemical and bacteria results. The methods are described in 

the following sections.  

 

2.4.1 Agricultural survey 

 

Variable nutrient management techniques are used in the study area. A survey was circulated to 

approximately 45 farm residents in June and July, 2007 to establish nutrient management practices and 

potential sources of contamination within the study area. The survey was combined with remote sensing, 

public record searches, and observations during field work to establish a comprehensive understanding of 

potential sources of contaminants and nutrient management techniques. The survey is included in 

Appendix A. 
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2.4.2 Hydrogeological characterization 

 

To investigate groundwater flow direction and gradient, static water levels were obtained from multi-level 

piezometers using a water level meter and pressure transducers with data logging capabilities (Solinst). 

All readings were recorded as metres below the top of the well casing (TOC) and converted to hydraulic 

head in metres above sea level (masl). Wells were divided into shallow and deep zones, based both on the 

permeable sections and the depth of the well, where any well greater than 10 m deep was considered a 

deep zone. Potentiometric surface maps were interpolated using scaled maps and water levels of three 

surrounding well points for both the shallow and deep zones. The nomenclature used for the multilevel 

piezometers followed were shallow, middle and deep, where for example, the middle interval for well 

TW22 was called TW22M. This nomenclature is important for the statistical analyses of the geochemical 

results. 

 

Hydraulic testing was completed on all wells on site to determine aquifer and fracture properties. 

Hydraulic conductivity, transmissivity, and specific storage values were evaluated over the depth of the 

well using constant rate pumping tests. Equivalent fracture aperture width and transmissivity values were 

evaluated using slug tests and constant head testing over contiguous intervals in each well. Testing 

intervals ranged from 1.75 – 2 m. Results of the slug tests and constant head testing were evaluated using 

the Hvorslev (1952) method and the cubic law (Witherspoon et al., 1980), respectively and fracture 

aperture was calculated for all intervals using the cubic law. 

 

Constant rate pumping test durations ranged from 12-72 hours depending on the estimated likelihood of 

reaching a boundary condition. Wells TW17, TW18, TW20, TW21, and TW22 were analysed for this 

study. All wells located on the field scale were monitored as observation wells during the constant rate 

pumping tests (Figure 2.1, inset). The remaining wells were analysed in Praamsma (2006), Milloy (2007), 
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Gleeson (2009), and Levison (2009). Drawdown curves were interpreted for boundary conditions, 

wellbore storage, and recharging conditions. Pumping tests were analysed using the Moench (1997) and 

Theis (1935) methods. 

 

2.4.3  Geochemistry and bacteria sampling and analyses 

 

Groundwater samples were collected for a regional-scale sampling program in June, August and October 

2007; April, July, and October 2008; and February and May 2009 to assess the status of agricultural 

impacts on the watershed. The same number of samples were not collected during each sampling time 

period because six of the wells were drilled in late 2007 and early 2008, that were eventually completed 

into 13 sampling intervals. The most comprehensive set of samples were collected in April, July and 

October 2008. The parameters analyzed included total coliform, E.coli, heterotrophic plate count (HPC), 

nitrate-N, nitrite, ammonia, and dissolved organic carbon (DOC). The bacteriological samples were 

analyzed using standard plate-count methods at Caduceon Laboratories in Kingston, Ontario. A standard 

membrane filter method (SM 9222b) was used (Eaton et al., 2005). Microbiological results were reported 

as counts per 100 mL of sample. Chemical analysis was completed at the Analytical Services Unit (ASU) 

at Queen’s University, and Caduceon Laboratories in Kingston, Ontario. For nitrate-N and nitrite-N 

concentrations, samples were analyzed using a Dionex DX300 Ion Chromatography system with 

conductivity detector and auto-sampler. The minimum detection limit was 0.05 mg/L-N. Wells were 

purged and sampled using a submersible pump with polyethylene tubing. Electrical conductivity, 

dissolved oxygen (DO), pH, and temperature were measured in the field using a handheld YSI 556 Multi-

Probe System. Chemical species samples were collected in 250 mL plastic bottles with screw caps. 

Samples for bacteriological analysis were collected in 250 mL sterile plastic containers that contained 

sodium thiosulfate as a preservative. All samples were kept cool in the field and were refrigerated post-

collection at 4°C until analysis.  
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Water quality results were compared to the Guidelines for Canadian Drinking Water Quality (Health 

Canada, 2012) for nitrate-N, E. coli and Total Coliform. Percentage of wells exceeding the guidelines was 

determined arithmetically. A 95% confidence interval (CI) was calculated for each percent exceedence 

value by assuming a binominal distribution. A difference between two values of percent exceedences was 

considered significant if the values of their 95% CI did not overlap. 

 

Analysis of covariance (ANCOVA) was used to test the effects of the well itself and location (well name), 

well depth, ordinal sample date, precipitation amounts and overburden thickness on nitrate levels in wells. 

A generalized linear model using binomial distribution was used to test the effects of well depth, ordinal 

sample date, precipitation amounts, and overburden thickness on presence/absence of E. coli in wells. All 

statistical tests were conducted using R.2.15.2 (R Development Core Team, 2012) and results were 

considered significant at p < 0.05. 

 

The sample date was converted into an ordinal date to compare results for seasonality since one sample 

was collected per season. Raw data were used for analyses of nitrate data, with non-detects treated as 

zeros. Well depth, well name, and overburden thickness data were collected during well drilling. 

Precipitation data were obtained from the Environment Canada Climate Archives for the Kemptville, 

Ontario station (Environment Canada, 2009). The Kemptville station is located approximately 60 km 

from the study area. Precipitation data for three, seven, and thirty days prior to sampling were tabulated 

and used in the linear and logistic regressions.  
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2.5 Results and Discussion 

 

Results of the comprehensive field characterization, well sampling program, and statistical analyses of the 

chemical and bacteria results are presented in the following sections. Results are considered within the 

context of fractured rock aquifers and the relevant land use activities within the study area. 

 

2.5.1 Agricultural survey 

 

Survey respondents (7/45) reported the use of manure spreading, pasturing of dairy and beef cattle, and 

limited herbicide and pesticide usage. Due to the low response from the survey, air photos, visual 

observations, and anecdotal information were also used to determine the land use characteristics of the 

study area. Each home in the area relies on a septic tank for human waste disposal. Land uses can be seen 

on Figure 2.1 where much of the study area consists of pasture land and fields for growing corn, alfalfa 

and hay. Thus, both diffuse and point sources of potential contamination are present in the study area. 

Agricultural activities mainly result in diffuse sources of nitrate and E. coli, and other commercially 

available fertilizers. This study focused on nitrate and E. coli as the potential contaminants. Contaminants 

that result from herbicides and pesticides were not specifically considered in this study. Septic tanks are 

point sources of nitrate, E. coli, and pharmaceuticals (Novakowski et al., 2006). Pharmaceuticals were 

also not considered for this study. The combination of diffuse and point sources of E. coli and nitrate 

make it difficult to unravel the exact sources of contamination when observed at the receptor and no 

attempt was made to do so.  

 

2.5.2 Hydraulic testing and hydrogeological analyses 

 

Using groundwater level data, equipotential maps were developed for April 21, August 7, and October 7, 

2008 for shallow and deep aquifers at a regional and field scale to illustrate spatial, temporal, scale, and 
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depth variations of water levels. Regionally (Figure 2.4), a high groundwater elevation corresponds with a 

topographic high at well TW12. The groundwater flow directions radiate outward from this topographic 

high. East of the topographic high, the groundwater flow direction continues east. This is consistent with 

the long-held observation that topography controls flow in regional scale groundwater basins (Freeze and 

Witherspoon, 1966). Groundwater flow direction at the study site is spatially and temporally consistent 

when considered over a regional scale with five metre contours compared to the field scale. One metre 

contours on the field scale (Figure 2.5), on the other hand, clearly show the heterogeneity that exists when 

more water level data are available over a smaller area. Thus, on the field scale, fluctuations due to 

seasonal variations and influences of heterogeneity due to fracture flow are more apparent. 

 

The field scale potentiometric surface map (Figure 2.5), using smaller contour intervals, show more 

transient groundwater regimes (Winter et al., 2003). Groundwater watersheds rarely coincide with surface 

watersheds. Winter et al. (2003) established that groundwater divides move in response to recharge 

conditions, which is related to climate and precipitation. In fractured rock, however, recharge is also 

affected by fracture aperture size and transmissivity, fracture connectivity, overburden characteristics, 

hydraulic gradients, and the depth to the water table (Harte and Winter, 1996; Bockgård and Niemi, 2004; 

Gleeson et al., 2009a). In this setting, flow and transport is largely dependent on the geometry and 

connectivity of the fracture pathways. Thus, small changes in hydraulic gradient can result in significant 

potentiometric adjustment and therefore, local changes in groundwater watersheds and transport 

pathways. Fracture aperture and geometry were considered through hydraulic testing using straddle 

packers. 

 

Bulk transmissivity values determined from pumping tests results range between 10-5 – 10-4 m2/s, with an 

average value of 2.4 × 10-4 m2/s. Results agree with regional scale compilations for transmissivities: 4.8 × 

10-5 m2/s for the crystalline rocks in the area and 2.3 × 10-4 m2/s for the Nepean Sandstone (Singer et al., 



20 

 

2003). In all wells analyzed, storage coefficients did not produce reasonable values. The difficulty in 

acquiring reasonable specific yield values in fractured rock aquifers is a common phenomenon (Elmhirst 

and Novakowski, 2012) and will not be addressed here. Transmissivity values calculated for sections 

isolated by straddle packers in each well location ranged from 10-10 m/s2 to 10-2 m/s2. Figure 2.6 depicts 

the distribution of transmissivity of well TW7 along with the well completion for that well. This well 

completion is typical for the wells completed with three multilevels (TW1, TW5, TW6, TW7, TW9, 

TW10, TW11, TW12, TW13, TW14, TW15, TW16, TW19, TW20, TW21, TW22). Three wells were left 

as open holes for testing purposes for other projects (TW2, TW8, TW20) and three wells were completed 

with two multilevels (TW3, TW4, TW18) because of the hydraulic characteristics of the well (i.e. more 

low transmissivity zones). Equivalent fracture apertures ranged from 5 m to 3800 m. 

 

All wells within a 500 m radius of a pumping well were monitored during the pumping tests wherever 

possible within the field and regional scales. For wells tested on the field scale, up to nine wells were 

monitored during the pumping tests, while only two wells were monitored for the wells drilled on the 

regional scale, since there were more wells in existence within a 500 m radius for the field scale. Very 

little direct connectivity was observed during the pumping tests. Of the 21 wells in the well network on 

which pumping tests were completed prior to completion as multi-level wells, only two pairs of wells 

exhibit any hydraulic connection. Wells TW3 and TW20 are located on the same rock outcrop, eight 

metres apart, and respond, in tandem, to pumping. Wells TW7 and TW8 are both located on rock 

outcrops that are approximately 12 metres apart, and also respond in tandem to pumping. In addition, 

wells TW3, TW20, and TW8, exhibit connections to the surface (Gleeson et al., 2009a, Levison and 

Novakowski, 2012; Praamsma et al., 2009) and wells TW4 and TW21 suggest connection to the Tay 

River (Praamsma et al., 2009). Thus, results of this study and those conducted previously on the site 

suggest that higher-permeability inter-connection in the fracture network is limited to the local scale. For 

example using the geometric mean values for T and S determined from the pumping tests (approximately 
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5×10-5 m2/s and 1×10-5, respectively for the upper 30 m of rock), and an average for values of Q that were 

used, we can predict the drawdown that should have been observed as a function of distance using the 

Moench (1997) solution. Assuming a minimum observable drawdown of 0.05 m, the potential radius of 

observation for these tests would be greater than one km.  Of the pumping tests interpreted all but one 

connection is exhibited within 15 m of the pumping well or between pumping well and a surface water 

source. Large scale, weaker interconnections that were not detected in the hydraulic testing must however 

exist. These would allow for more regional flow and transport, as suggested by transient hydraulic head 

values which respond to infiltration and dry periods.  

 

The hydraulic testing data suggest that there are no regional scale fracture connections of great 

significance in the study, just small scale connectivity on the order of 15 metres or less with linkages 

through the regional fracture network (Figure 2.7). The duration of the pumping tests (72 hours) may not 

have been long enough to exhibit true regional scale connections. A pumping test duration of a week or 

more may show more regional connections. The closest wells that did not show a connection during the 

pumping tests are approximately 75 m apart, with three wells located within 100 m of each other and five 

wells within 200 m of each other. The connectivity issue is a reflection of the local geology. Igneous 

intrusions, like the one that underlies the study area (Figure 2.2), exhibit a random fracture pattern, due to 

lack of bedding planes and jointing (Gleeson, 2009). Sheeting fractures, caused by glacial or erosional 

unloading, dominate the upper 30 m of bedrock in areas that were glaciated, including most of the 

Canadian Shield (Davis and Turk, 1964; Holzhausen, 1989; Maréchal et al., 2010). Sheeting fractures 

affect both Precambrian shield rocks and sandstone similarly, in that fractures occur parallel to the surface 

unloading and thus, create horizontal fractures in both rock types. This process can add additional 

horizontal fractures to the flat lying sandstones of the Nepean Formation that already have fractures in the 

form of bedding planes and jointing. The random fracture pattern of the gneissic terrain, on a regional 

scale, indicate that the pathway configuration does not demonstrate elevated risk to drinking water users, 
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unless the source of contamination is very close to the receptor. Results of bacteria testing discussed in 

section 4.3 and in Levison and Novakowski (2009), however, indicate that bacteria can be transported to 

depths of 30 m or more. It is not known if the deeper transport occurs from transport adjacent to the well 

or from further afield.  

 

The results of the hydraulic testing using straddle packers provide more localized information on fracture 

patterns, such as the relative depth of the fracture(s), transmissivity, and effective aperture. Results are 

limited with respect to locating vertical or sub-vertical fracture, exact location(s) of horizontal or sub-

horizontal fractures unless a very small packer interval is used, and connectivity between fractures. On a 

smaller scale, fracture connections can be delineated more effectively in this environment and 

demonstrate the pathways that connect contaminant sources to receptors. 

 

2.5.3 Geochemistry and bacteria sampling and analyses 

 

The regional geochemistry and bacteria data set consists of 190 well samples collected between June 

2007 and February 2009. Of the 190 samples, approximately 65% contained Total coliform, 16% 

contained E. coli, and 1% contained nitrate-N at greater than 5 mg/L (Table 2.1). No well sections 

contained greater than 10 mg/L of nitrate-N. In the following, the occurrence of Total coliform, E. coli, 

and nitrate-N are evaluated with respect to seasonality, occurrence of outcrops, overburden thickness, and 

total well depths.  

 

Occurrence of E. coli increased when sample data were sorted for seasonality (27% occurrence in August, 

2008 and 20% occurrence in October, 2008), wells drilled on rock outcrops (29%), and shallow well 

intervals (24%). Figure 2.8 depicts results from 11 well intervals (TW3S, TW6M, TW7S, TW7D, TW8, 
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TW12D, TW16D, TW19S, TW21D, TW22S) in which E. coli occurred above the Guidelines for 

Canadian Drinking Water Quality (Health Canada, 2012) standards value of zero. Results ranged from 

non-detect to >400 counts/100 mL. E.coli was not detected in the wells that are not shown in the figure. 

Seasonal effects can be seen in Figure 2.8, as the most elevated E. coli counts detected occurred in August 

2008 where >20 counts/100 mL occurred in eight wells of the 45 well samples collected. As 26 mm of 

precipitation occurred between August 5 -7 2008, the elevated concentrations likely represent a flushing 

process, whereby available E. coli is flushed out of the soil horizon. The origin of the E. coli in the soil 

zone is not clear. Recent research indicates that E. coli sources may include soilborne or self-sustaining 

naturalized E. coli, along with fecal origins in mammals, such as livestock or human waste (Ishii et al., 

2006; Ishii and Sadowsky, 2008). The wells with elevated counts are not located in the vicinity of one 

another, with the exception of TW7 and TW8, which are approximately 15 m apart. No other obvious 

sources (either agricultural or anthropogenic) are evident for the other impacted wells. 

 

Nitrate-N did not occur above the Guidelines for Canadian Drinking Water Quality (Health Canada, 

2012) of 10 mg/L throughout the study area. Results above 5 mg/L occurred in 1% (±1.5%) of the wells, 

but this value is not considered statistically significant at the 95% confidence interval. Results ranged 

from non-detect to 7 mg/L (Figure 2.9). Though results do not exceed guidelines for nitrate, results from 

the Levison and Novakowski (2009) study indicate that transport pathways from the surface are present in 

this setting. Nitrate occurs to significant depths in wells TW3D (30 m below ground surface (bgs)), 

TW1D (30 mbgs) and TW17 (25 mbgs). The most elevated nitrate concentrations occur in wells on the 

field-scale site (TW1M, TW1D, TW3S, TW3D, TW10S), which are down-gradient of cow pasture land 

and hay fields. Nitrate concentrations have decreased in the field-scale wells since the previous study by 

Levison and Novakowski (2009). More elevated concentrations occurred predominately in wells TW1M 

and TW1D in the previous study. Similar to results obtained by Levison and Novakowski (2009), nitrate 
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concentrations remain consistent throughout all sampling events in wells that exhibit any nitrate 

concentrations throughout the sampling period.  

 

Results of the generalized linear model and ANCOVA analyses for the E. coli and nitrate results of this 

study are presented in Table 2.2. Of the independent variables, ordinal date, overburden thickness, and 30 

day precipitation were significantly related to presence/absence of E. coli. For nitrate levels, only 

overburden thickness and well name showed a significant relationship. The results of the field-scale study 

by Levison (2009) showed that E. coli presence was significantly related to ordinal date, three day 

precipitation, seven day precipitation and 30 day precipitation amounts. Nitrate levels in the same study 

were significantly related to well name, seven day precipitation and 30 day precipitation amounts (Table 

2.2). Differences in results between the field site and the regional study may be a result of scale and the 

number of samples available. The samples collected in Levison (2009) were collected monthly over a 

smaller area, while the samples collected over the regional area were collected seasonally over a longer 

time period. 

 

Generally, results indicate that E. coli transport is more dependent on seasonality and precipitation 

amounts than nitrate transport. Nitrate transport could be compared to well name since a linear model was 

used and a significant relation was found, however E. coli transport could not. As noted above, specific 

wells often exhibited elevated nitrate and E. coli results, indicating that local conditions such as source 

application, well completion, and local geology including local fracture patterns, are important within 

regional scale studies. 

 

The seasonality of the collected samples can be considered by specifically examining the results from 

April, August, and October, 2008 (Table 2.1). In April, 2008, approximately 31% of the samples 

contained Total coliform, no samples contained E. coli or nitrate-N above 5 mg/L. In August 2008, 
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approximately 78% of the samples contained Total coliform, 27% contained E. coli, and no nitrate –N 

greater than 5 mg/L was detected. In October, 2008, approximately 52% of the samples contained Total 

coliform, 20% contained E. coli, and no nitrate-N was detected above 5 mg/L. Statistical analyses of the 

regional dataset indicate that the ordinal sample date was significantly positively related to the presence 

of E. coli (p = 0.006; Table 2.2). In contrast, sample date was not related to nitrate levels (p = 0.792; 

Table 2.2). 

 

Seasonal effects of E. coli and nitrate on wells can be attributed to increased manure application during 

the growing season, increased cattle pasturing, soilborne or self-sustaining naturalized E. coli (Ishii et al., 

2006; Ishii and Sadowsky, 2008) and climate variations. Self-sustaining bacteria prefer to live in micro-

pores in the soil that are protected from normal water fluctuations (Ranjard and Richaume, 2001). It may, 

then, require significant rainfall to flush out bacteria from the micro-pores to the water table surface. No 

record is available for manure application throughout the study area. The source of E. coli is more likely a 

result of increased cattle pasturing during the summer and autumn months, or self-sustaining bacteria. 

During the summer months, increased evapotranspiration can lead to rapid transport of fluid (and thus E. 

coli) in exposed fractures, during large precipitation events where less of the surrounding soil is 

unsaturated (Miles and Novakowski, 2014). They found that overburden depths of greater than 0.4 m of 

overburden dampened the rapid recharge effects that are apparent in wells with low specific yield, drilled 

in fractured rock aquifers. In the autumn months, increased E. coli can be related to increased 

precipitation, where elevated precipitation will provide more available water to the aquifer, which in turn 

provides more water available for transport (Gburek and Folmar, 1999). 

 

Well depth was not significantly related to E. coli presence (P= 0.861) or nitrate levels (P = 0.074; Table 

2.2 ). However, isolated sections that were completed as shallow intervals (< 15m deep) contained Total 

coliform in approximately 75% of the samples, E. coli in 24% of the samples and greater than 5 mg/L of 
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nitrate-N in 1% of the samples (Table 2.1). Well intervals that were completed as middle or deep well 

intervals (> 15 m deep) contained Total coliform in approximately 60% of the samples, E. coli in 10% of 

the samples and greater 5 mg/L of nitrate-N in 2% of the samples. E. coli occurred in approximately 9% 

more shallow wells than deep wells (Table 2.1). 

 

Shallow wells are more susceptible to E. coli contamination due to close proximity to surface, with 

potential for fracture connection directly to the surface. Wells that were often impacted by E. coli that 

were drilled on a rock outcrop (TW3S, TW7S, TW8, and TW19S) or have little protection by soil or 

overburden cover (TW22S) are shown in Figure 2.8. In a private well study completed by Conboy and 

Goss (2000), shallow wells were found to be high risk. Most shallow wells that were tested were either 

dug wells or borings. However, wells drilled in sites where bedrock occurred in the top 9 m were also 

found to be high risk (Conboy and Goss, 2000).  

 

Deeper wells may have more opportunity for effects of dilution (Einarson and McKay, 2001), particularly 

in fractured rock aquifers where most wells are cased near surface (regulated to six metres of casing) and 

the remainder is left as an open hole (Kozuskanich et al., 2012; Shapiro, 2002). Wells in fractured rock 

environments can have numerous fractures contributing water to the well. Not all the fractures, however, 

will be connected to the contaminant source. Overestimation of contaminants in the receptor can result if 

monitoring wells are not representative of wells typically used for domestic or municipal drinking water 

supply (Einarson and McKay, 2001). In this case, wells were drilled with a water well drilling rig using a 

0.15 m diameter drilling bit, and most wells were completed with 0.05 cm diameter PVC with intervals of 

slotted screen. Three wells were left open (TW2, TW17, and TW20), and were, therefore, more 

representative of domestic groundwater supplies that are drilled in bedrock areas in Ontario. Despite 

effects of dilution, well TW17 (Figure 2.9) exhibited the most elevated concentrations of nitrate recorded 

during the study, likely due to the well proximity (~35 m) to a cattle barn and grazing area.  
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Overburden thickness was inversely related to E. coli presence (P = 0.053) and nitrate levels (P <0.001) in 

the regional dataset (Table 2.2). Well intervals that were drilled on rock outcrops, contained Total 

coliform in approximately 86% of the samples, E. coli in 29% of the samples and greater 5 mg/L of 

nitrate-N in 4% of the samples. As mentioned above, Conboy and Goss (2000) also found that wells 

drilled in areas where bedrock was encountered less than 9 m from the surface were considered high risk. 

Wells drilled on bedrock outcrops are considered to be susceptible to rapid recharge conditions (Milloy, 

2007; Praamsma et al., 2009; Gleeson et al, 2009a). In this case, the inverse relation could represent lower 

flux of manure sources through the thicker overburden sequences that also provides increased opportunity 

for attenuation of bacteria and nitrate and lack of attenuation in the thinner sequences and rock outcrops. 

 

Precipitation trends over the 30 day period prior to groundwater sampling was positively related to E. coli 

presence (P = 0.003; Table 2.2). Increased precipitation can result in greater recharge to the aquifer and 

will affect tile drains in the area. Recharge in crystalline fractured rock aquifers is generally low (Milloy, 

2007; Gleeson et al, 2009a; Chesnaux, 2013), while still acting as a significant driver of contaminant 

transport. Tile drainage is common in the study area. Records of tile drainage are incomplete, as farmers 

in the area generally install tile drainage piecemeal in poorly drained areas within their fields. Tile 

drainage removes excess water from saturated soil into ditches or surface water bodies. The drainage does 

not usually facilitate denitrification, as nitrates are diverted to surface water bodies in an aerobic 

subsurface environment (Blann et al., 2009). Tile drainage does, however, decrease runoff to surface 

water bodies which may improve overall surface water quality (Konyha et al., 1992). In this terrain, tile 

drainage would accelerate flow through the unsaturated zone to the fractured rock aquifer if the disturbed 

overburden retains a higher hydraulic conductivity value than the original soil type. Any vertical to sub-

vertical fractures located beneath the tile drainage could then more freely act as conduit for agricultural 

contaminants to reach the drinking water aquifer than if the poorly drained overburden had been left 
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intact. If no connected vertical fractures exist on the bedrock surface, tile drainage can increase the 

proportion of total precipitation, and thus contaminants, that are discharged to surface water bodies 

(Blann et al., 2009). 

 

Prescribed casing lengths for domestic wells appear to coincide with the standard casing lengths that are 

commercially available. Most regulations in North America stipulate that casing lengths be a minimum of 

six metres (Novakowski et al., 2006). In areas with low lying rock outcrops, this length of casing may not 

be enough to protect homeowners from surface contamination such as nitrate and bacteria from 

agricultural sources. Vertical and/or sub-vertical fractures exist in these environments that recharge the 

horizontal fractures that predominantly intersect a well drilled in these environments. If these vertical to 

sub-vertical fractures are not protected by low permeability overburden, the well is intrinsically 

vulnerable to surface contamination. In this study, wells that are completed on or near rock outcrops 

indicate fractures in the top 10 – 15 m are likely connected to the surface and therefore more vulnerable to 

surface contamination (e.g. TW3S, TW20, TW7S, TW5S, TW8, TW19S, TW22S). This finding 

corroborates with the thesis that wells completed in fractured rock are high risk wells (Conboy, 1998, 

Novakowski et al., 2006).  

 

2.6 Conclusions and Recommendations 

 

In a regional scale groundwater study conducted in a fractured rock aquifer located in an agricultural 

setting, E. coli presence was detected in 16% of all wells sampled. Occurrence of E. coli increases when 

considering seasonality (27% in August, 2008 and 20% in October, 2008), wells drilled on rock outcrops 

(29%), and shallow well intervals (24%). Nitrate-N did not exceed the guidelines for the Guidelines for 

Canadian Drinking Water Quality (Health Canada, 2012) of 10 mg/L. Results above 5 mg/L occurred in 

1% of all wells , however this value is not considered statistically significant as the 95% confidence 
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interval (±1.5%) is greater than the calculated results. Logistic regressions indicate that the presence of E. 

coli is significantly influenced by overburden thickness, seasonality and ordinal date. Linear regressions 

indicate that the presence of nitrate is significantly influenced by well name and overburden thickness. 

 

Seasonal effects of E. coli and nitrate on wells can be attributed to increased manure application during 

the growing season, increased cattle pasturing, soilborne or self-sustaining naturalized E. coli., and 

climate variations. The source of E. coli is likely a result of increased cattle pasturing during the summer 

and autumn months. During the summer months, increased evapotranspiration and resulting unsaturated 

soil and overburden conditions can lead to rapid transport of E. coli in exposed fractures, such as on rock 

outcrops (Miles and Novakowski, 2014). In the autumn months, increased E. coli can be related to 

increased precipitation, increasing recharge and thus driving transport of contaminants. Shallow wells are 

more susceptible to E. coli contamination due to close proximity to surface, with potential for fracture 

connection directly to the surface while deeper wells may be more affected by dilution as more fractures 

are contributing water to the well, some of which may not be connected to the source. Wells drilled on 

bedrock outcrops are considered to be susceptible to rapid recharge conditions resulting in rapid transport 

of contamination to the water table. Increased precipitation can result in increased recharge to the aquifer. 

 

No regional scale fracture connections were apparent within the study areas. Hydraulic testing indicates 

that only small scale connectivity exists, on the order of 15 metres or less. The implied fracture pattern of 

the gneissic terrain, therefore, may not demonstrate elevated risk to drinking water users, unless the 

source of contamination is very close to the receptor. Bacteria contamination can reach depths of 30 m in 

this terrain, however, indicating longer pathways are possible. Likewise, transient watersheds were 

apparent on the field scale using one meter contours, while regional scale potentiometric surface maps, 

using five metre contour intervals indicated that groundwater flow largely mimics the topographic 

surface. Results of this study show that vertical to subvertical fractures in the proximity of individual 
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wells are the likely causes of intrinsic susceptibility in sparsely fractured igneous and metamorphic 

terrains. Flow paths in flat lying sedimentary rocks may be more homogeneous; yet the limited extend of 

flat lying sedimentary rocks in the study area did not provide evidence for or against this conclusion. 

 

As a whole, the regional scale area considered in this study is not significantly impacted by agricultural 

contamination. Terrains like this one, in a sporadically fractured gneiss, is often considered not vulnerable 

to contamination due to low overall hydraulic conductivities and transmissivities. On the field scale and 

the well scale, however, when a well is impacted, especially by bacteria, the impact is significant, to the 

drinking water user. Thus, in a sporadically fractured terrain, the impact at the individual well must be 

considered as part of the vulnerability of the regional system as a whole. Based on our observations at this 

site, it is recommended that consideration be given to the extension of mandatory casing lengths to at least 

ten metres below ground surface in fractured rock terrains, especially if drilled on or near a rock outcrop. 

Prescribed casing lengths of twelve metres are likely more reasonable, given that standard casing lengths 

in North America are 20 feet (6 m) long. 
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Table 2.1 Percentage of well intervals with presence of Total coliform, E. coli, nitrate > 10mg/L, and 

nitrate > 5 mg/L with a ± 95% confidence interval. 

 # Samples 

tested 

Total 

coliform 

E. coli > 0  NO3
--N > 

10 mg/L 

NO3
--N > 5 

mg/L 

Total 190 65.3 ± 6.8% 15.8 ± 5.2% 0 1.1 ± 1.5% 

Apr-08 39 30.8 ± 14.5% 0 0 0 

Aug-08 45 77.8 ± 12.1% 26.7 ± 12.9% 0 0 

Oct-08 25 52.0 ± 19.5% 20.0 ± 15.6% 0 0 

Outcrops 58 85.7 ± 9.0% 28.6 ± 11.6% 0 4.1 ± 5.1% 

< 5m overburden 101 62.4 ± 9.4% 12.9 ± 6.5% 0 0 

Shallow wells 82 75.3 ± 9.4% 23.5 ± 9.2% 0 1.2 ± 2.4% 
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Table 2.2. ANCOVA results of nitrate levels and generalized linear model using binomial distribution results of E. coli for results of this 

study (i.e. regional study) and for the field scale study completed by Levison (2009). Shaded probability values indicate a statistical 

significance that the variables are related (p < 0.05). See Figure 1 for the extent of the Levision (2009) study area. 

 Regional Study   Field Study (Levison, 2009)  

 E. coli  Nitrate  E. coli  Nitrate  

 z-value probability f-value probability z-value probability f-value probability

ordinal date 2.76 0.006 0.07 0.792 0.58 0.560 0.03 0.857

overburden thickness -1.93 0.053 24.21 <0.001 0.18 0.850 1.05 0.306

well depth -0.18 0.861 3.23 0.074 -0.95 0.340 0.12 0.727

3 day precipitation 0.17 0.863 1.43 0.233 -3.64 <0.001 0.27 0.602

7 day precipitation -1.21 0.225 0.75 0.389 4.15 <0.001 8.61 0.004

30 day precipitation 3.00 0.003 0.33 0.566 2.03 0.042 1.64 0.201

well name   8.40 <0.001   39.51 <0.001
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Figure 2.1 Regional and field study areas with well locations located in Eastern Ontario, Canada. 
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Figure 2.2 Bedrock geology of the study area. The Nepean Formation is Ordovician calcareous 

sandstone. The Precambrian rock is a syenite migmatite. 
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Figure 2.3 Surficial geology of the site area. Overburden thicknesses are between 0 m at rock 

outcrops and 8 m adjacent to the Tay River. 

 



 41 

 

 

Figure 2.4. Seasonal snapshots of the regional scale potentiometric surface for shallow and deep aquifers. Data collected April 21, August 

7, and October 7, 2008. 
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Figure 2.5. Seasonal snapshots of the field scale potentiometric surface for shallow and deep 

aquifers. Data collected April 21, August 7, and October 7, 2008. 
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Figure 2.6 Log T (m2/s) of the transmissivity distribution of well TW7 and a depiction of the well 

completion for the well, typical of all wells completed with three multilevel installation. The deep 

and middle installations were completed using 0.05 m (2”) diameter pvc pipe and screen, while the 

shallow section was left as an open hole. 
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Figure 2.7 Conceptual model of regional groundwater flow on the eastern portion of the regional 

study area. Representations of overburden, the Nepean Formation and the Precambrian syenite-

migmatite are presented in brown, yellow and pink, respectively. 
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Figure 2.8. Representative results for wells (TW3S, TW3D, TW6M, TW7S, TW7D, TW8, TW12D, 

TW16D, TW17, TW19S, TW21D, TW22S) that often exceed the Guidelines for Canadian Drinking 

Water Quality (Health Canada, 2012) for E. coli (cts/100mL). 



 

46 

 

 

Figure 2.9. Representative results for wells (TW1M, TW1D, TW3S, TW3D, TW10S, TW12S, and 

TW17) that exhibit elevated nitrate-N concentrations (mg/L). 
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Chapter 3 

Rapid infiltration of conservative and colloid tracers in a fractured rock 

aquifer having minimal overburden cover 

3.1 Abstract 

 

The transport of bacteria from the ground surface through fracture pathways in bedrock aquifers poses a 

potential risk to water quality in bedrock water supplies. Colloidal chemistry, bacterial motility, the 

structure of fractures, and flow dynamics add complexity to transport in fractured rock aquifers. An 

infiltration experiment was conducted using microspheres to represent bacteria and a fluorescent dye 

tracer to simulate surface pooling of a source of E. coli-sized bacteria and nitrate in a reservoir located 

adjacent to an 80 m2 rock outcrop. Microsphere counts and dye concentrations were monitored in three 

multilevel wells drilled on the rock outcrop. Steady state, saturated conditions were induced by 

maintaining a flow rate of 7.0 L/min in the reservoir and by pumping the adjacent wells at rates of 

approximately 0.6 L/min in two shallow intervals and 7.0 L/min in a deep interval, while the reservoir 

volume was maintained at approximately 1200 L. Rapid arrival times were observed for both the 

microspheres (30 minutes) and dye (45 minutes) in a well approximately 6.0 m in horizontal and 2.8 m in 

vertical distance from the tracer source Transport velocities were approximately 38.9 m/day for the dye 

tracer and 115.2 m/day for the colloidal tracer. The rapid velocities of the microsphere tracer is 

particularly important in the context of private wells used for drinking water located in areas where little 

overburden protects rock outcrops and small scale agriculture is commonly practiced. 
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3.2 Introduction 

 

Transport of bacteria in agricultural areas overlying fractured rock aquifers poses a potential risk to local 

drinking water supply (Levison and Novakowski, 2009). In fractures, transport of bacteria is influenced 

by the complex interaction of colloidal chemistry, bacterial motility, the structure of the fractures, and the 

flow dynamics (Becker et al., 1999; Champ and Schroeter, 1988; Seinrich et al., 2010). This complex 

interaction can result in rapid transport making fractured rock environments particularly vulnerable to 

waterborne diseases caused by pathogens (Borchardt et al., 2007).  

 

The colloid-scale transport processes of bacteria in porous media has been widely studied (e.g. Ginn et al., 

2002; Keswick et al., 1982; Harvey, 1997; McCarthy and Zachara, 1989; Ryan and Elimelech, 1996; 

Taylor et al., 2004). Attenuation of bacterial migration in groundwater is described in Sinreich et al. 

(2009) as dependent on collision efficiency and collision frequency. Collision efficiency is a function of 

physio-chemical surface properties of the particles, as well as of those of the media encountered, and of 

the water chemistry. Chemical interactions of colloids with another media is described using DLVO 

theory, which describes the net effect of attractive (van der Walls) and repulsive (electrostatic) forces in 

the vicinity of the double layer (overlap of diffuse clouds of ions that accumulate near charged surfaces). 

The double layer is sensitive to variations in surface potential of the colloid and collector, the ionic 

strength of the solution, and the colloid size (Ryan and Elimelech, 1996). Collision frequency is 

dominated by physical aspects of the system, such as particle size, aperture size and flow characteristics. 

Microbe characteristics include: size; inactivation rates; surface electrostatic properties; shape; and 

specific gravity (Cumbie and McKay, 1999). Aquifer characteristics include groundwater flow velocity 

and associated parameters, grain size, porosity, organic carbon content, temperature, pH, mineral 

composition, the presence of existing colloids and microorganisms, moisture content, and hydraulic 

gradient. Colloids can be suspended into solution with decreasing ionic strength, decreasing pH, elevated 
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nutrient concentrations, and elevated carbon concentrations (Bales et al., 1991, Jewett et al., 1995, 

McCarthy and Zachara, 1989, Ryan and Elimielech, 1996). Recharge can decrease the ionic strength of 

groundwater, thus mobilizing bacteria (McCarthy et al., 2002; Knappet et al., 2008). Knappet et al. (2008) 

found that ionic strength affected microsphere detachment at lower ionic strength values in porous media, 

where microspheres travelled 0.6 m in high ionic strength artificial groundwater and 138 m in low ionic 

strength artificial groundwater. A study in fractured shale saprolite in Tennessee (McCarthy et al., 2002) 

found that solution chemistry controlled microsphere transport more than particle size, though much 

greater concentrations of Na+ ions were required to create similar microsphere retention than Ca2+ ions. 

 

The rate of transport in discrete fractures can be orders of magnitude higher than porous media of 

equivalent permeability (Therrien and Sudicky, 1996; Shapiro, 2011). Current conceptual models are 

largely a function of scale and include flow and transport in a single fracture or within fracture networks 

(Lapcevic et al., 1999a; Berkowitz, 2002). Transport in single fractures is affected by roughness (Vickers 

et al., 1992; Lapcevic et al., 1999b), topology that results in channelized flow (Tsang and Tsang, 1987; 

Tsang and Neretneiks, 1998) and the resulting aperture variability (Tsang et al., 1988). Within fracture 

networks, issues include fracture connectivity, matrix diffusion and solute mixing within fractures and 

boreholes (Lapcevic et al., 1999b). Tracer experiments are used in fractured rock systems to determine 

solute parameters, such as velocity, dispersivity, matrix porosity, in both individual fractures or fracture 

zones (e.g. Shapiro and Nichols, 1989; Novakowski, 1992; Lapcevic et al., 1999b; Berkowitz, 2002; 

Novakowski et al., 2004; Neuman, 2005). Infiltration studies are a type of tracer experiment used to 

investigate transport of surface water to groundwater. Typically, infiltration studies have been conducted 

in porous media, using conservative tracers. Previous infiltration studies conducted in fractured rock 

environments showed that solute can infiltrate very quickly to depth (Black and Kipp, 1983; Salve, 2005; 

Kim et al., 2006; Zhou et al., 2006; Lu et al., 2011; Levision and Novakowski, 2012). To the best of our 

knowledge, no infiltration studies have been conducted using microspheres. An infiltration experiment 
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using bacteriophage was conducted at the same location as this study. The results are described in 

Trimper (2010). 

 

Microspheres are an excellent alternative to the use of live microorganisms as their behaviour can be 

simulated without undue contamination to the study aquifer. Compared to conservative, solute tracers, 

colloids exhibit very different transport behaviours in the same aquifer (Becker et al., 2003; Champ and 

Schroeter, 1988; Harvey and Harms, 2002; Knappet et al., 2008; Taylor et al., 2004). For example, the 

only particles that will form the breakthrough curve are those that have followed pathways large enough 

to admit them (Cumbie and McKay, 1999; Taylor et al., 2004) and transport of microbial and particulate 

tracers can be much more rapid than conservative tracers (Champ and Schroeter, 1988). In addition, the 

difference in flow velocities is intensified in fractured rock, compared to alluvial sands and gravels 

(Taylor et al., 2004). Field studies using microspheres in fractured bedrock environments are limited to 

small scale tracer tests that compare live microorganisms to particulates and conservative tracers (e.g. 

Becker et al., 2003; Champ and Schroeter, 1988). Infiltration studies by Flynn and Sinreich (2010) and 

Sinreich et al. (2009) using microspheres, bacteria, and a conservative tracer from the surface in a karstic 

terrain indicate very low colloid attenuation rates. An infiltration study using microspheres has not been 

completed in a crystalline rock terrain.  

 

In the field setting, overburden may act as a protective barrier to bedrock aquifer systems. In areas 

however, where the overburden is thin and low-lying outcrops are common, like much of eastern Canada 

and the north-eastern United States, vertical fractures can provide a direct connection to surface-

contaminant sources. A single recharge event has the potential to transport contaminants to drinking water 

sources in fractured rock aquifers very rapidly where outcrops are prevalent compared to porous media 

aquifers (Milloy, 2007; Gleeson et al., 2009). Colloid transport originating on outcrops or on nearby 
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shallow overburden and through secondary porosity has not been previously investigated through tracer 

or infiltration experiments. 

 

The objective of this study is to investigate the vertical transport processes governing bacterial 

contamination in areas where outcrops and shallow overburden are common. In a well characterized 

fractured rock system, an infiltration experiment was designed and conducted in which a fluorescent dye 

and 2 m microspheres are tracked from a 1200 L reservoir adjacent to a rock outcrop to three nearby 

monitoring wells that are under steady state pumping conditions. Colloidal effects are evaluated and 

compared to the transport of aqueous solutions. The experiment was conducted under saturated 

conditions, designed to simulate heavy rainfall infiltration.  

 

3.3 Methodology 

3.3.1 Site description and characterization 

 

The study site is located near Perth, Ontario, Canada, in the Frontenac Terrane of the Central 

Metasedimentary Belt of the Grenville Province in the Canadian Shield. The bedrock underlying the field 

site is a syenite-migmatite gneiss (Wilson, 1961). A till veneer (0 – 4 m in thickness) overlies the bedrock 

at this location (Kettles, 1992; Gleeson, 2009). The topography of the field site is gently rolling where 

surface elevations range from 155 to 158 masl, with several rock outcrops distributed throughout the area.  

 

Two, 0.015 m diameter wells were used for this study, TW20 and TW3, that were drilled to 15 and 31 m 

below ground surface (bgs), respectively, using air rotary methods. Casing was installed approximately 

0.5 m into the bedrock using a casing shoe. Both wells were drilled on a rock outcrop. Hydraulic testing 

was completed on each of the boreholes using two metre straddle packer intervals. Transmissivity was 

estimated for each interval using either slug (TW3) or constant head testing (TW20) methods with a 
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pressure transducer measuring the water level in the isolated interval. Slug tests were analysed using the 

Hvorslev (1951) method and constant head tests were analysed using iterative solving of the cubic law 

(Lapcevic et al., 1999a). Aperture values were also calculated using the cubic law. Error for 

transmissivity and subsequent aperture calculations is expected to be less than ± 10 %, due to error in the 

pressure transducer (0.05%, Solinst), placement of the packers, and error in calculation method. Based on 

the distribution of transmissivity values, well TW3 was completed as a multi-level piezometer having two 

levels. A deep interval (TW3D) was constructed using a using 0.051 m PVC pipe with a slotted screen 

from 23.38 – 31 mbgs with #2 sand filling the annular space and approximately 8-m of bentonite above 

the sand (and screen). The shallow multilevel interval (TW3S) was left as an open hole above the 

bentonite layer. Well TW20 was left as an open hole. Well TW3D was ultimately not used for the 

experiment, as tracer did not reach the well in the preliminary tests. 

 

3.3.2 Field methods 

 

Wells TW20 and TW3 were selected for the present study based on observations that several vertical 

fractures were present in the outcrop in which they were drilled (Figure 3.1). Transmissivity plots of 

TW20 and TW3 were used to delineate fractures across the rock outcrop (Figure 3.2). TW20 and TW3 

are located a distance of 3.8 m and 5.9 m from the reservoir (Figure 3.3), respectively. Figure 3.1 depicts 

plan view of the well locations, the rock outcrop, and the surface exposure of fractures that may be 

connected to the wells (Trimper, 2010). Video surveys were also conducted to determine fracture 

locations in well TW20. The video survey was particularly useful for finding a fracture above the static 

water level in the well during preliminary experiments. The preliminary experiments were conducted to 

test the connection between the reservoir and well TW20, using water to fill the reservoir and thus 

saturating the fracture above the water level. 
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To conduct the experiment, an earthen dam was constructed adjacent to the rock outcrop to form a 

reservoir adjacent to known vertical fracture locations (Figure 3.3). The base of the reservoir and the 

southern portion of the dam consist of exposed bedrock, flanked by local overburden. The overburden 

was compacted to produce a low permeability dam wall. The reservoir was filled by pumping 1200 L of 

water from TW8, a well located approximately 200m away. The volume of the reservoir was calculated 

by measuring the flow rate (60 L/min) from the pumping well and noting the time required to fill the 

reservoir (20 min). Once the reservoir was filled, the flow rate was maintained at 7 ± 0.25 L/min to create 

steady conditions, where the pool remained full throughout the duration of the experiment. Hydraulic 

conductivity estimates for the undisturbed overburden surrounding the experimental location were 

determined using a double-ring infiltrometer and range from 4.8 × 10-7 m/s to 3.6 × 10-6 m/s (Gleeson, 

2009). The compacted wall of the reservoir was likely at least an order of magnitude lower in K. 

 

A tracer experiment was conducted by introducing approximately 1 × 1011 1.75 m diameter 

microspheres and 240 g of Lissamine FF in the 1200 L reservoir when steady state flow conditions were 

established. Initial dilutions were, therefore, 8.33 × 104 particles/mL of the microspheres and 200 mg/L of 

the Lissamine. Properties of the tracers are described in Section 3.3.3. A single packer was positioned at 4 

mbgs in well TW20, above the water table, creating a seal where water and tracer solution could be 

collected above the packer from a fracture located at ~2.9 mbgs. The deep section in well TW20 was 

pumped using a submersible pump (Grundfos Redi-flo 2) fed through the upper packer to create a 

downwards hydraulic gradient. Wells TW20S and TW3S were pumped continuously at a rate of 

approximately 0.6 ± 0.25 L/min using peristaltic pumps (Geotech Geopump II). The tracer experiment 

was conducted over a period of 72 hours. Water samples were collected from TW20S, TW20D, and 

TW3S at 15-minute intervals for the first two hours increasing to 4-hour intervals toward the end of the 

experiment. Samples were collected at regular intervals (6, 8, 12, 16, 20, 28.5, 42, 48.5, 68 hours) from 

the reservoir to monitor source concentrations.  
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3.3.3 Properties of the tracers 

 

A fluorescent tracer, Lissamine FF, and a colloidal tracer, polystyrene microspheres, were used to 

investigate solute and colloid transport, respectively. Lissamine Flavine FF (Pylam Products) is an 

organic dye tracer that is considered to behave conservatively in fractured rock environments (e.g. 

Lapcevic et al., 1999a; Novakowski et al., 2004), though it was found to behave non-conservatively in 

overburden materials at the same field site (Levison and Novakowski, 2012). Lissamine was selected for 

the experiment described here because it has low adsorption in rock and is considered non-reactive (Smart 

and Laidlaw, 1977). Smetten and Trudgill (1983) determined that Lissamine is the most appropriate tracer 

in field conditions with rapidly moving water when compared to fluorescent and non-fluorescent dyes in 

soils. In addition, Levison and Novakowski (2012) investigated Lissamine sorption to overburden 

materials at this field site. Using fraction of organic carbon (foc) values of 1.1 % and 3.0 %, distribution 

coefficient (log Kd) values of 2.7 and 7.4 were determined for a sandy clay layer and topsoil, respectively. 

The same materials were used to construct the earthen dam and reservoir in this study and these values are 

considered reasonable.  The target concentration of Lissamine was 200 mg/L, which was attained by 

adding 240 g of Lissamine FF to the reservoir when it was full of groundwater from well TW8. The Kd in 

the gneissic bedrock is negligible. The Lissamine samples were analyzed using a Turner Designs 10AU 

field fluorometer. 

 

Negatively charged, Fluoresbrite carboxylated polystyrene microspheres (Polysciences) with a mean 

diameter of 1.75 m were chosen to simulate E. Coli transport for this study. Microspheres were 

enumerated by filtration and epi-fluorescence microscopy (Axio Imager by Carl Zeiss). Each water 

sample was filtered through a 0.2 mm polycarbonate membrane (Whatman Corp.) overlying a 8mm filter 

(Millipore) on a filter manifold that supported 10 samples (Hoefer Scientific Instruments). Between 32 

mL and 137 mL of sample volume were filtered. The filter membranes were mounted on microscope 

slides and sealed. Most samples were enumerated by counting all microspheres present on the slide. 
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Samples with very high microsphere concentrations were enumerated using a field of view methodology 

(Chae et al., 2008). At least 20 fields were enumerated, averaged over the number enumerated, and 

multiplied by the number of fields of view on the slide. Error of microsphere enumeration is estimated to 

be at least ± 10 % due to the amount of human manipulation required. Chae et al. (2008) found that 

accuracy was dependent on the density of microspheres per field and the total number of counts per slide, 

with accuracy being improved when microsphere counts exceeded 350. Fewer microsphere samples were 

analyzed than Lissamine samples due to the length of time required to enumerate and prepare each 

microsphere slide. The enumerated slides were chosen based on the Lissamine results. Tracer recovery 

was estimated by summing the product of concentration, the pumping rate, and the change in time at each 

sample interval. Detailed instructions for microsphere sample preparation and enumeration are included 

in Appendix D.  

 

3.3.4 Properties of the groundwater 

 

Samples were collected and analyzed for ionic strength from all three well intervals and the reservoir at 

the beginning of the experiment. Samples were collected in large mouthed sample bottles at the beginning 

of the experiment and at random intervals throughout the experiment (at 1.25, 5.75, 7, 16.5, 26.5, 43, 67 

hours). Field measurements were obtained at the same times for temperature, conductivity, and pH using 

a YSI 556 multi-parameter meter. 

 

3.3.5 Model analysis 

 

A reservoir mixing model (Novakowski, 1992b) was used to fit the results of the tracer experiment. The 

model uses advection-dispersion between two reservoirs of known volumes. The fitting parameters are 

velocity, dispersivitiy, retardation, and the cross sectional area of the upper reservoir. The actual cross 
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sectional area of the lower reservoir, the volume of the upper reservoir, and the volume of the lower 

reservoir from the field experiment were used in the model. 

 

The boundary value problem is presented below. The model is derived from the one-dimensional 

advection-dispersion equation which describes conservative solute transport in a uniform groundwater 

flow field: 

 

0								 0 [1] 

 

Where R is the retardation coefficient, C is resident concentration, v is the average linear groundwater 

velocity and DL is the hydrodynamic dispersion coefficient. The coefficient of hydrodynamic dispersion is 

defined as: 

 

∗ [2] 

 

Where L is the longitudinal dispersivity, θ is tortuosity and D* is the coefficient of molecular diffusion. 

The initial condition which applies to [1] is given as: 

 

, 0 0				0 ∞ [3] 

 

The mass balance for mixing in the upstream reservoir is given by: 

 

 [4] 

 

With the initial condition: 
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0  [5] 

 

The inlet boundary condition for continuity in concentration between the reservoir and the formation is 

given by: 

 

0,  [6] 

 

The boundary value problem can be solved to represent mixing in a downstream reservoir of volume Ve 

that is located at a distance L from an upstream reservoir of volume Vi. A mass balance is conducted on 

the fluid leaving a porous medium and entering the downstream reservoir, and an expression for mass 

flux in the downstream reservoir was formulated by Novakowski (1992b). Conservation of mass in the 

downstream reservoir is given by: 

 

 [7] 

 

With an initial condition of: 

 

0 0 [8] 

 

Continuity is given by: 

 

,  [9] 
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Where Ce is the concentration of solute in the downstream reservoir. Analytical solutions were derived 

using the Laplace transform method. The solutions are presented in Laplace domain, and are numerically 

inverted using De Hoog et al. (1982). 

3.4 Results 

 

Hydraulic connections via fractures were interpreted using the transmissivity logs obtained from wells 

TW3 and TW20 (Table 3.1; Figure 3.2) and from borehole camera inspection. In well TW20, two 

fractures appear to govern the flow and transport. A deeper fracture was located at 9.78 mbgs (depth 

determined from camera) with an effective single aperture of 1174 ± 100 m (Table 3.1). A shallow 

fracture was located at approximately 2.8 mbgs with an effective single fracture aperture of 400 ± 40 m. 

The shallow fracture was located above the water table. The angles of the fractures are unknown, 

however, preliminary tracer experiments and borehole video logs showed that water trickled down the 

upper, shallow fracture that was likely connected directly to the surface.  

 

In well TW3S, at least two fractures were located above 11 mbgs with effective single fracture apertures 

of approximately 323 ± 32 m and 493 ± 49 m (Table 3.1). Well TW3D does not exhibit significant 

transmissivity, with apertures less typically than 200 ± 20 m. This low transmissivity and connectivity 

were evident when purging TW3D, where it can take days to recharge the well interval. Hydraulic testing 

for TW3 (Figure 3.2) was completed by Milloy (2007). 

 

Figure 3.1 shows a plan view representation of the rock outcrop, reservoir and the two wells used for the 

experiment (Trimper, 2010). The rock outcrop has several apparent vertical fractures. Vertical (or sub-

vertical) fractures are depicted as thick lines for open fractures that may be connected to deeper horizontal 

fractures and the aquifer. Thin lines represent hairline fractures that appear to be closed and may not 
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provide connection to the subsurface. Due to the improbable success in doing so, no attempt was made to 

estimate the hydraulic aperture of these features at ground surface. 

 

The ionic strength of the groundwater (Table 3.2) varied between the samples, where the water in the 

reservoir had the highest value (1.22 × 10-2 M) and well TW20S had the lowest value (3.21 × 10-3 M), with 

almost an order of magnitude between the concentrations of the two samples. Conductivity values remain 

quite consistent throughout the experiment in each of the well intervals (0.2 – 0.4 S/cm), if slightly 

increasing in wells TW20D and TW3S. The values of pH fluctuated between 6.7 – 8.1 in well TW20S, 

6.8 – 7.4 in well TW20D and 6.6 – 7.3 in well TW3S, with a slight downwards trend occurring in the data 

for each well interval and the reservoir. 

 

During the tracer experiment, Lissamine arrived in the upper fracture (TW20S) 45 minutes after 

application and peak concentrations were observed within 300 minutes (Figure 3.4; Table 3.3). Tracer 

arrival in TW3S was noted 120 minutes after tracer application, and peak concentrations occurred 

approximately 840 minutes into the experiment. In TW20D, Lissamine concentrations were more 

diminished, however concentrations above background levels were detected 360 minutes after tracer 

application and peak concentrations occurred 840 minutes into the experiment. Tracer concentrations in 

the reservoir returned to background levels after 720 minutes (12 hours). Relative concentrations 

presented in Figure 3.4 have been calculated using the maximum initial concentrations observed in the 

reservoir. 

 

Microsphere arrival (Figure 3.5; Table 3.3) in TW20S was observed 30 minutes after tracer application 

and peak concentrations were observed at 105 minutes after tracer application. Microsphere arrival in 

TW3S was observed 45 minutes after tracer application and peak concentrations were observed at 135 

minutes. In TW20D, microspheres were observed at 150 minutes and peak concentrations were observed 
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at 450 minutes (Table 3.3). In all wells, microspheres were observed before Lissamine arrival and peak 

concentrations were observed much earlier than Lissamine concentrations. Relative concentrations 

presented in Figure 3.5 have been calculated using the maximum initial concentrations observed in the 

reservoir.  

 

Results of the curve fitting using the reservoir mixing model (Novakowski, 1992b) are included in Table 

3.4. Curve fitting was performed for well TW20S and TW3S for both lissamine results and microsphere 

results (Figure 3.6). Curve matching for wells TW20D was not performed due to insufficient tracer 

recovery in those wells. Groundwater velocities were calculated to be approximately 38.9 m/day for the 

Lissamine and 115.2 m/day for the microspheres from the reservoir to TW20S. Dispersivity values were 5 

m for both the microsphere and Lissamine curves. Retardation were 1.0 for both the microsphere and 

Lissamine curves. The cross sectional area for the upper reservoir was fitted to be 1.85 m2 for both 

curves.  

 

Estimates of tracer recovery (Table 3.3) indicate that most of the Lissamine tracer was recovered in well 

TW20S (2.79 %) before being transported to well TW20D (0.21 %) and well TW3S (0.86 %). 

Microsphere recoveries for well TW20S (4.36 %), TW20D (0.01 %), and TW3S (1.39 %) were generally 

higher than for the conservative tracer. Though the recovered value is quite low in TW20D, the authors 

consider any microsphere transport as significant since the experiment was designed to represent 

pathogenic transport.  

 

The comparison between the predicted source condition and the actual source condition was estimated 

using a simple transport model for a completely mixed system because samples collected early on in the 

experiment could not be analyzed using microsphere enumeration and the fluorometer. The expression is 

given by: 
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exp  [10] 

 

where C is the estimated concentration, C0 is the initial concentration, t is the elapsed time, V is the 

volume of the reservoir and Q is the flow in and out of the system. Early time results were estimated by 

fitting the later time results to Equation 10. The fitting parameter used is , which equals V/Q. 

 

Results from the predicted source condition and the actual source condition are illustrated in Figure 3.8. 

As water was continually replaced in the reservoir, a constant head boundary with a decaying 

concentration is depicted. In order to fit the predicted curve well to the actual curves, a much lower  

value was used. The actual  value estimated from the data is 171.43 (1200L/7L/min), while the fitted 

value is 97. As the actual quantity of water in the reservoir was estimated and the infiltration rate out of 

the reservoir walls is also unknown, the fitted parameter is considered reasonable. The fitted parameter 

suggests either infiltration is faster than the inflow (7 L/min) or the amount of water in the reservoir was 

in actuality less than 1200 L. This follows that due to faster infiltration, the volume of the reservoir was 

somewhat less than the calculated value. In addition, sorbtion of Lissamine and microspheres to the 

reservoir walls likely occurred very early on in the experiment, which would account for infiltration 

losses. For both Lissamine and the microspheres, 99 % of the source infiltrated from the reservoir eight 

hours into the experiment. 
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3.5 Discussion 

 

Rapid breakthrough, as observed in this study, can be considered on the fracture and micro-scale. 

Breakthrough curves were very steep and narrow for the colloidal tracers, which is often the case in 

fractures as higher flow velocities exhibit narrower breakthrough curves (Goppert and Goldshieder, 

2007). The breakthrough curve for the microsphere tracer dissipates quickly with no discernable tail, 

while the conservative tracer has a much more pronounced tail. Early arrival of colloidal tracers has been 

observed previously (Champ and Shroeter, 1988; Taylor et al., 2004), as the particles appear to travel at 

the leading edge of the advection front in both porous media and fractured rock environments. Tailing 

effects have been attributed to small fractions of solute following low velocity flow paths in a fracture 

(Tsang and Tsang, 1987; Moreno et al., 1988; Bodin et al., 2003) indicating that attenuation of 

microspheres is occurring in these pathways. Colloid transport represents the statistical extreme where a 

small percentage reaches the receptor earlier than a conservative tracer applied at the same time as the 

colloids (Taylor et al., 2004). 

 

Microspheres do not represent the living aspects of bacteria transport as microspheres are not motile 

(Sinreich et al., 2009). Microspheres do, however, demonstrate distances travelled in a well characterized 

fracture system that is dependent on preferential flow paths (Harvey, 1997; MacKay et al., 2000). In this 

study, E. coli-sized microspheres travelled approximately 12 m horizontally and approximately 9 m 

vertically to well TW3S and 6 m horizontally to well TW20 to 2.8 m depth in TW20S and to 9.8 m depth 

in TW20D. Harvey (1997) indicates that physical heterogeneity is a distinguishing factor in the variation 

between transport behaviour of microorganisms and conservative tracers. Becker et al. (2003) found that 

minor differences in physical properties of bacteria can lead to major differences in transport behavior at 

the field scale. If the microspheres are similar enough to bacteria in this field setting, pathogenic bacteria 

would reach the wells.  
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Gravitational forces, density, particle shape, surface roughness, electrical charge, and particle size 

(Becker et al., 1999, Cumbie and McKay, 1999, Rodrigues et al., 2013; Zvikelsky et al. 2008) can all 

account for attenuation of microspheres and bacteria. The microspheres chosen for this experiment were 

constructed of carboxylated polystyrene and are negatively charged (Harvey, 1997; Alonsa et al., 2007) 

similar to E. coli microorganisms. Alonso et al. (2007) found that granitic fracture walls were also 

negatively charged, acting as a deterrent to microsphere attenuation. Gravitational forces can slow down 

colloid transport, depositing colloids in the low to no flow regions within a fracture (Chrysikopoulos and 

James, 2003; James and Chrysikopoulos, 2004), while Brownian motion will attenuate dense particles in 

low flow conditions (Becker et al., 1999). The microspheres used in this experiment were chosen for their 

size, to represent E. coli transport, and are two orders of magnitude smaller than the calculated fracture 

apertures. The size ratio between the fractures and the colloid suggests that the lack of microsphere 

attenuation in this study is highly dependent on this ratio and the subsequent rapid flow rates within the 

fractures. 

 

In this study (Table 3.2), groundwater chemistry is dominated by Ca2+ ions in all the wells and also by 

Na+ in the reservoir. The major cations (Ca2+ and Na+) are highest in the reservoir and the deep well 

interval (TW20D). The shallow intervals (TW20S and TW3S) exhibit much lower ionic strength than the 

deeper interval and the reservoir. Overall the ionic strength values are relatively low compared to both 

Knappet et al. (2008) and McCarthy et al. (2002) indicating that microsphere attachment should be quite 

limited. The lower ionic strength values for the shallow intervals may help explain higher recovery rates 

in those intervals. These intervals are, however, much closer to the source and are likely connected 

directly to the deeper interval by either by orthogonal or vertical fractures. pH values in the study range 

between 6.6-8.1, corroborating with Degueldre et al. (1999) that above a pH value of 6, colloids are more 

easily mobilized. 
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The hydrodynamic mechanisms of the fracture itself are likely the main reason that significant 

microsphere attenuation did not occur in this study. In fractured rock environments, where primary 

porosity is very low (likely less than 0.1 % at this site (Zhou et al., 2007)), transport is largely governed 

by advection with very little matrix diffusion on short time scales (Lapcevic et al., 1999a), such as the 

time scales used in this study. With colloidal transport, a 200 m fracture is 100 times larger than the size 

of an E. coli particle and has a hydraulic conductivity value (K) equal to 2.3 × 10-3 m/s, similar to a well 

sorted sand (e.g. 10-3 m/s). A 1 mm fracture has a K value of 0.58 m/s, more akin to a gravel aquifer. At 

this site, 200 m and 1 mm fractures appear to govern flow and transport. In tracer studies where the 

aquifer is more homogeneous, and more particles are recovered, tracer arrival times are more similar for 

colloids and conservative tracers (Taylor et al., 2004). Early studies using microsphere and bacteria in 

fractured rock aquifers were used to delineate fracture pathways, noting that “microbial tracers tend to be 

excluded on the basis of size from much of the fine porosity outside preferred flow paths” (Harvey, 

1997). Mapping out individual fractures and flow paths are not possible with current technologies. 

 

It is also possible and plausible that tracers are flowing through a network of fractures, rather than a single 

fracture (Lapcevic et al., 1999b). The microsphere results (Figure 3.5) show two arrival peaks in well 

TW20S that may indicate that two or more channels exist within a single fracture or that a network of 

surficial fractures emanates from the reservoir or a single surface fracture diverges into two or more 

fractures prior to reaching well TW20S. Though impossible to know for certain in a field study, a fracture 

network may explain microsphere and Lissamine losses in the fractured rock aquifer. 

 

Diffusion into the rock matrix is a significant transport issue in fractured rock aquifers that should be 

considered in tracer experiments (e.g. Tang et al., 1981; Nerentieks 1980; Charbonneau et al., 2006). In 

this study, the porosity of the rock matrix is very low and therefore diffusion of the tracers into the matrix 
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is, also, estimated to be very low. Alonsa et al. (2007) considered the diffusion properties of colloids in a 

granitic formation with an average porosity of 0.3% and found that 250 nm colloids did not diffuse into 

the rock. Colloids used in this study were 1750 nm (1.75 m) and porosity is estimated to be less than 

0.1% (Zhou et al., 2007) making the porosity to colloid size ratio smaller than in the comparable diffusion 

experiment (Alonso et al., 2007). In one study, diffusion in granite with iodide was on the order of 10-14 

m2/s (Skagius and Neretnieks, 1985) and in another, diffusion of colloids was 10-18 m2/s (Alonso et al., 

2007). Diffusion values of 10-10 m2/s or less would impact the results of the tracer experiment (Zhou et al., 

2007). Based on the sizes of fractures and colloids used in this study, matrix diffusion is, therefore, not 

considered a driver of microsphere attenuation in this study. 

 

The model fits for well TW20S were good for the microsphere tracer and reasonable for the Lissamine 

tracer (Figure 3.6). The wide peak for the Lissamine tracer may be explained by fracture pathways that 

slow down the arrival to the well. Results indicate that transport velocities are rapid between the reservoir 

and the well, with velocities of approximately 38.9 m/day for the dye tracer and 115.2 m/day for the 

colloidal tracer. The increased velocity for the microspheres suggest that advection is driving the faster 

breakthrough times and lack of tailing for the microsphere tracer rather than the Lissamine tracer. Fitted 

values for dispersivity were the same for both the conservative and colloidal tracers (5 m), and within 

reasonable values for fractured rock systems (Zhou et al., 2007). Retardation was the same for both the 

conservative and colloidal tracer (1.0). In order to fit the model, it was necessary to increase the cross 

sectional area of the upper reservoir. The cross sectional area represents the product of the fracture 

aperture and the length of the reservoir. This increase effectively lowered the breakthrough curve, 

accounting for the loss of both the dye and conservative tracers. The necessity of a greater cross sectional 

area of the upper reservoir suggests that either the fracture aperture is greater than initially calculated or 

the length of the exposed fracture is greater than estimated. The value required to fit the model, however, 

is two orders of magnitude larger than anticipated, suggesting that neither a larger fracture aperture, nor a 
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greater exposed fracture length is wholly responsible for the outcome. It is possible that the areal extent of 

the unexposed fracture is much greater than anticipated. Further study would be required to determine the 

effect of a greater areal extent. 

 

The model fits for well TW3S were good for both the microsphere and Lissamine tracers (Figure 3.7). As 

with well TW20S, the wide peak for the Lissamine tracer may be explained by fracture pathways that 

slow down the arrival to the well. Velocities at TW3S were lower for the dye tracer (33.1 m/day) than at 

TW20S and the same for the colloidal tracer (115.2 m/day). Fitted values for dispersivity were the same 

as at TW20S. Retardation was increased to 2.5 for the conservative tracer and to 1.2 for the colloidal 

tracer. The higher retardation rates may also be a result of fracture pathways that slow down the tracer 

arrivals to the well. As with TW20S, it was necessary to increase the cross sectional area of the upper 

reservoir to 8 m2 for the Lissamine tracer and to 4.5 m2 for the colloidal tracer. Given the greater distance 

to well TW3S, a small increase in cross sectional area may be warranted. The differences in the colloidal 

and dye tracers may indicate that more tortuous pathways are being used by the microspheres than the 

Lissamine tracer. As with TW20S, further study would be required to determine the effect of a greater 

areal extent. 

 

The diminished peak observed in the conservative tracer results and resulting decreased calculated 

velocity (Figure 3.4) indicate Lissamine adsorption occurred during the tracer experiment. Lissamine was 

chosen for this study for its conservative nature in bedrock (Smart and Laidlaw, 1977; Lapcevic et al., 

1999a; Novakowski et al., 2004); however Lissamine is known to behave non-conservatively in the 

presence of clays and organic materials (Trudgill, 1987; Levison, 2009; Trimper, 2010). In this study, the 

overburden consists of a sandy clay loam and was used to construct the outer wall of earthen dam that 

contained the reservoir. It is likely that the majority of Lissamine sorption occurred on the overburden 
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wall of the reservoir. The fractures responsible for transport in the outcrop system are also very shallow 

and may contain organic matter, to which Lissamine could sorb. 

 

Microsphere losses can be partly accounted for by sorption to the clayey soil and organic materials in the 

reservoir walls. Within the rock fractures, straining is the likely cause of losses due to fracture roughness, 

tortuous pathways, and smaller aperture sections of fracture openings (Taylor et al., 2004; Zvilesky et al., 

2008). In a planar fracture feature, many pathways can exist as in channel flow (Tsang et al., 1988; Tsang 

and Neretnieks, 1998) creating divergent flow directions, some of which may not have reached the wells 

examined in this study. Likewise, entirely different orthogonal fractures than those characterized in 

hydraulic testing could be radiating from the source area transporting both the conservative and colloidal 

tracer away from the reservoir.  

 

A defining feature of this study (and the companion study, Trimper, 2010) is the proximity of the 

infiltration pool to a rock outcrop with a suspected connection between fractures in the rock outcrop to the 

wells used to create steady state transport. Outcrops are often defined as intrinsically susceptible to 

contamination in vulnerability analyses used for groundwater management, such as in the DRASTIC 

method (Aller et al., 1987). Field studies clearly indicating the vulnerability of wells drilled on or near 

rock outcrops are, to our knowledge, non-existent. In this study, lack of overburden cover, combined with 

an exposed vertical to near-vertical fracture, confirms this assumption that exposed rock outcrops are 

inherently vulnerable to contaminants that are subject to conservative transport, such as nitrate, and 

colloidal transport, such as E. coli. 

 

Based on the results of the tracer experiments, a conceptual understanding of the flow regime was 

developed for the bedrock in the vicinity of the outcrop. Figure 3.9 shows that the conservative and 

colloidal tracers are transported preferentially through vertical and horizontal fractures from the reservoir 



 

68 

 

north of the outcrop to the bedrock aquifer. The dominant flow likely occurs divergently through a semi-

vertical fracture that is predominantly located above the water table, from the pond area and trickles down 

into TW20S, where the water could be collected and isolated above the packer system. Some of the tracer 

is flowing downwards to a larger fracture deeper in TW20D. It is hypothesized that since the fracture in 

TW20D has an aperture of approximately 1 mm, straining of larger microspheres occurred in a smaller 

aperture fracture leading to the deeper, larger fracture that has a much higher velocity. Significant tracer 

concentration reaches TW3S through shallow horizontal and vertical fractures.  

 

3.6 Conclusions and Recommendations 

 

An infiltration experiment was conducted that traced fluorescent dye and E. coli-sized microspheres from 

a 1200 L reservoir adjacent to a rock outcrop. Three multi-level wells were monitored under steady state 

pumping conditions for 72 hours. The experiment was conducted under saturated conditions, designed to 

simulate heavy rainfall infiltration. Travel times were rapid, with velocities of approximately 38.9 m/day 

for the dye tracer and 115.2 m/day for the colloidal tracer. Arrival times were on the order of 30 minutes 

for the microspheres and 45 minutes for the die tracer and remained in the system throughout the duration 

of the experiment. Microspheres travelled approximately 6 m horizontally to a well from a nearby 

infiltration reservoir. Microspheres were detected at 2.8 m and 9.78 m deep in the same well. 

Microspheres were also detected 12 m horizontally and approximately 9 m vertically in a further well 

drilled on the rock outcrop. 

 

Up to 2.79 % of the dye and 4.36 % of the microsphere tracer was recovered in the well closest to the 

reservoir. The clayey soil and organic materials in the reservoir walls are likely responsible for the 

majority of dye losses, and sorption of microspheres. Microsphere loss in the rock fractures is attributed 

to straining due to fracture roughness, tortuous pathways, and smaller aperture section of fracture 
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openings. Based on the sizes of fractures and colloids used in this study, matrix diffusion is not 

considered a driver of microsphere attenuation. Colloid mobilization was expected with the pH values 

observed in all well intervals. Higher microsphere recovery rates in the shallow well interval may be 

attributed to lower ionic strength values in those intervals. The proximity to the source is considered a 

more likely cause of higher recovery rates in the shallow well intervals. 

 

Public health issues are prominent in fractured rock aquifers in settings such as the one described here. 

Colloids of similar size to E. coli were transported very quickly from the ground surface to a fractured 

rock aquifer. Localized contamination of high concentrations of nutrient and bacteria can cause serious 

illness for local drinking water users. Results are particularly important in the context of the location of 

the wells within a farmer’s field in an agricultural watershed. Nutrient application, such as manure, should 

therefore be minimized in proximity to rock outcrops to limit the availability of pathogenic bacteria and 

nitrates to the bedrock aquifers. Outcrops are often flanked by thicker overburden sequences. If 

overburden has low hydraulic conductivity, then it can act as a protective layer for bacterial and nutrient 

transport. Results from this research indicate that drinking water wells should not be drilled directly on an 

outcrop, should a vertical to sub-vertical fracture, such as described here, be located in the vicinity of the 

outcrop. 

  



 

70 

 

3.7 References 

 

Abdel-Salam, A. and Chrysikopoulos, C.V., 1995. Analysis of a model for contaminant transport in 
fractured media in the presence of colloids. Journal of Hydrology, 165: 261-281. 

Allen, M.J. and Morrison, S.M., 1973. Bacterial movement through fractured rock. Ground Water, 11 (2), 
6-10. 

Aller, L., Lehr, J.H., and Petty, R., 1987. DRASTIC: A standardized system to evaluate ground water 
pollution potential using hydrogeologic settings. U.S. Environmental Protection Agency: 
Washington, DC, EPA/6000/2-87/035. 

Alonso, U., Missana, T., Patelli, A., Rigato, V. and Ravagnan, J., 2007. Colloid diffusion in crystalline 
rock: An experimental methodology to measure diffusion coefficients and evaluate colloid size 
dependence. Earth and Planetary Letters, 259: 372-383. 

Bales, R.C., Hinkle, S.R., Kroeger, T.W., Stocking, K. and Gerba, C.P., 1991. Bacteriophage adsorption 
during transport through porous media: Chemical perturbations and reversibility. Environmental 
Science and Technology. V. 25: 2088-2095. 

Becker, M.W., Reimus, P.W. and Vilks, P., 1999. Transport and attenuation of Carboxylate-modified 
latex microspheres in fractured rock laboratory and field tracer tests. Ground Water, 37(3): 387-
395. 

Becker, M.W., Metge, D.W., Collins, S.A., Shapiro, A.M. and Harvey, R.W., 2003. Bacterial transport 
experiments in fractured crystalline bedrock. Ground Water, 41(5): 682-689. 

Black, J.H. and Kipp, K.L., 1983. Movement of tracers through dual-porosity media – experiments and 
modeling in the Cretaceous Chalk, England. Journal of Hydrology, 62: 287-312. 

Borchardt, M.A., Bradbury, K. R., Gotkowitz, M.B., Cherry, J.A., and Parker, B.L., 2007. Human enteric 
viruses in groundwater from a confined bedrock aquifer. Environmental Science and Technology, 
41: 6606-6612. 

Bodin, J., Delay, F., and de Marsily, G., 2003. Solute transport in a single fracture with negligible matrix 
permeability: 1. fundamental mechanisms. Hydrogeology Journal, 11: 418-433. 

Chae, G.-T., Stimson, J., Emelko, M.B., Blowes, D.W., Ptacek, C.J., and Mesquita, M.M., 2008. 
Statistical assessment of the accuracy and precision of bacteria- and virus-sized microsphere 
enumerations by epifluorescence microscopy. Water Research, 42(6-7): 1431-1440. 

Champ, D.R. and Schroeter, J., 1988. Bacterial transport in fractured rock- a field-scale tracer test at the 
Chalk River Nuclear Laboratories. Water Science & Technology.  

Chrysikopoulos, C.V. and James, S.C., 2003. Transport of neutrally buoyant and dense variably sized 
colloids in a two-dimensional fracture with anisotropic aperture. Transport in porous media, 51: 
191-210. 



 

71 

 

Cumbie, D.H. and McKay, L.D., 1999. Influence of diameter on particle transport in a fractured shale 
saprolite. Journal of Contaminant Hydrology, 37(1-2): 139-157. 

Degueldre, C., Triay, I., Kim, J., Vilks, P., Laaksoharjug, M. and Miekeley, N. Groundwater colloid 
properties: A global approach. Applied Geochemistry, 15: 1043-1051. 

De Hoog, F. R., J. H. Knight, and A. N. Stokes (1982), An improved method for numerical inversion of 
Laplace transforms, SIAM J. Sci. Stat. Cornput., 3(3), 357-366. 

Flynn, R.M. and Sinreich, M., 2010. Characterization of virus transport and attenuation in epikarst using 
short pulse and prolonged injection multi-tracer testing. Water Research, 44: 1138-1149. 

Ginn, T.R., Wood, B.D., Nelson, K.E., Scheibe, T.D., Murphy, E.M. and Clement, T.P., 2002. Processes 
in microbial transport in the natural subsurface. Advances in Water Resources, 25: 1017-1042. 

Gleeson, T., 2009. Groundwater recharge, discharge, and flow in a large crystalline aquifer., Unpublished 
Ph.D. Thesis, Queen's University, Kingston, Ontario. 

Gleeson, T., Novakowski, K., and Kyser, K., 2009. Extremely rapid and localized recharge to a fractured 
rock aquifer. Journal of Hydrology, 376(3-4): 496-509). 

Goppert, N. and Goldscheider, N., 2007. Solute and colloid transport in karst conditions under low- and 
high-flow conditions. Ground Water, 46 (1): 61-68. 

Harvey, R.W., 1997. Microorganisms as tracers in groundwater injection and recovery experiments: a 
review. FEMS Microbiology Reviews, 20(3-4): 461-472. 

Harvey, R.W., George, L.H., Smith, R.L., and LeBlanc, D.R., 1989. Transport of microspheres and 
indigenous bacteria through a sandy aquifer: Results of natural- and forced-gradient tracer 
experiments. Environ. Sci. Technol., 23: 51-56. 

Harvey, R.W. and Harms, H., 2002. Tracers in groundwater: Use of microorganisms and microspheres. 
In: G. Bitton (Editor), Encyclopedia of Environmental Microbiology. John Wiley & Sons, Inc, 
New York, pp. 3194-3202. 

Hvorslev, M.J., 1951. Time lag and soil permeability in groundwater observations. Bull. No. 36. 
Waterways Experiment Station, Corps of Engineers, Vicksburg, Mississippi. 

James, S.C. and Chrysikopoulos, C.V., 2004. Dense colloid transport in a bifurcating fracture. Journal of 
Colloid and Interface Science, 270: 250-254. 

Jewett, D.G., Hilbert, T.A., Logan, B.E., Arnold, R.G., and Bales, R.C., 1995. Bacterial transport in 
laboratory columns and filters: Influence of ionic strength and pH on collision efficiency. Water 
Research, 29(7): 1673-1680. 

Keswick, B.H., Wang, D.-S. and Gerba, C.P., 1982. The Use of Microorganisms as Ground-Water 
Tracers: A Review. Ground Water, 20(2): 142-149. 



 

72 

 

Kettles, I.M., 1992. Surficial geology, Perth, Ontario, Geological Survey of Canada, "A" Series Map, 
Report: 1800A. 

Kim, J.G., Lee, G.H., Lee, J.S., Chon, C.M., Kim, T.H. and Ha, K., 2006. Infiltration pattern in a regolith-
fractured bedrock profile: field observation of a dye stain pattern. Hydrological Processes, 20: 
241-250. 

Knappet, P.S.K., Emelko, M.B., Zhuang, J., and McKay, L.D. 2008. Transport and retention of a 
bacteriophage and microspheres in saturated, angular porous media: Effects of ionic strength and 
grain size. Water Research, 42: 4368-4378. 

Lapcevic, P.A., Novakowski, K.S. and Sudicky, E.A., 1999a. Groundwater flow and solute transport in 
fractured media. The Handbook of Groundwater Engineering. CRC Press, pp. 17-39. 

Lapcevic, P.A., Novakowski, K.S. and Sudicky, E.A., 1999b. The interpretation of a tracer experiment 
conducted in a single fracture under conditions of natural groundwater flow. Water Resources 
Research, 35(8): 2301–2312. 

Levison, J.K., 2009. Anthropogenic impacts on sensitive fractured bedrock aquifers. Unpublished Ph.D. 
Thesis, Queen's University, Kingston, Ontario. 

Levison, J. and Novakowski, K., 2009. The impact of cattle pasturing on groundwater quality in bedrock 
aquifers having minimal overburden. Hydrogeology Journal, 17(3): 559-569. 

Levison, J.K. and Novakowski, K.S., 2012. Rapid transport from the surface to wells in fractured rock: A 
unique infiltration experiment. Journal of Contaminant Hydrology, 131: 29-38. 

Lu, G., Liu, H.H., and Salve, R., Long term infiltration and tracer transport in fractured rocks: Field 
observations and model analyses. Journal of Hydrology, 396: 33-48. 

McCarthy, J.F. and Zachara, J.M., 1989. Subsurface transport of contaminants. Environ. Sci. Technol., 
23(5): 496-502. 

McCarthy, J.F., McKay, L.D. and Bruner, D.D., 2002. Influence of ionic strength and cation charge on 
transport of colloidal particles in fractured shale saprolite. Environ. Sci. Technol., 36: 3735-3743. 

McKay, L.D., Sanford, W.E. and Strong, J.M., 2000. Field-scale migration of colloidal tracers in a 
fractured shale saprolite. Ground Water, 38(1): 139-147. 

Milloy, C., 2007. Depth-Discrete Hydraulic Head Time Series Characterization of Groundwater Recharge 
to a Crystalline Bedrock Aquifer in Eastern Ontario, Unpublished M.Sc. Thesis, Queen's 
University, Kingston, 131 pp. 

Moreno, L., Tsang, Y.W., Tsang, C.F., Hale, F.V., and Neretnieks, I., 1988. Flow and tracer transport in a 
single fracture. Water Resources Research, 24(12): 2033-2048. 

National Research Council (NRC), 1996. Rock Fractures and Fluid Flow: Contemporary Understandings 
and Applications. National Academy Press, Washington, D.C. 



 

73 

 

Neuman, S.P., 2005. Trends, prospects and challenges in quantifying flow and transport through fractured 
rocks. Hydrogeology Journal, 13:124–147. 

Novakowski, K. S., 1992. The analysis of tracer experiments conducted in divergent radial flow fields. 
Water Resources Research, 28(12): 3215–3225. 

Novakowski, K. S., 1992b. An evaluation of boundary conditions for one-dimensional solute transport: 1. 
Mathematical development. Water Resources Research, 28(9): 2399-2410. 

Novakowski, K.S., Bickerton, G. and Lapcevic, P. 2004. Interpretation of injection-withdrawal tracer 
experiments conducted between two wells in a large single fracture. Journal of Contaminant 
Hydrology, 73: 227-247. 

Praamsma, T., Novakowski, K., Kyser, K. and Hall, K., 2009. Using stable isotopes and hydraulic head 
data to investigate groundwater recharge and discharge in a fractured rock aquifer. Journal of 
Hydrology, 366(1-4): 35-45. 

Rodrigues, S.N., Dickson, S.E., and Qu, J., 2013. Colloid retention mechanisms in single, saturated, 
variable-aperture fractures. Water Research, 47: 31 -42. 

Ryan, J.N. and Elimelech, M., 1996. Colloid mobilization and transport in groundwater. Colloids and 
Surfaces A: Physicochemical and Engineering Aspects, 107: 1-56. 

Salve, R., 2005. Observations of preferential flow during a liquid release experiment in fractured welded 
tuffs. Water Resour. Res., 41, 1-14. 

Shapiro, A. M., and Nicholas, J. R., 1989. Assessing the validity of the channel model of fracture aperture 
under field conditions, Water Resources Research, 25(5): 817–828. 

Sinreich, M., Flynn, R. and Zopfi, J., 2009. Use of particulate surrogates for assessing microbial mobility 
in subsurface ecosystems. Hydrogeology Journal, 17: 49-59. 

Skagius, K. and Neretnieks, I., 1985. Porosities and disffusivities of some non-sorbing species in 
crystalline rocks. SKB report: 85-03. 

Smettem, K.R. and Trudgill, S.T. 1983. An evaluation of some fluorescent and non-fluorescent dyes in 
the identification of water transmission routes in soils. Journal of Soil Science, 34: 45-56. 

Smart, P. and Laidlaw, I., 1977. An evaluation of some fluorescent dyes for water tracing. Water 
Resources Research, 13(1): 15-33. 

Taylor, R., Cronin, A., Pedley, S., Barker, J. and Atkinson, T., 2004. The implications of groundwater 
velocity variations on microbial transport and wellhead protection - review of field evidence. 
FEMS Microbiology Ecology, 49(1): 17-26. 

Trimper, S.A., 2010. The presence and transport of human enteric viruses in fractured bedrock aquifers., 
Unpublished M.Sc. Thesis, Queen's University, Kingston, Ontario. 



 

74 

 

Tsang, Y.W. and Tsang, C.F., 1987. Channel model of flow through fractured media., Water Resources 
Research., 23(3): 467-479.  

Tsang, Y.W., Tsang C.F., Neretnieks I., and Moreno L., 1988. Flow and tracer transport in fractured 
media: a variable aperture channel model and its properties. Water Resources Research, 24(12): 
2049–60. 

Tsang, C.F. and Neretnieks, I., 1998. Flow channeling in heterogeneous fractured rocks. Reviews of 
Geophysics, 36(2): 275-298. 

Vickers, B.C., S.P. Neuman, M.J. Sully and Evans, D.D., 1992. Reconstruction and geostatistical analysis 
of multiscale fracture apertures in a large block of welded tuff, Geophys. Res. Lett., 19(10): 
1029–1032. 

Vilks, P. and Bachinski, D.B., 1996. Colloid and suspended particle migration experiments in a granite 
fracture. Journal of Contaminant Hydrology, 21: 269-279. 

Wilson, M.E., 1961. Geology, Perth-Lanark and Leeds counties, Ontario, Canada Geological Survey Map 
l089A. 

Zheng, Q., Dickson, S.E., and Guo, Y., 2009. Differential transport and dispersion of colloids relative to 
solutes in single fractures. Journal of Colloid and Interface Science, 339: 140-151. 

Zhou, Q., Salve, R., Lui, H.H., Wang, J.S.Y., and Hudson, D., 2006. Analysis of a mesoscale infiltration 
and water seepage test in unsaturated fractured rock: spatial variabilities and discrete fracture 
patterns. Journal of Contaminant Hydrogeology, 87: 96-122. 

Zhou, Q., Lui, H.H., Molz, F.J., Zhang, Y. and Bodvarsson, G.S., 2007. Field-scale effective matrix 
diffusion coefficient for fractured rock: Results from literature survey. Journal of Contaminant 
Hydrology, 93: 161-187. 

Zvilesky, O., Weisbrod., N. and Dody, A., 2008. A comparison of clay colloid and artificial microsphere 
transport in natural discrete fractures. Journal of Colloid and Interface Science, 323: 286-292. 

  



 

75 

 

Table 3.1 Transmissivity values (T) and effective single aperture (2b) calculated for measured 

depth intervals (masl). Straddle packers were used to complete slug tests on each interval in well 

TW3 and constant head testing in well TW20. 

TW3 TW20 

Depth Interval T 2b Depth 
Interval 

T 2b 

masl m2/s m masl m2/s m 
126.1-128.1 2.82E-06 162    

128.1-130.1 3.02E-06 166    

128.1-132.1 4.95E-06 196    

132.1-134.1 3.11E-06 168    

134.1-136.1 3.38E-07 80    

136.1-138.1 9.10E-07 111    

138.1-140.1 1.00E-10 5    

140.1-142.1 1.00E-10 5    

142.1-144.1 2.77E-06 161 142.1-144.1 1.80E-09 124 

144.1-146.1 1.00E-10 5 144.1-146.1 3.99E-09 211 

146.1-148.1 7.90E-05 493 146.1-148.0 9.66E-04 1179 

148.1-150.1 2.22E-05 323 148.0-150.0 9.53E-07 117 

   150.0-151.9 3.41E-06 179 

 

 

Table 3.2 Ionic strength results collected from the reservoir, and wells TW8 (the water used to fill 

the dam), TW3S, TW20S and TW20D. 

 

Sample ID 
mmol/l mmol/l ionic strength 

Ca2+ Mg2+ Na+ K+ Cl- SO4
2- NO3

- HCO3
- 

Reservoir  2.02 0.79 2.46 0.05 0.73 1.49 0.01 4.00 1.22E-02 
TW3S 0.84 0.14 0.13 0.09 0.25 0.21 0.01 1.31 3.30E-03 
TW8 2.01 0.80 0.21 0.05 0.71 0.15 0.01 4.03 8.44E-03 
TW20D 1.75 0.42 0.12 0.05 0.17 0.15 0.01 3.38 6.50E-03 
TW20S 0.80 0.13 0.18 0.09 0.48 0.17 0.01 1.25 3.21E-03 
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Table 3.3 Summary of tracer recovery, peak concentrations, breakthrough concentrations and 

times for wells TW3S, TW20S, TW20D. 

Well TW3S TW20S TW20D 

Lissamine peak concentration (C/Co) 1.0 x 10-2 4.0 x 10-2 2.0 x 10-3 

Lissamine time to peak (min) 840 390 840 

Microsphere peak concentration (C/Co) 1.6 × 10-2 4.2 × 10-2 2.8 × 10-5

Microsphere time to peak (min) 135 105 450 

Lissamine breakthrough (C/Co) 1.5 × 10-2 1.1 × 10-3 1.1 × 10-3

Lissamine time to breakthrough (min) 120 45 360 

Microsphere breakthrough (C/Co) 8.5 × 10-6 1.2 × 10-2 9.8 × 10-6

Microsphere time to breakthrough (min) 45 30 150 

Pumping rate (L/min) 0.6 0.6 7.0 

Lissamine (% recovered) 0.86 2.79 0.21 

Microspheres (% recovered) 1.39 4.36 0.01 

 

 

Table 3.4 Summary of model fitting parameters, velocity, dispersivity, retardation, cross sectional 

area and volume for the upper and lower reservoirs for well TW20S for the microsphere and 

Lissamine data. 

Well TW20S 

microspheres 

TW20S 

Lissamine 

TW3S 

microspheres 

TW3S 

Lissamine 

Velocity (m/day) 115.2 38.9 115.2 33.1 

Dispersivity () 5.0 5.0 5.0 5.0 

Retardation (R) 1.0 1.0 1.2 2.5 

Upper Cross Sectional 

Area (m2) 

1.85 1.85 4.5 8 

Lower Cross Sectional 

Area (m2) 

3.0 × 10-5 3.0 × 10-5 3.0 × 10-5 3.0 × 10-5 

Upper Volume (m3) 1.2 1.2 1.2 1.2 

Lower Volume (m3) 2.0 × 10-5 2.0 × 10-5 2.0 × 10-5 2.0 × 10-5 
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Figure 3.1 Plan view of the rock outcrop, including the dam and wells TW3 and TW20, used for the 

tracer experiment (Trimper, 2010). Vertical fractures are depicted as thick lines for open fractures 

that may be connected to deeper horizontal fractures and the drinking water aquifer. Thin lines 

represent hairline fractures that appear to be closed with no connection to the aquifer. 
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Figure 3.2 Results from hydraulic testing using straddle packers of wells TW3 and TW20. 
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Figure 3.3 Photo of reservoir filled with Lissamine solution, adjacent to a syenite migmatite outcrop 

(photo taken May 2009). 
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Figure 3.4 Lissamine results (C/C0) over the course of a 72 hour tracer experiment, completed in 

September 2009. 
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Figure 3.5 Microsphere results (C/C0) from the first 25 hours of a 72 hour tracer experiment, 

completed in September 2009. Trace microspheres remained in the system after 25 hours. 
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Figure 3.6 Model fit for Lissamine and microsphere results for TW20S. 
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Figure 3.7 Model fit for Lissamine and microsphere results for TW3S. 



 

84 

 

 

Figure 3.8 Results of the source condition for Lissamine and microsphere using a simple mixing 

model (predicted) compared to actual results. 
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Figure 3.9 A conceptual cross-section representing fracture orientation and conservative and 

colloidal tracer transport on a rock outcrop. 
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Chapter 4 

Effects of rainfall rate, fracture size, tracer application time, gradient, water 

level and overburden thickness on vertical flow and transport in a fractured 

rock aquifer within a rock outcrop 

4.1 Introduction 

 

Solute transport in fractured rock terrains with low lying outcrops and little overburden cover should be a 

concern for homeowners and municipal water supply providers, yet little research has been completed in 

this setting. Bacteria, viruses, and nitrate can be transported very quickly in a bedrock aquifer, if there is a 

vertical fracture connection to the ground surface (Borchardt et al., 2007; Chapter 3 this document). 

Proximity to common contaminants is typically considered in wellhead protection studies for municipal 

water supply (Frind et al., 2006) while well drilling regulations for private wells stipulate well setbacks 

from septic tanks and suggested setbacks from other contaminant sources (Novakowski et al., 2006). Due 

to the inherent heterogeneity of fractured rock systems and unknowns with respect to vulnerability, advice 

for well placement in fractured rock terrains remains scarce and can be based on anecdotal evidence.  

 

Results of field studies in a sparsely fractured, crystalline terrain in undulating topography where outcrops 

are common, suggest that recharge to the aquifer can be rapid in proximity to the rock outcrop (Gleeson et 

al., 2009a; Praamsma et al., 2009; Miles and Novakowski, 2014), resulting in rapid contaminant transport 

times when contaminant sources are located nearby. However, the mechanics of the transport system are 

not fully understood, particularly with respect to the presence of rock outcrops and fracture connectivity 

between fractures at surface to those at depth. 
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Outcrops are often used to provide information on the fractured rock aquifer, such as fracture mapping 

and rock type (Cook, 2003). An outcrop can be useful in characterization of the aquifer itself, specifically 

providing information on vertical flow and transport potential. Areas like the one studied here in eastern 

Ontario, as well as many areas in eastern North America are riddled with rock outcrops. For example, 

overburden thicknesses of less than one metre are shown on 45 % of the Southern Ontario drift thickness 

map sheet (OGS Earth, 2015) with much of the area showing as low lying rock outcrops on aerial 

imagery accessed on Google Earth. Mapped surface fractures within outcrops (Trimper, 2010) and 

lineaments that include fractures covered by minimal overburden (Mabee et al., 1994; Srivastrava, 2002) 

may provide direct conduits to the aquifer, creating a source water protection problem for users. Fracture 

mapping has been used in numerical models related to the nuclear waste management industry (Normani 

et al., 2014). However, fracture mapping is not typically used in models for water quality studies that 

pertain to drinking water quality or wellhead protection. 

 

Numerical models are very valuable for understanding site-specific processes and hypothesis testing 

(Konikow, 2011). Numerical discrete fracture models have had limited use in water quality studies, due to 

the inherent complexity, while single fracture analytical (e.g. Novakowski et al., 1985; MacQuarrie et al., 

2010) and equivalent porous media models are common. HydroGeoSphere (Therrien et al., 2010) is a 

fully integrated groundwater and surface water numerical model with the capability of modelling discrete 

fractures in a porous matrix and has been used widely in discrete-fracture settings (Kennedy and 

Woodbury, 2005; Randall, 2005; Blessent et al., 2009). Miles and Novakowski (2014) created an 

equivalent porous media model with rainfall to demonstrate the effects of rainfall on a fractured bedrock 

system. They found that equivalent porous media models can be sufficient for depicting the transient 

behavior of recharge in a fractured rock environment. Transport was not investigated in this study. 
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It remains, however, that fractured rock sites are difficult to adequately characterize in order to produce a 

good mathematical description of the site (Neuman, 2005). The worth of large scale discrete fracture 

models for transport has been demonstrated in nuclear waste management scenarios, as it has been clearly 

demonstrated that fractures will transport the bulk of the contaminant source should containment failure 

occur (Normani et al., 2014). Use of large scale discrete fracture models for transport is not common, 

however, primarily due to the extreme computational effort and the potential homogenization that occurs 

as scales increase (Bear, 1993). In groundwater studies related to near surface drinking water, numerical 

discrete fracture models have been effectively used to demonstrate transport in column experiments (Cey 

et al., 2006) and small scale two dimensional settings (Gleeson et al., 2009a). However, simulations that 

show the effects of rock outcrops in a discreetly-fractured setting have not been successfully modeled to 

date. 

 

Uncertainty analyses in groundwater models generally consist of varying single parameters (e.g. hydraulic 

conductivity, dispersivity, etc.) from a calibrated model that represents a specific field setting to 

determine the effects to the output due to the applied variations (Anderson and Woessner, 1992; Reilly 

and Harbaugh, 2004; Hill and Teidman, 2007). Parameter sensitivities, on the other hand, can be used on 

an uncalibrated groundwater model to determine the effects of specific parameters in a hypothetical field 

situation (Pickens and Gillham, 1980). Parameter sensitivities can be particularly useful in complex 

models that include flow, rainfall, and transport in a fractured rock setting such that the parameters or 

combination of parameters that have the most impact on the output can be identified. 

 

Studies dedicated to numerical studies of flow and transport in areas where rock outcrops occur are very 

limited. Conceptually, rock outcrops with little primary porosity would generally be considered a barrier 

to flow and transport, with elevated runoff on the outcrop likely. However, to the best of our knowledge, 

the effects of the surrounding overburden, combined with exposed, vertical discrete fractures in the rock 
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have not been explored. As these conditions occur in nature, the objectives of this study are to 1) explore 

the influence of rainfall rate, fracture size, tracer application time, gradient, water level and overburden 

thickness in this type of setting and 2) to determine if there is inherent vulnerability within fractured rock 

environments with little protective overburden and abundant outcrop. 

 

4.2 Conceptual Model 

 

The numerical model developed for this study was designed to represent a study site located in a hay field 

in an agricultural watershed in the Precambrian Shield of eastern Canada. This setting was viewed to be 

representative of many in eastern North America where agricultural activity occurs in the vicinity of 

domestic groundwater supply wells completed in bedrock aquifers. The effects of overburden and the 

influence of rock outcrops in a fractured rock aquifer have been extensively studied at the hay field site 

(five ha) since 2004 (Milloy, 2007; Gleeson et al. 2009a, Gleeson et al., 2009b; Levison and Novakowski, 

2009; Praamsma et al., 2009, Trimper, 2010; Levison and Novakowski, 2012; Miles and Novakowski, 

2014).  

 

The bedrock underlying the hay field consists of Precambrian syenite-migmatite gneiss (Wilson, 1961) 

overlain by a thin layer of till deposits, with organic deposits adjacent to the Tay River (Kettles, 1992). 

Overburden thicknesses are reported as zero to four metres (Kettles, 1992). Overburden thicknesses 

encountered during drilling on the hay field were between zero and six metres, with the greatest 

thicknesses encountered closest to the Tay River (Miles and Novakowski, 2014). The topography of the 

hay field is flat, with elevations ranging from 152 – 157 masl. Several rock outcrops are distributed 

through the area (e.g. Figure 4.1). 
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The climate for the study area is humid temperate continental, exhibiting cold winters, hot summers, with 

average monthly temperatures from -12 to 20 °C (Environment Canada, 2009), receiving between 850-

975 mm of precipitation (RVCA, 2001). Rainfall rates of two mm/hr are common over a 24 hour return 

period at a two year frequency (MTO, 2016). Groundwater levels are high, within four metres of surface 

and recharge rates are low (Gleeson, 2009; Milloy, 2007; Praamsma et al., 2009). 

 

A total of nine, 0.15 m diameter, monitoring wells were drilled in the hay field using an air rotary rig. 

Hydraulic testing using straddle packers was completed on each well to locate significant fracture 

features, to determine the transmissivity of each section, and to determine potential fracture connections 

between well locations. Transmissivities determined from straddle packer intervals range from 10-10 to 10-

2 m2/s throughout the field site, where low transmissivity values were identified in unfractured rock. 

Fracture apertures were calculated using the cubic law (Witherspoon et al., 1980) and range from 6 to 

3841 m with a geometric mean of 156 μm and a standard deviation of 398 μm (see Appendix B for the 

results of hydraulic testing). Horizontal fracture locations could be identified from hydraulic testing. 

Tracer experiments near two rock outcrops (Levison and Novakowski, 2012; chapter 3 this document) 

indicate that vertical fractures govern transport from surface sources to the deeper fracture system. 

Subvertical fractures were observed in many wells using a well camera, though true vertical fractures 

could not be observed in the vertical wells, many vertical fracture features were observed on bedrock 

outcrops on site (Trimper, 2010). The aperture of the vertical fractures is assumed to be similar to the 

horizontal fractures. 

 

The conceptual model for this study consists of a sparsely fractured metamorphic rock aquifer that is 

overlain by between zero to six metres of overburden with several rock outcrops. The investigation 

focuses on the instance where a single fracture occurs from the ground surface, in a rock outcrop, and 

meets a horizontal fracture that occurs throughout the width and length of the model domain (Figure 4.2). 
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Though it is likely that more vertical fractures exist under the overburden cover, the single vertical 

fracture was investigated in order to provide meaningful results with the parameter sensitivities. 

 

4.3 Methods 

 

The numerical model, HydroGeoSphere (Therrien et al., 2010), was selected to represent this conceptual 

model. HydroGeoSphere is used to simulate flow and transport in discrete fractures, porous media, and to 

couple surface and groundwater flow. The methods for the domain size, discretization, porous media 

properties, flow solution, transport solution, and simulated cases are described in the following sections. 

 

4.3.1 Domain size and discretization 

 

The three-dimensional finite element model is represented by a 400 m (x) by 300m (y) by 30 m (z) box 

(Figure 4.3) for the study site. The coordinate system will be referred to as x, y, and z, where x=0 and y=0 

represents the northwestern corner of the site, where x increases in an easterly direction and y increases 

southerly direction and z = 30 represents ground surface. Interactive grid generation was employed to 

allow for fine discretization (10 cm) around discrete fractures. An initial effort was made to generate a 

final grid spacing around the fractures that was the same width as the aperture of the fractures to account 

for effects of matrix diffusion (Weatherill et al., 2008; Kozuskanich et al., 2012). However, the resulting 

run times were excessively slow, given the size of the domain. Tests were conducted on the effects of 

matrix diffusion in this setting using a conservative tracer (Section 4.3.4) and the extremely low matrix 

porosity resulted in no significant tracer losses. Thus the larger grid size was employed. The grid contains 

208,449 nodes. Testing of the grid is described more thoroughly in Appendix G. 
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The domain was designed to represent a slightly dipping topography, with a surface gradient of 0.05, 

towards the east. A rock outcrop is located in the center of the domain and contains a vertical fracture 

through the centre. The outcrop is four metres by four metres in area at the top and slopes outwards on all 

four sides at 25%. The model domain was designed using blocks (Figure 4.2) in finite element mode. The 

model was run in variably saturated mode using the surface water flow capabilities to represent rainfall. 

The simulated range of the Brooks–Corey pore size distribution index (k) is consistent with the range 

derived theoretically and from laboratory experiments for similar overburden material and in single 

fractures of variable aperture (Brooks and Corey, 1964; Reitsma and Kueper, 1994). 

 

Observation points were positioned throughout the domain to monitor head values and concentration at 

that point. Important observation points that are discussed throughout this chapter include: the ground 

surface, in the middle of the vertical fracture; the confluence of the vertical and horizontal fractures, and 

eight metres downstream of the vertical fracture, within the midline of the horizontal fracture. 

 

4.3.2 Porous media and fracture properties 

 

The syenite-migmatite gneiss was represented as a low hydraulic conductivity (K=10-13 m/s) and low 

porosity (θ = 0.001) porous medium (Table 4.1). Overburden was represented by average hydraulic 

conductivity (K = 10-6 m/s) and porosity (θ = 0.2) values collected during a field survey using an 

infiltrometer and Guelph Permeameter (Gleeson, 2009; Miles and Novakowski, 2014). Overburden was 

assigned longitudinal and transverse dispersivity values of 0.05 and 0.005, respectively (Anderson and 

Woessner, 1992). Specific storage values of 10-5 and 0.3 were assigned to the rock and the soil, 

respectively (Anderson and Woessner, 1992).  
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The vertical and horizontal fractures were assigned an aperture of 500 m. Both vertical and horizontal 

fractures were assigned longitudinal and transverse dispersivity values of 8.0 m and 0.8 m, respectively 

(Table 4.1; Guimerà and Carrera, 2000). 

 

4.3.3 Flow solution 

 

Boundary conditions applied to the model were first type to provide a flow gradient (i = 1.25 × 10-3) 

across the model (@ x = 0, h = 28 m and @ x = 400, h = 27.5 m). No flow boundaries were used at the 

top, bottom, northern and southern boundaries of the domain to create a consistent gradient across the 

model. The flow solution was run in steady state mode to produce a steady state solution. The flow solver 

convergence criteria was set to 1 × 10-6. 

4.3.4 Transport solution 

 

The flow solution was then used to solve for transport. Tracer is applied above the rock outcrop for four 

hours on an area of 400 m2 surrounding the outcrop after 10 hours of rainfall (Figure 4.2). A conservative 

tracer was applied (D* = 2.7 × 10-8 m2/min; Levison and Novakowski, 2012) above and eight metres on 

all four sides of the block-shaped rock outcrop for four hours to investigate transport of conservative 

contaminants, such as nitrate, from a point source on or immediately adjacent to the outcrop . Rainfall 

was then applied to the model for 48 hours at a rate of 0.002 m/hr. The intent of the rainfall application is 

to flush out the contaminant while providing a flux boundary to drive the contaminant into the system. 

Rainfall rates were chosen to simulate a significant rainfall event. In the model, transport solver 

convergence was set to 1 × 10-15 and fully implicit transport time weighting was used.  
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4.3.5 Simulated cases for parameter sensitivities 

 

A one-at-a-time parameter sensitivity analysis was conducted to determine the effects of these parameters 

in a fractured rock aquifer dominated by rock outcrops (Hamby, 1994). The individual parameters that 

were varied as part of the exercise include: rainfall rate, vertical and horizontal fracture aperture, water 

level, gradient, tracer application time and overburden thickness. The parameter sensitivity exercise was 

not designed as a formal sensitivity analysis, using sensitivity coefficients. Values used for the parameter 

sensitivities are outlined in Table 4.2 and a summary of the base case properties is included in Table 4.1. 

 

4.4 Results and Discussion 

 

The results and a discussion of the base case and parameter sensitivities are described in the following 

sections. A summary of results for all cases modeled is included in Table 4.3. 

 

4.4.1 Base case response 

 

The steady state flow solution (Figure 4.4) produced a gradient of 1.25 × 10-3 across the domain, with 

calculated water levels of 27.75 m in the vicinity of the vertical fracture that is located in the middle of 

the domain. When rainfall is added to the model, after running the steady state model, at a rate of 0.002 

m/hr, the water levels at observation points within the vertical fracture increase during the rainfall event. 

For example, at the surface expression of the fracture, the water level increases to 29.2 m (a 1.45 m 

increase) in approximately 23 hours, stabilizing at that level through the duration of the model run and 

rainfall event (48 hours). Water level increases of five to six cm occurred within the vertical fracture at 

observation points 5 m and 13 m above the horizontal fracture. A one cm increase in water level occurred 

at the confluence of the vertical and horizontal fractures. At observation points within the overburden 

material, adjacent to the rock outcrop and at the rock interface with the soil beside the outcrop, water 
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levels remained stable. Water levels at the surface of the overburden, away from the rock outcrop, 

increase to 29.6 m (1.8 m increase) in approximately 23 hours, reaching steady state after that. 

 

Results of the tracer concentration of the base case are illustrated in Figure 4.5 for an observation point 

that is located on the ground surface, at the surface expression of the vertical fracture, at the confluence of 

the vertical and horizontal fractures, and 8 m downstream within the horizontal fracture. Table 4.3 shows 

the peak arrival times and percentages at the same observation points. The results will be compared to the 

parameter sensitivities in the following sections. 

 

Results of the mass balance indicate that greater than 2000 kg of tracer remains in the domain after the 

tracer application period is over (i.e. after 14 hours). Observation points throughout the domain indicate 

that the bulk of the tracer remains on the ground surface, and around the rock outcrop with lower 

percentages getting into the fracture system. These results are corroborated by results of field studies 

conducted in this environment (Trimper, 2010; Levison and Novakowski, 2012, Chapter 3, this 

document), where only limited amounts of tracer were observed to reach the deeper fracture system. In 

addition, the fractures in the model are long; the vertical fracture is 10 m in length and the horizontal 

fracture is the area of the entire domain (400 m × 300 m). Given these trace lengths and the apertures 

used, dispersion and dilution along the fractures is expected (Zhou et al., 2007). 

 

Tracer is also applied on the ground surface where overburden is present at the surface on the perimeter of 

the rock outcrop. Tracer can then migrate downwards along the bedrock surface with the gradient created 

by the rainfall event. Tracer concentrations in the overburden indicate that the lack of fractures in the 

underlying bedrock create an effective barrier to groundwater transport into the rock, and thus deeper into 

the domain. Towards the exit of the model, limited tracer is detected within the overburden system. In the 
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base case scenario, the water level boundary condition is located between 27.5 – 28 m, and all the 

overburden is located above 28 m.  

 

Results of the base case scenario suggest that dilution effects occur in the vertical fracture as the applied 

rainfall drives the concentration deeper into the fracture system. As tracer follows the downward pathway 

within the vertical fracture and connects with the horizontal fracture, significant dilution occurs, such that 

the peak tracer amount at the fracture intersection is approximately 14 %. Tracer dilution is likely a result 

of increased water saturation as the tracer reaches the piezometric surface combined with the consistent 

flow occurring through the 500 μm horizontal fracture that occurs throughout the width and length of the 

domain. 

 

Observation points were included at the rock – overburden interface, throughout the model, downstream 

from the rock outcrop. Observed tracer concentrations within the overburden layers were very low, where 

tracer concentrations increased slightly towards the exit of the model. Tracer concentrations did not occur 

at significant levels anywhere within the overburden. The model was designed such that the flow 

boundary conditions resulted in the majority of flow remaining in the rock, while the rainfall 

contributions created a separate semi-saturated system within the overburden layer. The overburden layer, 

was, thus, not saturated enough to create enough flow to transport the tracer towards the exit of the model. 

Saturation within the overburden and the fracture increases through time. Despite the induced effects of 

gradient in the water levels and the bedrock surface, very little flow and transport are occurring between 

the two systems. This result is consistent with expectations, given that the designated rock permeability 

values are very low, and flow and transport is expected to occur solely within the fracture system.  
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4.4.2 Parameter sensitivities 

 

Rainfall rate, fracture size, tracer application time, gradient, water level, and overburden thickness 

parameters were varied to determine the effects of these parameters in a fractured rock aquifer dominated 

by rock outcrops.  

 

4.4.2.1 Rainfall rate 

 

When the rainfall rate was increased, the tracer peak more than doubled in size and had an earlier arrival 

time at the observation point located at the confluence of the vertical and horizontal fracture and at the 

downstream location within the horizontal fracture (Figure 4.6; Table 4.3). This result is expected since 

more rainfall increases the saturation and provides more gradient to drive the tracer downwards into the 

vertical fracture. When the rainfall rate was decreased to half the base case rate, the tracer concentration 

at the confluence of the vertical and horizontal fractures and the downstream location within the 

horizontal fracture was less than half the concentration of the base case and the peak was delayed towards 

the end of the observation period. This is also expected since as less recharge is applied, there is less 

gradient to drive tracer into the vertical fracture and thus, the horizontal fracture. 

 

4.4.2.2 Fracture size 

 

In the fracture sensitivity runs, increasing the vertical and horizontal fracture aperture to 750 μm 

decreased the peak concentration of tracer that arrived at the confluence of the horizontal and vertical 

fractures and at the downstream location within the horizontal fracture by half (Figure 4.7; Table 4.3). 

Decreasing the fractures to 250 μm increased the simulated concentrations by double at the confluence of 

the vertical and horizontal fractures and almost double at the downstream observation point within the 
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horizontal fracture. The arrival peak occurred two hours earlier than the base case for the smaller fracture 

apertures and at the same time as the base case for the larger aperture at the confluence of the vertical and 

horizontal fractures. Given the lower concentrations with the larger aperture, the peak was much more 

subdued and tracer arrival was more continuous over time. The peak concentration was delayed in the 

downstream observation point in the horizontal fracture by six hours compared to the base case. These 

results are consistent with findings by Lapcevic et al. (1999) where observed concentrations increased in 

areas with smaller apertures within the same fracture feature in a tracer experiment in a dolomitic 

limestone in southern Ontario. This increase in concentrations was directly related to decreased velocities 

within the fracture feature that occurred as constricted areas (Lapcevic et al., 1999). 

 

4.4.2.3 Tracer application time 

 

The results associated to changes in the tracer application time are related to saturation of the vertical 

fracture above the steady state water level (Figure 4.8; Table 4.3). Changing the tracer application period 

to the beginning of the rain event (0 – 4 hours) resulted in decreased tracer concentrations and a delayed 

peak at the observation areas while changing the tracer application period to the middle of the rain event 

(24 – 28 hours) resulted in increased tracer concentrations and a delayed peak to the observation areas 

(Figure 4.8).  In the base case, steady state saturation occurs at the surface expression of the vertical 

fracture after approximately 23 hours, with saturation effects trickling down the vertical fracture to the 

water table before, during, and after that time. Saturation of the vertical fracture drives tracer into the 

vertical and horizontal fractures (Pickens and Gillham, 1980; Nielson et al., 1986). In the early tracer time 

sensitivity, the vertical fracture is not saturated resulting in slow downwards tracer transport. In the later 

tracer sensitivity, the system is fully saturated, allowing rapid downwards tracer transport. These results 

indicate that potential contaminants should not be applied the ground surface on and around a rock 

outcrop during fully saturated conditions. 
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4.4.2.4 Gradient 

 

Changes to the horizontal gradient had a significant impact to the concentrations that arrived at the 

confluence of the vertical and horizontal fracture and the downstream observation point, where increasing 

the gradient by an order of magnitude resulted in five fold decreases in tracer concentrations in the 

observation points at the confluence of the vertical and horizontal fractures and downstream within the 

horizontal fracture (Table 4.3). On the other hand, decreasing the gradient by an order of magnitude 

increased the tracer concentration by 6% (Figure 4.9). Lower gradients result in decreased groundwater 

velocities, which result in less dilution effects. As with the larger fracture aperture (Section 1.5.2.2), 

higher velocities result in lower concentrations. 

 

4.4.2.5 Water level 

 

As with the tracer timing runs (Section 1.5.2.4), changes in the water levels resulted in changes in the 

saturation of the vertical fracture, changing the concentration of tracer that reached the horizontal fracture. 

A higher steady state water level (29.25 at the vertical fracture) resulted in increased tracer 

concentrations, an earlier peak and earlier arrival times to the observation areas than the base case (Figure 

4.10; Table 4.3). A lower steady state water table (26.25 m at the fracture) resulted in decreased 

concentrations and a delayed peak to the observation areas than the base case. With the higher water 

level, the tracer is able to travel through the unsaturated zone more quickly and is then driven downwards, 

into the horizontal fracture. With the lower water levels, drainage effects are noted on the surface and it 

takes longer to reach the horizontal fracture. Also like the tracer timing sensitivities, the saturation effects 

become less apparent over time, as the vertical fracture becomes more saturated due to the effects of 

rainfall. Concentrations of tracer in the horizontal fracture then become more similar (Figure 4.10). 
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4.4.2.6 Overburden thickness 

 

Varying the overburden thickness had significant effects on the concentration of tracer that reached the 

horizontal fracture (Figure 4.11; Table 4.3). Though increased overburden thickness resulted in faster 

drainage at the surface expression of the fracture, much less tracer drained through the vertical fracture 

and down to the horizontal fracture. Results show that as little as 0.5 m of overburden above a vertical 

fracture does not allow tracer to reach the fractured rock aquifer. With 0.25 m of overburden, it takes 

much longer for the tracer to reach the horizontal fracture and concentrations increase until the end of the 

rain event. Ideally, the model run would continue beyond the rain event to determine the long term effects 

of overburden (and all the other parameters assessed). The model was unstable after the rain event ended, 

likely due to the instantaneous change in saturation. Further work could be done when the model is 

capable of this complex calculation.  

 

4.4.3 Summary  

 

In all cases modelled, tracer that was applied on top of and on the soil surrounding a rock outcrop with a 

vertical fracture that meets a horizontal fracture decreases exponentially until the end of the rain event. 

The percentage of tracer that remains on the surface, at the expression of the fracture, at the end of the 

observation time and rain event, depends on the parameter that was varied for the during the parameter 

sensitivity exercise. The most tracer remained on the surface when the rainfall rate was decreased to 0.001 

m/hr, the tracer application period was delayed to 24 hours into the rain event, or when the water table 

was raised to 0.75 m below ground surface. The effects of decreased rainfall rates, delayed application, 

and elevated water table are directly related to recharge, where the less flux is available to drive tracer in 

the fracture and there is less time for rainfall influx to drive tracer into the fracture. 
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Changes in the parameters that affected saturation resulted in delays in tracer transport, until saturated 

conditions were attained. The parameters that particularly affected saturation were lower rainfall rates, 

larger fracture apertures, early tracer time, larger gradients, and lower water levels. Examination of the 

water level and concentration data at the surface observation location, at the top of the vertical fracture 

(e.g. Figure 4.4 and Figure 4.5), indicate that concentrations level off and deviate from the shape of the 

breakthrough curve when the water level has not reached steady state, during the rainfall event. 

Specifically it occurs during the steep part of the water level curve. 

 

Overall, results of the parameter sensitivities indicate that elevated concentrations can reach a deep 

horizontal fracture, such as those that would intercepted in a domestic well, under the following 

conditions: low gradient, high water table, high rainfall rate, and small fracture aperture. Within fractured 

rock aquifers, it appears that low velocities within fractures decrease dilution, thus increasing 

concentrations at the nearby receptors. Attenuation of tracer occurs when as little as 0.5 m of till-like 

material occurs above a vertical fracture. Lacking overburden, high velocities will decrease 

concentrations in the scenarios presented here, even when high concentrations of tracer are applied to the 

surface.  

 

4.5 Conclusions and Recommendations 

 

Numerical simulations were used to analyze vertical flow and transport in a fractured rock environment 

that is characterized by low lying rock outcrops and random vertical and horizontal fractures. Modeling 

was used to determine the effects of rainfall rate, fracture size, tracer application time, gradient, water 

level, and overburden thickness on flow and transport using the fully integrated surface water and 

groundwater numerical model HydroGeoSphere. The base case and the parameter sensitivities represent a 

sloping rock outcrop that has a single vertical fracture through the centre that joins a single horizontal 
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fracture at 15 m. Between 1.25 and 1.5 m of overburden overlies the bedrock adjacent to the rock outcrop. 

A flow solution was run to steady state to create a sloping piezometric surface with groundwater levels 

ranging from 28 m on one side of the model to 27.5 m on the other. Rainfall and tracer were added to the 

domain within the transport solution. The results of the analyses lead to the following conclusions: 

 

1. The high groundwater velocities that occur in fractures with larger fracture apertures and higher 

gradients dilute tracer concentrations significantly, decreasing the effects of a potential 

contaminant applied directly on a vertical fracture. 

2. Lower groundwater velocities that occur with smaller fracture apertures and lower gradients 

result in elevated tracer concentrations, resulting in more risk to a groundwater user. 

3. Lower rainfall rates, larger fracture apertures, early tracer time, larger gradients, and lower water 

levels maintained unsaturated conditions for longer time periods such that tracer transport was 

delayed until the steady state, saturated conditions were attained. 

4. Potential contaminants should not be applied the ground surface on and around a rock outcrop 

during fully saturated conditions. 

5. Overburden can provide an effective protective layer in a fractured rock environment. In this 

study, 0.5 m of till-like overburden reduced the concentration of tracer that reached the horizontal 

fracture located at 15 m to zero. Less overburden cover (0.25 m) was not enough to protect the 

fractured rock aquifer from a tracer applied at the surface. 

 

The investigation of parameter sensitivity was a useful exercise to understand the effects of many 

different properties in a complex environment. HydroGeoSphere is useful for testing effects in a fractured 

rock aquifer that is affected by rainfall. Considering the time and expense required to collect accurate 

fracture aperture data in fractured rock aquifers, a modeling exercise can promote meaningful information 

on flow and transport in these systems. 
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In future, the model should be run beyond the end of the rain event. As a result of issues with model 

convergence and general model instability after the rain event however we did not consider this aspect for 

this study. Additionaly, a study that includes more vertical fractures in the bedrock, under the overburden, 

may result in more movement of tracer from around the outcrop and less separation between the 

overburden and bedrock aquifer systems.  
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Table 4.1 Parameters used in the base case flow and transport solutions. 

Input parameter Value  

Horizontal fracture aperture (2b) 500 m 

Vertical fracture aperture (2b) 500 m 

Vertical fracture depth 15 m  

Soil matrix porosity (θm) 0.2 

Soil hydraulic conductivity (K) 1×10-6 m/s 

Rock matrix porosity (θm) 0.001 

Rock hydraulic conductivity (K) 1×10-13 m/s 

Longitudinal dispersivity in fracture (L) 8 m 

Transverse dispersivity in fracture (T) 0.8 m 

Free-water diffusion coefficient (D*) 2.7 × 10-8 m2/min 

 

Table 4.2 Parameter sensitivities conducted, including rainfall rate, fracture aperture, tracer 

application period, gradient, water level and overburden thickness. 

 Rainfall 
Rate 
(m/hr) 

Fracture 
Aperture 
(μm) 

Tracer 
Application 
Period (hours) 

Gradient Water 
Level 
(m) 

Overburden 
Thickness (m) 

lower 0.001 250 0 – 4  1.0 × 10-2 26.5 – 
26.0  

0.25 

base case 0.002 500 10 – 14  1.25 × 10-3 28.0 – 
27.5  

0 

upper 0.004 750 24 – 28  1.0 × 10-2 29.5 – 
29.0  

0.5 
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Table 4.3 Results of base case and parameter sensitivities, including fracture aperture, rainfall rate, 

tracer application time, gradient, water level and overburden thickness. 

  Time C 
surface 
(hours) 

C48 
surface 
(%) 

Cpeak 
fracture 
(%) 

Time 
Cpeak 
fracture 
(hours) 

Cpeak 8m 
downstream 
fracture (%) 

Time Cpeak 
downstream 
fracture 
(hours) 

Base Case 10-14 8.3 14.4 23 9.7 29 

Parameter Sensitivities             

250 μm fractures 10-14 9.8 30.0 21 16.5 35 

750 μm fractures 10-14 7.5 7.0 23 5.0 29 

0.004 m/hr rain 10-14 8.3 32.2 16 20.0 21 

0.001 m/hr rain 10-14 13.4 14.4 23 4.7 48 

0-4 hour application 0-4 3.8 5.9 23 4.1 29 

24-28 hour application 24-28 18.2 31.4 25 16.7 38 

1.0 x 10-2 gradient 10-14 5.1 2.9 26 1.8 28 

6.25 x 10-4 gradient 10-14 9.4 20.6 23 12.7 34 

29.5-29.0 m water table 10-14 22.0 24.5 24 19.5 44 

26.5-26.0 m water table 10-14 6.0 9.7 28 6.7 34 

0.25 m overburden 10-14 7.0 11.3 48 8.0 48 

0.5 m overburden 10-14 6.1 0.0 - 0.0 - 
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Figure 4.1 Depth to overburden at representative field site in Eastern Ontario, Canada (Miles, 

2013). 
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Figure 4.2 Conceptual model of the base case scenario showing a 16 m2 outcrop with a vertical 

fracture in the middle of the outcrop that intersects a horizontal fracture at 15 m depth. The 

outcrop is flanked by overburden. 
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Figure 4.3 Grid used for all model runs. 
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Figure 4.4 Head values at observation points in the base case throughout the transport model run. 



 

114 

 

 

Figure 4.5 Results of the base case scenario. The observation points shown are located at the 

surface expression of the vertical fracture where the tracer was applied, at the confluence of the 

vertical and horizontal fractures, and 8 m downstream of the confluence of vertical and horizontal 

fractures within the horizontal fracture.  
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Figure 4.6 Results of the rainfall rate parameter sensitivity. The rainfall rate was increased to 0.004 

m/hr and decreased to 0.001 m/hr resulting in increased and decreased tracer concentrations at the 

confluence of the vertical and horizontal fractures as well as earlier and later arrival times, 

respectively (b). At the surface expression of the vertical fracture, the decreased rainfall rate results 

in delayed drainage, changing the shape of the breakthough curve compared to that which occurs 

at the higher rates (a). 
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Figure 4.7 Results of the fracture aperture parameter sensitivity. The fracture aperture was 

increased to 750 um and decreased to 250 um compared to the base case. Tracer concentrations at 

the confluence of the vertical and horizontal fractures increased with decreased aperture size and 

decreased with increased aperture size (b). At the surface expression of the vertical fracture, the 

breakthrough curve of the tracer was similar for all sensitivities. 
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Figure 4.8 Results of the tracer application period parameter sensitivity. Earlier application results 

in a drainage delay at surface (a) and a less peaked concentration at the confluence of the vertical 

and horizontal fractures (b). Later application results in similar concentration decay at the surface 

(a) and more peaked and elevated concentrations at the confluence of the vertical and horizontal 

fractures (b). 
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Figure 4.9 Results of the gradient parameter sensitivity. A higher gradient results in unsaturated 

drainage at surface (a) and low concentrations at the confluence of the vertical and horizontal 

fractures (b). A lower gradient results in normal drainage at surface (a) and higher concentrations 

at the confluence of the vertical and horizontal fractures (b). 
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Figure 4.10 Results of the water level parameter sensitivities. Higher water levels result in less 

drainage from the surface (a) and higher concentrations of tracer at the confluence of the vertical 

and horizontal fractures (b). Lower water levels result in unsaturated drainage at the surface (a) 

and lower concentrations at the confluence of the vertical and horizontal fractures (b). 
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Figure 4.11. Results of the overburden thickness parameter sensitivities. Increased overburden 

thickness results in faster drainage at the surface (a). At the confluence of the vertical and 

horizontal fractures, no tracer reaches the fracture with 0.5 m of overburden and tracer 

breakthrough is delayed by approximately 15 hours with 0.25 m of overburden and increases until 

the end of the rain event (and model run).  
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Chapter 5 

Discussion 

The results of the three studies conducted for this thesis demonstrate that fractured rock aquifers can be 

vulnerable to agricultural contaminants, such as E. coli and nitrate. A conundrum exists, however, 

whereby the water quality is generally very good in these rural settings, as demonstrated by the regional 

scale groundwater quality study, yet important instances of extreme vulnerability to contamination were 

shown in all three studies. Under very specific circumstances, infiltration of bacteria and nitrate can occur 

very quickly to a drinking water well completed in a fractured rock aquifer. The circumstances in which 

rapid infiltration from the ground surface to a well include the following: low lying outcrops, limited 

overburden cover, small fracture aperture, low overall gradient, and high recharge events.  

 

By uncovering some specific circumstances in which contaminant transport occurs quickly from a surface 

source to a drinking water well makes it possible to provide tangible advice to policy makers with respect 

to groundwater protection in fractured rock settings. It is regulatory measures on the individual wellhead 

that will positively impact the water quality of private wells in fractured rock aquifers. Mandatory casing 

lengths are one regulatory tool that is discussed in Chapter 6 (Recommendations). Another solution to 

vulnerability issues in fractured bedrock aquifers is to ensure a significant layer of low permeability 

overburden exists to protect any wells with potentially high velocity fractures that are used as a drinking 

water source. Based on the results, it is recommended that at least two metres of low hydraulic 

conductivity (less than 10-4 m/s) soil exists in the vicinity of a drinking water well. 

 

Wellhead protection areas are typically designated to consider the time of travel of different contaminant 

types. For example, a buffer with 100 m radius is usually designated directly surrounding the well to 

protect the well from pathogens (Frind et al., 2006). Time of travel of two, five and twenty-five years are 
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then implemented based on groundwater modeling. Unless a discrete fracture model is used for fractured 

rock environments, groundwater modeling does not typically reflect the actual pathways. Underestimation 

of contaminant concentrations can occur when adequate modeling is not undertaken. 

 

Vulnerability mapping is loosely based on the source pathway receptor model of risk assessment (Frind et 

al., 2006), depending on the model applied. In general, vulnerability mapping attempts to predict the risk 

to the user based on the geology and the sources present. In the case of agricultural practices, the location 

of the contaminant source is continually changing, as farmers change the fertilization and tillage methods 

for different crops and changing soil conditions. Best management practices for nutrient application are 

an integral part of managing aquifer vulnerability in agricultural areas. The results of these studies suggest 

that nutrient application should not occur within five metres of a rock outcrop, or prior to recharging 

conditions, such as prolonged or high rates of precipitation over the course of several days or a storm 

event. Current best management practices do not consider rock outcrops as conduits for contamination 

and the elevated risk of minimal overburden in these settings. 

 

Vulnerability studies are completed in an effort to predict how susceptible an aquifer or drinking water 

source is to contamination. This site studied in this thesis has a level of hydrogeological detail that cannot 

be afforded by government officials trying to predict the ability of an aquifer to thwart susceptibility to 

contamination. In large scale mapping programs, data is often limited while current methods have 

significant data requirements, such as water levels, aquifer type and thickness, recharge rates, saturation 

levels and bulk hydraulic conductivity rates. In the literature, it is assumed that outcropping rock is 

vulnerable to contamination, such as in the DRASTIC methodology (Aller et al., 1987). However, no 

scientific experiments were previously completed to demonstrate the intrinsic susceptibility of 

outcropping rock. Meanwhile, Gemitzi et al. (2006) designate fractured rock aquifers as the least 
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vulnerable compared to karst, unconfined and confined porous media. Results of this study indicate that 

individual wells completed in fractured rock aquifers are particularly vulnerable when lacking low 

permeability overburden cover. 

 

Recharging conditions can significantly affect the aquifer vulnerability. Classic definitions of recharge 

consider topographic highs, hydraulic highs, and permeable conditions. In fractured rock, hydraulic highs 

still drive flow and transport, but a fracture connection is required, usually in the form of a vertical to sub-

vertical fracture, to allow direct recharge to the fractures intersected by a drinking water well. On the 

same field site as studied here, Levison and Novakowski (2009) found significant increases in E. coli 

during recharging conditions in wells with overburden and without during two, five day sampling rounds. 

Results from August 2008 during this study, also indicate that extended precipitation during the summer 

months possibly caused increased E. coli counts in select wells. Extended recharge may also increase 

dilution effects in a receptor limiting long term effects of a limited source condition. 

 

Fractured rock aquifers present unique problems in the context of aquifer vulnerability. On the field scale, 

the structure of the fractured rock aquifer provides the framework for groundwater flow and contaminant 

transport (Lapcevic et al., 1999). The structure of the planar fracture feature can be important for bacteria 

transport, and estimating accurate flow velocities or transmissivities can be problematic. Fractures are 

generally not planar, as the cubic law suggests, but exhibit extreme variability in surface roughness 

causing straining of materials the size of colloids, such as bacteria (Taylor et al., 2004). Thus, transport 

behaviours are affected by the pathway as well. Agricultural contaminants that were considered in this 

study behave very differently in the fracture pathways. Denitrification rarely occurs in fractures; unless a 

food source (e.g. carbon, iron) is available for the denitrifying bacteria (Böhlke, 2002). In this study, there 

is very little evidence of denitrification within the fractures, and bacterial attenuation is very limited in 
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fractures connected to the surface (Chapter 3). Thus, inherent anisotropy, elevated velocities in fractures, 

and random fracture patterns make it truly difficult to quantify risk and vulnerability in fractured rock 

areas where actual fracture connections are not understood. Protection measures at the well and field scale 

will further decrease the risk at the regional scale, providing excellent water quality for groundwater 

users. 

 

I suggest a very simple mapping tool in fractured rock terrains with low lying rock outcrops and very little 

overburden. Using readily available surficial geology mapping, designate all areas with exposed rock 

outcrops and areas with less than two metres of overburden as intrinsically vulnerable to contamination. 

Land uses such as agricultural practices can then be used to further designate the area as highly vulnerable 

to contamination. In eastern Ontario, this practice leads to extensive designation of highly vulnerable 

aquifers (CRCA, 2011; MRSPA, 2012), including the study area. Ultimately, the risk at the wellhead 

from nearby sources produces an intrinsically vulnerable aquifer, and the variability of the diffuse sources 

of agricultural contaminants produces a highly vulnerable aquifer. 
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Chapter 6 

Conclusions and Recommendations 

The research documented within this thesis was conducted with the intent of providing more insight into 

groundwater flow and transport in fractured rock systems where overburden is limited and rock outcrops 

are common. The studies were conducted on the regional and outcrop scales in a gneissic fractured rock 

aquifer in eastern Ontario. The effects of recharge, well location, overburden thickness, and fracture size 

and location were investigated on both scales in three different studies. The studies include: a regional 

scale well survey in an agricultural area; an infiltration study using microspheres; and a modeling study 

on the outcrop scale, using the fully integrated groundwater surface water model and discrete fracture 

model, HydroGeoSphere. The following sections provide summaries and conclusions from the three 

studies that are presented in Chapters 2, 3 and 4. Recommendations are presented in Section 6.4. 

 

6.1 Chapter 2 – Effects of seasonality, well depth, overburden thickness, and precipitation 

on E. coli and nitrate transport in a fractured rock aquifer. 

 

In a regional scale groundwater study conducted in a fractured rock aquifer located in an agricultural 

setting, E. coli presence was detected in 16% of all wells sampled. Occurrence of E. coli increases when 

considering seasonality (27% in August, 2008 and 20% in October, 2008), wells drilled on rock outcrops 

(29%), and shallow well intervals (24%). Nitrate-N did not exceed the guidelines for the Guidelines for 

Canadian Drinking Water Quality (Health Canada, 2012) of 10 mg/L. Results above 5 mg/L occurred in 

1% of all wells , however this value is not considered statistically significant as the 95% confidence 

interval (±1.5%) is greater than the calculated results. Logistic regressions indicate that the presence of E. 

coli is significantly influenced by overburden thickness, seasonality and ordinal date. Linear regressions 

indicate that the presence of nitrate is significantly influenced by well name and overburden thickness. 



 

127 

 

 

Seasonal effects of E. coli and nitrate on wells can be attributed to increased manure application during 

the growing season, increased cattle pasturing, soilborne or self-sustaining naturalized E. coli, and climate 

variations. The source of E. coli is likely a result of increased cattle pasturing during the summer and 

autumn months. During the summer months, increased evapotranspiration and resulting unsaturated soil 

and overburden conditions can lead to rapid transport of E. coli in exposed fractures, such as on rock 

outcrops. In the autumn months, increased E. coli can be related to increased precipitation, increasing 

recharge and thus driving transport of contaminants. Shallow wells are more susceptible to E. coli 

contamination due to close proximity to surface, with potential for fracture connection directly to the 

surface while deeper wells may be more affected by dilution as more fractures are contributing water to 

the well, some of which may not be connected to the source. Wells drilled on bedrock outcrops and are 

considered to be susceptible to rapid recharge conditions resulting in rapid transport of contamination to 

the water table. Increased precipitation can result in increased recharge to the aquifer. 

 

No regional scale fracture connections were apparent within the study areas. Hydraulic testing indicates 

that only small scale connectivity exists, on the order of 15 m or less. The implied fracture pattern of the 

gneissic terrain, therefore, may not demonstrate elevated risk to drinking water users, unless the source of 

contamination is very close to the receptor. Bacteria contamination can reach depths of 30 m in this 

terrain, however, indicating longer pathways are possible. Results of this study show that vertical to 

subvertical fractures in the proximity of individual wells are the likely causes of intrinsic susceptibility in 

sparsely fractured igneous and metamorphic terrains. Flow paths in flat lying sedimentary rocks may be 

more homogeneous; yet the limited extend of flat lying sedimentary rocks in the study area did not 

provide evidence for or against this conclusion. 
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As a whole, the regional scale area considered in this study is not significantly impacted by agricultural 

contamination. Terrains like this one, in a sporadically fractured gneiss, is often considered not vulnerable 

to contamination due to low overall hydraulic conductivities and transmissivities. On the field scale and 

the well scale, however, when a well is impacted, especially by bacteria, the impact is significant to the 

drinking water user. Thus, in a sporadically fractured terrain, the impact at the individual well must be 

considered as part of the vulnerability of the regional system as a whole.  

 

6.2 Chapter 3 – Rapid infiltration of conservative and colloid tracers in a fractured rock 

aquifer having minimal overburden cover 

 

An infiltration experiment was conducted that traces fluorescent dye and E. coli-sized microspheres from 

a 1200 L reservoir adjacent to a rock outcrop. Three multi-level wells were monitored under steady state 

pumping conditions for 72 hours. The experiment was conducted under saturated conditions, designed to 

simulate heavy rainfall infiltration. Travel times were rapid, with velocities of approximately 38.9 m/day 

for the dye tracer and 115.2 m/day for the colloidal tracer. Arrival times were on the order of 30 minutes 

for the microspheres and 45 minutes for the die tracer and remained in the system throughout the duration 

of the experiment. Microspheres travelled approximately 6 m horizontally to a well from a nearby 

infiltration reservoir. Microspheres were detected at 2.8 m and 9.78 m deep in the same well. 

Microspheres were also detected 12 m horizontally and approximately 9 m vertically in a further well 

drilled on the rock outcrop. 

 

Up to 2.79 % of the dye and 4.36 % of the microsphere tracer was recovered in the well closest to the 

reservoir. The clayey soil and organic materials in the reservoir walls are likely responsible for the 

majority of dye losses, and sorption of microspheres. Microsphere loss in the rock fractures is attributed 

to straining due to fracture roughness, tortuous pathways, and smaller aperture section of fracture 
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openings. Based on the sizes of fractures and colloids used in this study, matrix diffusion is not 

considered a driver of microsphere attenuation. Colloid mobilization was expected with pH values 

observed in all well intervals. Higher microsphere recovery rates in the shallow well interval may be 

attributed to lower ionic strength values in those intervals. The proximity to the source is considered a 

more likely cause of higher recovery rates in the shallow well intervals. 

 

Public health issues are prominent in fractured rock aquifers in settings such as the one described here. 

Colloids of similar size to E. coli were transported very quickly from the ground surface to a fractured 

rock aquifer. Localized contamination of high concentrations of nutrient and bacteria can cause serious 

illness for local drinking water users. Results are particularly important in the context of the location of 

the wells within a farmer’s field in an agricultural watershed.  

 

6.3 Chapter 4 – Effects of rainfall rate, fracture size and tracer application time on vertical 

flow and transport in a fractured rock aquifer within a rock outcrop. 

 

Numerical simulations were used to analyze vertical flow and transport in a fractured rock environment 

that is characterized by low lying rock outcrops and random vertical and horizontal fractures. Modeling 

was used to determine the effects of rainfall rate, fracture size, tracer application time, gradient, water 

level, and overburden thickness on flow and transport using the fully integrated surface water and 

groundwater numerical model HydroGeoSphere. The base case and the parameter sensitivities represent a 

sloping rock outcrop that has a single vertical fracture through the centre that joins a single horizontal 

fracture at 15 m. between 1.25 and 1.5 m of overburden overlies the bedrock adjacent to the rock outcrop. 

A flow solution was run to steady state to create a sloping piezometric surface with groundwater levels 

ranging from 28 m on one side of the model to 27.5 m on the other. Rainfall and tracer were added to the 
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domain within the transport solution. The results of the parameter sensitivities lead to the following 

conclusions: 

 

1. The high groundwater velocities that occur in fractures with larger fracture apertures and higher 

gradients dilute tracer concentrations significantly, decreasing the effects of a potential 

contaminant applied directly on a vertical fracture. 

2. Lower groundwater velocities that occur with smaller fracture apertures and lower gradients 

result in elevated tracer concentrations, resulting in more risk to a groundwater user. 

3. Lower rainfall rates, larger fracture apertures, early tracer time, larger gradients, and lower water 

levels maintained unsaturated conditions for longer time periods such that tracer transport was 

delayed until the steady state, saturated conditions were attained. 

4. Potential contaminants should not be applied the ground surface on and around a rock outcrop 

during fully saturated conditions. 

5. Overburden can provide an effective protective layer in a fractured rock environment. In this 

study, 0.5 m of till-like overburden reduced the concentration of tracer that reached the horizontal 

fracture located at 15 m to zero. Less overburden cover (0.25 m) was not enough to protect the 

fractured rock aquifer from a tracer applied at the surface. 

 

The investigation of parameter sensitivity was a useful exercise to understand the effects of many 

different properties in a complex environment. HydroGeoSphere is useful for testing effects in a fractured 

rock aquifer that is affected by rainfall. Considering the time and expense required to collect accurate 

fracture aperture data in fractured rock aquifers, a modeling exercise can promote meaningful information 

on flow and transport in these systems. 
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6.4 Recommendations 

 

Regulatory and technical recommendations that were derived from the results of this thesis are included 

in the following paragraphs. 

 

Firstly, it is recommended that consideration be given by regulatory agencies to the extension of 

mandatory casing lengths to at least ten metres below ground surface in fractured rock terrains, especially 

if drilled on or near a rock outcrop. Prescribed casing lengths of 12 m are likely more reasonable, given 

that standard casing lengths in North America are 20 feet (6 m) long. The additional grouted casing will 

short circuit most productive fractures that are connected to the surface. Where at least two metres of low 

permeability overburden overlies the bedrock, six metres of grouted casing will suffice. 

 

Tools available for groundwater vulnerability mapping are not effective in fractured rock terrains with 

low lying rock outcrops. A simple mapping tool can be used in these terrains that uses readily available 

surficial geology mapping to designate all areas with exposed rock outcrops and areas with less than two 

metres of overburden as intrinsically vulnerable to contamination. Land uses, such as agricultural 

practices, can then be used to further designate the area as highly vulnerable to subsurface contamination. 

This mapping can then be used by municipalities in their official plans. 

 

Nutrient application, such as manure, should therefore be minimized in proximity to rock outcrops to 

limit the availability of pathogenic bacteria and nitrates to the bedrock aquifers. Outcrops are often 

flanked by thicker overburden sequences. If overburden has low hydraulic conductivity, then it can act as 

a protective layer for bacterial and nutrient transport. Results from this research indicate that drinking 

water wells should not be drilled directly on an outcrop, should a vertical to sub-vertical fracture, such as 

described here, be located in the vicinity of the outcrop. 
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The modeling study conducted in Chapter 4 should be performed to include run times beyond the end of 

the rain event. Issues with model convergence and general model instability after the rain event resulted 

in this aspect not being considered for this study. Future releases of HydroGeoSphere may provide 

capabilities that make it possible to complete this important aspect of the study. In addition, a study that 

includes more vertical fractures in the bedrock, under the overburden, may result in more movement of 

tracer from around the outcrop and less separation between the overburden and bedrock aquifer systems. 
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Appendix A 

Agricultural Survey 

October 5, 2007 
 
 
Dear resident, 

 

As you may already know, Queen's University is undertaking a groundwater research study in the Tay 

River watershed, entitled Nutrient Application over a Shallow Bedrock Aquifer.  In the current project, we 

will be studying the impacts of nutrient application.  The study is a continuation of work that began in 

2004.  This academic research is a partnership with the Rideau Valley Conservation Authority, and is 

financially supported by the Ontario Ministry of the Environment. 

 

As part of the current investigation, we would appreciate if you could complete the following survey and 

tell us a little bit about your nutrient application processes.  The survey will take approximately 10 

minutes to complete.  Unfortunately, there is no financial compensation for completing this survey.  This 

research will be published in academic journals.  The raw data collected will be reviewed only by me and 

my supervisors at Queen’s University.  Names and addresses will remain confidential, and will not be 

published.   

 

We would like to include as many farms in this study as possible.  There are no known risks when 

participating in this survey.  Consent is voluntary and participants are free to withdraw with no effect.  If 

you would like to participate or have any questions, please return the consent form to me, or call 

Titia Praamsma at 613-533-2130.  Should you decide to withdraw after consenting to participate, please 

also contact Titia Praamsma to do so.  You can also contact my supervisor Kent Novakowski (613-533-

6417) or the Graduate Review Ethics Board at Queen’s University (613-533-6000 ext. 78281) if you have 

questions, concerns, or complaints. 

 

 

Sincerely, 

Titia Praamsma      Kent Novakowski 

Graduate Student      Professor  

Queen's University      Queen's University 
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CONSENT FORM 

 

Name:_______________________________________________________________________   

Address:______________________________________________________________________    

 

I understand and consent to the following: 

 

 I have read the Letter of Information provided and have had any questions or concerns answered 
to my satisfaction, 

 I understand I will be participating in an academic study, entitled Nutrient Application over a 
Shallow Bedrock Aquifer 

 I agree to complete the following questionnaire, 
 My name and address will remain confidential in any published results, 
 I am aware that I can contact Titia Praamsma, her supervisor, or the Ethics Board at Queen’s 

University if I have any questions or complaints, 
 I understand my participation is voluntary and I have the right to withdraw from the study at any 

time without consequence, and my data will be removed. 
 

 

 

__________________________________________ 

Participant’s Name 

 

 

_____________________________________                    ______________________________ 

Participant’s Signature                                                          Date 
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QUESTIONNAIRE 

 

Name:_________________________________________________________________ 

Address:________________________________________________________________    

1. Do you apply nutrients to your fields? 
□    Yes  □  No 

 

2. If yes, what kind ? 
□  Fertilizers 

□  Manure 

□  Other (please specify) :____________________________________________ 

 

3. If yes, on all your fields and what acreage? 
 

_________________________________________________________________ 

 

4. If yes, how many times per year do you apply nutrients ? 
 

_________________________________________________________________ 

 

5. If yes, how do you store your nutrients ? 
 

_________________________________________________________________ 

 

6. Are your fields tile-drained ? 
 

_________________________________________________________________ 

 

7. Have you ever had your well water tested ? 
 

_________________________________________________________________ 

 

8. If yes, what were the results? 
 

_________________________________________________________________ 
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Appendix B 

Well Data 

 

TW3 - Transmissivity Values vs. Depth     
         
Elevation (TOC) =  157.031       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1 30.96 28.96 2.82E-06 126.07 128.07 -5.55 1.62E-04 162 
2 28.96 26.96 3.02E-06 128.07 130.07 -5.52 1.66E-04 166 
3 26.96 24.96 4.95E-06 130.07 132.07 -5.31 1.96E-04 196 
4 24.96 22.96 3.11E-06 132.07 134.07 -5.51 1.68E-04 168 
5 22.96 20.96 3.38E-07 134.07 136.07 -6.47 8.01E-05 80 
6 20.96 18.96 9.10E-07 136.07 138.07 -6.04 1.11E-04 111 
7 18.96 16.96 1.00E-10 138.07 140.07 -8.00 5.33E-06 5 
8 16.96 14.96 1.00E-10 140.07 142.07 -8.00 5.33E-06 5 
9 14.96 12.96 2.77E-06 142.07 144.07 -5.56 1.61E-04 161 

10 12.96 10.96 1.00E-10 144.07 146.07 -8.00 5.33E-06 5 
11 10.96 8.96 7.90E-05 146.07 148.07 -4.10 4.93E-04 493 
12 8.96 6.96 2.22E-05 148.07 150.07 -4.65 3.23E-04 323 
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TW4 - Transmissivity Values vs. Depth     
         
Elevation (TOC) =  155.594       
         

  Bottom Top T Bottom Top 
Log 
T 2b 2b 

ZONE mbtoc mbtoc m2/s masl masl m2/s m m 
1 30.56 28.79 1.90E-05 125.03 126.80 -4.72 3.07E-04 307 
2 29.20 27.43 2.78E-05 126.40 128.17 -4.56 3.48E-04 348 
3 27.84 26.07 2.11E-05 127.75 129.52 -4.68 3.18E-04 318 
4 26.48 24.71 3.07E-05 129.11 130.88 -4.51 3.60E-04 360 
5 25.12 23.35 2.74E-05 130.47 132.24 -4.56 3.47E-04 347 
6 23.76 21.99 1.57E-05 131.83 133.60 -4.80 2.88E-04 288 
7 22.40 20.63 1.66E-05 133.19 134.96 -4.78 2.93E-04 293 
8 21.04 19.27 1.96E-05 134.55 136.32 -4.71 3.10E-04 310 
9 19.68 17.91 3.76E-04 135.91 137.68 -3.42 8.30E-04 830 

10 18.32 16.55 4.41E-04 137.27 139.04 -3.36 8.75E-04 875 
11 16.96 15.19 8.79E-06 138.63 140.40 -5.06 2.37E-04 237 
12 15.60 13.83 1.07E-05 139.99 141.76 -4.97 2.54E-04 254 
13 14.24 12.47 6.79E-06 141.35 143.12 -5.17 2.18E-04 218 
14 12.88 11.11 3.87E-06 142.71 144.48 -5.41 1.80E-04 180 
15 11.52 9.75 1.55E-06 144.07 145.84 -5.81 1.33E-04 133 
16 10.16 8.39 1.40E-06 145.43 147.20 -5.85 1.29E-04 129 
17 8.80 7.03 1.67E-06 146.79 148.56 -5.78 1.36E-04 136 
18 7.44 5.67 1.88E-06 148.15 149.92 -5.73 1.42E-04 142 
19 6.08 4.31 5.59E-04 149.51 151.28 -3.25 9.47E-04 947 
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TW5 - Transmissivity Values vs. Depth       
           
Elevation (TOC) =  156.479         
           

  Bottom Top t37  K T Bottom Top 
Log 
T 2b 2b 

ZONE mbtoc mbtoc s m/s m2/s masl masl m2/s m m 
1 55.98 54.21 5000 1.03E-06 1.83E-06 100.50 102.27 -5.74 1.40E-04 140 
2 54.21 52.44 18000 2.87E-07 5.07E-07 102.27 104.04 -6.29 9.17E-05 92 
3 52.44 50.67 25000 2.06E-07 3.65E-07 104.04 105.81 -6.44 8.22E-05 82 
4 50.67 48.90 2900 1.78E-06 3.15E-06 105.81 107.58 -5.50 1.68E-04 168 
5 48.90 47.13 25000 2.06E-07 3.65E-07 107.58 109.35 -6.44 8.22E-05 82 
6 47.13 45.36 33487 1.54E-07 2.73E-07 109.35 111.12 -6.56 7.45E-05 75 
7 45.36 43.59 19000 2.72E-07 4.81E-07 111.12 112.89 -6.32 9.00E-05 90 
8 43.59 41.82 23500 2.20E-07 3.89E-07 112.89 114.66 -6.41 8.39E-05 84 
9 41.82 40.05 8000 6.45E-07 1.14E-06 114.66 116.43 -5.94 1.20E-04 120 

10 40.05 38.28 92508 5.58E-08 9.87E-08 116.43 118.20 -7.01 5.31E-05 53 
11 38.28 36.51 32247 1.60E-07 2.83E-07 118.20 119.97 -6.55 7.55E-05 75 
12 36.51 34.74 12896 4.00E-07 7.08E-07 119.97 121.74 -6.15 1.02E-04 102 
13 34.74 32.97 20000 2.58E-07 4.57E-07 121.74 123.51 -6.34 8.85E-05 89 
14 32.97 31.20 19788 2.61E-07 4.61E-07 123.51 125.28 -6.34 8.88E-05 89 
15 31.20 29.43 31095 1.66E-07 2.94E-07 125.28 127.05 -6.53 7.64E-05 76 
16 29.43 27.66 11456 4.50E-07 7.97E-07 127.05 128.82 -6.10 1.07E-04 107 
17 27.66 25.89 7200 7.17E-07 1.27E-06 128.82 130.59 -5.90 1.24E-04 124 
18 25.89 24.12 7774 6.64E-07 1.17E-06 130.59 132.36 -5.93 1.21E-04 121 
19 24.12 22.35 6309 8.18E-07 1.45E-06 132.36 134.13 -5.84 1.30E-04 130 
20 22.35 20.58 13931 3.70E-07 6.56E-07 134.13 135.90 -6.18 9.98E-05 100 
21 20.58 18.81 42431 1.22E-07 2.15E-07 135.90 137.67 -6.67 6.89E-05 69 
22 18.81 17.04 800 6.45E-06 1.14E-05 137.67 139.44 -4.94 2.59E-04 259 
23 17.04 15.27 5122 1.01E-06 1.78E-06 139.44 141.21 -5.75 1.39E-04 139 
24 15.27 13.50 6596 7.82E-07 1.38E-06 141.21 142.98 -5.86 1.28E-04 128 
25 13.50 11.73 3066 1.68E-06 2.98E-06 142.98 144.75 -5.53 1.65E-04 165 
26 11.73 9.96 59 8.74E-05 1.55E-04 144.75 146.52 -3.81 6.17E-04 617 
27 9.96 8.19 91 5.67E-05 1.00E-04 146.52 148.29 -4.00 5.34E-04 534 
28 8.19 6.42 156 3.31E-05 5.85E-05 148.29 150.06 -4.23 4.46E-04 446 
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TW6 - Transmissivity Values vs. Depth       
           
Elevation (TOC) =  155.374         
           
  Bottom Top t37  K T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc s m/s m2/s masl masl m2/s m m 

1 49.78 48.01 213 2.43E-05 4.28E-05 105.59 107.36 -4.37 4.02E-04 402 
2 48.01 46.24 186 2.79E-05 4.91E-05 107.36 109.13 -4.31 4.21E-04 421 
3 46.24 44.47 75 6.92E-05 0.000122 109.13 110.90 -3.91 5.70E-04 570 
4 44.47 42.70 215 2.41E-05 4.25E-05 110.90 112.67 -4.37 4.01E-04 401 
5 42.70 40.93 311 1.67E-05 2.93E-05 112.67 114.44 -4.53 3.54E-04 354 
6 40.93 39.16 359 1.44E-05 2.54E-05 114.44 116.21 -4.60 3.38E-04 338 
7 39.16 37.39 414 1.25E-05 2.2E-05 116.21 117.98 -4.66 3.22E-04 322 
8 37.39 35.62 438 1.18E-05 2.08E-05 117.98 119.75 -4.68 3.16E-04 316 
9 35.62 33.85 477 1.09E-05 1.91E-05 119.75 121.52 -4.72 3.07E-04 307 

10 33.85 32.08 240 2.16E-05 3.8E-05 121.52 123.29 -4.42 3.86E-04 386 
11 32.08 30.31 122 4.26E-05 7.5E-05 123.29 125.06 -4.13 4.85E-04 485 
12 30.31 28.54 446 1.16E-05 2.04E-05 125.06 126.83 -4.69 3.14E-04 314 
13 28.54 26.77 81 6.38E-05 0.000112 126.83 128.60 -3.95 5.54E-04 554 
14 26.77 25.00 241 2.15E-05 3.78E-05 128.60 130.37 -4.42 3.86E-04 386 
15 25.00 23.23 800 6.47E-06 1.14E-05 130.37 132.14 -4.94 2.59E-04 259 
16 23.23 21.46 697 7.43E-06 1.31E-05 132.14 133.91 -4.88 2.71E-04 271 
17 21.46 19.69 62 8.30E-05 0.000146 133.91 135.68 -3.84 6.05E-04 605 
18 19.69 17.92 1585 3.27E-06 5.75E-06 135.68 137.45 -5.24 2.06E-04 206 
19 17.92 16.15 1936 2.67E-06 4.71E-06 137.45 139.22 -5.33 1.93E-04 193 
20 16.15 14.38 132 3.93E-05 6.91E-05 139.22 140.99 -4.16 4.72E-04 472 
21 14.38 12.61 34 1.51E-04 0.000266 140.99 142.76 -3.58 7.39E-04 739 
22 12.61 10.84 265 1.96E-05 3.44E-05 142.76 144.53 -4.46 3.74E-04 374 
23 10.84 9.07 2551 2.03E-06 3.57E-06 144.53 146.30 -5.45 1.76E-04 176 
24 9.07 7.30 2296 2.26E-06 3.97E-06 146.30 148.07 -5.40 1.82E-04 182 
25 7.30 5.53 7 7.29E-04 1.28E-03 148.07 149.84 -2.89 1.25E-03 1249 
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TW7 - Transmissivity Values vs. Depth       
           
Elevation (TOC) =  156.449         
           
  Bottom Top t37  K T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc s m/s m2/s masl masl m2/s m m 

1 45.95 44.18 1786 2.89E-06 5.11E-06 110.50 112.27 -5.29 1.98E-04 198 
2 44.18 42.41 12 4.23E-04 7.49E-04 112.27 114.04 -3.13 1.04E-03 1044 
3 42.41 40.64 527 9.79E-06 1.73E-05 114.04 115.81 -4.76 2.97E-04 297 
4 40.64 38.87 1277 4.04E-06 7.15E-06 115.81 117.58 -5.15 2.21E-04 221 
5 38.87 37.10 3125 1.65E-06 2.92E-06 117.58 119.35 -5.53 1.64E-04 164 
6 37.10 35.33     3.73E-02 119.35 121.12 -1.43 3.84E-03 3841 
7 35.33 33.56 1337 3.86E-06 6.83E-06 121.12 122.89 -5.17 2.18E-04 218 
8 33.56 31.79 945 5.46E-06 9.66E-06 122.89 124.66 -5.01 2.45E-04 245 
9 31.79 30.02 3107 1.66E-06 2.94E-06 124.66 126.43 -5.53 1.65E-04 165 

10 30.02 28.25 51 1.02E-04 1.81E-04 126.43 128.20 -3.74 6.50E-04 650 
11 28.25 26.48 5 1.01E-03 1.79E-03 128.20 129.97 -2.75 1.40E-03 1396 
12 26.48 24.71 4 1.18E-03 2.08E-03 129.97 131.74 -2.68 1.47E-03 1468 
13 24.71 22.94 81 6.35E-05 1.12E-04 131.74 133.51 -3.95 5.55E-04 555 
14 22.94 21.17 78 6.58E-05 1.16E-04 133.51 135.28 -3.93 5.61E-04 561 
15 21.17 19.40 212 2.44E-05 4.32E-05 135.28 137.05 -4.36 4.03E-04 403 
16 19.40 17.63 558 9.25E-06 1.64E-05 137.05 138.82 -4.79 2.92E-04 292 
17 17.63 15.86 4404 1.17E-06 2.07E-06 138.82 140.59 -5.68 1.47E-04 147 
18 15.86 14.09 929 5.55E-06 9.83E-06 140.59 142.36 -5.01 2.46E-04 246 
19 14.09 12.32 19537 2.64E-07 4.67E-07 142.36 144.13 -6.33 8.92E-05 89 
20 12.32 10.55 12966 3.98E-07 7.04E-07 144.13 145.90 -6.15 1.02E-04 102 
21 10.55 8.78 2 3.18E-03 5.64E-03 145.90 147.67 -2.25 2.05E-03 2046 
22 8.78 7.01 7 7.27E-04 1.29E-03 147.67 149.44 -2.89 1.25E-03 1250 
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TW8 - Transmissivity Values vs. Depth      
         
Elevation (TOC) =  156.213       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1   41.2 2.51E-06 156.21 115.01 -5.60 1.56E-04 156 
2 41.2 39.5 1.58E-06 115.01 116.71 -5.80 1.34E-04 134 
3 39.5 37.7 1.26E-07 116.71 118.51 -6.9 5.76E-05 58 
4 37.7 35.9 1.58E-03 118.51 120.31 -2.8 1.34E-03 1340 
5 35.9 34.1 2.00E-03 120.31 122.11 -2.7 1.45E-03 1447 
6 34.1 32.4 6.31E-04 122.11 123.81 -3.2 9.86E-04 986 
7 32.4 30.6 5.01E-07 123.81 125.61 -6.3 9.13E-05 91 
8 30.6 28.8 3.16E-06 125.61 127.41 -5.5 1.69E-04 169 
9 28.8 27.1 1.26E-06 127.41 129.11 -5.9 1.24E-04 124 

10 27.1 25.3 3.98E-03 129.11 130.91 -2.4 1.82E-03 1822 
11 25.3 23.5 5.01E-05 130.91 132.71 -4.3 4.24E-04 424 
12 23.5 22.3 5.01E-05 132.71 133.91 -4.3 4.24E-04 424 
13 22.3 20.6 7.94E-07 133.91 135.61 -6.1 1.06E-04 106 
14 20.6 18.8 1.58E-07 135.61 137.41 -6.8 6.22E-05 62 
15 18.8 17 6.31E-07 137.41 139.21 -6.2 9.86E-05 99 
16 17 15.2 2.51E-06 139.21 141.01 -5.6 1.56E-04 156 
17 15.2 13.5 5.01E-07 141.01 142.71 -6.3 9.13E-05 91 
18 13.5 11.7 3.16E-07 142.71 144.51 -6.5 7.83E-05 78 
19 11.7 9.9 2.51E-04 144.51 146.31 -3.6 7.25E-04 725 
20 9.9 8.2 2.51E-06 146.31 148.01 -5.6 1.56E-04 156 
21 8.2 6.4 5.01E-07 148.01 149.81 -6.3 9.13E-05 91 
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TW9 - Transmissivity Values vs. Depth      
         
Elevation (TOC) =  152.475       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1   34.3 7.94E-07 152.48 118.18 -6.10 1.06E-04 106 
2 34.3 32.6 2.51E-06 118.18 119.88 -5.60 1.56E-04 156 
3 32.6 30.8 3.98E-06 119.88 121.68 -5.40 1.82E-04 182 
4 30.8 29 3.16E-06 121.68 123.48 -5.50 1.69E-04 169 
5 29 27.3 2.51E-06 123.48 125.18 -5.60 1.56E-04 156 
6 27.3 25.5 2.51E-06 125.18 126.98 -5.60 1.56E-04 156 
7 25.5 23.7 2.00E-06 126.98 128.78 -5.70 1.45E-04 145 
8 23.7 21.9 2.51E-06 128.78 130.58 -5.60 1.56E-04 156 
9 21.9 20.2 2.00E-06 130.58 132.28 -5.70 1.45E-04 145 

10 20.2 18.4 2.51E-06 132.28 134.08 -5.60 1.56E-04 156 
11 18.4 16.6 2.00E-06 134.08 135.88 -5.70 1.45E-04 145 
12 16.6 14.9 2.00E-06 135.88 137.58 -5.70 1.45E-04 145 
13 14.9 13.1 6.31E-07 137.58 139.38 -6.20 9.86E-05 99 
14 13.1 11.3 1.26E-07 139.38 141.18 -6.90 5.76E-05 58 
15 11.3 9.6 1.00E-06 141.18 142.88 -6.00 1.15E-04 115 
16 9.6 7.8 1.58E-07 142.88 144.68 -6.80 6.22E-05 62 
17 7.8 6 1.58E-07 144.68 146.48 -6.80 6.22E-05 62 
18 6 4.2 6.31E-05 146.48 148.28 -4.20 4.58E-04 458 
19 4.2 2.5 7.94E-05 148.28 149.98 -4.10 4.94E-04 494 
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TW10 - Transmissivity Values vs. Depth     
         
Elevation (TOC) =  156.447       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1   42.6 1.26E-05 156.45 113.85 -4.90 2.67E-04 267 
2 42.6 40.8 7.94E-07 113.85 115.65 -6.1 1.06E-04 106 
3 40.8 39 3.16E-07 115.65 117.45 -6.5 7.83E-05 78 
4 39 37.3 1.26E-06 117.45 119.15 -5.9 1.24E-04 124 
5 37.3 35.5 7.94E-07 119.15 120.95 -6.1 1.06E-04 106 
6 35.5 33.7 6.31E-07 120.95 122.75 -6.2 9.86E-05 99 
7 33.7 32 3.98E-07 122.75 124.45 -6.4 8.46E-05 85 
8 32 30.2 7.94E-07 124.45 126.25 -6.1 1.06E-04 106 
9 30.2 28.4 3.98E-07 126.25 128.05 -6.4 8.46E-05 85 

10 28.4 26.7 3.16E-07 128.05 129.75 -6.5 7.83E-05 78 
11 26.7 24.9 3.98E-07 129.75 131.55 -6.4 8.46E-05 85 
12 24.9 23.1 3.98E-07 131.55 133.35 -6.4 8.46E-05 85 
13 23.1 21.3 5.01E-07 133.35 135.15 -6.3 9.13E-05 91 
14 21.3 19.6 2.51E-07 135.15 136.85 -6.6 7.25E-05 73 
15 19.6 17.8 3.98E-07 136.85 138.65 -6.4 8.46E-05 85 
16 17.8 16 5.01E-08 138.65 140.45 -7.3 4.24E-05 42 
17 16 14.3 6.31E-07 140.45 142.15 -6.2 9.86E-05 99 
18 14.3 12.5 5.01E-05 142.15 143.95 -4.3 4.24E-04 424 
19 12.5 10.7 1.00E-04 143.95 145.75 -4 5.33E-04 533 
20 10.7 8.9 2.51E-04 145.75 147.55 -3.6 7.25E-04 725 
21 8.9 7.2 3.98E-04 147.55 149.25 -3.4 8.46E-04 846 
22 7.2 5.4 5.01E-05 149.25 151.05 -4.3 4.24E-04 424 
23 5.4 3.6 1.26E-04 151.05 152.85 -3.9 5.76E-04 576 
24 3.6 2.7 5.01E-05 152.85 153.75 -4.3 4.24E-04 424 
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TW11 - Transmissivity Values vs. Depth      
         
Elevation (TOC) =  159.789       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1   34 3.98E-07 159.79 125.79 -6.40 8.46E-05 85 
2 34 32 7.94E-07 125.79 127.79 -6.10 1.06E-04 106 
3 32 30.2 5.01E-08 127.79 129.59 -7.30 4.24E-05 42 
4 30.2 28.5 2.00E-08 129.59 131.29 -7.70 3.12E-05 31 
5 28.5 26.7 5.01E-07 131.29 133.09 -6.30 9.13E-05 91 
6 26.7 24.9 2.00E-07 133.09 134.89 -6.70 6.72E-05 67 
7 24.9 23.2 2.51E-07 134.89 136.59 -6.60 7.25E-05 73 
8 23.2 21.4 1.58E-07 136.59 138.39 -6.80 6.22E-05 62 
9 21.4 19.6 2.00E-07 138.39 140.19 -6.70 6.72E-05 67 

10 19.6 17.8 6.31E-08 140.19 141.99 -7.20 4.58E-05 46 
11 17.8 16.1 7.94E-08 141.99 143.69 -7.10 4.94E-05 49 
12 16.1 14.3 7.94E-08 143.69 145.49 -7.10 4.94E-05 49 
13 14.3 12.5 5.01E-08 145.49 147.29 -7.30 4.24E-05 42 
14 12.5 10.8 1.26E-04 147.29 148.99 -3.90 5.76E-04 576 
15 10.8 9 1.58E-04 148.99 150.79 -3.80 6.22E-04 622 
16 9 7.2 1.26E-04 150.79 152.59 -3.90 5.76E-04 576 
17 7.2 6.3 5.01E-05 152.59 153.49 -4.30 4.24E-04 424 
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TW12 - Transmissivity Values vs. Depth      
         
Elevation (TOC) =  168.039       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1 32.11 28.9 6.31E-08 135.93 139.14 -7.20 4.58E-05 46 
2 28.9 27.2 2.00E-08 139.14 140.84 -7.70 3.12E-05 31 
3 27.2 25.4 5.01E-08 140.84 142.64 -7.30 4.24E-05 42 
4 25.4 23.6 5.01E-07 142.64 144.44 -6.30 9.13E-05 91 
5 23.6 21.8 1.00E-07 144.44 146.24 -7.00 5.33E-05 53 
6 21.8 20.1 3.98E-07 146.24 147.94 -6.40 8.46E-05 85 
7 20.1 18.3 6.31E-07 147.94 149.74 -6.20 9.86E-05 99 
8 18.3 16.5 1.26E-06 149.74 151.54 -5.90 1.24E-04 124 
9 16.5 14.8 7.94E-07 151.54 153.24 -6.10 1.06E-04 106 

10 14.8 13 3.16E-04 153.24 155.04 -3.50 7.83E-04 783 
11 13 11.2 5.01E-06 155.04 156.84 -5.30 1.97E-04 197 
12 11.2 9.5 2.51E-06 156.84 158.54 -5.60 1.56E-04 156 
13 9.5 7.7 1.00E-05 158.54 160.34 -5.00 2.48E-04 248 
14 7.7 5.9 3.16E-08 160.34 162.14 -7.50 3.63E-05 36 
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TW13 - Transmissivity Values vs. Depth      
         
Elevation (TOC) =  161.069       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1 34.31 31.5 3.98E-07 126.76 129.57 -6.40 8.46E-05 85 
2 31.5 29.8 2.00E-07 129.57 131.27 -6.70 6.72E-05 67 
3 29.8 28 1.58E-06 131.27 133.07 -5.80 1.34E-04 134 
4 28 26.2 2.00E-07 133.07 134.87 -6.70 6.72E-05 67 
5 26.2 24.4 1.00E-07 134.87 136.67 -7.00 5.33E-05 53 
6 24.4 22.7 1.00E-03 136.67 138.37 -3.00 1.15E-03 1149 
7 22.7 20.9 1.00E-03 138.37 140.17 -3.00 1.15E-03 1149 
8 20.9 19.1 2.00E-07 140.17 141.97 -6.70 6.72E-05 67 
9 19.1 17.4 1.00E-07 141.97 143.67 -7.00 5.33E-05 53 

10 17.4 15.6 6.31E-07 143.67 145.47 -6.20 9.86E-05 99 
11 15.6 13.8 6.31E-06 145.47 147.27 -5.20 2.12E-04 212 
12 13.8 12.1 1.00E-06 147.27 148.97 -6.00 1.15E-04 115 
13 12.1 10.3 2.51E-05 148.97 150.77 -4.60 3.37E-04 337 
14 10.3 8.5 6.31E-06 150.77 152.57 -5.20 2.12E-04 212 
15 8.5 6.7 1.26E-06 152.57 154.37 -5.90 1.24E-04 124 
16 6.7 5 7.94E-05 154.37 156.07 -4.10 4.94E-04 494 

 

  



 

147 

 

 

TW16 - Transmissivity Values vs. Depth      
         
Elevation (TOC) =  152.114       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1 36.6 34.9 6.31E-08 115.51 117.21 -7.20 4.58E-05 46 
2 34.9 33.2 7.94E-08 117.21 118.91 -7.10 4.94E-05 49 
3 33.2 31.4 3.16E-08 118.91 120.71 -7.50 3.63E-05 36 
4 31.4 30 3.98E-08 120.71 122.11 -7.40 3.92E-05 39 
5 30 28 6.31E-08 122.11 124.11 -7.20 4.58E-05 46 
6 28 26 2.00E-08 124.11 126.11 -7.70 3.12E-05 31 
7 26 24.3 6.31E-08 126.11 127.81 -7.20 4.58E-05 46 
8 24.3 22.5 7.94E-08 127.81 129.61 -7.10 4.94E-05 49 
9 22.5 20.8 1.00E-08 129.61 131.31 -8.00 2.48E-05 25 

10 20.8 19 7.94E-08 131.31 133.11 -7.10 4.94E-05 49 
11 19 17.2 6.31E-08 133.11 134.91 -7.20 4.58E-05 46 
12 17.2 15.5 6.31E-08 134.91 136.61 -7.20 4.58E-05 46 
13 15.5 13.7 6.31E-08 136.61 138.41 -7.20 4.58E-05 46 
14 13.7 11.9 3.16E-07 138.41 140.21 -6.50 7.83E-05 78 
15 11.9 10.2 6.31E-05 140.21 141.91 -4.20 4.58E-04 458 
16 10.2 8.4 2.51E-04 141.91 143.71 -3.60 7.25E-04 725 
17 8.4 6.6 1.58E-04 143.71 145.51 -3.80 6.22E-04 622 
18 6.6 4.8 2.00E-04 145.51 147.31 -3.70 6.72E-04 672 
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TW17 - Transmissivity Values vs. Depth      
         
Elevation (TOC) =  152.724       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1 25.43 24.23 1.00E-04 127.29 128.49 -4.00 5.34E-04 534 
2 24.23 22.03 4.45E-05 128.49 130.69 -4.35 4.07E-04 407 
3 22.03 19.83 4.79E-06 130.69 132.89 -5.32 1.94E-04 194 
4 19.83 17.63 4.78E-05 132.89 135.09 -4.32 4.17E-04 417 
5 17.63 15.43 1.18E-06 135.09 137.29 -5.93 1.21E-04 121 
6 15.43 13.23 2.67E-08 137.29 139.49 -7.57 3.44E-05 34 
7 13.23 11.03 5.04E-08 139.49 141.69 -7.30 4.24E-05 42 
8 11.03 8.83 1.55E-04 141.69 143.89 -3.81 6.17E-04 617 
9 8.83 6.63 5.48E-08 143.89 146.09 -7.26 4.37E-05 44 

10 6.63 4.43 7.45E-06 146.09 148.29 -5.13 2.24E-04 224 
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TW18 - Transmissivity Values vs. Depth      
         
Elevation (TOC) =  149.256       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1 28.04 26.84 1.00E-10 121.22 122.42 -10.00 5.33E-06 5 
2 26.84 24.64 1.72E-08 122.42 124.62 -7.77 2.96E-05 30 
3 24.64 22.44 1.75E-08 124.62 126.82 -7.76 2.98E-05 30 
4 22.44 20.24 5.19E-08 126.82 129.02 -7.29 4.29E-05 43 
5 20.24 18.04 1.38E-07 129.02 131.22 -6.86 5.94E-05 59 
6 18.04 15.84 6.86E-08 131.22 133.42 -7.16 4.70E-05 47 
7 15.84 13.64 2.08E-07 133.42 135.62 -6.68 6.81E-05 68 
8 13.64 11.44 1.55E-07 135.62 137.82 -6.81 6.17E-05 62 
9 11.44 9.24 7.21E-08 137.82 140.02 -7.14 4.78E-05 48 

10 9.24 7.04 9.47E-05 140.02 142.22 -4.02 5.24E-04 524 
11 7.04 4.84 7.18E-05 142.22 144.42 -4.14 4.78E-04 478 
12 4.84 2.64 1.40E-03 144.42 146.62 -2.85 1.29E-03 1285 
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Well 19 - Transmissivity Values vs. Depth     
         
Elevation (TOC) =  148.927       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1 31.41 30.21 1.02E-04 117.52 118.72 -3.99 5.38E-04 538 
2 30.21 28.01 3.55E-08 118.72 120.92 -7.45 3.78E-05 38 
3 28.01 25.81 3.63E-07 120.92 123.12 -6.44 8.20E-05 82 
4 25.81 23.61 2.00E-05 123.12 125.32 -4.70 3.12E-04 312 
5 23.61 21.41 2.09E-06 125.32 127.52 -5.68 1.47E-04 147 
6 21.41 19.21 7.76E-07 127.52 129.72 -6.11 1.06E-04 106 
7 19.21 17.01 1.86E-06 129.72 131.92 -5.73 1.41E-04 141 
8 17.01 14.81 1.48E-07 131.92 134.12 -6.83 6.08E-05 61 
9 14.81 12.61 8.13E-11 134.12 136.32 -10.09 4.98E-06 5 

10 12.61 10.41 4.57E-09 136.32 138.52 -8.34 1.91E-05 19 
11 10.41 8.21 5.25E-08 138.52 140.72 -7.28 4.30E-05 43 
12 8.21 6.01 1.55E-06 140.72 142.92 -5.81 1.33E-04 133 
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TW20 - Transmissivity Values vs. Depth     
         
Elevation (TOC) =  156.688       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1 14.54 12.58 1.80E-09 142.15 144.11 -8.74 1.24E-04 124 
2 12.58 10.62 3.99E-09 144.11 146.07 -8.40 2.11E-04 211 
3 10.62 8.66 0.000966 146.07 148.03 -3.02 1.18E-03 1179 
4 8.66 6.7 9.53E-07 148.03 149.99 -6.02 1.17E-04 117 
5 6.7 4.74 3.41E-06 149.99 151.95 -5.47 1.79E-04 179 
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TW21 - Transmissivity Values vs. Depth      
         
Elevation (TOC) =  143.076       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1 30.1 28.14 9.22E-08 112.98 114.94 -7.04 5.19E-05 52 
2 28.14 26.18 6.79E-08 114.94 116.90 -7.17 4.69E-05 47 
3 26.18 24.22 2.31E-09 116.90 118.86 -8.64 1.52E-05 15 
4 24.22 22.26 8.28E-08 118.86 120.82 -7.08 5.01E-05 50 
5 22.26 20.3 1.95E-07 120.82 122.78 -6.71 6.66E-05 67 
6 20.3 18.34 2.21E-07 122.78 124.74 -6.66 6.95E-05 69 
7 18.34 16.38 1.84E-07 124.74 126.70 -6.74 6.53E-05 65 
8 16.38 14.42 7.12E-06 126.70 128.66 -5.15 2.21E-04 221 
9 14.42 12.46 1.25E-07 128.66 130.62 -6.90 5.74E-05 57 

10 12.46 10.5 1.05E-08 130.62 132.58 -7.98 2.52E-05 25 
11 10.5 8.54 2.47E-07 132.58 134.54 -6.61 7.21E-05 72 
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TW22 - Transmissivity Values vs. Depth     
         
Elevation (TOC) =  148.74       
         
  Bottom Top T Bottom Top Log T 2b 2b 
ZONE mbtoc mbtoc m2/s masl masl m2/s m m 

1 29.8 28.7 4.37E-07 118.94 120.04 -6.36 8.72E-05 87 
2 28.7 27.6 1.50E-07 120.04 121.14 -6.82 6.11E-05 61 
3 27.6 26.5 1.02E-07 121.14 122.24 -6.99 5.36E-05 54 
4 26.5 25.4 2.73E-06 122.24 123.34 -5.56 1.61E-04 161 
5 25.4 24.3 6.41E-07 123.34 124.44 -6.19 9.91E-05 99 
6 24.3 23.2 2.60E-07 124.44 125.54 -6.59 7.33E-05 73 
7 23.2 22.1 5.64E-08 125.54 126.64 -7.25 4.41E-05 44 
8 22.1 21 2.52E-03 126.64 127.74 -2.60 1.56E-03 1564 
9 21 19.9 9.63E-07 127.74 128.84 -6.02 1.13E-04 113 

10 19.9 18.8 5.16E-06 128.84 129.94 -5.29 1.99E-04 199 
11 18.8 17.7 5.05E-04 129.94 131.04 -3.30 9.15E-04 915 
12 17.7 16.6 4.29E-05 131.04 132.14 -4.37 4.02E-04 402 
13 16.6 15.5 4.71E-05 132.14 133.24 -4.33 4.15E-04 415 
14 15.5 14.4 4.86E-07 133.24 134.34 -6.31 9.04E-05 90 
15 14.4 13.3 2.95E-07 134.34 135.44 -6.53 7.65E-05 77 
16 13.3 12.2 4.52E-03 135.44 136.54 -2.34 1.90E-03 1901 
17 12.2 11.1 1.19E-03 136.54 137.64 -2.92 1.22E-03 1219 
18 11.1 10 2.16E-06 137.64 138.74 -5.67 1.49E-04 149 
19 10 8.9 8.32E-07 138.74 139.84 -6.08 1.08E-04 108 
20 8.9 7.8 9.33E-04 139.84 140.94 -3.03 1.12E-03 1123 
21 7.8 6.7 1.24E-04 140.94 142.04 -3.91 5.73E-04 573 
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Appendix C 

Analytical Data 

Well Date 
Total 

Coliform  
Total 
E.Coli  HPC  

Nitrite 
- N  

Nitrate 
- N  

Ammo
nia 

Total  

Ammoni
a (N)-

unionize
d  DOC  Chloride Sulphate Iron 

Manga
nese DO pH °C 

Water 
Level 

  (cts/100ml) (cts/100ml) (cts/1ml) (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)     

TW1M 2-Aug-07 OG < 1  < 0.1 2.2            

TW1M 18-Oct-07 23 < 1  < 0.1 6.3           6.14 

TW1M 21-Apr-08 40 <2 50 < 0.1 1 < 0.05 < 0.05 1.2        2.705 

TW1M 6-Aug-08 >200 <1 280 <0.05 1.2 0.042       9.19 7.32 9.16 3.805 

TW1M 11-Feb-09 25 <1 30 < 0.1 1 < 0.05 < 0.05 1.1 2 8 0.039 <0.001 
11.2

3 7.15 9.37 3.79 

TW1M 14-May-09 20 0 240 <0.1 0.8 < 0.05  1.2     9.6 7.18 8.69 3.105 

TW1D 2-Aug-07 236 < 1  < 0.1 5     field duplicate       

TW1D 18-Oct-07 5 < 1  < 0.1 5.3 < 0.05  1        5.93 

TW1D 21-Apr-08 <20 <2 20 < 0.1 3.7 < 0.05 < 0.05 0.9        3.67 

TW1D 6-Aug-08 28 <1 140 <0.05 3.8 0.044       1.3 7.4 9.58 3.885 

TW1D 11-Feb-09 6 <1 <10 <0.1 3.2 <0.05 <0.05 1 2 8 0.057 0.002 2.33 7.11 8.99 4.02 

TW1D 14-May-09 0 0 70 <0.1 2.5 < 0.05  1.1     2.1 7.38 9.16 3.84 

TW3S 2-Aug-07 OG 53  < 0.1 0.4            

TW3S 18-Oct-07 > 200 20  < 0.1 0.4           6.24 

TW3S 21-Apr-08 <20 <2 580 < 0.1 1.2 0.07 <0.05 4.5        2.11 

TW3S 6-Aug-08 >400 >400 >2000 <0.05 0.31 0.239          3.846 

TW3S 22-Oct-08 >400 8 620 <0.1 1.5 0.07  5 2 28 0.68  7.2 6.56 11.22 5.47 

TW3S 11-Feb-09 17 <1 1130 <0.2 0.1 <0.05 <0.05 4 2 9 0.663 0.166 7.29 6.7 6.34 3.83 

TW3S 14-May-09 OG 0 480 <0.1 0.4 < 0.05  3.7     2.29 6.27 7.91 3.16 

TW3D 2-Aug-07 OG > 200  < 0.1 0.5            

TW3D 18-Oct-07 16 2  < 0.1 0.5   3.1        6.23 

TW3D 21-Apr-08 <20 <2 1330 < 0.1 0.8 <0.05 <0.05 1.7        5.14 
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Well Date 
Total 

Coliform  
Total 
E.Coli  HPC  

Nitrite 
- N  

Nitrate 
- N  

Ammo
nia 

Total  

Ammoni
a (N)-

unionize
d  DOC  Chloride Sulphate Iron 

Manga
nese DO pH °C 

Water 
Level 

  (cts/100ml) (cts/100ml) (cts/1ml) (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)     

TW3D 6-Aug-08 <20 <20 >2000  0.89 0.046          6.985 

TW3D 22-Oct-08 <10 <10 >2000 <0.1 1 <0.05  1.6 12 111 1.29  7.05 7.73 9.59 5.47 

TW3D 11-Feb-09 <20 <20 1990 <0.1 0.8 <0.05 <0.05 1.6 12 103 0.628 0.075 8.15 9.96 9.07 4.45 

TW3D 14-May-09 OG <20 >2000 <0.1 0.6 < 0.05  2.2     3.94 7.88 10 4.4 

TW4S 22-Apr-08 80 <2 270 < 0.1 0.4 <0.05 <0.05 6.4        ~2 

TW4S 14-May-09 OG 0 410 <0.1 0.2 < 0.05  8.7     7.9 5.6 6.8 22.387 

TW4D 2-Aug-07 OG < 1  < 0.1 0.2            

TW4D 18-Oct-07 34 < 2              2.96 

TW4D 24-Apr-08 1780 <2 >2000   <0.05 <0.05          

TW4D 6-Aug-08 <2 <2 2350 <0.05 0.16 0.084          2.575 

TW4D 22-Apr-08                3.43 

TW4D 14-May-09 OG <2 >2000 < 0.1 0.3 < 0.05  1.6     4.35 7.79 9.34 2.288 

TW5S 22-Apr-08 <20 <2 100 < 0.1 0.7 <0.05 <0.05 1.1        3.51 

TW5S 6-Aug-08 >400 <2 630 <0.05 1 0.041       8.96 7.49 9.44 4.02 

TW5S 14-May-09 9 0 710 <0.1 0.7 < 0.05  1     9.74 7.33 7.89 3.73 

TW5M 22-Apr-08 <20 <2 >2000 < 0.1 <0,1 <0.05 <0.05 1.4        3.23 

TW5M 6-Aug-08 38 4 1050 <0.05 0.19 0.025       7.52 7.66 12.15 2.74 

TW5M 22-Oct-08 <2 <2 >2000 <0.1 0.2 <0.05  1.5 7 58 0.076  4.25 7.34 9.41 4.205 

TW5M 14-May-09 OG 0 >2000 <0.1 0.2 < 0.05  1.2     
10.3

5 7.59 9.37 3.415 

TW5D 22-Apr-08 40 <2 >2000 <0.1 0.4 <0.05 <0.05 1.4        3.12 

TW5D 14-May-09 OG 0 >2000 <0.1 0.2 < 0.05  2.1     4.3 7.74 9.9 3.41 

TW6S 22-Apr-08 <20 <2 60 < 0.1 0.4 <0.05 <0.05 1.1        3.1 

TW6S 6-Aug-08 <1 <1 120 <0.05 0.52 0.033          3.71 

TW6S 14-May-09 4 0 120 <0.1 0.6 < 0.05  1     9.27 7.36 7.4 3.4 

TW6M 2-Aug-07 OG 6  < 0.1 1.3            

TW6M 22-Apr-08 20 <2 40 < 0.1 0.6 <0.05 <0.05 0.9        3.305 
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Well Date 
Total 

Coliform  
Total 
E.Coli  HPC  

Nitrite 
- N  

Nitrate 
- N  

Ammo
nia 

Total  

Ammoni
a (N)-

unionize
d  DOC  Chloride Sulphate Iron 

Manga
nese DO pH °C 

Water 
Level 

  (cts/100ml) (cts/100ml) (cts/1ml) (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)     

TW6M 6-Aug-08 7 <1 510 <0.05 0.72 0.024       7.55 7.54 8.95 3.64 

TW6M 22-Oct-08 1 <1 270 <0.1 0.8 <0.05  1 2 8 0.054  6.4 7.51 8.8 ? 

TW6M 14-May-09 19 0 490 <0.1 0.6 < 0.05  1     7.46 7.5 8.74 3.632 

TW6D 22-Apr-08 20 <2 610 <0.1 0.8 <0.05 <0.05 1.1        4.13 

TW6D 6-Aug-08 7 <1 860 <0.05 0.62 0.02       6.18 7.66 ??? 3.67 

TW6D 14-May-09 17 0 >2000 <0.1 0.6 < 0.05  0.9     6.88 7.5 9.33 3.553 

TW7S 21-Apr-08 <20 <2 180 <0.1 0.2 <0.05 <0.05 2.3        4.08 

TW7S 6-Aug-08 >200 97 380 <0.05 0.14 0.03       1.3 7.02 9.39 4.8 

TW7S 22-Oct-08 43 <1 320 <0.1 0.1 <0.05  2.2 47 13 0.187  0.69 6.89 10.83 5.385 

TW7S 11-Feb-09 5 <1 360 <0.1 0.2 <0.05 <0.05 1.9 12 10 0.042 0.021 6.56 6.73 8.35 4.78 

TW7S 14-May-09 12 0 250 <0.1 0.3 < 0.05  1.5     5.28 7.06 6.57 4.75 

TW7M 21-Apr-08 <20 <2 50 < 0.1 0.2 <0.05 <0.05 1.1        4.36 

TW7M 6-Aug-08 >200 <1 180 <0.05 0.13 0.03          4.825 

TW7M 22-Oct-08 <1 <1 50 <0.1 0.2 <0.05  1.1 28 12 0.042  5.43 7.14 8.93 5.42 

TW7M 11-Feb-09 <1 <1 <10 <0.1 0.2 <0.05 <0.05 1.1 23 13 0.017 0.001 6.32 6.98 8.64 4.94 

TW7M 14-May-09 0 0 280 < 0.1 0.2 < 0.05  1     6.59 7.24 8.88 4.96 

TW7D 21-Apr-08 60 <2 60 < 0.1 0.2 0.07 <0.05 1.9        4.45 

TW7D 6-Aug-08 >200 87 550 <0.05 0.24 0.022           

TW7D 22-Oct-08 15 <1 50 <0.1 0.5 <0.05  1.2 23 12 0.018  4.14 7.1 8.87 5.49 

TW7D 11-Feb-09 1 <1 100 <0.1 0.3 <0.05 <0.05 1.4 12 10 <0.005 <0.001 7.65 6.98 8.77 4.84 

TW7D 14-May-09 4 0 20 < 0.1 0.3 < 0.05  1.3     6.47 6.8 8.48 4.84 

TW8 21-Apr-08 80 <2 100 < 0.1 0.2 <0.05 <0.05 2        4.2 

TW8 6-Aug-08 >200 51 270 <0.05 0.23 0.034           

TW8 22-Oct-08 18 <1 140 <0.1 0.3 <0.05  1.6 22 10 0.022  3.53 
7.03?

? 9.22 5.22 

TW8 14-May-09 0 0 110 < 0.1 0.3 < 0.05  1.2        4.48 

TW9S 21-Apr-08 <20 <2 160 < 0.1 1.5 <0.05 <0.05 1.9        1.115 
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Well Date 
Total 

Coliform  
Total 
E.Coli  HPC  

Nitrite 
- N  

Nitrate 
- N  

Ammo
nia 

Total  

Ammoni
a (N)-

unionize
d  DOC  Chloride Sulphate Iron 

Manga
nese DO pH °C 

Water 
Level 

  (cts/100ml) (cts/100ml) (cts/1ml) (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)     

TW9S 7-Aug-08 56 <2 1260 <0.05 1.1 0.072       1.04 7.35 12.13 1.275 

TW9S 22-Oct-08 >200 <1 70 <0.1 1 <0.05  2.4 24 33 0.636  0.35 7.12 11.56 1.63 

TW9S 14-May-09 7 0 310 <0.1 0.4 < 0.05  2.7     2.99 7.14 6.35 1.13 

TW9M 21-Apr-08 <20 <2 1870 < 0.1 0.4 <0.05 <0.05 5.4        1.23 

TW9M 7-Aug-08 OG <20 100 <0.05 0.47 0.38       3.31 7.36 10.74 1.425 

TW9M 22-Oct-08 <20 <20 1660 <0.1 0.5 <0.05  3.1 26 135 0.197  6.05 7.61 9.05 5.7 

TW9M 14-May-09 OG <2 >2000 <0.1 0.3 < 0.05  2.6     5.35 7.37 9.4 1.14 

TW9D 21-Apr-08 <20 <20 1730 < 0.1 0.4 0.08 <0.05 7.1        1.23 

TW9D 7-Aug-08 OG <10 810 <0.05 0.22 0.04       9.46 7.4 9.82 1.425 

TW9D 22-Oct-08 <10 <10 >2000 <0.1 0.5 <0.05  3.1 29 747 0.197  10.5 7.54 9.7 1.72 

TW9D 14-May-09 OG <2 >2000 <0.1 0.3 < 0.05  4.7     1.13 7.23 9.63 1.14 

TW10S 18-Oct-07 2 < 2  < 0.1 4           3.16 

TW10S 22-Apr-08 <20 < 2 30 < 0.1 3.4 <0.05 <0.05 0.8        1.22 

TW10S 7-Aug-08 <1 <1 60 <0.05 3.5 0.06       8.13 7.45 9.46 1.3 

TW10S 11-Feb-09 <2 <2 590 <0.1 3.1 <0.05 <0.05 1 9 111 0.073 0.005 8.75 7.26 8.09 1.31 

TW10S 14-May-09 0 0 310 < 0.1 2.7 < 0.05  0.8     6.44 7.39 8.51 1.29 

TW10M 22-Apr-08 <20 <20 790 < 0.1 0.2 0.12 <0.05 0.8        1.16 

TW10M 7-Aug-08 OG <20 160 <0.2 1.4 0.167       3.72 7.7 9.33 1.23 

TW10M 11-Feb-09 <2 <2 70 <0.1 1.8 <0.05 <0.05 0.9 21 394 0.154 0.043 6.51 7.3 8.99 1.26 

TW10M 14-May-09 0 <20 210 < 0.1 1.7 < 0.05  0.8     6.49 7.46 9.46 1.2 

TW10D 22-Apr-08 <20 < 2 40 < 0.1 0.6 <0.05 <0.05 0.7        1.085 

TW10D 7-Aug-08 OG <1 10 <0.2 0.53 0.126       2.14 7.9 9.39 1.16 

TW10D 11-Feb-09 <1 <1 30 <0.1 0.5 <0.05 <0.05 0.8 29 776 0.148 0.063 3.07 7.5 9.01 1.21 

TW10D 14-May-09 13 0 20 < 0.1 <0.1 < 0.05  0.7     0.75 7.86 9.36 1.14 

TW11S 7-Aug-08 5 <1 130 <0.05 0.55 0.03       8 7.27 10.46 1.56 

TW11S 22-Apr-08                1.34 
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Well Date 
Total 

Coliform  
Total 
E.Coli  HPC  

Nitrite 
- N  

Nitrate 
- N  

Ammo
nia 

Total  

Ammoni
a (N)-

unionize
d  DOC  Chloride Sulphate Iron 

Manga
nese DO pH °C 

Water 
Level 

  (cts/100ml) (cts/100ml) (cts/1ml) (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)     

TW11S 14-May-09                1.47 

TW11M 22-Apr-08 <20 <20 >2000 <0,1 0.6 <0.05 <0.05 1.4        1.33 

TW11M 7-Aug-08 OG <20 320 <0.05 0.47 0.031       4.17 7.33 9.58 1.56 

TW11M 14-May-09 0 <20 660 < 0.1 0.5 < 0.05  1.1     8.41 7.41 10.3 1.46 

TW11D 22-Apr-08 <20 <20 2270 <0,1 0.3 <0.05 <0.05 1.9        1.33 

TW11D 14-May-09 OG <2 960 <0.1 0.6 < 0.05  1.1     7.44 7.56 10.87 1.46 

TW12S 28-Jun-07 OG < 1  < 0.1 1.5            

TW12S 23-Apr-08 80 <20 960 < 0.1 0.9 <0.05 <0.05 0.7        4.11 

TW12S 7-Aug-08 OG 2 710 <0.1 1.2 0.035       9.44 7.35 11.77 5.29 

TW12S 14-May-09 OG 0 890 < 0.1 0.8 < 0.05  0.6     
10.8

6 7.1 8.45 4.49 

TW12M 28-Jun-07 OG < 1  < 0.1 0.3            

TW12M 2-Aug-07 11 < 1  < 0.1 0.4            

TW12M 23-Apr-08 20 <2 170 < 0.1 0.8 <0.05 <0.05 0.7        5.49 

TW12M 7-Aug-08 OG <1 40 <0.05 0.5 0.65       
10.0

8 7.53 9.28 6.02 

TW12M 14-May-09 2 0 130 <0.1 0.8 < 0.05  0     9.36 7.64 9.24 5.49 

TW12D 28-Jun-07 OG 22  < 0.1 1.2            

TW12D 18-Oct-07 2 < 2  < 0.1 0.8 --  0.7        7.465 

TW12D 23-Apr-08 <20 <20 1310 < 0.1 0.1 <0.05 <0.05 1.3        5.66 

TW12D 7-Aug-08 OG <20 840 <0.05 0.9 0.156       8.48 7.4 11.55 6.09 

TW12D 14-May-09 OG <20 >2000 <0.1  < 0.05  1.4     4.34 7.1 10.71 5.5 

TW13S 18-Oct-07 < 2 < 2  < 0.1 0.4            

TW13S 23-Apr-08 <20 <20 260 < 0.1 0.9 <0.05 <0.05 1        1.25 

TW13S 7-Aug-08 44 <2 30 <0.05 0.39 0.042       8.38 7.5 9.61 1.61 

TW13M 23-Apr-08 <20 <20 200 < 0.1 0.8 <0.05 <0.05 0.9        1.25 

TW13M 7-Aug-08 OG 1 30 <0.05 0.22 0.37       9.18 7.76 9.44 1.62 
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Well Date 
Total 

Coliform  
Total 
E.Coli  HPC  

Nitrite 
- N  

Nitrate 
- N  

Ammo
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Ammoni
a (N)-

unionize
d  DOC  Chloride Sulphate Iron 

Manga
nese DO pH °C 

Water 
Level 

  (cts/100ml) (cts/100ml) (cts/1ml) (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)     

TW13D 2-Aug-07 3 < 1  < 0.1 0.2            

TW13D 18-Oct-07 6 < 2  < 0.1 0.2            

TW13D 23-Apr-08 <20 <2 110 < 0.1 0.5 <0.05 <0.05 0.9        1.3 

TW13D 7-Aug-08 <1 <1 40 <0.05 0.11 0.032       5.66 7.62 8.83 1.62 

TW15S 28-Jun-07 OG < 1  < 0.1 < 0.1            

TW15S 23-Apr-08 <20 <20 2010 < 0.1 < 0.1 0.11 <0,05 0.7        1.225 

TW15S 8-Aug-08 40 <20 1110 <0.05 <0.05 0.054       4.72 7.58 12.24 1.24 

TW15M 28-Jun-07 OG < 1  < 0.1 < 0.1            

TW15M 18-Oct-07 < 2 < 2  < 0.1 < 0.1 --  --        1.82 

TW15M 23-Apr-08 <20 < 2 2010 < 0.1 < 0.1 <0.05 <0.05 0.7        1.06 

TW15M 8-Aug-08 <20 <20 1040 <0.05 <0.05 0.092       0.86 7.84 9.52 1.12 

TW15D 28-Jun-07 < 1 < 1  < 0.1 0.2            

TW15D 23-Apr-08 <20 < 2 80 < 0.1 0.2 <0.05 <0.05 0.5        1 

TW15D 8-Aug-08 <2 <2 50 <0.05 0.14 0.117       2.6 7.68 9.21 1.12 

TW16S 28-Jun-07 OG < 1  < 0.1 < 0.1            

TW16S 24-Apr-08 <20 <2 110 < 0.1 0.2 <0.05 <0.05 1.1        0.865 

TW16S 8-Aug-08 <20 <20 320 <0.05 <0.05 0.072       0.75 7.46 10.08 1.03 

TW16S 21-Oct-08    <0.1 <0.1 <0.05  1 100 57 0.379  1.3 7.42 10.95 1.295 

TW16S 11-Feb-09 <2 <2 270 <0.1 <0.1 <0.05 <0.05 1 103 63 0.262 0.076 0.93 7.3 7.09 0.86 

TW16S 15-May-09 3 0 150 <0.1 0.1 <0.05 <0.05      0.33 7.63 6.66 0.88 

TW16M 28-Jun-07 OG < 1  < 0.1 < 0.1            

TW16M 24-Apr-08 <20 <2 40 < 0.1 0.2 <0.05 <0.05 1        0.855 

TW16M 8-Aug-08 4 <2 120 <0.05 <0.05 0.06       0.62 7.47 9.55 1.04 

TW16M 21-Oct-08 6 <1 20 <0.1 <0.1 <0.05  1.3 101 57 0.198  7.85 7.38 10.78 1.3 

TW16M 11-Feb-09 <1 <1 90 <0.1 0.1 <0.05 <0.05 1 105 63 1.48 0.81 2.19 7.31 7.47 0.86 

TW16M 15-May-09 1 0 50 <0.1 <0.1 <0.05 <0.05      0.3 7.68 6.5 0.85 
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Well Date 
Total 

Coliform  
Total 
E.Coli  HPC  

Nitrite 
- N  

Nitrate 
- N  

Ammo
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Ammoni
a (N)-

unionize
d  DOC  Chloride Sulphate Iron 

Manga
nese DO pH °C 

Water 
Level 

  (cts/100ml) (cts/100ml) (cts/1ml) (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)     

TW16D 28-Jun-07 7 < 1  < 0.1 < 0.1            

TW16D 2-Aug-07 OG 5  < 0.1 < 0.1            

TW16D 24-Apr-08 <20 <2 290 < 0.1 <0,1 0.08 <0.05 1.3        0.84 

TW16D 8-Aug-08 10 2 230 <0.05 <0.05 0.088       1.77 7.32 9.57 1.055 

TW16D 21-Oct-08 6 2 >2000 <0.1 <0.1 <0.05  1.8 99 67 0.589  
11.1

1 7.2 9.34 1.35 

TW16D 11-Feb-09 24 <1 920 <0.1 0.1 <0.05 <0.05 1.5 109 97 1.74 0.186 1.12 7.17 8.47 0.88 

TW16D 15-May-09 OG 0 300 <0.1 <0.1 0.06 <0.05      3.33 7.53 10.11 0.81 

TW17 15-Aug-07 OG 8  0.1 2.7 0.24  5         

TW17 2-Nov-07 1 < 1  < 0.1 1.9 0.17  0.9     34% 7.32 9.36 2.902 

TW17 24-Apr-08 <20 <2 250 < 0.1 7.6 <0.05 <0.05 3.6        2.1 

TW17 12-Jun-08 >200 5 60 < 0.1 6.3 <0.05 <0.05 0.9         

TW17 8-Aug-08 16 <2 20 <0.05 4.4 0.176       2.06 7.21 9.8  

TW17 21-Oct-08 1 <1 80 0.2 2.5 <0.05  2.1 41 44 0.022  0.43 7.28 9.63 2.82 

TW17 15-May-09 65 3 250 <0.1 3.1 <0.05 <0.05      2.47 7.05 6.92 2.14 

TW18 2-Aug-07 24 1  < 0.1 0.2            

TW18 2-Nov-07 18 < 1  < 0.1  < 0.1 < 0.05  1.8     19% 6.96 11.67 3.12 

TW18 24-Apr-08 40 <2 1290 < 0.1 0.3 <0.05 <0.05 2.1        1.39 

TW18 6-Jun-08 >200 3 280 < 0.1 0.9 <0.05 <0.05 2.2         

TW18M 7-Aug-08 OG 14 1000 <0.05 <0.05 0.098          1.28 

TW18M 21-Oct-08 <2 <2 860 < 0.1 0.1 < 0.05  2.9 14 17 0.09  0.78 6.99 12.09 2.34 

TW18M 15-May-09 19 0 190 <0.1 0.2 <0.05 <0.05          

TW19 15-Aug-07 OG 2  < 0.1 < 0.1 < 0.05  2.2         

TW19 2-Nov-07 22 17  < 0.1 0.1 0.05  2.2     28% 7.5 9.55 2.565 

TW19 24-Apr-08 20 <2 500 < 0.1 < 0.1 <0.05 <0.05 1.8        1.75 

TW19S 8-Aug-08 >4000 40 >2000 <0.05 <0.05 0.055       0.71 7.69 11.57 2.01 

TW19S 21-Oct-08 OG 30 >2000 <0.1 0.1 <0.05  3.1 4 30 0.164     2.15 
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Coliform  
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E.Coli  HPC  

Nitrite 
- N  
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- N  
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a (N)-

unionize
d  DOC  Chloride Sulphate Iron 

Manga
nese DO pH °C 

Water 
Level 

  (cts/100ml) (cts/100ml) (cts/1ml) (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)     

TW19S 15-May-09 OG 0 820 <0.1 0.1 <0.05 <0.05      1.53 7.43 7.27 2.07 

TW19M 8-Aug-08 OG <2 >2000 <0.05 <0.05 0.053       3.63 7.75 10.06 1.16 

TW19M 21-Oct-08 4 <1 >2000 <0.1 <0.1 <0.05  2.4 6 38 0.735  0.95 7.42 9.26 1.96 

TW19M 15-May-09 OG 0 310 <0.1 <0.1 <0.05 <0.05      4.26 7.64 8.93 1.41 

TW19D 7-Aug-08 <1 <1 60 <0.05 <0.05 0.041          1.17 

TW19D 21-Oct-08 <1 <1 270 <0.1 <0.1 <0.05  1.9 6 40 0.353  0.33 7.53 8.87 1.905 

TW19D 15-May-09 6 0 90 <0.1 <0.1 <0.05 <0.05      0.39 7.62 8.94 1.41 

TW20 19-Jun-08 31 <1 850 < 0.1 0.4 <0.05 <0.05 2.1         

TW20 21-Oct-08 OG 5 670 <0.1 0.3 <0.05  5 2 21 1.93      

TW20 11-Feb-09 8 <2 >2000 <0.1 0.8 <0.05 <0.05 3.7 2 9 0.094 0.122 8.9 7.02 8.75 4.1 

TW20 15-May-09 OG 0 400 <0.1 0.8 <0.05  2.2     0.29 6.7 10.11 5.255 

TW21 27-May-08 3 <1 10 < 0.1 < 0.1 8.1 <0.05 8.1         

TW21S 8-Aug-08 40 <20 910 <0.2 <0.2 1.553       3.66  5.69 3.99 

TW21S 21-Oct-08 <2 <2 860 < 0.1 < 0.1 0.87  6.7 123 73 0.366  8.13 7.03 9.63 4.03 

TW21S 15-May-09 OG 0 150 <0.1 <0.1 <0.05 <0.05      1.21 7.68 7.89 3.8 

TW21M 7-Aug-08 <1 <1 60 <0.2 <0.2 4.959          3.79 

TW21M 21-Oct-08 <2 <2 280 < 0.1 < 0.1 8.95  13.4 134 255 1.05  0.4 6.83 9.28 3.905 

TW21M 15-May-09 OG <2 980 <0.1 <0.1 5.95 <0.05      1.05 6.79 9.64 3.59 

TW21D 8-Aug-08 760 60 >2000 <0.2 <0.2 2.884       1.76 6.81 10.24 6.07 

TW21D 21-Oct-08 <2 <2 >2000 < 0.1 < 0.1 1.4  12.4 94 721 4.12  1.83 6.58 9.57 3.685 

TW21D 15-May-09             3.49 7.01 11.25 3.34 

TW22 23-May-08 1 <1 10 < 0.1 1 <0.05  2.3         

TW22S 7-Aug-08 OG 133 130 <0.05 <0.05 0.076          3.19 

TW22S 21-Oct-08 10 2 70 <0.1 1.1 <0.05  2.3 4 13 0.197  3.34 6.95 9.54 4.815 

TW22S 15-May-09 OG 0 190 <0.1 1.4 <0.05 <0.05      5.47 7.04 7.58 3.1 

TW22M 7-Aug-08 OG <1 1630 <0.05 <0.05 0.398          3.185 
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Well Date 
Total 

Coliform  
Total 
E.Coli  HPC  

Nitrite 
- N  

Nitrate 
- N  

Ammo
nia 

Total  

Ammoni
a (N)-

unionize
d  DOC  Chloride Sulphate Iron 

Manga
nese DO pH °C 

Water 
Level 

  (cts/100ml) (cts/100ml) (cts/1ml) (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)     

TW22M 21-Oct-08 19 <1 280 <0.1 1 <0.05  1.9 12 20 0.422  3.75 7.13 9.02 4.81 

TW22M 15-May-09 0 0 20 <0.1 1.6 <0.05 <0.05      7.91 7.03 9.18 3.1 

TW22D 7-Aug-08 7 <1 >2000 <0.05 <0.05 0.058          3.175 

TW22D 21-Oct-08 <1 <1 >2000 <0.1 1 <0.05  1.8 13 22 0.041  3.52 7.14 9.03 4.81 

TW22D 15-May-09 0 <2 50 <0.1 1.4 <0.05 <0.05      7.62 7.3 9.14 3.1 
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Appendix D 

Microsphere Plating and Counting Instructions 

The following microsphere plating instructions were written by Tara Cadeau. The microscope instructions 
were written by Steve Adams. Both were summer students in 2010. 

Microsphere Plating 

Equipment: 

‐ Lab Grade Acetone ‐ Tween20 

‐ 10% HCl and squirt bottle ‐ DIW and squirt bottle 

‐ 3 Pyrex dishes (2 Lg., 1 Sm.) 

‐ Plastic serving tray 

‐ Two 1L Nalg. bottles labeled 10% HCl  

‐ 2L graduated pitcher (plastic) 

‐ 100 mL graduated cylinder 

‐ 1 plastic tub (acid bath) 

‐ Vacuum Filter Manifold ‐ Sonicator 

‐ Millipore and Whatman Filters 

‐ 75*35mm Glass Slides 

‐ Coverslips 

‐ ‘360 Clear’ Nail Polish 

‐ Vortexer (Maxi-mix) 

‐ Kim Wipes 

‐ Glycerol 

‐ Syringes (20mL cap.) 

‐ 4 flat, angled forceps 

‐ 10 curved forceps 

‐ Fume hood 

‐ PPE 

‐ Paper towel 

‐ Disposable pipettes 

‐ Hot Plate 

‐ Laminate and Nitrile disposable gloves 

‐ Three 1.5” diameter scrub brushes 

 

Where Equipment is located: 

Acetone: Flammables cabinet in basement, near fume hoods, OR, in Stan’s office/lab (there should be two 
4L jugs for you in Stan’s lab, but after that you’ll need to order more). 

Tween20, Pluronic F-127: in the chemical cabinet in the Lab on the Groundfloor 

Sparkleen: under the sink in UG Lab 

Pyrex dishes, 2L jug, clear coat, glycerol: on the counter in basement lab 

Syringes, filters, counters, pipettes, etc: in the boxes near the counter in UG lab 
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QA/QC: 

Before beginning the experiment, and after spilling anything that may contain microspheres: 

‐ Clear entire work bench 

‐ Rinse counter with acetone, allowing full contact for at least several seconds; allow to dry 
completely (or rinse thoroughly with acid, then DIW).  

Safety Precautions: 

‐ Perform all activities with Tween20 and acetone under fume hood (except cleaning the 
counter tops). Keep fume hood door as low as you can while you work. 

‐ Acetone will degrade and permeate Nitrile gloves. Always use the Laminate film gloves 
when handling acetone (big grey Silver Shield gloves). 

‐ The Nitrile gloves are sufficient protection for submersion in acid and Tween20 solution, 
but should be replaced frequently. 

‐ Hydrochloric Acid related activities should theoretically be done under a fume hood also, so 
avoid/limit exposure to fumes where possible. 

‐ Wear safety glasses when working with acids or chemicals, not in the fume hood. 

Prepping Wash Bins: 

‐ Use the fume hood in Stan’s lab (ground floor) to prepare the 10% HCl: 

o Wear lab coat, thick neoprene or Nitrile gloves, and face shield 

o Pour ~ 1600mL DIW into the 2L plastic pitcher, return to hood. 

o Rinse a 100mL graduated cylinder, and under the hood, carefully fill it with pure HCl 
taken from Acids cabinet under fume hood. Close bottle of HCl immediately. 

o Gently pour into pitcher of DIW, and repeat last step to add a total of 200mL of pure 
HCl.  

o Monitor temperature of 2L pitcher by touching sides, and slow/stop adding acid if it gets 
overheated. 

o Top-up pitcher to 2L mark with DIW 

o Pour into two 1L nalgene bottles, for transport back to UG lab. 

o Put away pure acid and PPE, bring 10% acid and pitcher back down to UG lab. 

‐ In basement fume hood, prepare ~2L of 1% Tween20 Solution, using a disposable pipette to 
transfer 20mL of Tween20 into 1980mL of DIW (contained within a 2L graduated pitcher). 
NOTE: All Tween20 waste should be stored in a chemical waste jug, and should NEVER be 
allowed to reach public water supplies. 

‐ Clean sonicator with ~50mL of 1% Tween20 Solution, scrub gently and rinse with DIW.  
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‐ Clean 2 large glass pans, and 1 small glass pan in the same way: scrub with scrub brush and 
Tween20 solution, pour waste into waste receptacle1, rinse with DIW and pour rinse water into 
waste receptacle 

o 1 large pan will be used to catch acetone waste, the other will be used as the Tween20 
bath for the filter manifold lid, and the small one is the acetone bath (do not fill until 
needed, as acetone evaporates very quickly). 

‐ Clean the small glass pan and plastic serving tray with acetone (scrub with acetone-dedicated 
brush then rinse/swirl gently, allowing contact 
with all surfaces for > 3 seconds). 

‐ Rinse the plastic acid wash bin (located in the 
sink in the reserved space of the UG teaching 
lab), and place in sink to catch acid rinse run-
off (keep lid closed when not in use, the HCl 
also evaporates rapidly and inhaled fumes may 
burn lung/internal tissue). 

Cleaning the Test Equipment: 

My preferred method is to begin with by washing 5 
filter weights in a Tween20 solution, in the sonicator2 
for ~35 mins (if you are cleaning the equipment 
immediately after filtering samples, then you can begin this step as soon as 5 filter weights are empty). 
Then do the second set of 5 filters the same way, and while they are in the sonicating or acetone soak 
stage, clean the filter manifold lid: 

Filter Weights (FW)/Forceps 

‐ Place filter weights (FW) in sonicator as shown to side, with any forceps piled on top. Ensure 
they all items are completely submerged. 

‐ Turn on sonicator (right hand dial), setting to maximum time (~25 minutes) and check that water 
is vibrating. Cover and leave unattended in fume hood. *Check the temperature of the water 
periodically and if it is becoming too warm to touch.) 

                                                      
1 Appropriate Waste Receptacle: Once acetone bottle is empty, take cap off and leave in fume hood to allow all 
remaining acetone to vaporize. Once dry, deface Acetone label, and CLEARLY label the container as chemical 
waste, 20-sorbitan monolaureate, *do not allow to reach public water supplies or groundwater*, and label with 
hazards as listed on the Tween20 container. 
2 The sonicator, used only in the fume hood, should be filled with 1% Tween20 solution up to the corner ridges on 
the inside of the metal insert. Do not turn the sonicator unless it is filled to that point. Soak the filter weights and 
forceps in the sonicator for ~35 minutes, the duration of the sonicator’s timer, and finish by scrubbing with 
Tween20-dedicated scrub brush.  
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‐ Return before sonication stops, gently scrub all surface areas of the items being cleaned, and 
transfer to small pyrex pan for acetone soak, as shown below. Immediately after taking filter 
weights out of sonicator, replace them with the 5 dirty ones and remaining forceps and reset the 

timer. 

‐ Fill pan with acetone, just enough to cover filter weights 
and forceps, cover with orange plastic serving tray (to 
minimize amount lost to vaporization). 

Safety and QAQC Note: Laminate film gloves should be 
worn only for the acetone, acid and DIW rinse stages, to 
ensure they do not become contaminated with microspheres. 
Make sure not to handle the squirt bottle with the Laminate 
gloves – I would recommend wearing one Laminate (to 

manipulate the FW/forceps) and one Nitrile to hold the squirt bottles and anything else. Avoid getting 
microspheres on that Laminate glove! Store the glove(s) in a safe place, away from sources of 
microspheres. 

‐ Leave soaking for ~35 minutes, rotating ~1/2 way through soak, and giving a gentle scrub to all 
surfaces before removing from soak. Once out of bath, immediately replace them with the next 5 
filter weights. 

‐ Top-up acetone soak, to cover filter weights and forceps.  

‐ After 35 minutes soak and final scrub, place acetone-cleaned filter weights on the serving tray 
and transport to acid-bath sink. 

‐ Over the acid bath tub, carefully rinse each FW individually, with acid squirt bottle, then rinse 
with DIW squirt bottle (do same for forceps). Ensure nozzles do not come into contact with the 
items.  

‐ Place cleaned FW and forceps on the clean workbench, away from vacuum filter apparatus (in 
case of splashing/spilling).  

o You may want to spray the clean items down with DIW at this point, to ensure the acid is 
rinsed away and does not corrode the metal counter, or the items themselves. 
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Filter Manifold Lid 

‐ Wearing CLEAN Nitrile gloves, soak manifold lid (upside down, with all valves closed) in a 
shallow glass pan containing Tween20 solution. 

‐ Vigorously run the dedicated scrub brush between the bottom of the pan and the manifold lid, to 
scrub away any loose microspheres. Continue 
scrubbing for 1-2 minutes, and allow excess Tween20 
to drip away. 

‐ Rinse vigorously with DIW, open valves and rinse 
again. I’ve been rinsing it directly into the sink, using 
the DIW spout. Carefully rinse each filter port several 
times, from one end of the lid to the other, while 
ensuring runoff drains away from cleaned filter ports 
(shown on right). 

‐ Place cleaned filter manifold lid UPSIDE DOWN, on 
the filter manifold reservoir, with valves closed. 

ALL of the equipment should now be clean!  

Preparing slides from samples: 

Manifold Preparation 

‐ Turn Hot Plate to ~100 degrees 

‐ Arrange CLEAN manifold lid to ensure a seal with reservoir, close all filter valves. 

‐ Fill all 10 ports with DIW from squirt bottle 

‐ Using clean tweezers, float 25mm Millipore filters into place 

‐ Turn on vacuum briefly, then open each valve momentarily to secure filters in position (you can 
re-wet the filters and repeat if they are not centered/are wrinkled) 

‐ Fill all 10 ports with DIW  

‐ Using same clean tweezers, float 0.2 µm Whatman filters into place, with shiny side facing up. 

‐ Vacuum into place, as in previous step. 

‐ Place appropriately numbered FW into position, corresponding with the numbers on the sides of 
the manifold lid. 
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Slide Preparation 

 

‐ Wear a CLEAN pair of Nitrile 
gloves when labeling slides, and 
set slides on a clean section of 
counter away from filter 
apparatus. 

‐ Keep these gloves aside and 
clean for handling the slides 
throughout the filtering process. 

‐ Label slides according to which 
samples you are preparing 

o if preparing a set of 
blanks, omit the 2nd line of info 
(sampling date and time), include 
the well name of the sample that 
was prepared in that filter port 
for the run directly preceding the 
current one. Instead of the 
sample # and filter location, 
number it in series with the 
previously prepared blanks with 
the last digit reflecting the filter 
port number that that slide’s 
filter will be prepared on. 

 

‐ Place 1 to 1.5 drops of glycerol on center of the slide using clean syringe 

‐ Heat slides with glycerol on hotplate (~100deg) for 3-5minutes  

Filtering 

Note: Do not allow water to reach vacuum port in manifold reservoir – it will break the vacuum pump. 

Note: Hot plate heats up very unevenly, with greatest heat in the middle and almost none at the edges… 
keep this in mind when heating the slides with glycerol (rotate slides and swap positions as necessary). 

‐ Place bottles on a level surface and carefully mark the water level with a fine-tipped permanent 
marker; for bottles that are full to the brim, the sample volume is 137mL +/- 0.04mL. 

‐ Note all sample volumes and corresponding sample numbers in a chart, which can be printed 
from the Microsphere Counting Sheet File. 

‐ Arrange sample bottle in around manifold in position corresponding to how the slides are labeled 
(filter port num. and corresponding sample number).  

‐ DOUBLE CHECK that everything is labeled/positioned correctly. 
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‐ Snugly close sample bottles 

‐ One at a time, place sample bottle on Maxi-Mix Vortexer and apply light pressure while securely 
holding the sample bottle by the neck.  

‐ Allow to mix for ~30 seconds, and immediately but CAREFULLY pour a small amount (~17mL) 
into the filter weight chamber that has been assigned to that sample number (based on slide 
labeling). 

‐ Filter at ~15psi if possible… Some samples will require vacuum pressure of ~25psi. 

‐ As you fill each chamber, open the appropriate valve to allow filtering to commence and proceed 
with mixing the next bottle as described in previous step. 

‐ As chambers successively empty, repeat process until each sample bottle is empty, then rinse 
mouth and walls back into the sample bottle with DIW (~15mL). 

‐ Mix with vortexer, as above, and filter the rinse water. 

‐ Rinse a second time. Set empty bottle aside. 

‐ Once the rinse water has been filtered, CAREFULLY rinse with DIW down the top edge and 
inner wall of the FW, and filter completely. Careful not to splash the rinse water into neighboring 
FW. 

‐ Once the rinse water has been filtered, rinse the lower half of FW chamber, filter. 

‐ Remove dirty FW to designated ‘dirty’ area of work bench, once 5 are available move them to the 
sonicator to begin cleaning. 

‐ Using CLEAN tweezers (the pair you started with should still be clean), transfer the Whatman 
filter to the appropriate slide. Use a NEW pair of tweezers when transferring EACH filter!! (If no 
clean tweezers available, rinse tips with DIW water each time and wipe with a Kim-wipe) 

For Each Slide: 

‐ Add a drop of glycerol, and heat again for >2 and <10 minutes. If you heat too long the filter will 
wrinkle, too little time and it is VERY difficult to get the bubbles out from under the cover slip. 

‐ Using clean flat-tipped forceps add cover slip, allow to set for >5 minutes. This removes most of 
the bubbles.  

‐ (At some point here, you can check the FW in the sonicator, transfer them to the acetone if timer 
is close to finished, and get the next 5 FWs started) 

‐ With clean, flat-tipped tweezers, very gently and evenly press on the cover slip to remove the 
bubbles and excess glycerol out from under it. 

‐ Take a Kim Wipe, lay flat over the cover slip and apply light, even pressure across the slip to 
soak up glycerol from edges of cover slip 

‐ Repeat to remove excess glycerol 

‐ Fold up Kim-Wipe and carefully clean along edges of cover slip – the slip will easily glide 
around if there is a lot of glycerol and prevents a good clear-coat seal, making the slide prone to 
breaking after clear-coat application. 
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‐ Apply clear coat nail polish to clean, dry edges of cover slip to seal in filter. 

‐ Set slides aside and allow to dry in open air for at least an hour before viewing, best is overnight. 

After making a set of slides, a highly recommend filling out the excel spreadsheet, and adding separators 
in the data to show what sequence the filters were prepared in and which blanks each is associated with. 
Also, label the slide boxes that you store the samples in. 

 

Counting Microspheres 

 

Image Pro Computer is on 6th floor in Botterell Hall. 

 

Open Image-Pro Plus 6.0 (not 5.0) 

Open a blank excel sheet.  

Open the excel sheet with your data in it.  

 

Single Image Conversion to Gray Scale 

1. Open image to be converted.  

2. Click Edit>Convert To>Gray Scale 8 

3. Save image as separate name or in separate folder as same name.  

 

Batch Conversion to Gray Scale 

1. Click File>Batch Conversion… 

2. Choose the Source to be the drive of interest ( [-c-] is the hard drive, etc). Find the folder where 
the images to be converted are. “[***]” represents a folder, while [..] represents moving “back” or 
“up/outwards” from a folder (to the wider scope).  

3. Select (highlight) the images to be batch converted.  

4. If you do not want your colour files to be overwritten (generally the case), choose the destination 
to be a different folder than the source.  

5. Choose the file format for conversion (we are using Windows Bitmap). Choose no compression. 
Image class should be typically chosen as “Gray Scale” (which means 8-bit gray scale; 12-bit and 
16-bit are termed Gray 12 and Gray 16).  

6. Check the “Prompt before overwriting existing files” box.  

7. Click Convert.  
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Processing Gray Scale Images  

 

1. In Image Pro 6.0, we need to first ensure the correct module is loaded so that our necessary 
Macro is available.  If you see the Count_Microsphere macro under the Macro tab then skip to 
next step.  If you see other macros instead or none at all, click on Macro > Macro > Change, then 
locate our module under My Documents > Steve > Novakowski Lab Work > 
SMAmicrospheres.scr, followed by open and then OK. 

2. Close all pictures, menu boxes, etc within Image-Pro. Maximize and minimize both excel sheets, 
in the following order: First, maximize and minimize the excel sheet with all your data in it. 
Then, maximize and minimize the blank excel sheet. This sets the active sheet to be the blank 
one, and ensures that when you export your measurements that they do not overwrite any data 
from the excel sheet with your data in it.  

3. Click Macro>Count_Microspheres. Find the gray scale image to analyze in the open box. Click 
OK.  

4. Follow all prompts within Macro carefully.  Upon completion, the exported data will appear in 
the blank excel file. 

5. Do not save the analyzed image at any point once the macro has begun or finished. 

6. The total area measured within the AOI can be determined by dividing any objects area by its 
percentage of total area.  (If done for each object, should get same answer for all). 

7. The number of microspheres can be determined by dividing the sum of all objects area by the 
area of an individual microsphere.  (Look at picture and pick a few individual microspheres, then 
find object number and look to see what the area is) 

 

When Finished with Image Pro 6.0 

 

1. As other people may not know how to switch between modules, we need to leave it on the 
module that they have their macros saved in. 

2. Click on Macro > Macro > Change, then locate the module under My Documents > Steve > 
SMAModule1.scr, followed by open and then OK. 

 

Taking Pictures on Microscope 

 

Microscope is on 9th floor in Botterell Hall. 

 

1. First step should always be to turn on the two lights so that the fluorescent light has time to warm 
up. (Two boxes located to the left of the microscope, needs at least 5 minutes) 

2. Then uncover the microscope and remove the eye-piece cover. 
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3. Open AxioVision off the desktop. 
Once all set up and organised close curtain and turn off light before beginning to look at slides. 

4. To view through eye pieces the top metal rod just below the camera must be pushed in. 

5. The Magnification of the microscope can be adjusted using the touch screen on the right of the 
microscope or through the AxioVision program. 

6. To view the fluorescent dyed microspheres you must first touch the Reflective tab on the touch 
screen, and then the Fl button at the bottom, followed by the fluorescent range you wish to use. 
(Have been using DAPI) 

7. Then the area of interest can be determined using the eye pieces and stage movement knobs.  
Quality can be adjusted using the fine and coarse adjustment knobs. Minimize exposure time as 
fluorescence of microspheres decreases in light and decreases quality of picture. 

8. Once area found through eye piece, pull out metal rod at top, just beneath camera to allow camera 
to see. 

9. Then in AxioVision, click the LIVE button which will allow you to see the area of interest on the 
computer monitor. 

10. Then use the fine and coarse adjustment knobs to further clarify the image before finally clicking 
the Snap button.  (Do not touch anything on microscope will picture is being captured). 

11. Once image is taken and are satisfied with quality, add Scale Bar using ScaleBar button and make 
white. 

12. Save as bmp file to ensure saves with scale bar.  

13. Fill in log book in excel file on desktop.   
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Appendix E 

R Code 

 

Tstat<-read.csv(file.choose()) 

 

#Notes 

 

T1<-glm(EC~nitrate,family=poisson,data=Tstat) 

summary(T1) 

anova(T1) 

plot (EC~nitrate, data=Tstat) 

plot(T1) 

 

 

T2<-glm(EC~ordinal+geology+depth+p3day+p7day+p30day+wldepth+trans,family=poisson,data=Tstat) 

anova(T2) 

summary(T2) 

par(mfrow=c(1,1)) 

plot(EC~well, data=Tstat) 

plot(EC~geology, data=Tstat) 

plot(EC~depth, data=Tstat) 

plot(EC~ordinal, data=Tstat) 

par(mfrow=c(2,2)) 

plot(T2) 
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T3<-lm(nitrate~ordinal+geology+depth+well+p3day+p7day+p30day+wldepth+trans, data=Tstat) 

anova(T3) 

summary(T3) 

par(mfrow=c(1,1)) 

plot(nitrate~well, data=Tstat) 

plot(nitrate~geology, data=Tstat) 

plot(nitrate~depth, data=Tstat) 

plot(nitrate~ordinal, data=Tstat) 

plot(nitrate~wldepth, data=Tstat) 

plot(nitrate~trans, data=Tstat) 

par(mfrow=c(2,2)) 

plot(T3) 

 

T4<-glm(EC~ordinal+geology+depthelev+p3day+p7day+p30day+wl+trans,family=poisson,data=Tstat) 

anova(T4) 

summary(T4) 

par(mfrow=c(1,1)) 

plot(EC~well, data=Tstat) 

plot(EC~geology, data=Tstat) 

plot(EC~depth, data=Tstat) 

plot(EC~ordinal, data=Tstat) 

par(mfrow=c(2,2)) 

plot(T4) 

 

T5<-lm(nitrate~ordinal+geology+depthelev+well+p3day+p7day+p30day+wl,data=Tstat) 
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anova(T5) 

summary(T5) 

par(mfrow=c(1,1)) 

plot(nitrate~well, data=Tstat) 

plot(nitrate~geology, data=Tstat) 

plot(nitrate~depth, data=Tstat) 

plot(nitrate~ordinal, data=Tstat) 

plot(nitrate~wldepth, data=Tstat) 

par(mfrow=c(2,2)) 

plot(T5) 

 

T1<-glm(TC~ordinal+geology+depth+p3day+p7day+p30day,family=poisson,data=Tstat) 

anova(T1) 

summary(T1) 

plot(T1) 

 

T5<-lm(nitrate~trans,data=Tstat) 

par(mfrow=c(1,1)) 

plot(nitrate~trans,data=Tstat) 

summary(T5) 

anova(T5) 

plot(T5) 

 

T6<-lm(nitrate~depth,data=Tstat) 

summary(T6) 
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anova(T6) 

plot(T6) 

 

T7<-lm(nitrate~julian,data=Tstat) 

summary(T7) 

anova(T7) 

plot(T7) 

 

T8<-glm(EC~trans,family=poisson,data=Tstat) 

anova(T8) 

summary(T8) 

plot(T8) 

 

T9<-glm(EC~julian,family=poisson,data=Tstat) 

summary(T9) 

anova(T9) 

plot(T9) 
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Appendix F 

HydroGeoSphere Input Files 

bc.grok 

!------------------------Problem description 

steady state flow. base case 

TP 20:14 17/02/2016 

end title 

 

!------------------------Grid definition 

Generate blocks interactive 

grade x 

182.0 0.0 5.0 10.0 20.0 

grade x 

199.0 182.0 0.1 5.0 4.0 

grade x 

200.0 199.0 0.01 100 0.1 

grade x 

200.0 201.0 0.01 100 0.1 

grade x 

201.0 218.0 0.1 5.0 4.0 

grade x 

218.0 400.0 5.0 10.0 20.0 

 

grade y 

47.0 0.0 5.0 10.0 20.0 
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grade y 

69.0 47.0 0.1 5.0 4.0 

grade y 

70.0 69.0 0.01 100 0.1 

grade y 

70.0 71.0 0.01 100 0.1 

grade y 

71.0 83.0 0.1 5.0 4.0 

grade y 

83.0 300.0 5.0 10.0 20.0 

 

grade z 

0.0 14.0 5.0 10.0 20.0 

grade z 

15.0 14.0 0.01 100 1.0 

grade z 

15.0 16.0 0.01 100 1.0 

grade z 

16.0 24.0 5.0 10.0 20.0 

grade z 

30.0 24.0 0.1 1.0 0.25 

 

end generate blocks interactive 

 

end 
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!------------------------  General simulation parameters 

units: kilogram-metre-hour 

no nodal flow check 

finite difference mode 

 

!-------------------------  Porous media properties 

use domain type 

porous media 

 

properties file 

tay_region1.mprops 

 

!------------------------  Soil layer 

clear chosen elements 

choose elements block 

0.0, 50.0 

0.0, 300.0 

28.0, 30.0 

 

choose elements block 

50.0, 100.0 

0.0, 300.0 

28.0, 29.75 
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choose elements block 

100.0, 150.0 

0.0, 300.0 

28.0, 29.5 

 

choose elements block 

150.0, 200.0 

0.0, 300.0 

28.0, 29.25 

 

choose elements block 

200.0, 250.0 

0.0, 300.0 

28.0, 29.0 

 

choose elements block 

250.0, 300.0 

0.0, 300.0 

28.0, 28.75 

 

choose elements block 

300.0, 350.0 

0.0, 300.0 

28.0, 28.5 
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choose elements block 

350.0, 400.0 

0.0, 300.0 

28.0, 28.25 

 

new zone 

1 

 

clear chosen zones 

choose zone number 

1 

read properties 

soil 

 

!-------------------------  Rock 

clear chosen elements 

choose elements block 

0.0, 400.0 

0.0, 300.0 

0.0, 28.0 

 

choose elements block 

192.0, 208.0 

57.0, 73.0 

28.0, 28.5 
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choose elements block 

194.0, 206.0 

59.0, 71.0 

28.5, 29.0 

 

choose elements block 

196.0, 204.0 

61.0, 69.0 

29.0, 29.5 

 

choose elements block 

197.0, 203.0 

62.0, 68.0 

29.5, 29.75 

 

choose elements block 

198.0, 202.0 

63.0, 67.0 

29.75, 30.0 

 

new zone 

2 

clear chosen zones 

choose zone number 
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2 

read properties 

rock 

 

!-------------------------- fracture media properties 

use domain type 

fracture 

 

properties file 

tay_region1.fprops 

 

!------------------------  Horizontal fractures 

 

!---------15mbgs 

clear chosen faces 

choose faces z plane 

15.0 

1.e-2 

 

new zone 

1 

 

clear chosen zones 

choose zone number 

1 
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read properties 

hfracture9 

 

!------------------------  Vertical fracture. 

!-------------TW3 

clear chosen faces 

choose faces block 

200.0, 200.0 

60.0, 70.0 

0.0, 30.0 

 

new zone 

2 

 

clear chosen zones 

choose zone number 

2 

 

read properties 

vfracturetracer 

 

! ===== Initial conditions 

!---------------------------  Subsurface flow initial conditions 

use domain type 
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porous media 

 

choose nodes all 

initial head 

28. 

 

! ==== Boundary conditions 

!_________________________ boundary conditions for flow 

use domain type 

porous media 

 

clear chosen nodes 

choose nodes x plane 

0.0 

1.e-5 

 

create node set 

entry 

 

boundary condition 

 

 type 

 head 

 

 name 
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 head_28 

 

 node set 

 entry 

 

 time value table 

    0.0  28.0 

 end 

  

 tecplot output 

 

end 

 

clear chosen nodes 

 

choose nodes x plane 

400.0 

1.e-5 

 

create node set 

exit 

 

boundary condition 

 

 type 
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 head 

 

 name 

 head_27.5 

 

 node set 

 exit 

 

 time value table 

    0.0  27.5 

 end 

  

 tecplot output 

 

end 

 

 

!===== Numerical parameters 

 

control volume 

!transport time weighting 

!1.0d0 

!upstream weighting of velocities 

!1.0 1.0 1.0 

compute underrelaxation factor 
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flow solver maximum iterations 

10000 

 

! ==== Time step control 

initial time 

0.0d0 

initial timestep 

1.0e-5 

head control 

100. 

newton maximum iterations 

12 

 

Output times 

1.0e-5 

end 

 

 

!echo to output 

 

 

!---------------------- Output 

 

make observation point 
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TW3 

200. 65. 30. 

 

make observation point 

TW3frac 

200. 65. 15. 

 

make observation point 

TW3mid 

200. 65. 25. 

 

make observation point 

TW3ob 

200. 65. 28.0 

 

make observation point 

abovefrac 

200. 65. 16. 

 

make observation point 

obr1 

200. 74. 29.0 

 

make observation point 

obr2 
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200. 56. 29.0 

 

make observation point 

obr3 

200. 78. 29.0 

 

make observation point 

obr4 

200. 52. 29.0 

 

make observation point 

p1a 

195. 65. 15. 

 

make observation point 

p1b 

195. 65. 28.0 

 

make observation point 

p2a 

205. 65. 15. 

 

make observation point 

p2b 

205. 65. 28.0 
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make observation point 

p3a 

200. 60. 15. 

 

make observation point 

p3b 

200. 60. 28.0 

 

make observation point 

p4a 

200. 70. 15. 

 

make observation point 

p4b 

200. 70. 28.0 

 

make observation point 

p5a 

190. 70. 15. 

 

make observation point 

p5b 

190. 70. 28.0 
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make observation point 

p6a 

180. 65. 15. 

 

make observation point 

p6b 

180. 65. 28.0 

 

make observation point 

p7a 

210. 65. 15. 

 

make observation point 

p7b 

210. 65. 28.0 

 

make observation point 

p8a 

200. 55. 15. 

 

make observation point 

p8b 

200. 55. 28.0 

 

make observation point 



 

193 

 

p9a 

200. 75. 15. 

 

make observation point 

p9b 

200. 75. 28.0 

 

make observation point 

 

p160a 

160. 65. 15. 

 

make observation point 

p160b 

160. 65. 28.0 

 

make observation point 

p250a 

250. 65. 15. 

 

make observation point 

p250b 

250. 65. 28.0 

 

make observation point 
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p300a 

300. 65. 15. 

 

make observation point 

p300b 

300. 65. 28.0 

 

make observation point 

 

p350a 

350. 65. 15. 

 

make observation point 

p350b 

350. 65. 28.0 

 

make observation point 

exit 

400. 65. 15. 

 

make observation point 

exitb 

400. 65. 28.0 

 

make observation point 
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entry 

0. 65. 15. 

 

make observation point 

entryb 

0. 65. 28.0 
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!------------------------Problem description 

 

rainfall and transport, base case 

TP 20:20 17/02/2016 

end title 

 

 

!------------------------Grid definition 

Generate blocks interactive 

grade x 

182.0 0.0 5.0 10.0 20.0 

grade x 

199.0 182.0 0.1 5.0 4.0 

grade x 

200.0 199.0 0.01 100 0.1 

grade x 

200.0 201.0 0.01 100 0.1 

grade x 

201.0 218.0 0.1 5.0 4.0 

grade x 

218.0 400.0 5.0 10.0 20.0 

 

grade y 

47.0 0.0 5.0 10.0 20.0 

grade y 
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69.0 47.0 0.1 5.0 4.0 

grade y 

70.0 69.0 0.01 100 0.1 

grade y 

70.0 71.0 0.01 100 0.1 

grade y 

71.0 83.0 0.1 5.0 4.0 

grade y 

83.0 300.0 5.0 10.0 20.0 

 

grade z 

0.0 14.0 5.0 10.0 20.0 

grade z 

15.0 14.0 0.01 100 1.0 

grade z 

15.0 16.0 0.01 100 1.0 

grade z 

16.0 24.0 5.0 10.0 20.0 

grade z 

30.0 24.0 0.1 1.0 0.25 

 

end generate blocks interactive 

 

end 
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!------------------------  General simulation parameters 

units: kilogram-metre-hour 

transient flow 

dual nodes for surface flow 

no nodal flow check 

finite difference mode 

remove negative coefficients 

do transport 

 

!-------------------------  Porous media properties 

use domain type 

porous media 

 

properties file 

tay_region1.mprops 

 

!------------------------  Soil layer 

clear chosen elements 

choose elements block 

0.0, 50.0 

0.0, 300.0 

28.0, 30.0 

 

choose elements block 

50.0, 100.0 
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0.0, 300.0 

28.0, 29.75 

 

choose elements block 

100.0, 150.0 

0.0, 300.0 

28.0, 29.5 

 

choose elements block 

150.0, 200.0 

0.0, 300.0 

28.0, 29.25 

 

choose elements block 

200.0, 250.0 

0.0, 300.0 

28.0, 29.0 

 

choose elements block 

250.0, 300.0 

0.0, 300.0 

28.0, 28.75 

 

choose elements block 

300.0, 350.0 
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0.0, 300.0 

28.0, 28.5 

 

choose elements block 

350.0, 400.0 

0.0, 300.0 

28.0, 28.25 

 

new zone 

1 

 

clear chosen zones 

choose zone number 

1 

read properties 

soil 

 

!-------------------------  Rock 

clear chosen elements 

choose elements block 

0.0, 400.0 

0.0, 300.0 

0.0, 28.0 

 

choose elements block 
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192.0, 208.0 

57.0, 73.0 

28.0, 28.5 

 

choose elements block 

194.0, 206.0 

59.0, 71.0 

28.5, 29.0 

 

choose elements block 

196.0, 204.0 

61.0, 69.0 

29.0, 29.5 

 

choose elements block 

197.0, 203.0 

62.0, 68.0 

29.5, 29.75 

 

choose elements block 

198.0, 202.0 

63.0, 67.0 

29.75, 30.0 

 

new zone 
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2 

clear chosen zones 

choose zone number 

2 

read properties 

rock 

 

!-------------------------- fracture media properties 

use domain type 

fracture 

 

properties file 

tay_region1.fprops 

 

!------------------------  Horizontal fractures 

 

!---------15mbgs 

clear chosen faces 

choose faces z plane 

15.0 

1.e-2 

 

new zone 

1 
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clear chosen zones 

choose zone number 

1 

 

read properties 

hfracture9 

 

!------------------------  Vertical fracture. 

!-------------TW3 

clear chosen faces 

choose faces block 

200.0, 200.0 

60.0, 70.0 

0.0, 30.0 

 

new zone 

2 

 

clear chosen zones 

choose zone number 

2 

 

read properties 

vfracturetracer 
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!--------------------------  Overland flow properties 

use domain type 

surface 

 

properties file 

rr.oprops 

 

! overland flow 

clear chosen faces 

choose faces top 

 

new zone 

1 

 

clear chosen zones 

choose zone number 

1 

read properties 

overland flow 

 

! ===== Initial conditions 

!---------------------------  Subsurface flow initial conditions 

 

use domain type 

porous media 
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clear chosen nodes 

choose nodes all 

initial head from output file 

ob1o.head_pm.0001 

 

use domain type 

surface 

 

clear chosen nodes 

choose nodes top 

initial water depth 

1.0d-8 

 

! ==== Boundary conditions 

!_________________________ boundary conditions for flow 

use domain type 

porous media 

 

clear chosen nodes 

choose nodes x plane 

0.0 

1.e-5 

 

create node set 
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entry 

 

boundary condition 

 

 type 

 head 

 

 name 

 head_28 

 

 node set 

 entry 

 

 time value table 

    0.0  28.0 

 end 

  

 tecplot output 

 

end 

 

clear chosen nodes 

 

choose nodes x plane 

400.0 
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1.e-5 

 

create node set 

exit 

 

boundary condition 

 

 type 

 head 

 

 name 

 head_27.5 

 

 node set 

 exit 

 time value table 

    0.0  27.5 

 end 

  

 tecplot output 

 

end 

 

use domain type 

surface 
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! flux bc 

 

clear chosen nodes 

choose nodes top 

 

create face set 

top 

 

boundary condition 

    type 

    rain 

 

    face set 

    top 

 

    time value table 

     !  time     flux 

    0.0  0.002 

    48.0 0.0 

    end 

     

end ! flux bc 

 

!----------------------- tracer definition 
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solute 

name 

 

tracer 

 

free-solution diffusion coefficient 

 

1.62e-06  

 

end solute 

 

!---------------- initial conditions for transport 

 

clear chosen nodes 

choose nodes all 

 

initial concentration 

 

1.0e-5 

 

!---------------- boundary conditions for transport 

 

use domain type 

porous media 
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clear chosen nodes 

 

choose nodes block 

 

190.0, 210.0 

55.0, 75.0 

29.5, 30.0 

 

specified concentration 

1 

10.0 14.0 200.0 

 

!===== Numerical parameters 

Newton maximum iterations 

15 

Jacobian epsilon 

1.0d-6 

Newton absolute convergence criteria 

1.0d-3 

Newton residual convergence criteria 

1.0d-3 

 

finite difference mode 

remove negative coefficients 
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control volume 

transport time weighting 

1.0d0 

upstream weighting of velocities 

1.0 1.0 1.0 

compute underrelaxation factor 

 

 

! ==== Time step control 

initial time 

0.0d0 

initial timestep 

1.0e-5 

 

saturation control 

0.1 

head control 

100. 

newton maximum iterations 

12 

 

Output times 

1.0e-5 

1.0e-2 

1.0 
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4.0 

10.0 

24.0 

30.0 

40.0 

48.0 

48.1 

end 

 

!---------------------- Output 

 

make observation point 

TW3 

200. 65. 30. 

 

make observation point 

TW3frac 

200. 65. 15. 

 

make observation point 

TW3mid 

200. 65. 25. 

 

make observation point 

TW3ob 
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200. 65. 28.0 

 

make observation point 

abovefrac 

200. 65. 16. 

 

make observation point 

obr1 

200. 74. 29.0 

 

make observation point 

obr2 

200. 56. 29.0 

 

make observation point 

obr3 

200. 78. 29.0 

 

make observation point 

obr4 

200. 52. 29.0 

 

make observation point 

p1a 

195. 65. 15. 
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make observation point 

p1b 

195. 65. 28.0 

 

make observation point 

p2a 

205. 65. 15. 

 

make observation point 

p2b 

205. 65. 28.0 

 

make observation point 

p3a 

200. 60. 15. 

 

make observation point 

p3b 

200. 60. 28.0 

 

make observation point 

p4a 

200. 70. 15. 
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make observation point 

p4b 

200. 70. 28.0 

 

make observation point 

p5a 

190. 70. 15. 

 

make observation point 

p5b 

190. 70. 28.0 

 

make observation point 

p6a 

180. 65. 15. 

 

make observation point 

p6b 

180. 65. 28.0 

 

make observation point 

p7a 

210. 65. 15. 

 

make observation point 
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p7b 

210. 65. 28.0 

 

make observation point 

p250a 

250. 65. 15. 

 

make observation point 

p250b 

250. 65. 28.0 

 

make observation point 

exit 

400. 65. 15. 

 

make observation point 

exitb 

400. 65. 28.0 

 

make observation point 

entry 

0. 65. 15. 

 

make observation point 

entryb 
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0. 65. 28.0 

 

tay_region1.mprops 

!------------------------- 

! pm properties 

rock 

 

k isotropic 

3.6e-10   !1e-13 m/s 

 

specific storage 

1.e-5      

 

porosity 

0.0001 

 

    unsaturated tables 

        saturation-relative k 

            1.800105973D-01 4.4549345538D-04 

            1.800117237D-01 4.4550599991D-04 

            1.800129968D-01 4.4552017931D-04 

            1.800144396D-01 4.4553624767D-04 

            1.800160788D-01 4.4555450525D-04 

            1.800179466D-01 4.4557530809D-04 

            1.800200808D-01 4.4559908001D-04 
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            1.800225269D-01 4.4562632744D-04 

            1.800253394D-01 4.4565765803D-04 

            1.800285841D-01 4.4569380394D-04 

            1.800323402D-01 4.4573565137D-04 

            1.800367046D-01 4.4578427795D-04 

            1.800417950D-01 4.4584100062D-04 

            1.800477566D-01 4.4590743715D-04 

            1.800547683D-01 4.4598558573D-04 

            1.800630523D-01 4.4607792874D-04 

            1.800728863D-01 4.4618756896D-04 

            1.800846194D-01 4.4631840982D-04 

            1.800986935D-01 4.4647539581D-04 

            1.801156721D-01 4.4666483605D-04 

            1.801362790D-01 4.4689484378D-04 

            1.801614518D-01 4.4717593946D-04 

            1.801924153D-01 4.4752188707D-04 

            1.802307847D-01 4.4795086747D-04 

            1.802787110D-01 4.4848714515D-04 

            1.803390894D-01 4.4916346825D-04 

            1.804158621D-01 4.5002457562D-04 

            1.805144636D-01 4.5113240530D-04 

            1.806424873D-01 4.5257396940D-04 

            1.808106990D-01 4.5447349924D-04 

            1.810346076D-01 4.5701159952D-04 

            1.813369475D-01 4.6045623081D-04 
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            1.817516898D-01 4.6521430296D-04 

            1.823306801D-01 4.7192054431D-04 

            1.831549152D-01 4.8159681033D-04 

            1.841212434D-01 4.9313695138D-04 

            1.850767205D-01 5.0475784737D-04 

            1.860513249D-01 5.1682968789D-04 

            1.870321195D-01 5.2920371018D-04 

            1.880178341D-01 5.4187074558D-04 

            1.890067482D-01 5.5481462030D-04 

            1.899979273D-01 5.6802818405D-04 

            1.909907523D-01 5.8150777724D-04 

            1.919848088D-01 5.9525204449D-04 

            1.929798091D-01 6.0926106629D-04 

            1.939755476D-01 6.2353586674D-04 

            1.949718739D-01 6.3807811112D-04 

            1.959686756D-01 6.5288991471D-04 

            1.969658671D-01 6.6797371824D-04 

            1.979633817D-01 6.8333220465D-04 

            1.989611675D-01 6.9896824192D-04 

            1.999591827D-01 7.1488484320D-04 

            2.009573939D-01 7.3108513829D-04 

            2.019557737D-01 7.4757235298D-04 

            2.030111066D-01 7.6531300583D-04 

            2.040980402D-01 7.8392543534D-04 

            2.052463626D-01 8.0396957172D-04 
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            2.064600684D-01 8.2558596457D-04 

            2.077434411D-01 8.4893207950D-04 

            2.091010757D-01 8.7418470106D-04 

            2.105379025D-01 9.0154272607D-04 

            2.120592129D-01 9.3123041827D-04 

            2.136706875D-01 9.6350120895D-04 

            2.153784255D-01 9.9864214557D-04 

            2.171889769D-01 1.0369791109D-03 

            2.191093765D-01 1.0788829611D-03 

            2.211471809D-01 1.1247767600D-03 

            2.233105069D-01 1.1751443273D-03 

            2.256080731D-01 1.2305403630D-03 

            2.280492439D-01 1.2916024647D-03 

            2.306440754D-01 1.3590654287D-03 

            2.334033645D-01 1.4337783043D-03 

            2.363386990D-01 1.5167247806D-03 

            2.394625109D-01 1.6090476098D-03 

            2.427881303D-01 1.7120779289D-03 

            2.463298408D-01 1.8273705357D-03 

            2.501029348D-01 1.9567464126D-03 

            2.541237691D-01 2.1023440799D-03 

            2.584098175D-01 2.2666817196D-03 

            2.629797215D-01 2.4527324414D-03 

            2.678533350D-01 2.6640155893D-03 

            2.730517619D-01 2.9047076276D-03 
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            2.785973835D-01 3.1797769025D-03 

            2.845138719D-01 3.4951474917D-03 

            2.908261864D-01 3.8578984193D-03 

            2.975605459D-01 4.2765057549D-03 

            3.047443739D-01 4.7611365245D-03 

            3.124062077D-01 5.3240049165D-03 

            3.205755645D-01 5.9798029200D-03 

            3.292827562D-01 6.7462191842D-03 

            3.385586425D-01 7.6445613662D-03 

            3.484343130D-01 8.7004982804D-03 

            3.589406855D-01 9.9449383647D-03 

            3.701080119D-01 1.1415059772D-02 

            3.819652788D-01 1.3155503977D-02 

            3.945394950D-01 1.5219738126D-02 

            4.078548593D-01 1.7671580136D-02 

            4.219318038D-01 2.0586863278D-02 

            4.367859181D-01 2.4055191998D-02 

            4.524267619D-01 2.8181706582D-02 

            4.688565875D-01 3.3088730143D-02 

            4.860690018D-01 3.8917117464D-02 

            5.040476139D-01 4.5827064020D-02 

            5.227647261D-01 5.3998070355D-02 

            5.421801425D-01 6.3627701242D-02 

            5.622401805D-01 7.4928744697D-02 

            5.828769834D-01 8.8124380815D-02 
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            6.040082311D-01 1.0344103486D-01 

            6.255373462D-01 1.2109873181D-01 

            6.473542759D-01 1.4129900198D-01 

            6.693369047D-01 1.6421070653D-01 

            6.913531167D-01 1.8995453347D-01 

            7.132634796D-01 2.1858731009D-01 

            7.349244702D-01 2.5008761564D-01 

            7.561921115D-01 2.8434437509D-01 

            7.769258427D-01 3.2115009442D-01 

            7.969924138D-01 3.6020011246D-01 

            8.162695787D-01 4.0109869638D-01 

            8.346493723D-01 4.4337205836D-01 

            8.520407811D-01 4.8648753647D-01 

            8.683716669D-01 5.2987740681D-01 

            8.835898627D-01 5.7296522094D-01 

            8.976634244D-01 6.1519229214D-01 

            9.105800835D-01 6.5604202701D-01 

            9.223460002D-01 6.9506018153D-01 

            9.329839522D-01 7.3186972446D-01 

            9.425311174D-01 7.6617969392D-01 

            9.510366113D-01 7.9778811440D-01 

            9.585589328D-01 8.2657960330D-01 

            9.651634513D-01 8.5251868209D-01 

            9.709200398D-01 8.7564000061D-01 

            9.759009330D-01 8.9603670340D-01 
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            9.801788595D-01 9.1384805426D-01 

            9.838254706D-01 9.2924723811D-01 

            9.869100712D-01 9.4243002512D-01 

            9.894986385D-01 9.5360474747D-01 

            9.916531063D-01 9.6298383045D-01 

            9.934308830D-01 9.7077695012D-01 

            9.948845715D-01 9.7718576495D-01 

            9.960618561D-01 9.8240008546D-01 

            9.970055245D-01 9.8659529863D-01 

            9.977535953D-01 9.8993084456D-01 

            9.983395246D-01 9.9254954370D-01 

            9.987924701D-01 9.9457758693D-01 

            9.991375933D-01 9.9612502270D-01 

            9.993963848D-01 9.9728659971D-01 

            9.995870014D-01 9.9814284907D-01 

            9.997246035D-01 9.9876131293D-01 

            9.998358001D-01 9.9926131293D-01 

            9.999469535D-01 9.9976131293D-01 

            9.999996982D-01 9.9999864220D-01 

            1.000000000D+00 1.0000000000D+00 

        end !sat-krw 

        pressure-saturation 

            -5.000000D+00 1.800105973D-01 

            -4.900000D+00 1.800117237D-01 

            -4.800000D+00 1.800129968D-01 
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            -4.700000D+00 1.800144396D-01 

            -4.600000D+00 1.800160788D-01 

            -4.500000D+00 1.800179466D-01 

            -4.400000D+00 1.800200808D-01 

            -4.300000D+00 1.800225269D-01 

            -4.200000D+00 1.800253394D-01 

            -4.100000D+00 1.800285841D-01 

            -4.000000D+00 1.800323402D-01 

            -3.900000D+00 1.800367046D-01 

            -3.800000D+00 1.800417950D-01 

            -3.700000D+00 1.800477566D-01 

            -3.600000D+00 1.800547683D-01 

            -3.500000D+00 1.800630523D-01 

            -3.400000D+00 1.800728863D-01 

            -3.300000D+00 1.800846194D-01 

            -3.200000D+00 1.800986935D-01 

            -3.100000D+00 1.801156721D-01 

            -3.000000D+00 1.801362790D-01 

            -2.900000D+00 1.801614518D-01 

            -2.800000D+00 1.801924153D-01 

            -2.700000D+00 1.802307847D-01 

            -2.600000D+00 1.802787110D-01 

            -2.500000D+00 1.803390894D-01 

            -2.400000D+00 1.804158621D-01 

            -2.300000D+00 1.805144636D-01 
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            -2.200000D+00 1.806424873D-01 

            -2.100000D+00 1.808106990D-01 

            -2.000000D+00 1.810346076D-01 

            -1.900000D+00 1.813369475D-01 

            -1.800000D+00 1.817516898D-01 

            -1.700000D+00 1.823306801D-01 

            -1.600000D+00 1.831549152D-01 

            -1.516621D+00 1.841212434D-01 

            -1.454555D+00 1.850767205D-01 

            -1.404231D+00 1.860513249D-01 

            -1.362548D+00 1.870321195D-01 

            -1.327140D+00 1.880178341D-01 

            -1.296499D+00 1.890067482D-01 

            -1.269582D+00 1.899979273D-01 

            -1.245641D+00 1.909907523D-01 

            -1.224129D+00 1.919848088D-01 

            -1.204630D+00 1.929798091D-01 

            -1.186826D+00 1.939755476D-01 

            -1.170464D+00 1.949718739D-01 

            -1.155344D+00 1.959686756D-01 

            -1.141303D+00 1.969658671D-01 

            -1.128208D+00 1.979633817D-01 

            -1.115948D+00 1.989611675D-01 

            -1.104429D+00 1.999591827D-01 

            -1.093573D+00 2.009573939D-01 
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            -1.083312D+00 2.019557737D-01 

            -1.073052D+00 2.030111066D-01 

            -1.063052D+00 2.040980402D-01 

            -1.053052D+00 2.052463626D-01 

            -1.043052D+00 2.064600684D-01 

            -1.033052D+00 2.077434411D-01 

            -1.023052D+00 2.091010757D-01 

            -1.013052D+00 2.105379025D-01 

            -1.003052D+00 2.120592129D-01 

            -9.930521D-01 2.136706875D-01 

            -9.830521D-01 2.153784255D-01 

            -9.730521D-01 2.171889769D-01 

            -9.630521D-01 2.191093765D-01 

            -9.530521D-01 2.211471809D-01 

            -9.430521D-01 2.233105069D-01 

            -9.330521D-01 2.256080731D-01 

            -9.230521D-01 2.280492439D-01 

            -9.130521D-01 2.306440754D-01 

            -9.030521D-01 2.334033645D-01 

            -8.930521D-01 2.363386990D-01 

            -8.830521D-01 2.394625109D-01 

            -8.730521D-01 2.427881303D-01 

            -8.630521D-01 2.463298408D-01 

            -8.530521D-01 2.501029348D-01 

            -8.430521D-01 2.541237691D-01 
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            -8.330521D-01 2.584098175D-01 

            -8.230521D-01 2.629797215D-01 

            -8.130521D-01 2.678533350D-01 

            -8.030521D-01 2.730517619D-01 

            -7.930521D-01 2.785973835D-01 

            -7.830521D-01 2.845138719D-01 

            -7.730521D-01 2.908261864D-01 

            -7.630521D-01 2.975605459D-01 

            -7.530521D-01 3.047443739D-01 

            -7.430521D-01 3.124062077D-01 

            -7.330521D-01 3.205755645D-01 

            -7.230521D-01 3.292827562D-01 

            -7.130521D-01 3.385586425D-01 

            -7.030521D-01 3.484343130D-01 

            -6.930521D-01 3.589406855D-01 

            -6.830521D-01 3.701080119D-01 

            -6.730521D-01 3.819652788D-01 

            -6.630521D-01 3.945394950D-01 

            -6.530521D-01 4.078548593D-01 

            -6.430521D-01 4.219318038D-01 

            -6.330521D-01 4.367859181D-01 

            -6.230521D-01 4.524267619D-01 

            -6.130521D-01 4.688565875D-01 

            -6.030521D-01 4.860690018D-01 

            -5.930521D-01 5.040476139D-01 
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            -5.830521D-01 5.227647261D-01 

            -5.730521D-01 5.421801425D-01 

            -5.630521D-01 5.622401805D-01 

            -5.530521D-01 5.828769834D-01 

            -5.430521D-01 6.040082311D-01 

            -5.330521D-01 6.255373462D-01 

            -5.230521D-01 6.473542759D-01 

            -5.130521D-01 6.693369047D-01 

            -5.030521D-01 6.913531167D-01 

            -4.930521D-01 7.132634796D-01 

            -4.830521D-01 7.349244702D-01 

            -4.730521D-01 7.561921115D-01 

            -4.630521D-01 7.769258427D-01 

            -4.530521D-01 7.969924138D-01 

            -4.430521D-01 8.162695787D-01 

            -4.330521D-01 8.346493723D-01 

            -4.230521D-01 8.520407811D-01 

            -4.130521D-01 8.683716669D-01 

            -4.030521D-01 8.835898627D-01 

            -3.930521D-01 8.976634244D-01 

            -3.830521D-01 9.105800835D-01 

            -3.730521D-01 9.223460002D-01 

            -3.630521D-01 9.329839522D-01 

            -3.530521D-01 9.425311174D-01 

            -3.430521D-01 9.510366113D-01 
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            -3.330521D-01 9.585589328D-01 

            -3.230521D-01 9.651634513D-01 

            -3.130521D-01 9.709200398D-01 

            -3.030521D-01 9.759009330D-01 

            -2.930521D-01 9.801788595D-01 

            -2.830521D-01 9.838254706D-01 

            -2.730521D-01 9.869100712D-01 

            -2.630521D-01 9.894986385D-01 

            -2.530521D-01 9.916531063D-01 

            -2.430521D-01 9.934308830D-01 

            -2.330521D-01 9.948845715D-01 

            -2.230521D-01 9.960618561D-01 

            -2.130521D-01 9.970055245D-01 

            -2.030521D-01 9.977535953D-01 

            -1.930521D-01 9.983395246D-01 

            -1.830521D-01 9.987924701D-01 

            -1.730521D-01 9.991375933D-01 

            -1.630521D-01 9.993963848D-01 

            -1.530521D-01 9.995870014D-01 

            -1.430521D-01 9.997246035D-01 

            -1.312358D-01 9.998358001D-01 

            -1.087065D-01 9.999469535D-01 

            -4.592805D-02 9.999996982D-01 

            0.000000D+00 1.000000000D+00 

        end ! p-sat 
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    end ! unsat tables 

end material 

 

!------------------------- 

soil 

 

K isotropic 

3.6e-3       !1e-6 m/s - estimated value from double ring infiltrometer 

 

specific storage 

0.3    !look at pg. 40/41 in Anderson - applied gw modeling 

 

porosity 

0.2 

 

longitudinal dispersivity 

0.05 

 

transverse dispersivity 

0.005 

 

vertical transverse dispersivity 

0.005 

 

tortuosity 
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0.1 

 

bulk density 

2000.0 

 

    unsaturated tables 

        saturation-relative k 

            1.800105973D-01 4.4549345538D-04 

            1.800117237D-01 4.4550599991D-04 

            1.800129968D-01 4.4552017931D-04 

            1.800144396D-01 4.4553624767D-04 

            1.800160788D-01 4.4555450525D-04 

            1.800179466D-01 4.4557530809D-04 

            1.800200808D-01 4.4559908001D-04 

            1.800225269D-01 4.4562632744D-04 

            1.800253394D-01 4.4565765803D-04 

            1.800285841D-01 4.4569380394D-04 

            1.800323402D-01 4.4573565137D-04 

            1.800367046D-01 4.4578427795D-04 

            1.800417950D-01 4.4584100062D-04 

            1.800477566D-01 4.4590743715D-04 

            1.800547683D-01 4.4598558573D-04 

            1.800630523D-01 4.4607792874D-04 

            1.800728863D-01 4.4618756896D-04 

            1.800846194D-01 4.4631840982D-04 
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            1.800986935D-01 4.4647539581D-04 

            1.801156721D-01 4.4666483605D-04 

            1.801362790D-01 4.4689484378D-04 

            1.801614518D-01 4.4717593946D-04 

            1.801924153D-01 4.4752188707D-04 

            1.802307847D-01 4.4795086747D-04 

            1.802787110D-01 4.4848714515D-04 

            1.803390894D-01 4.4916346825D-04 

            1.804158621D-01 4.5002457562D-04 

            1.805144636D-01 4.5113240530D-04 

            1.806424873D-01 4.5257396940D-04 

            1.808106990D-01 4.5447349924D-04 

            1.810346076D-01 4.5701159952D-04 

            1.813369475D-01 4.6045623081D-04 

            1.817516898D-01 4.6521430296D-04 

            1.823306801D-01 4.7192054431D-04 

            1.831549152D-01 4.8159681033D-04 

            1.841212434D-01 4.9313695138D-04 

            1.850767205D-01 5.0475784737D-04 

            1.860513249D-01 5.1682968789D-04 

            1.870321195D-01 5.2920371018D-04 

            1.880178341D-01 5.4187074558D-04 

            1.890067482D-01 5.5481462030D-04 

            1.899979273D-01 5.6802818405D-04 

            1.909907523D-01 5.8150777724D-04 



 

233 

 

            1.919848088D-01 5.9525204449D-04 

            1.929798091D-01 6.0926106629D-04 

            1.939755476D-01 6.2353586674D-04 

            1.949718739D-01 6.3807811112D-04 

            1.959686756D-01 6.5288991471D-04 

            1.969658671D-01 6.6797371824D-04 

            1.979633817D-01 6.8333220465D-04 

            1.989611675D-01 6.9896824192D-04 

            1.999591827D-01 7.1488484320D-04 

            2.009573939D-01 7.3108513829D-04 

            2.019557737D-01 7.4757235298D-04 

            2.030111066D-01 7.6531300583D-04 

            2.040980402D-01 7.8392543534D-04 

            2.052463626D-01 8.0396957172D-04 

            2.064600684D-01 8.2558596457D-04 

            2.077434411D-01 8.4893207950D-04 

            2.091010757D-01 8.7418470106D-04 

            2.105379025D-01 9.0154272607D-04 

            2.120592129D-01 9.3123041827D-04 

            2.136706875D-01 9.6350120895D-04 

            2.153784255D-01 9.9864214557D-04 

            2.171889769D-01 1.0369791109D-03 

            2.191093765D-01 1.0788829611D-03 

            2.211471809D-01 1.1247767600D-03 

            2.233105069D-01 1.1751443273D-03 
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            2.256080731D-01 1.2305403630D-03 

            2.280492439D-01 1.2916024647D-03 

            2.306440754D-01 1.3590654287D-03 

            2.334033645D-01 1.4337783043D-03 

            2.363386990D-01 1.5167247806D-03 

            2.394625109D-01 1.6090476098D-03 

            2.427881303D-01 1.7120779289D-03 

            2.463298408D-01 1.8273705357D-03 

            2.501029348D-01 1.9567464126D-03 

            2.541237691D-01 2.1023440799D-03 

            2.584098175D-01 2.2666817196D-03 

            2.629797215D-01 2.4527324414D-03 

            2.678533350D-01 2.6640155893D-03 

            2.730517619D-01 2.9047076276D-03 

            2.785973835D-01 3.1797769025D-03 

            2.845138719D-01 3.4951474917D-03 

            2.908261864D-01 3.8578984193D-03 

            2.975605459D-01 4.2765057549D-03 

            3.047443739D-01 4.7611365245D-03 

            3.124062077D-01 5.3240049165D-03 

            3.205755645D-01 5.9798029200D-03 

            3.292827562D-01 6.7462191842D-03 

            3.385586425D-01 7.6445613662D-03 

            3.484343130D-01 8.7004982804D-03 

            3.589406855D-01 9.9449383647D-03 
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            3.701080119D-01 1.1415059772D-02 

            3.819652788D-01 1.3155503977D-02 

            3.945394950D-01 1.5219738126D-02 

            4.078548593D-01 1.7671580136D-02 

            4.219318038D-01 2.0586863278D-02 

            4.367859181D-01 2.4055191998D-02 

            4.524267619D-01 2.8181706582D-02 

            4.688565875D-01 3.3088730143D-02 

            4.860690018D-01 3.8917117464D-02 

            5.040476139D-01 4.5827064020D-02 

            5.227647261D-01 5.3998070355D-02 

            5.421801425D-01 6.3627701242D-02 

            5.622401805D-01 7.4928744697D-02 

            5.828769834D-01 8.8124380815D-02 

            6.040082311D-01 1.0344103486D-01 

            6.255373462D-01 1.2109873181D-01 

            6.473542759D-01 1.4129900198D-01 

            6.693369047D-01 1.6421070653D-01 

            6.913531167D-01 1.8995453347D-01 

            7.132634796D-01 2.1858731009D-01 

            7.349244702D-01 2.5008761564D-01 

            7.561921115D-01 2.8434437509D-01 

            7.769258427D-01 3.2115009442D-01 

            7.969924138D-01 3.6020011246D-01 

            8.162695787D-01 4.0109869638D-01 
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            8.346493723D-01 4.4337205836D-01 

            8.520407811D-01 4.8648753647D-01 

            8.683716669D-01 5.2987740681D-01 

            8.835898627D-01 5.7296522094D-01 

            8.976634244D-01 6.1519229214D-01 

            9.105800835D-01 6.5604202701D-01 

            9.223460002D-01 6.9506018153D-01 

            9.329839522D-01 7.3186972446D-01 

            9.425311174D-01 7.6617969392D-01 

            9.510366113D-01 7.9778811440D-01 

            9.585589328D-01 8.2657960330D-01 

            9.651634513D-01 8.5251868209D-01 

            9.709200398D-01 8.7564000061D-01 

            9.759009330D-01 8.9603670340D-01 

            9.801788595D-01 9.1384805426D-01 

            9.838254706D-01 9.2924723811D-01 

            9.869100712D-01 9.4243002512D-01 

            9.894986385D-01 9.5360474747D-01 

            9.916531063D-01 9.6298383045D-01 

            9.934308830D-01 9.7077695012D-01 

            9.948845715D-01 9.7718576495D-01 

            9.960618561D-01 9.8240008546D-01 

            9.970055245D-01 9.8659529863D-01 

            9.977535953D-01 9.8993084456D-01 

            9.983395246D-01 9.9254954370D-01 
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            9.987924701D-01 9.9457758693D-01 

            9.991375933D-01 9.9612502270D-01 

            9.993963848D-01 9.9728659971D-01 

            9.995870014D-01 9.9814284907D-01 

            9.997246035D-01 9.9876131293D-01 

            9.998358001D-01 9.9926131293D-01 

            9.999469535D-01 9.9976131293D-01 

            9.999996982D-01 9.9999864220D-01 

            1.000000000D+00 1.0000000000D+00 

        end !sat-krw 

        pressure-saturation 

            -5.000000D+00 1.800105973D-01 

            -4.900000D+00 1.800117237D-01 

            -4.800000D+00 1.800129968D-01 

            -4.700000D+00 1.800144396D-01 

            -4.600000D+00 1.800160788D-01 

            -4.500000D+00 1.800179466D-01 

            -4.400000D+00 1.800200808D-01 

            -4.300000D+00 1.800225269D-01 

            -4.200000D+00 1.800253394D-01 

            -4.100000D+00 1.800285841D-01 

            -4.000000D+00 1.800323402D-01 

            -3.900000D+00 1.800367046D-01 

            -3.800000D+00 1.800417950D-01 

            -3.700000D+00 1.800477566D-01 
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            -3.600000D+00 1.800547683D-01 

            -3.500000D+00 1.800630523D-01 

            -3.400000D+00 1.800728863D-01 

            -3.300000D+00 1.800846194D-01 

            -3.200000D+00 1.800986935D-01 

            -3.100000D+00 1.801156721D-01 

            -3.000000D+00 1.801362790D-01 

            -2.900000D+00 1.801614518D-01 

            -2.800000D+00 1.801924153D-01 

            -2.700000D+00 1.802307847D-01 

            -2.600000D+00 1.802787110D-01 

            -2.500000D+00 1.803390894D-01 

            -2.400000D+00 1.804158621D-01 

            -2.300000D+00 1.805144636D-01 

            -2.200000D+00 1.806424873D-01 

            -2.100000D+00 1.808106990D-01 

            -2.000000D+00 1.810346076D-01 

            -1.900000D+00 1.813369475D-01 

            -1.800000D+00 1.817516898D-01 

            -1.700000D+00 1.823306801D-01 

            -1.600000D+00 1.831549152D-01 

            -1.516621D+00 1.841212434D-01 

            -1.454555D+00 1.850767205D-01 

            -1.404231D+00 1.860513249D-01 

            -1.362548D+00 1.870321195D-01 
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            -1.327140D+00 1.880178341D-01 

            -1.296499D+00 1.890067482D-01 

            -1.269582D+00 1.899979273D-01 

            -1.245641D+00 1.909907523D-01 

            -1.224129D+00 1.919848088D-01 

            -1.204630D+00 1.929798091D-01 

            -1.186826D+00 1.939755476D-01 

            -1.170464D+00 1.949718739D-01 

            -1.155344D+00 1.959686756D-01 

            -1.141303D+00 1.969658671D-01 

            -1.128208D+00 1.979633817D-01 

            -1.115948D+00 1.989611675D-01 

            -1.104429D+00 1.999591827D-01 

            -1.093573D+00 2.009573939D-01 

            -1.083312D+00 2.019557737D-01 

            -1.073052D+00 2.030111066D-01 

            -1.063052D+00 2.040980402D-01 

            -1.053052D+00 2.052463626D-01 

            -1.043052D+00 2.064600684D-01 

            -1.033052D+00 2.077434411D-01 

            -1.023052D+00 2.091010757D-01 

            -1.013052D+00 2.105379025D-01 

            -1.003052D+00 2.120592129D-01 

            -9.930521D-01 2.136706875D-01 

            -9.830521D-01 2.153784255D-01 
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            -9.730521D-01 2.171889769D-01 

            -9.630521D-01 2.191093765D-01 

            -9.530521D-01 2.211471809D-01 

            -9.430521D-01 2.233105069D-01 

            -9.330521D-01 2.256080731D-01 

            -9.230521D-01 2.280492439D-01 

            -9.130521D-01 2.306440754D-01 

            -9.030521D-01 2.334033645D-01 

            -8.930521D-01 2.363386990D-01 

            -8.830521D-01 2.394625109D-01 

            -8.730521D-01 2.427881303D-01 

            -8.630521D-01 2.463298408D-01 

            -8.530521D-01 2.501029348D-01 

            -8.430521D-01 2.541237691D-01 

            -8.330521D-01 2.584098175D-01 

            -8.230521D-01 2.629797215D-01 

            -8.130521D-01 2.678533350D-01 

            -8.030521D-01 2.730517619D-01 

            -7.930521D-01 2.785973835D-01 

            -7.830521D-01 2.845138719D-01 

            -7.730521D-01 2.908261864D-01 

            -7.630521D-01 2.975605459D-01 

            -7.530521D-01 3.047443739D-01 

            -7.430521D-01 3.124062077D-01 

            -7.330521D-01 3.205755645D-01 
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            -7.230521D-01 3.292827562D-01 

            -7.130521D-01 3.385586425D-01 

            -7.030521D-01 3.484343130D-01 

            -6.930521D-01 3.589406855D-01 

            -6.830521D-01 3.701080119D-01 

            -6.730521D-01 3.819652788D-01 

            -6.630521D-01 3.945394950D-01 

            -6.530521D-01 4.078548593D-01 

            -6.430521D-01 4.219318038D-01 

            -6.330521D-01 4.367859181D-01 

            -6.230521D-01 4.524267619D-01 

            -6.130521D-01 4.688565875D-01 

            -6.030521D-01 4.860690018D-01 

            -5.930521D-01 5.040476139D-01 

            -5.830521D-01 5.227647261D-01 

            -5.730521D-01 5.421801425D-01 

            -5.630521D-01 5.622401805D-01 

            -5.530521D-01 5.828769834D-01 

            -5.430521D-01 6.040082311D-01 

            -5.330521D-01 6.255373462D-01 

            -5.230521D-01 6.473542759D-01 

            -5.130521D-01 6.693369047D-01 

            -5.030521D-01 6.913531167D-01 

            -4.930521D-01 7.132634796D-01 

            -4.830521D-01 7.349244702D-01 



 

242 

 

            -4.730521D-01 7.561921115D-01 

            -4.630521D-01 7.769258427D-01 

            -4.530521D-01 7.969924138D-01 

            -4.430521D-01 8.162695787D-01 

            -4.330521D-01 8.346493723D-01 

            -4.230521D-01 8.520407811D-01 

            -4.130521D-01 8.683716669D-01 

            -4.030521D-01 8.835898627D-01 

            -3.930521D-01 8.976634244D-01 

            -3.830521D-01 9.105800835D-01 

            -3.730521D-01 9.223460002D-01 

            -3.630521D-01 9.329839522D-01 

            -3.530521D-01 9.425311174D-01 

            -3.430521D-01 9.510366113D-01 

            -3.330521D-01 9.585589328D-01 

            -3.230521D-01 9.651634513D-01 

            -3.130521D-01 9.709200398D-01 

            -3.030521D-01 9.759009330D-01 

            -2.930521D-01 9.801788595D-01 

            -2.830521D-01 9.838254706D-01 

            -2.730521D-01 9.869100712D-01 

            -2.630521D-01 9.894986385D-01 

            -2.530521D-01 9.916531063D-01 

            -2.430521D-01 9.934308830D-01 

            -2.330521D-01 9.948845715D-01 



 

243 

 

            -2.230521D-01 9.960618561D-01 

            -2.130521D-01 9.970055245D-01 

            -2.030521D-01 9.977535953D-01 

            -1.930521D-01 9.983395246D-01 

            -1.830521D-01 9.987924701D-01 

            -1.730521D-01 9.991375933D-01 

            -1.630521D-01 9.993963848D-01 

            -1.530521D-01 9.995870014D-01 

            -1.430521D-01 9.997246035D-01 

            -1.312358D-01 9.998358001D-01 

            -1.087065D-01 9.999469535D-01 

            -4.592805D-02 9.999996982D-01 

            0.000000D+00 1.000000000D+00 

        end ! p-sat 

    end ! unsat tables 

end material 

 

tay_region1.fprops 

!-------------9mbgs 

hfracture9 

 

specific storage 

1.e-1 

 

aperture 



 

244 

 

500.e-6 

 

longitudinal dispersivity 

8 

 

transverse dispersivity 

0.8 

 

    unsaturated tables 

        saturation-relative k 

            1.800105973D-01 4.4549345538D-04 

            1.800117237D-01 4.4550599991D-04 

            1.800129968D-01 4.4552017931D-04 

            1.800144396D-01 4.4553624767D-04 

            1.800160788D-01 4.4555450525D-04 

            1.800179466D-01 4.4557530809D-04 

            1.800200808D-01 4.4559908001D-04 

            1.800225269D-01 4.4562632744D-04 

            1.800253394D-01 4.4565765803D-04 

            1.800285841D-01 4.4569380394D-04 

            1.800323402D-01 4.4573565137D-04 

            1.800367046D-01 4.4578427795D-04 

            1.800417950D-01 4.4584100062D-04 

            1.800477566D-01 4.4590743715D-04 

            1.800547683D-01 4.4598558573D-04 



 

245 

 

            1.800630523D-01 4.4607792874D-04 

            1.800728863D-01 4.4618756896D-04 

            1.800846194D-01 4.4631840982D-04 

            1.800986935D-01 4.4647539581D-04 

            1.801156721D-01 4.4666483605D-04 

            1.801362790D-01 4.4689484378D-04 

            1.801614518D-01 4.4717593946D-04 

            1.801924153D-01 4.4752188707D-04 

            1.802307847D-01 4.4795086747D-04 

            1.802787110D-01 4.4848714515D-04 

            1.803390894D-01 4.4916346825D-04 

            1.804158621D-01 4.5002457562D-04 

            1.805144636D-01 4.5113240530D-04 

            1.806424873D-01 4.5257396940D-04 

            1.808106990D-01 4.5447349924D-04 

            1.810346076D-01 4.5701159952D-04 

            1.813369475D-01 4.6045623081D-04 

            1.817516898D-01 4.6521430296D-04 

            1.823306801D-01 4.7192054431D-04 

            1.831549152D-01 4.8159681033D-04 

            1.841212434D-01 4.9313695138D-04 

            1.850767205D-01 5.0475784737D-04 

            1.860513249D-01 5.1682968789D-04 

            1.870321195D-01 5.2920371018D-04 

            1.880178341D-01 5.4187074558D-04 



 

246 

 

            1.890067482D-01 5.5481462030D-04 

            1.899979273D-01 5.6802818405D-04 

            1.909907523D-01 5.8150777724D-04 

            1.919848088D-01 5.9525204449D-04 

            1.929798091D-01 6.0926106629D-04 

            1.939755476D-01 6.2353586674D-04 

            1.949718739D-01 6.3807811112D-04 

            1.959686756D-01 6.5288991471D-04 

            1.969658671D-01 6.6797371824D-04 

            1.979633817D-01 6.8333220465D-04 

            1.989611675D-01 6.9896824192D-04 

            1.999591827D-01 7.1488484320D-04 

            2.009573939D-01 7.3108513829D-04 

            2.019557737D-01 7.4757235298D-04 

            2.030111066D-01 7.6531300583D-04 

            2.040980402D-01 7.8392543534D-04 

            2.052463626D-01 8.0396957172D-04 

            2.064600684D-01 8.2558596457D-04 

            2.077434411D-01 8.4893207950D-04 

            2.091010757D-01 8.7418470106D-04 

            2.105379025D-01 9.0154272607D-04 

            2.120592129D-01 9.3123041827D-04 

            2.136706875D-01 9.6350120895D-04 

            2.153784255D-01 9.9864214557D-04 

            2.171889769D-01 1.0369791109D-03 



 

247 

 

            2.191093765D-01 1.0788829611D-03 

            2.211471809D-01 1.1247767600D-03 

            2.233105069D-01 1.1751443273D-03 

            2.256080731D-01 1.2305403630D-03 

            2.280492439D-01 1.2916024647D-03 

            2.306440754D-01 1.3590654287D-03 

            2.334033645D-01 1.4337783043D-03 

            2.363386990D-01 1.5167247806D-03 

            2.394625109D-01 1.6090476098D-03 

            2.427881303D-01 1.7120779289D-03 

            2.463298408D-01 1.8273705357D-03 

            2.501029348D-01 1.9567464126D-03 

            2.541237691D-01 2.1023440799D-03 

            2.584098175D-01 2.2666817196D-03 

            2.629797215D-01 2.4527324414D-03 

            2.678533350D-01 2.6640155893D-03 

            2.730517619D-01 2.9047076276D-03 

            2.785973835D-01 3.1797769025D-03 

            2.845138719D-01 3.4951474917D-03 

            2.908261864D-01 3.8578984193D-03 

            2.975605459D-01 4.2765057549D-03 

            3.047443739D-01 4.7611365245D-03 

            3.124062077D-01 5.3240049165D-03 

            3.205755645D-01 5.9798029200D-03 

            3.292827562D-01 6.7462191842D-03 



 

248 

 

            3.385586425D-01 7.6445613662D-03 

            3.484343130D-01 8.7004982804D-03 

            3.589406855D-01 9.9449383647D-03 

            3.701080119D-01 1.1415059772D-02 

            3.819652788D-01 1.3155503977D-02 

            3.945394950D-01 1.5219738126D-02 

            4.078548593D-01 1.7671580136D-02 

            4.219318038D-01 2.0586863278D-02 

            4.367859181D-01 2.4055191998D-02 

            4.524267619D-01 2.8181706582D-02 

            4.688565875D-01 3.3088730143D-02 

            4.860690018D-01 3.8917117464D-02 

            5.040476139D-01 4.5827064020D-02 

            5.227647261D-01 5.3998070355D-02 

            5.421801425D-01 6.3627701242D-02 

            5.622401805D-01 7.4928744697D-02 

            5.828769834D-01 8.8124380815D-02 

            6.040082311D-01 1.0344103486D-01 

            6.255373462D-01 1.2109873181D-01 

            6.473542759D-01 1.4129900198D-01 

            6.693369047D-01 1.6421070653D-01 

            6.913531167D-01 1.8995453347D-01 

            7.132634796D-01 2.1858731009D-01 

            7.349244702D-01 2.5008761564D-01 

            7.561921115D-01 2.8434437509D-01 



 

249 

 

            7.769258427D-01 3.2115009442D-01 

            7.969924138D-01 3.6020011246D-01 

            8.162695787D-01 4.0109869638D-01 

            8.346493723D-01 4.4337205836D-01 

            8.520407811D-01 4.8648753647D-01 

            8.683716669D-01 5.2987740681D-01 

            8.835898627D-01 5.7296522094D-01 

            8.976634244D-01 6.1519229214D-01 

            9.105800835D-01 6.5604202701D-01 

            9.223460002D-01 6.9506018153D-01 

            9.329839522D-01 7.3186972446D-01 

            9.425311174D-01 7.6617969392D-01 

            9.510366113D-01 7.9778811440D-01 

            9.585589328D-01 8.2657960330D-01 

            9.651634513D-01 8.5251868209D-01 

            9.709200398D-01 8.7564000061D-01 

            9.759009330D-01 8.9603670340D-01 

            9.801788595D-01 9.1384805426D-01 

            9.838254706D-01 9.2924723811D-01 

            9.869100712D-01 9.4243002512D-01 

            9.894986385D-01 9.5360474747D-01 

            9.916531063D-01 9.6298383045D-01 

            9.934308830D-01 9.7077695012D-01 

            9.948845715D-01 9.7718576495D-01 

            9.960618561D-01 9.8240008546D-01 



 

250 

 

            9.970055245D-01 9.8659529863D-01 

            9.977535953D-01 9.8993084456D-01 

            9.983395246D-01 9.9254954370D-01 

            9.987924701D-01 9.9457758693D-01 

            9.991375933D-01 9.9612502270D-01 

            9.993963848D-01 9.9728659971D-01 

            9.995870014D-01 9.9814284907D-01 

            9.997246035D-01 9.9876131293D-01 

            9.998358001D-01 9.9926131293D-01 

            9.999469535D-01 9.9976131293D-01 

            9.999996982D-01 9.9999864220D-01 

            1.000000000D+00 1.0000000000D+00 

        end !sat-krw 

        pressure-saturation 

            -5.000000D+00 1.800105973D-01 

            -4.900000D+00 1.800117237D-01 

            -4.800000D+00 1.800129968D-01 

            -4.700000D+00 1.800144396D-01 

            -4.600000D+00 1.800160788D-01 

            -4.500000D+00 1.800179466D-01 

            -4.400000D+00 1.800200808D-01 

            -4.300000D+00 1.800225269D-01 

            -4.200000D+00 1.800253394D-01 

            -4.100000D+00 1.800285841D-01 

            -4.000000D+00 1.800323402D-01 



 

251 

 

            -3.900000D+00 1.800367046D-01 

            -3.800000D+00 1.800417950D-01 

            -3.700000D+00 1.800477566D-01 

            -3.600000D+00 1.800547683D-01 

            -3.500000D+00 1.800630523D-01 

            -3.400000D+00 1.800728863D-01 

            -3.300000D+00 1.800846194D-01 

            -3.200000D+00 1.800986935D-01 

            -3.100000D+00 1.801156721D-01 

            -3.000000D+00 1.801362790D-01 

            -2.900000D+00 1.801614518D-01 

            -2.800000D+00 1.801924153D-01 

            -2.700000D+00 1.802307847D-01 

            -2.600000D+00 1.802787110D-01 

            -2.500000D+00 1.803390894D-01 

            -2.400000D+00 1.804158621D-01 

            -2.300000D+00 1.805144636D-01 

            -2.200000D+00 1.806424873D-01 

            -2.100000D+00 1.808106990D-01 

            -2.000000D+00 1.810346076D-01 

            -1.900000D+00 1.813369475D-01 

            -1.800000D+00 1.817516898D-01 

            -1.700000D+00 1.823306801D-01 

            -1.600000D+00 1.831549152D-01 

            -1.516621D+00 1.841212434D-01 



 

252 

 

            -1.454555D+00 1.850767205D-01 

            -1.404231D+00 1.860513249D-01 

            -1.362548D+00 1.870321195D-01 

            -1.327140D+00 1.880178341D-01 

            -1.296499D+00 1.890067482D-01 

            -1.269582D+00 1.899979273D-01 

            -1.245641D+00 1.909907523D-01 

            -1.224129D+00 1.919848088D-01 

            -1.204630D+00 1.929798091D-01 

            -1.186826D+00 1.939755476D-01 

            -1.170464D+00 1.949718739D-01 

            -1.155344D+00 1.959686756D-01 

            -1.141303D+00 1.969658671D-01 

            -1.128208D+00 1.979633817D-01 

            -1.115948D+00 1.989611675D-01 

            -1.104429D+00 1.999591827D-01 

            -1.093573D+00 2.009573939D-01 

            -1.083312D+00 2.019557737D-01 

            -1.073052D+00 2.030111066D-01 

            -1.063052D+00 2.040980402D-01 

            -1.053052D+00 2.052463626D-01 

            -1.043052D+00 2.064600684D-01 

            -1.033052D+00 2.077434411D-01 

            -1.023052D+00 2.091010757D-01 

            -1.013052D+00 2.105379025D-01 



 

253 

 

            -1.003052D+00 2.120592129D-01 

            -9.930521D-01 2.136706875D-01 

            -9.830521D-01 2.153784255D-01 

            -9.730521D-01 2.171889769D-01 

            -9.630521D-01 2.191093765D-01 

            -9.530521D-01 2.211471809D-01 

            -9.430521D-01 2.233105069D-01 

            -9.330521D-01 2.256080731D-01 

            -9.230521D-01 2.280492439D-01 

            -9.130521D-01 2.306440754D-01 

            -9.030521D-01 2.334033645D-01 

            -8.930521D-01 2.363386990D-01 

            -8.830521D-01 2.394625109D-01 

            -8.730521D-01 2.427881303D-01 

            -8.630521D-01 2.463298408D-01 

            -8.530521D-01 2.501029348D-01 

            -8.430521D-01 2.541237691D-01 

            -8.330521D-01 2.584098175D-01 

            -8.230521D-01 2.629797215D-01 

            -8.130521D-01 2.678533350D-01 

            -8.030521D-01 2.730517619D-01 

            -7.930521D-01 2.785973835D-01 

            -7.830521D-01 2.845138719D-01 

            -7.730521D-01 2.908261864D-01 

            -7.630521D-01 2.975605459D-01 



 

254 

 

            -7.530521D-01 3.047443739D-01 

            -7.430521D-01 3.124062077D-01 

            -7.330521D-01 3.205755645D-01 

            -7.230521D-01 3.292827562D-01 

            -7.130521D-01 3.385586425D-01 

            -7.030521D-01 3.484343130D-01 

            -6.930521D-01 3.589406855D-01 

            -6.830521D-01 3.701080119D-01 

            -6.730521D-01 3.819652788D-01 

            -6.630521D-01 3.945394950D-01 

            -6.530521D-01 4.078548593D-01 

            -6.430521D-01 4.219318038D-01 

            -6.330521D-01 4.367859181D-01 

            -6.230521D-01 4.524267619D-01 

            -6.130521D-01 4.688565875D-01 

            -6.030521D-01 4.860690018D-01 

            -5.930521D-01 5.040476139D-01 

            -5.830521D-01 5.227647261D-01 

            -5.730521D-01 5.421801425D-01 

            -5.630521D-01 5.622401805D-01 

            -5.530521D-01 5.828769834D-01 

            -5.430521D-01 6.040082311D-01 

            -5.330521D-01 6.255373462D-01 

            -5.230521D-01 6.473542759D-01 

            -5.130521D-01 6.693369047D-01 



 

255 

 

            -5.030521D-01 6.913531167D-01 

            -4.930521D-01 7.132634796D-01 

            -4.830521D-01 7.349244702D-01 

            -4.730521D-01 7.561921115D-01 

            -4.630521D-01 7.769258427D-01 

            -4.530521D-01 7.969924138D-01 

            -4.430521D-01 8.162695787D-01 

            -4.330521D-01 8.346493723D-01 

            -4.230521D-01 8.520407811D-01 

            -4.130521D-01 8.683716669D-01 

            -4.030521D-01 8.835898627D-01 

            -3.930521D-01 8.976634244D-01 

            -3.830521D-01 9.105800835D-01 

            -3.730521D-01 9.223460002D-01 

            -3.630521D-01 9.329839522D-01 

            -3.530521D-01 9.425311174D-01 

            -3.430521D-01 9.510366113D-01 

            -3.330521D-01 9.585589328D-01 

            -3.230521D-01 9.651634513D-01 

            -3.130521D-01 9.709200398D-01 

            -3.030521D-01 9.759009330D-01 

            -2.930521D-01 9.801788595D-01 

            -2.830521D-01 9.838254706D-01 

            -2.730521D-01 9.869100712D-01 

            -2.630521D-01 9.894986385D-01 



 

256 

 

            -2.530521D-01 9.916531063D-01 

            -2.430521D-01 9.934308830D-01 

            -2.330521D-01 9.948845715D-01 

            -2.230521D-01 9.960618561D-01 

            -2.130521D-01 9.970055245D-01 

            -2.030521D-01 9.977535953D-01 

            -1.930521D-01 9.983395246D-01 

            -1.830521D-01 9.987924701D-01 

            -1.730521D-01 9.991375933D-01 

            -1.630521D-01 9.993963848D-01 

            -1.530521D-01 9.995870014D-01 

            -1.430521D-01 9.997246035D-01 

            -1.312358D-01 9.998358001D-01 

            -1.087065D-01 9.999469535D-01 

            -4.592805D-02 9.999996982D-01 

            0.000000D+00 1.000000000D+00 

        end ! p-sat 

    end ! unsat tables 

 

end material 

 

 

!-------------vertical fracture in tracer pool 

vfracturetracer 

 



 

257 

 

specific storage 

1.e-1 

 

aperture 

500.e-6 

 

longitudinal dispersivity 

8 

 

transverse dispersivity 

0.8 

 

    unsaturated tables 

        saturation-relative k 

            1.800105973D-01 4.4549345538D-04 

            1.800117237D-01 4.4550599991D-04 

            1.800129968D-01 4.4552017931D-04 

            1.800144396D-01 4.4553624767D-04 

            1.800160788D-01 4.4555450525D-04 

            1.800179466D-01 4.4557530809D-04 

            1.800200808D-01 4.4559908001D-04 

            1.800225269D-01 4.4562632744D-04 

            1.800253394D-01 4.4565765803D-04 

            1.800285841D-01 4.4569380394D-04 

            1.800323402D-01 4.4573565137D-04 



 

258 

 

            1.800367046D-01 4.4578427795D-04 

            1.800417950D-01 4.4584100062D-04 

            1.800477566D-01 4.4590743715D-04 

            1.800547683D-01 4.4598558573D-04 

            1.800630523D-01 4.4607792874D-04 

            1.800728863D-01 4.4618756896D-04 

            1.800846194D-01 4.4631840982D-04 

            1.800986935D-01 4.4647539581D-04 

            1.801156721D-01 4.4666483605D-04 

            1.801362790D-01 4.4689484378D-04 

            1.801614518D-01 4.4717593946D-04 

            1.801924153D-01 4.4752188707D-04 

            1.802307847D-01 4.4795086747D-04 

            1.802787110D-01 4.4848714515D-04 

            1.803390894D-01 4.4916346825D-04 

            1.804158621D-01 4.5002457562D-04 

            1.805144636D-01 4.5113240530D-04 

            1.806424873D-01 4.5257396940D-04 

            1.808106990D-01 4.5447349924D-04 

            1.810346076D-01 4.5701159952D-04 

            1.813369475D-01 4.6045623081D-04 

            1.817516898D-01 4.6521430296D-04 

            1.823306801D-01 4.7192054431D-04 

            1.831549152D-01 4.8159681033D-04 

            1.841212434D-01 4.9313695138D-04 



 

259 

 

            1.850767205D-01 5.0475784737D-04 

            1.860513249D-01 5.1682968789D-04 

            1.870321195D-01 5.2920371018D-04 

            1.880178341D-01 5.4187074558D-04 

            1.890067482D-01 5.5481462030D-04 

            1.899979273D-01 5.6802818405D-04 

            1.909907523D-01 5.8150777724D-04 

            1.919848088D-01 5.9525204449D-04 

            1.929798091D-01 6.0926106629D-04 

            1.939755476D-01 6.2353586674D-04 

            1.949718739D-01 6.3807811112D-04 

            1.959686756D-01 6.5288991471D-04 

            1.969658671D-01 6.6797371824D-04 

            1.979633817D-01 6.8333220465D-04 

            1.989611675D-01 6.9896824192D-04 

            1.999591827D-01 7.1488484320D-04 

            2.009573939D-01 7.3108513829D-04 

            2.019557737D-01 7.4757235298D-04 

            2.030111066D-01 7.6531300583D-04 

            2.040980402D-01 7.8392543534D-04 

            2.052463626D-01 8.0396957172D-04 

            2.064600684D-01 8.2558596457D-04 

            2.077434411D-01 8.4893207950D-04 

            2.091010757D-01 8.7418470106D-04 

            2.105379025D-01 9.0154272607D-04 
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            2.120592129D-01 9.3123041827D-04 

            2.136706875D-01 9.6350120895D-04 

            2.153784255D-01 9.9864214557D-04 

            2.171889769D-01 1.0369791109D-03 

            2.191093765D-01 1.0788829611D-03 

            2.211471809D-01 1.1247767600D-03 

            2.233105069D-01 1.1751443273D-03 

            2.256080731D-01 1.2305403630D-03 

            2.280492439D-01 1.2916024647D-03 

            2.306440754D-01 1.3590654287D-03 

            2.334033645D-01 1.4337783043D-03 

            2.363386990D-01 1.5167247806D-03 

            2.394625109D-01 1.6090476098D-03 

            2.427881303D-01 1.7120779289D-03 

            2.463298408D-01 1.8273705357D-03 

            2.501029348D-01 1.9567464126D-03 

            2.541237691D-01 2.1023440799D-03 

            2.584098175D-01 2.2666817196D-03 

            2.629797215D-01 2.4527324414D-03 

            2.678533350D-01 2.6640155893D-03 

            2.730517619D-01 2.9047076276D-03 

            2.785973835D-01 3.1797769025D-03 

            2.845138719D-01 3.4951474917D-03 

            2.908261864D-01 3.8578984193D-03 

            2.975605459D-01 4.2765057549D-03 
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            3.047443739D-01 4.7611365245D-03 

            3.124062077D-01 5.3240049165D-03 

            3.205755645D-01 5.9798029200D-03 

            3.292827562D-01 6.7462191842D-03 

            3.385586425D-01 7.6445613662D-03 

            3.484343130D-01 8.7004982804D-03 

            3.589406855D-01 9.9449383647D-03 

            3.701080119D-01 1.1415059772D-02 

            3.819652788D-01 1.3155503977D-02 

            3.945394950D-01 1.5219738126D-02 

            4.078548593D-01 1.7671580136D-02 

            4.219318038D-01 2.0586863278D-02 

            4.367859181D-01 2.4055191998D-02 

            4.524267619D-01 2.8181706582D-02 

            4.688565875D-01 3.3088730143D-02 

            4.860690018D-01 3.8917117464D-02 

            5.040476139D-01 4.5827064020D-02 

            5.227647261D-01 5.3998070355D-02 

            5.421801425D-01 6.3627701242D-02 

            5.622401805D-01 7.4928744697D-02 

            5.828769834D-01 8.8124380815D-02 

            6.040082311D-01 1.0344103486D-01 

            6.255373462D-01 1.2109873181D-01 

            6.473542759D-01 1.4129900198D-01 

            6.693369047D-01 1.6421070653D-01 
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            6.913531167D-01 1.8995453347D-01 

            7.132634796D-01 2.1858731009D-01 

            7.349244702D-01 2.5008761564D-01 

            7.561921115D-01 2.8434437509D-01 

            7.769258427D-01 3.2115009442D-01 

            7.969924138D-01 3.6020011246D-01 

            8.162695787D-01 4.0109869638D-01 

            8.346493723D-01 4.4337205836D-01 

            8.520407811D-01 4.8648753647D-01 

            8.683716669D-01 5.2987740681D-01 

            8.835898627D-01 5.7296522094D-01 

            8.976634244D-01 6.1519229214D-01 

            9.105800835D-01 6.5604202701D-01 

            9.223460002D-01 6.9506018153D-01 

            9.329839522D-01 7.3186972446D-01 

            9.425311174D-01 7.6617969392D-01 

            9.510366113D-01 7.9778811440D-01 

            9.585589328D-01 8.2657960330D-01 

            9.651634513D-01 8.5251868209D-01 

            9.709200398D-01 8.7564000061D-01 

            9.759009330D-01 8.9603670340D-01 

            9.801788595D-01 9.1384805426D-01 

            9.838254706D-01 9.2924723811D-01 

            9.869100712D-01 9.4243002512D-01 

            9.894986385D-01 9.5360474747D-01 
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            9.916531063D-01 9.6298383045D-01 

            9.934308830D-01 9.7077695012D-01 

            9.948845715D-01 9.7718576495D-01 

            9.960618561D-01 9.8240008546D-01 

            9.970055245D-01 9.8659529863D-01 

            9.977535953D-01 9.8993084456D-01 

            9.983395246D-01 9.9254954370D-01 

            9.987924701D-01 9.9457758693D-01 

            9.991375933D-01 9.9612502270D-01 

            9.993963848D-01 9.9728659971D-01 

            9.995870014D-01 9.9814284907D-01 

            9.997246035D-01 9.9876131293D-01 

            9.998358001D-01 9.9926131293D-01 

            9.999469535D-01 9.9976131293D-01 

            9.999996982D-01 9.9999864220D-01 

            1.000000000D+00 1.0000000000D+00 

        end !sat-krw 

        pressure-saturation 

            -5.000000D+00 1.800105973D-01 

            -4.900000D+00 1.800117237D-01 

            -4.800000D+00 1.800129968D-01 

            -4.700000D+00 1.800144396D-01 

            -4.600000D+00 1.800160788D-01 

            -4.500000D+00 1.800179466D-01 

            -4.400000D+00 1.800200808D-01 
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            -4.300000D+00 1.800225269D-01 

            -4.200000D+00 1.800253394D-01 

            -4.100000D+00 1.800285841D-01 

            -4.000000D+00 1.800323402D-01 

            -3.900000D+00 1.800367046D-01 

            -3.800000D+00 1.800417950D-01 

            -3.700000D+00 1.800477566D-01 

            -3.600000D+00 1.800547683D-01 

            -3.500000D+00 1.800630523D-01 

            -3.400000D+00 1.800728863D-01 

            -3.300000D+00 1.800846194D-01 

            -3.200000D+00 1.800986935D-01 

            -3.100000D+00 1.801156721D-01 

            -3.000000D+00 1.801362790D-01 

            -2.900000D+00 1.801614518D-01 

            -2.800000D+00 1.801924153D-01 

            -2.700000D+00 1.802307847D-01 

            -2.600000D+00 1.802787110D-01 

            -2.500000D+00 1.803390894D-01 

            -2.400000D+00 1.804158621D-01 

            -2.300000D+00 1.805144636D-01 

            -2.200000D+00 1.806424873D-01 

            -2.100000D+00 1.808106990D-01 

            -2.000000D+00 1.810346076D-01 

            -1.900000D+00 1.813369475D-01 
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            -1.800000D+00 1.817516898D-01 

            -1.700000D+00 1.823306801D-01 

            -1.600000D+00 1.831549152D-01 

            -1.516621D+00 1.841212434D-01 

            -1.454555D+00 1.850767205D-01 

            -1.404231D+00 1.860513249D-01 

            -1.362548D+00 1.870321195D-01 

            -1.327140D+00 1.880178341D-01 

            -1.296499D+00 1.890067482D-01 

            -1.269582D+00 1.899979273D-01 

            -1.245641D+00 1.909907523D-01 

            -1.224129D+00 1.919848088D-01 

            -1.204630D+00 1.929798091D-01 

            -1.186826D+00 1.939755476D-01 

            -1.170464D+00 1.949718739D-01 

            -1.155344D+00 1.959686756D-01 

            -1.141303D+00 1.969658671D-01 

            -1.128208D+00 1.979633817D-01 

            -1.115948D+00 1.989611675D-01 

            -1.104429D+00 1.999591827D-01 

            -1.093573D+00 2.009573939D-01 

            -1.083312D+00 2.019557737D-01 

            -1.073052D+00 2.030111066D-01 

            -1.063052D+00 2.040980402D-01 

            -1.053052D+00 2.052463626D-01 
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            -1.043052D+00 2.064600684D-01 

            -1.033052D+00 2.077434411D-01 

            -1.023052D+00 2.091010757D-01 

            -1.013052D+00 2.105379025D-01 

            -1.003052D+00 2.120592129D-01 

            -9.930521D-01 2.136706875D-01 

            -9.830521D-01 2.153784255D-01 

            -9.730521D-01 2.171889769D-01 

            -9.630521D-01 2.191093765D-01 

            -9.530521D-01 2.211471809D-01 

            -9.430521D-01 2.233105069D-01 

            -9.330521D-01 2.256080731D-01 

            -9.230521D-01 2.280492439D-01 

            -9.130521D-01 2.306440754D-01 

            -9.030521D-01 2.334033645D-01 

            -8.930521D-01 2.363386990D-01 

            -8.830521D-01 2.394625109D-01 

            -8.730521D-01 2.427881303D-01 

            -8.630521D-01 2.463298408D-01 

            -8.530521D-01 2.501029348D-01 

            -8.430521D-01 2.541237691D-01 

            -8.330521D-01 2.584098175D-01 

            -8.230521D-01 2.629797215D-01 

            -8.130521D-01 2.678533350D-01 

            -8.030521D-01 2.730517619D-01 
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            -7.930521D-01 2.785973835D-01 

            -7.830521D-01 2.845138719D-01 

            -7.730521D-01 2.908261864D-01 

            -7.630521D-01 2.975605459D-01 

            -7.530521D-01 3.047443739D-01 

            -7.430521D-01 3.124062077D-01 

            -7.330521D-01 3.205755645D-01 

            -7.230521D-01 3.292827562D-01 

            -7.130521D-01 3.385586425D-01 

            -7.030521D-01 3.484343130D-01 

            -6.930521D-01 3.589406855D-01 

            -6.830521D-01 3.701080119D-01 

            -6.730521D-01 3.819652788D-01 

            -6.630521D-01 3.945394950D-01 

            -6.530521D-01 4.078548593D-01 

            -6.430521D-01 4.219318038D-01 

            -6.330521D-01 4.367859181D-01 

            -6.230521D-01 4.524267619D-01 

            -6.130521D-01 4.688565875D-01 

            -6.030521D-01 4.860690018D-01 

            -5.930521D-01 5.040476139D-01 

            -5.830521D-01 5.227647261D-01 

            -5.730521D-01 5.421801425D-01 

            -5.630521D-01 5.622401805D-01 

            -5.530521D-01 5.828769834D-01 
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            -5.430521D-01 6.040082311D-01 

            -5.330521D-01 6.255373462D-01 

            -5.230521D-01 6.473542759D-01 

            -5.130521D-01 6.693369047D-01 

            -5.030521D-01 6.913531167D-01 

            -4.930521D-01 7.132634796D-01 

            -4.830521D-01 7.349244702D-01 

            -4.730521D-01 7.561921115D-01 

            -4.630521D-01 7.769258427D-01 

            -4.530521D-01 7.969924138D-01 

            -4.430521D-01 8.162695787D-01 

            -4.330521D-01 8.346493723D-01 

            -4.230521D-01 8.520407811D-01 

            -4.130521D-01 8.683716669D-01 

            -4.030521D-01 8.835898627D-01 

            -3.930521D-01 8.976634244D-01 

            -3.830521D-01 9.105800835D-01 

            -3.730521D-01 9.223460002D-01 

            -3.630521D-01 9.329839522D-01 

            -3.530521D-01 9.425311174D-01 

            -3.430521D-01 9.510366113D-01 

            -3.330521D-01 9.585589328D-01 

            -3.230521D-01 9.651634513D-01 

            -3.130521D-01 9.709200398D-01 

            -3.030521D-01 9.759009330D-01 
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            -2.930521D-01 9.801788595D-01 

            -2.830521D-01 9.838254706D-01 

            -2.730521D-01 9.869100712D-01 

            -2.630521D-01 9.894986385D-01 

            -2.530521D-01 9.916531063D-01 

            -2.430521D-01 9.934308830D-01 

            -2.330521D-01 9.948845715D-01 

            -2.230521D-01 9.960618561D-01 

            -2.130521D-01 9.970055245D-01 

            -2.030521D-01 9.977535953D-01 

            -1.930521D-01 9.983395246D-01 

            -1.830521D-01 9.987924701D-01 

            -1.730521D-01 9.991375933D-01 

            -1.630521D-01 9.993963848D-01 

            -1.530521D-01 9.995870014D-01 

            -1.430521D-01 9.997246035D-01 

            -1.312358D-01 9.998358001D-01 

            -1.087065D-01 9.999469535D-01 

            -4.592805D-02 9.999996982D-01 

            0.000000D+00 1.000000000D+00 

        end ! p-sat 

    end ! unsat tables 

end material 

 

rr.oprops 
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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 

  



 

271 

 

Appendix G 

Numerical Model Grid Development 

 

Grid development in numerical modelling is a very important step towards creating a useful and accurate 

groundwater model that represents field conditions. It is particularly important in fractured rock settings, 

where discretization around the fracture can influence the effects of matrix diffusion (Kozuskanich et al., 

2012). Much of the grid development for Chapter 4 was conducted in an ad hoc way, with many 

undocumented tests completed. The results of the formal grid testing are included in the following 

paragraphs. Grid development by the author will be conducted in a more formal manner in the future, 

which will likely result in more variation in the grid tests (see results below). 

 

Domain Sizing 

 

The results for larger and smaller domain sizes are shown in Figure E.1. Changes to the size of the 

domain showed no effect on the results of the base case (see Chapter 4) at the confluence of the horizontal 

and vertical fractures. Discretization around the fractures was the same for each domain size, and is 

discussed further below. The domain size of 400 m × 300 m was chosen for the study because that is the 

approximate size of the farmer’s field considered in the field components of this study. 

 

Fracture Discretization 

 

The impact of changing the grid spacing at the fracture – rock matrix interface is shown in Figure E.2. 

The larger grid spacing (0.1 m) adjacent to the rock matrix had a pronounced effect on tracer 

concentrations at the confluence of the horizontal and vertical fractures while the two other grid spacing 
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produced similar results (0.01 m and 0.001 m). A grid spacing of 0.01 m adjacent to the fractures was 

therefore chosen for the modelling study. 

 

The impact of changing the grid multipliers away from the fracture – matrix interface is shown in Figure 

E.3. The changes in multiplier had no effect on the tracer concentrations at the confluence of the 

horizontal and vertical fractures. The largest multiplier of 100 times was therefore used for the grid in the 

modelling study. Further discretization was included up to 18 m from the fracture interface.  

 

Final Grid 

 

The final grid is shown in Figure E.4. The results of the grid development show indicate that the final grid 

is a good representation of the vertical and horizontal fractures that we studied in Chapter 4.  
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Figure E.1 Breakthrough curves for different domain sizes. 
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Figure E.2 Breakthrough curves for different grid spacing at the fracture-matrix interface. 



 

275 

 

 

Figure E.3 Breakthrough curves for different grid multipliers away from the fracture-matrix 

interface. 
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Figure E.4 Grid used for all model runs in Chapter 4. 


