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Abstract 
 

Estimating groundwater recharge in cold climates during periods of dynamic seasonality such as winter 

melt periods and spring freshets is challenging due to subsurface heterogeneities and the complexity of 

vadose zone processes under partially frozen conditions. In order to obtain robust recharge estimates, 

numerical models simulating these complex processes need to be based on reliable parameter estimates 

and closely calibrated to field observations. This study focuses on quantifying recharge under an 

ephemeral stream that occasionally develops in the vicinity of a municipal well field during winter melts 

and spring freshets at a site in southern Ontario. Temperature and moisture content profiles in the vadose 

zone were obtained during the 2015 spring melt at three different locations (Stations), using a variety of 

hydrogeological instruments. Temperature thermisters were installed at 15-30 cm spacings from near 

ground surface to the depth of the water table in order to monitor transient heat migration during periods 

of rapid recharge. Similarly, transient soil water contend data were collected through the vadose zone at 

each site with a neutron probe. Water table fluctuations were monitored both directly at the study Stations 

as well as in a network of monitoring wells located around the Site, and where applicable the water table 

fluctuation method was used to estimate localized recharge. A transducers was installed at the ground 

surface near a study station directly in the path of the ephemeral stream to monitor surface water levels. 

Relevant meteorological data such as air temperature and precipitation was collected at a meteorological 

station installed in close vicinity of the study site during  previous studies at the site. 

 

These combined data sets were used to document and quantify groundwater recharge magnitude and 

duration during the spring melt event and also provided the boundary conditions for the numerical model 

(Hydrus 1D) and allowed for its calibration and validation.  Numerical models were developed at three 

stations to simulate water flow and heat transport in partially saturated media with transient boundary 

conditions based on the site-specific soil stratigraphy. Hydraulic and heat parameters were specified based 

on a combination of site-specific studies and literature values.  
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The cumulative infiltration estimates from the modelling exercise calculated in the Hydrus 1D package 

through water balance computations, showed a high variability in infiltration estimates at the three 

stations, demonstrating the extent of spatially variable recharge. Regions of rapid infiltration were 

observed at the site, as well as steep temperature gradients, which were used to help quantify recharge 

dynamics. The temperature and moisture content data provided support of surface water, groundwater 

interaction within event-based time periods predicted by the numerical models. The cumulative 

infiltration estimates at two of the stations over the brief spring melt period was higher than the average 

annual infiltration in the region, with one station being almost twice that amount (72 cm over 3 days), 

indicating that a significant pulse of water can infiltrate under relatively cold conditions in a very short 

period of time. Based on the subsurface temperature data, the transient nature of the frost layer appears to 

influence the timing of the recharge event and is therefore critical in accurate estimates of recharge under 

these cold climate conditions. Furthermore, Christie et al., 2009 found that surface water samples from 

the ephemeral stream at the study site had high concentrations of microbial indicator species, and 

therefore the intense recharge phenomena observed at the site has significant implications to groundwater 

vulnerability. An estimate of the total volume of recharge that can occur in the vicinity of the study site 

under transient conditions shows that a volume of water equal to the amount pumped per day (1 million 

Imperial gallons) by one of the downstream municipal wells can infiltrate within the brief spring melt 

period. The results of this study are important in managing the sustainability of groundwater resources 

from surface contaminants such as pathogens and for informing source water protection strategies in 

response to dynamic seasonality. 

 

 

 

 

 

 

  



v 

 

Acknowledgements 
 
I'd like to thank my supervisor Dr. David Rudolph for the opportunity and freedom to work on a 

challenging project that was relevant to my broader interests. I am grateful for your guidance, both 

technical and personal, during this experience and your encouragement through the obstacles and 

challenges. I have learned about more than just physical hydrogeology during this experience, for which 

you deserve significant credit. 

 

I extend my thanks to my committee members Dr. Emil Frind and Dr. Neil Thomson, for their technical 

support over the course of the study and for holding me to their high standards. I'd also like to thank Dr. 

Brewster Conant for his help in the field study and in understanding the nuances of thermal transport. I 

owe a huge thanks to Paul Johnson and Robert Ingleton for their invaluable support and guidance 

throughout the field component of the study. Thank you both for your patience and concern, and for being 

friends and mentors. I'd also like to thank Sue Fischer for all of her help throughout the program, from 

admission to graduation you have been an ever present form of support. 

 

I owe an infinite gratitude to my parents for supporting my decisions and academic pursuits, I couldn't 

have done this without you and am grateful for having you on my side. My sisters, thank you for setting 

the high standards to which I strive, for reassuring me on my goals and supporting me through my 

laboured pursuit of them. Finally, I'd like to thank my friends for being with me through the highs and 

lows of this endeavor. 

 

 

 

 

 

 

 

  



vi 

 

Table of Contents 
AUTHOR'S DECLARATION ...................................................................................................................... ii 

Abstract ........................................................................................................................................................ iii 

Acknowledgements ....................................................................................................................................... v 

List of Tables ............................................................................................................................................. viii 

List of Figures .............................................................................................................................................. ix 

1.0 Introduction ............................................................................................................................................. 1 

1.1 Research objectives ............................................................................................................................. 1 

2.0 Background Section: ............................................................................................................................... 3 

2.1 Groundwater Recharge Beneath Ephemeral Surface Water Bodies ................................................... 3 

2.2 Field-based Methods of Estimating Groundwater Recharge .............................................................. 3 

2.3 Study Site Description and Previous Work ......................................................................................... 6 

3.0 Methodology ......................................................................................................................................... 11 

3.1 Field Site characterization ................................................................................................................. 11 

3.2 Field Instrumentation ........................................................................................................................ 12 

3.2.1 Heat monitoring instrumentation ............................................................................................... 13 

3.2.2 Groundwater monitoring wells .................................................................................................. 13 

3.2.3 Neutron Probe Access Tubes and TDR Installations ................................................................. 14 

3.2.4 Pressure transducer network in the wells and surface water ...................................................... 14 

3.2.5 Relevant Meteorology Data from the MET Station ................................................................... 15 

3.3 Numerical Modelling tool ................................................................................................................. 15 

3.3.1 Hydraulic parameters ................................................................................................................. 15 

3.3.2 Heat Transport Parameters ......................................................................................................... 16 

3.3.3 Simulation Approach ................................................................................................................. 17 

3.3.4 Calibration .................................................................................................................................. 17 

3.4 Recharge Estimates ........................................................................................................................... 18 

3.4.1 Numerical Modelling ................................................................................................................. 18 

3.4.1 Water Table Fluctuation Method ............................................................................................... 18 

4.0 Results and Discussion ......................................................................................................................... 19 

4.1 Site characterization .......................................................................................................................... 19 

4.2 Transient Meteorological and Subsurface Data ................................................................................ 21 

4.2.1 Climate Data and Formation of Ephemeral Stream ................................................................... 21 

4.2.2 Hydraulic Head Data .................................................................................................................. 24 

4.2.3 Soil Water Content Data ............................................................................................................ 26 

4.2.4 Temperature Data ....................................................................................................................... 27 

4.3 Numerical model (Hydrus 1D) ......................................................................................................... 30 



vii 

 

4.3.1 Transient Flow Simulations at Station 4 .................................................................................... 30 

4.3.2 Modeling Results for Station 3 and 5 ......................................................................................... 37 

4.4 Recharge Estimates ........................................................................................................................... 39 

4.4.1 Water Table Fluctuation Method ............................................................................................... 39 

4.4.2 Cumulative Infiltration Estimates from Numerical Modelling .................................................. 40 

4.4.3 Total Volume of Recharge at Study Site.................................................................................... 41 

5.0 Conclusions ........................................................................................................................................... 45 

References ................................................................................................................................................... 47 

Appendices .................................................................................................................................................. 55 

Appendix A: Soil Cores .......................................................................................................................... 56 

Appendix B: Neutron Probe Calibration (Bekeris, 2007) ....................................................................... 62 

Appendix C: Grain Size Distribution (Missori, 2015) ............................................................................ 68 

Appendix D: Permeameter Tests (Missori, 2015) .................................................................................. 95 

Appendix E: Survey Data ....................................................................................................................... 97 

Appendix F: Geochemistry Data (Christie, 2009) ................................................................................ 117 

Appendix G: Temperature Thermister Casing Design (Brook, 2012) .................................................. 119 

Appendix H: Monitoring Well Details.................................................................................................. 121 

Appendix I: Water flow equations (HYDRUS 1D Manual Chapter 7, Simunek et. al, 2013) ............. 123 

Appendix J: Temperature instrumentation calibration .......................................................................... 133 

Appendix K: Soil Moisture Content Data (Neutron Probe) .................................................................. 135 

Appendix L: Hydrus 1D parameters ..................................................................................................... 138 

Appendix M: Numerical Models Profile Discretization ....................................................................... 140 

 

 

 

 

 

 

 

 

  



viii 

 

List of Tables 
 
Table 1: Combined values for range of hydraulic parameters used for initial conditions simulation in 
Hydrus ......................................................................................................................................................... 31 
Table 2: Hydraulic Parameters developed from trial and error variations of initial parameters used in 
Transient simulation ................................................................................................................................... 34 

  



ix 

 

List of Figures 
 

Figure 1: Location of study site in Southern Ontario (adapted from Brook, 2012) ...................................... 6 
Figure 2: Topography and drainage at Study Site (Oxford County GIS, 2015) .............................................. 7 
Figure 3: Cross section of hydrogeological setting through glacial outwash channel (Koch, 2009) ............. 8 
Figure 4: Site pictures of ephemeral stream ................................................................................................ 9 
Figure 5: Site location for detailed investigations ...................................................................................... 10 
Figure 6: Location of topographic transect and drilling program...............................................................12 
Figure 7: Location of regional monitoring wells used to monitor groundwater levels in the vicinity of the 
field stations located along the path of the ephemeral stream ................................................................. 14  
Instrumentation network at each of the study Stations............................................................................. 15 
Figure 8: Topographic survey cross sections. locations are shown on Figure 8 ......................................... 19  
Figure 9: Topographic contour map within study area based on the survey transect data ....................... 20 
Figure 10: Geological Cross Section based on sediment core data ............................................................ 21 
Figure 11: Daily cumulative precipitation and average daily air temperature ........................................... 22 
Figure 12: Picture of Snow Pack, March 9th, 2015 ..................................................................................... 23 
Figure 13: Surface Water Pressure Head and Average daily air temperature (MET Station) during March 
2015 ............................................................................................................................................................ 24 
Figure 14: Picture of ephemeral stream (looking South of Curry Road) on March 17th, 2015 .................. 24 
Figure 15: Average Daily Air Temperature and groundwater level fluctuations relative to March 1st 
levelsin monitoring wells in the vicinity of the study site ........................................................................... 25 
Figure 16: Water Table fluctuations over the spring melt period at Station 3, 4 and ................................ 26 
Figure 17: Moisture content profiles using the Neutron Probe for Core 3, 4 and 5 .................................. 27 
Figure 18: Temperature data  (Met Station); air, Station 4; surface water, soil surface and groundwater
 .................................................................................................................................................................... 28 
Figure 19: Comparison of Temperature data at Station 3 and 4 measured with string thermistors ......... 29 
Figure 20: Soil profile used for initial Hydrus1D model domain simulation ............................................... 30 
Figure 21: Soil water content initial conditions and hydrostatic pressure head distribution in soil profile 
for Station 4 ................................................................................................................................................ 32 
Figure 22: Time variable boundary conditions used in transient  simulation ............................................ 34 
Figure 23: Comparison of the simulated soil water content profiles (Sim) at Station 4 with the field data 
measured with the neutron probe (Obs) .................................................................................................... 35 
Figure 24: Initial conditions for soil temperature profile at Station 4 ........................................................ 36 
Figure 25: Comparison between simulated and observed soil temperature profiles at Station 4 ............ 37 
Figure 26:  Comparison of the simulated soil water  content profiles (Sim) at Station 3 with the field data 
measured with the neutron probe (NP) ..................................................................................................... 38 
Figure 27: Comparison of the simulated soil water  content profiles (Sim) at Station 5 with the field data 
measured with the neutron probe (NP) ..................................................................................................... 39 
Figure 28: Magnitude of groundwater level fluctuation in surrounding unconfined monitoring wells 
relative to initial levels measure on March 1st ........................................................................................... 40 
Figure 29: Cumulative infiltration estimates from numerical methods for Stations 3,4 and 5 .................. 41 
Figure 30: Ephemeral stream dimensions for total recharge estimates .................................................... 42 
Figure 32: Picture of field site showing approximate width of ephemeral stream on March 17th, 2015 . 43 
  



1 

 

1.0 Introduction 
 

Groundwater recharge represents a major component of the overall hydrologic cycle in most terrestrial 

environments. Recharge dynamics are influenced by many factors including surficial soil and subsurface 

conditions, topography, land use and climatic conditions. As such, its spatial and temporal quantification 

has proven to be challenging (Dripps and Bradbury, 2010; Fleckenstein et al., 2006; Jyrkama and Sykes, 

2007;  Cey et al., 1998). Both the timing and magnitude of recharge control annual groundwater storage 

replenishment and the introduction of surface-sourced contaminants to the subsurface, which in turn 

dictates sustainable aquifer yields, base flow and the quality of the groundwater resources.  

 

Recharge processes in cold climatic regions such as Canada, the northern United States and northern 

Europe for example, are influenced by extreme seasonal variability, which include frozen soil conditions, 

temporary snow cover and highly variable cycles of evapotranspiration. Under these conditions, 

groundwater recharge is highly transient and seasonally dependent. This is especially evident during the 

spring melt period. Most of the areas in Canada are covered by glacial drift that vary spatially in both 

thickness and sediment characteristic. Conventional approaches to evaluating annual average 

groundwater recharge rates are often based on the monitoring of groundwater level fluctuations, 

catchment flows and inverse modelling (Batlle-Aguilar and Cook, 2012; Constantz et al., 2001; Healy and 

Cook, 2002a, 2002b; Nakhaei and Šimůnek, 2014; Twarakavi et al., 2008). Although average annual 

recharge rates are of interest in considering regional water balances and groundwater resource 

development, the seasonal variability of the recharge cycle dictates the spatial distribution of recharge 

flux and the timing of the recharge events. This transient nature of recharge, particularly in cold regions, 

can be a critical factor in determining the regional availability of the groundwater resource and the 

vulnerability of aquifer systems and public supply wells.  

Identifying and quantifying transient recharge phenomena regionally, such as at the sub-watershed 

scale, has proven to be challenging due to the high degree of spatial and temporal variability and also as 

a result of the difficulty in field estimation (Iwata et al., 2010; Sophocleous, 2002; Winter et al., 1998). 

Numerical modeling tools that either couple or fully integrate surface water hydrology with the 

groundwater systems are routinely used to estimate regional recharge as the residual component of the 

water balance through a calibration process (Wiebe et al., 2015; Chung et al., 2010; Finch, 1998; 

Hornero et al., 2016; Okkonen and Kløve, 2011; Xu and Beekman, 2003). Direct field measurements of 

event-based recharge that could be used to ground truth the modeling results and identify vulnerable 

landscape settings, represents the focus of the current study. 

1.1 Research objectives 
 

This study focussed on quantifying infiltration and subsequent groundwater recharge within the vicinity 

of an ephemeral stream that develops due to large overland flow over partially frozen soils during spring 

freshet within glacial drift in southern Ontario during the winter 2015. The ephemeral stream 

temporarily flows in close proximity to several municipal supply wells. Due to the documented 
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occurrence of potential contaminants within the runoff waters, including microbial pathogen indicator 

species such as E-Coli (Christie et. al, 2009), infiltration along the streambed could be a significant source 

of contamination, thereby threatening the quality of the public supply wells. The occurrence of 

temporary or ephemeral surface waters is a common phenomenon during spring melt periods in cold 

regions. The main hypothesis of this work is that significant amounts of recharge flux from the 

perspective of contaminant loading can occur beneath ephemeral surface water features during the 

spring freshet. We propose that this type of event-based recharge phenomena may represent a threat 

to the drinking water quality of near-by public supply wells and should be considered when evaluating 

the long-term vulnerability of the municipal groundwater supply. The research involves two main 

components: 1). direct field measurement of infiltration in the vicinity of the ephemeral stream during 

the spring melt period and 2). numerical analysis of the combined field data sets to quantify the 

recharge flux.  

The key research objectives are 

1) to field monitor physical parameters such as soil moisture, heat and hydraulic head in the vicinity of 

the ephemeral stream through an integration of field instrumentation.  

2) to apply a sophisticated vadose zone model to field data to get reliable estimates of infiltration in the 

vicinity of the ephemeral stream 

3) to develop a case for public supply well vulnerability to snowmelt infiltration over agricultural fields 

which are known to contain pathogens. 

The work is presented beginning with a Background section describing the context of the current study 

and previous investigations characterizing the climatic and geological conditions at the site. The text 

then describes the methodology employed to address the objectives, which included a more detailed 

characterization of the site and a description of the installation procedure for various instruments in 

order to monitor transient climatic and hydrogeological conditions. The methodology section also 

describes the numerical modelling tool used in the study to analyse the field data and quantify transient 

infiltration at the site. The study then discusses the results from the field observations and subsequent 

numerical modelling exercise, including some of the associated challenges. The work concludes with a 

consideration of the implications of the results on public supply well vulnerability and regional 

groundwater management. 
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2.0 Background Section: 

2.1 Groundwater Recharge Beneath Ephemeral Surface Water Bodies 
 

Due to the high seasonal variability in climatic conditions in cold regions including most of Canada, 

northern United States, Scandinavia and Europe, water movement within the main components of the 

hydrologic cycle is extremely dynamic and variable. This is particularly evident during the spring melt 

period when significant volumes of stored precipitation in the form of snow are released to the partially 

frozen terrestrial surface over a short time period (Berthold, 2004). Although the spring freshet is 

primarily characterized as a major surface runoff event, a significant amount of the melt-waters 

infiltrate and recharge the subsurface during this time period (Berthold, 2004; Iwata et al., 2010). In 

some locations, this infiltration period may be the most significant of the entire year (Shentsis and 

Rosenthal, 2003; Subyani, 2004; Niswonger et al., 2005). The processes controlling the spatial and 

temporal distribution of recharge during the spring melt and the quantification of its magnitude are 

poorly understood (Sophocleous, 2002; Winter et al., 1998), yet they may be influential to aquifer 

replenishment and aquifer/public supply well vulnerability (Frind et al., 2006; Van Der Kamp and 

Hayashi, 1998). 

During the spring melt periods or following very high precipitation events, it is common for local 

temporary surface water bodies and ephemeral streams to develop as the land surface receives a large 

volume of surface runoff. As these features represent a concentration of the runoff waters, they may 

also be associated with locally high rates of recharge while they persist. For example, infiltration from 

ephemeral stream channels has been identified as an important source of aquifer recharge in arid and 

semiarid environments (Scanlon et al., 2006; Shanafield et al., 2014; Shanafield and Cook, 2014; 

Stewart-deaker et al., 2000). Numerous infiltration and recharge investigations have been conducted to 

quantify the contributions of streambed recharge to the water budget for resource planning (Baskaran 

et al., 2009; Callegary et al., 2007; Wilson et al.,1980). The majority of these studies of infiltration 

beneath ephemeral streams have focused on warm, semi-arid regions and often involving controlled 

infiltration experiments (Batlle-Aguilar and Cook, 2012; Scanlon et al., 2006; Stewart-deaker et al., 

2000). Shanafield and Cook (2014), compiled and discussed various ways in which infiltration beneath an 

ephemeral stream could be quantified in the field, including controlled infiltration experiments, tracer 

based methods including heat, water table fluctuations and water balance approaches. They note that 

these approaches can often be misleading when used independently, and the use of numerical models 

to quantify physical processes by integrating multiple data sets, particularly in the vadose zone, can 

form an integral part of quantifying water and heat flow beneath ephemeral streams.  

2.2 Field-based Methods of Estimating Groundwater Recharge 
 

Field studies of event-based recharge in cold regions are more limited (Iwata et al., 2010). Most 

reported studies have been based on the use of inverse parameter modelling to estimate recharge 

incorporating time variable boundary and physical conditions as opposed to direct field measurements 

(Batlle-Aguilar and Cook, 2012; Constantz et al., 2001; Yeh and Šimůnek, 2002). Although this approach 
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can provide valuable insight into the dynamic nature of transient recharge, local surface and subsurface 

heterogeneities are not easily accounted for and may result in significant uncertainties and non-

uniqueness in the model estimates limiting the upscaling of the results for regional modelling analysis 

(Doherty, 2003; Hopmans and Simunek, 1997; Haws, 2004). Field scale studies of local recharge during 

the spring melt have provided additional critical understanding of these transient phenomena. In cold 

regions, near-surface soils may freeze during winter months, potentially resulting in conditions of lower 

hydraulic conductivity at ground surface. The influence of frost on soil permeability will depend on soil 

water content, grain size distribution and the nature of macroporosity (Flury et al., 1994; Hendrickx and 

Flury, 2001). During the spring melt, the influence of frost in the soil profile along with low intrinsic 

infiltration capacity of a portion of the near surface sediments can result in the transient generation of 

significant overland flow and the temporary collection of surface water in topographic lows (Woo and 

Winter, 1993). Derby and Knighton (2001), and Iwata et al. (2010), demonstrated that snowmelt water 

collecting in closed topographic lows can infiltrate fairly rapidly when the underlying soil thaws, 

providing a large input of groundwater recharge over a relatively short time period. A five‐year study 

conducted by Iwata et al. (2008a), found that thin frozen layers did not impede snowmelt infiltration 

and a large amount of snowmelt water infiltrated to deeper soil horizons and possibly to the water table 

during the spring freshet period. Elsewhere, studies have shown that infiltration flux may be reduced as 

infiltrating melt water refreezes in the shallow soil profile temporarily reducing both the hydraulic 

conductivity and infiltration rate (Bayard et al., 2005). These studies demonstrate the transient and 

highly variable nature of spring recharge. 

In addition to the formation of local water-filled depressions, ephemeral streams of runoff waters may 

also temporarily form on the landscape. Under these conditions, melt-water from a potentially large 

catchment area can focus in interconnected topographic lows resulting in the development of a 

temporary surface water drainage system. As in the case of the depression focused recharge features, 

transient and spatially variable groundwater recharge can occur beneath these ephemeral streams 

(Berthold, 2004; Shanafield and Cook, 2014).  The magnitude and distribution of groundwater recharge 

related to spring melt ephemeral runoff is poorly understood, yet may impact the quality of 

groundwater resources at the local scale. For example, these ephemeral streams may transport runoff 

waters containing contaminants derived from the surficial environment over long distances to within 

close proximity of public supply wells where associated recharge waters may pose a risk to drinking 

water quality.  

Direct field observations of groundwater recharge related to spring melt ephemeral streams are limited 

and are the focus of the current study. Various methods have been employed to estimate groundwater 

recharge using different field information and data analysis strategies (Healy and Cook, 2002a;. Scanlon 

et al., 2002; Shanafield and Cook, 2014). Several of these approaches are specifically applicable to 

estimating event-based recharge and are dependent on the type and availability of the field data. The 

methods are selected to be appropriate to site-specific conditions and several of the most common 

approaches are briefly presented below with some example applications. 

Where there is a significant contrast between the temperature of the surface water and the local 

groundwater, temperature is often used as a tracer to assess both the fate and transport of infiltrating 
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surface water. By monitoring the spatial and temporal changes of surface and soil water temperature 

with vertical strings of thermistors, groundwater infiltration rates can be estimated through the analysis 

of the transient temperature profiles with analytical and numerical models (Anderson, 2005; Constantz, 

2010, 2002; Constantz et al., 2001; Stonestrom and Constantz, 2003). Infiltration rates can also be 

quantified by monitoring changes in soil water content through the shallow vadose zone during the 

course of a recharge event and quantifying changes in soil water storage over time. This approach 

requires sequential measurement of soil water content in a vertical profile using a neutron probe or 

other soil water monitoring method such as time domain reflectometry (TDR) and estimating increases 

in stored soil water by comparing consecutive profiles (Scott et al. 2000; Jackson, 2002; Vereecken et al., 

2010). Recharge rates and total volumes are also estimated by monitoring vertical hydraulic gradients 

through the vadose zone with strings of tensiometers and combining these data with soil characteristic 

curve information specific to the local site for calculating infiltration based on Darcy’s Law over the time 

period of the recharge event (Belan and Matlock, 1973; Brutsaert, 1982; Allen et. al. 1991; Young et. al., 

1996). Where water tables are shallow, this approach is often combined with the direct monitoring of 

water table level rise beneath the monitoring location coincident with the infiltration event. These data 

can be used along with an estimate of the specific yield of subsurface material to quantify the recharge 

rate and total magnitude (Meinzer and Stearns 1929; Rasmussen and Andreasen, 1959; Gerhart, 1986). 

as described in detail by Healy and Cook (2002). 

Although each of the methods mentioned above can provide point estimates of groundwater recharge 

independently, they are frequently used conjunctively so that more reliable estimations can be made. 

One approach that has gained increasing popularity has been the use of numerical models to analyze 

combinations of different data sets to calculate recharge rates and magnitudes (Batlle-Aguilar and Cook, 

2012; Okkonen and Kløve, 2011; B R Scanlon et al., 2002; Singh, 1995; Kite, 1995). As an example, 

HYDRUS-1D, version 4.14 (Šimůnek  et al., 2008) is a one dimensional finite element model that can 

simulate the movement of water, heat and solutes under variably saturated conditions. Amongst a 

range of capabilities, the model accommodates time-variant boundary conditions and transient flow 

conditions. By calibrating the model to the combined field measurements of soil water content, soil 

water tension, temperature and water table levels, and incorporating soil hydraulic properties 

determined in the laboratory, groundwater recharge rates can be calculated using a water balance 

approach i.e. the volume of water entering and leaving the model domain or soil profile. Where this 

approach is feasible, one of the distinct advantages is that by integrating several independent data sets 

in the overall analysis, some of the uncertainty in the recharge estimation may be reduced (Batlle-

Aguilar and Cook, 2012; Constantz, 2010; Lu et al., 2011; Šimůnek et al., 2013; Twarakavi et al., 2008). 

It should also be noted that where significant concentration contrasts exist, various geochemical, 

isotopic and microbial tracers can be used to provide additional insight into the fate and transport of 

infiltrating surface waters. Concentrations of these various tracers in the infiltrating surface water may 

be significantly different than those in the soil water and groundwater such that by monitoring their 

spatial and temporal distribution in the subsurface during an infiltration event can permit the 

observation of the downward mobility of the surface source water (Athavale and Rangarajan 1988; 

Sharma, 1985; Flury et al., 1994; Aeby, 1998). In some cases, the tracer information may also be used in 
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support of inverse modeling to estimate groundwater recharge rates (Liu et al., 2014; Turnadge and 

Smerdon, 2014; Yeh and Šimůnek, 2002)  

 

2.3 Study Site Description and Previous Work 
 

The study site is located near the City of Woodstock in southern Ontario, Canada (Figure 1) within an 

agricultural landscape. The area is characterized by a thick sequence of glacial drift overlying Silurian-

Devonian carbonates and shales. The topography is gently rolling in nature with drumlins and low lying 

glacial outwash channel features. The ground elevations range from about 300 to 340 metres above sea 

level (masl) (Figure 2). The glacial overburden consists of a complex intermingling of till units and sand 

and gravel deposits and the surficial geology ranges from silty, stoney loams to coarse sands and gravels 

(Wicklund and Richards, 1961; Cowan, 1975; Padusenko, 2001). The region receives fairly uniform 

precipitation averaging 954 mm annually.  The mean monthly temperatures range from -6.3 ºC in 

January to 20.4 ºC in July, with an annual average of 7.5 ºC (Environment Canada, 2008). Surface water 

within the study site drains into Cedar Creek, a tributary of the Thames River (Haslauer, 2005) (Figure 2).  

 

Figure 1: Location of study site in Southern Ontario (adapted from Brook, 2012) 
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Figure 2: Topography and drainage at Study Site (Oxford County GIS, 2015) 

The City of Woodstock relies on aquifer units within the glacial overburden for domestic and industrial 

water supplies (Haslauer, 2005). The majority of the groundwater supply is derived from the Thornton 

Well Field situated in a low lying wooded area immediately adjacent to the project study site (Figure 2). 

Regional hydrogeologic investigations conducted by Padusenko (2001) and Haslauer (2005), presented a 

conceptual hydrogeologic model of the overburden sequence involving a 4 aquifer system consisting of 

discontinuous and interconnected sand and gravel units variably separated by till aquitards ranging in 

thicknesses from less than a metre up to tens of metres, shown below in Figure 3.  
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Figure 3: Cross section of hydrogeological setting through glacial outwash channel (Koch, 2009). The 
location of the cross section is also shown on Figure 2. 

Historical monitoring of water quality in the Thornton public supply wells screened in Aquifer 3, 

revealed a chronic increase in nitrate concentrations over the course of several decades resulting in 

several of the wells exceeding the Ontario Drinking Water Guidelines of 10 mg/l in the mid-1990’s 

(Padusenko, 2001; Haslauer, 2005; Rudolph et al., 2015). The source of the elevated nitrate 

concentrations is believed to be excess nutrients from the surrounding agricultural lands and the 

progressive increase in nitrate concentrations over time has illustrated the vulnerability of the wells to 

surface sources of contamination (Bekeris, 2007; Koch, 2006). 
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Figure 4: Site pictures of ephemeral stream (2015) 

One unique aspect of the study area is the occasional formation of ephemeral stream features during 

winter and spring melt periods when sufficient snow coverage is present to contribute significant runoff 

water as shown in Figure 4. Due to the orientation of the drumlin features, the ephemeral streams tend 

to flow towards the low lying areas around the Thornton Well Field (Figure 2). One of the ephemeral 

streams flows over highly permeably surficial sediments near the public supply wells where previous 

hydrogeologic investigations have suggested direct hydraulic connections exist between the various 

overburden aquifer units as can be observed in Figure 3 (Brook, 2012; Koch, 2009). This local valley 

feature is classified as an outwash channel and the subsurface is characterized by thick, permeable 

sediments with shallow water table conditions. Previous hydrologic monitoring at this site has provided 

evidence of rapid infiltration in the vicinity of the ephemeral stream during the spring melt period. This 

was based on the monitoring of transient temperature and hydraulic head within a network of 

monitoring wells and observing a decrease in groundwater temperature during snow melt events 

(Brook, 2012; Haslauer, 2005). This suggested the presence of a rapid hydraulic connection between the 

surface and the water table in this region. Water samples from the ephemeral stream analyzed for 

microbial indicators by Christie et al. (2009), were found to have high concentrations of Total Coliform 

and Escherichia Coli. Furthermore, traces of the microbial indicators were detected both within the 

monitoring well network immediately following the runoff event and were also found in the nearby 

Thornton Wells several months after the melt event suggesting the surface water may represent a 

potential source of groundwater contamination and threat to the public supply wells (Christie et al., 

2009). This is the area chosen for the current research work (Figure 5). 
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Figure 5: Site location for detailed investigations 

Initial work to estimate groundwater recharge beneath the ephemeral stream at this site was conducted 

by Brook (2012). In this work, vertical profiles of soil water temperature were measured in conjunction 

with groundwater level monitoring in the vicinity of the ephemeral stream during the spring melt 

period. Using laboratory estimates of vadose zone hydraulic parameters and Chung and Horton, 1987 

heat transport parameters, HYDRUS-1D was used to estimate transient groundwater recharge during 

the spring melt event. The results of the study by Brooke (2012), indicated that significant recharge is 

likely occurring beneath the ephemeral stream and that the near surface soil permeability plays a 

significant role in controlling the magnitude and timing of the recharge processes. The current research 

builds on the observations of the previous work completed at this site with the objective of quantifying 

groundwater recharge beneath the ephemeral stream in order to get a better understanding of the 

spatial distribution of recharge as well as the total volume of recharge that can occur within the capture 

zone of municipal wells during these dynamic events, in order to evaluate their potential impact on 

drinking water quality. The study site is located 110 meters south of the Brook (2012) site, in more 

permeable sediment, and several locations directly in the vicinity of the stream were chosen for further 

investigations.  
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3.0 Methodology 

3.1 Field Site characterization 
 

Several studies at the site provided background information regarding the site characteristics. This 

included the topography around the study site as well as the general subsurface conditions. These 

studies were reviewed as a precursor to the field investigations undertaken during the current study 

between October 2014 and June 2015. In order to determine the probable flow path of seasonal 

ephemeral streams across the area, a detailed topographic survey was conducted at a much higher 

resolution in the immediate vicinity of the study site. The survey consisted of a series of transects 

mapped with a Thales survey system. Transects were surveyed in an east west direction in 15-20 meter 

intervals starting from the northern edge of the woodlot area (i.e. the northern edge of the subdivision 

containing the municipal wells shown in Figure 5). Each transect was at least 70 meters in length, and 

captured several meter fluctuations in topography on both sides of the lowest point in the transect, 

which also corresponded to the lowest point in the study site. 

Once the anticipated drainage channel had been identified based on the lowest elevation contours, 

determined through the topographic data, a drilling and instrumentation program was conducted. The 

exploratory drilling and sediment coring campaign was conducted in the vicinity of the anticipated 

drainage channel location to identify potential monitoring locations. Drilling was performed with a 

Geoprobe® Model 7720DT direct push drill rig equipped with the Geoprobe sampling system used to 

advance a 1.5 m long and 5 cm diameter core barrel to collect a continuous geologic core in Lexan tubes. 

Cores were collected from ground surface to just below the water table (1.5 m to 3 m) at five locations 

spaced approximately 15-20 meter apart starting from the edge of a low lying wooded area adjacent to 

the study site and moving upstream through the lowest topographical contour lines. The location of the 

coring sites is shown in Figure 6 below. The core samples where opened in the field by splitting the 

plastic core liners down the middle. The basic stratigraphy of these geologic cores was visually logged in 

the field in order to further inform the drilling program on site. The core samples were then resealed for 

transport to the laboratory for further analysis. The field data were used to select candidate sites for 

detailed instrumentation. 

A detailed log was completed in the lab on all cores based on the Unified Soil Classification System 

(ASTM, 2006) using a U.S.A. Standard Test Sieve analysis. Sediment samples from the cores were used 

for estimating hydraulic parameters through laboratory analysis as discussed below. 
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Figure 6: Location of topographic transect and drilling program 

3.2 Field Instrumentation 
 

Based on the results of the topographic survey and the core logging, a series of field monitoring 

locations were selected for detailed instrumentation. These are referenced to the numbered coring 

locations and are noted on Figure 6. The instrumentation configuration at each of the sites was different 

depending on the relative location of the Station with respect to its topographical position and the 

information desired at that site. The subsurface instruments included multilevel temperature 

thermistors, multilevel groundwater monitoring wells and a series of individual groundwater monitoring 

wells. The well network provided hydraulic head data and allowed for the collection of groundwater 

samples. Neutron probe access tubes and TDR probes were installed to track soil water content and a 

pressure transducer was installed at the surface to monitor the surface water pressure head. A 

Meteorological Station is located immediately adjacent to the field site and data from this set of 

instruments were relied on for climatic information through the course of the field investigations. 

Details regarding the installation of the various instruments and their characteristics are discussed 

below. 
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3.2.1 Heat monitoring instrumentation 
 

Two different types of instruments were used to monitor thermal conditions in the subsurface. The first 

system consisted of a vertical string of TidbiT thermistors developed by Onset Computer Corporation, 

mounted on a PVC pipe at spacings correlating to the various sediment layers observed in the soil cores. 

The TidbiT v2 Temp logger was used for automatic data collection. The TidbiT thermistor strings logged 

soil temperature at 10 minute intervals and were installed at Stations 3 and 4. A second set of 

temperature thermistors developed by Campbell Scientific Incorporation (107B thermistors) was 

installed at similar depths adjacent to the TidbiT strings to collect backup temperature data. These 

thermistors required the design of an installation casing which could be inserted in the sediment at 

specific depths with a small drill rig. The data from the 107B thermistors was used to check the reliability 

of the readings from the TidbiT thermistors and these data along with details of the 107B thermistor 

installation is provided in Appendix J. In the present study only the data from the TidbiT thermistors 

were used for further applications. 

3.2.2 Groundwater monitoring wells 
 

Multilevel groundwater monitoring wells consisting of bundles of 1.0 cm polyethylene tubes attached to 

a central 2 cm diameter PVC pipe were installed at three stations (Stations 3, 4 and 5). Each multilevel 

bundle consisted of 7 monitoring points placed at depth intervals of 25 cm between 1 and 2 meters 

below ground surface (i.e. at 1, 1.25, 1.5, 1,75 mbgs), and the last 3 at 2.5, 3.5 and 4.5 mbgs 

respectively. The well depths were selected to permit the monitoring of water table fluctuations during 

the course of the year and to measure vertical hydraulic gradients during the course of the study. The 

multilevel wells permitted the sampling of groundwater in the immediate vicinity of the water table thus 

facilitating the monitoring of changes in groundwater quality during dynamic infiltration events. The 

multilevel monitoring wells were manually measured because the thin diameter of the wells did not 

permit the use of conventional pressure transducers. 

In addition to the multilevel monitoring wells installed during this study, a network of monitoring wells 

that had been installed around the study site during previous investigations were also relied upon to 

monitor water table depth further away from the instrumented stations in order to compare local and 

regional water table fluctuations. These wells were installed by Haslauer, (2005), Bekeris, (2008) and 

Brook, (2012) for other investigations at the site. Details regarding the monitoring wells that were used 

in this study are presented in Appendix H, and their locations with respect to the study site are shown in 

Figure 7. 
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Figure 7: Location of regional monitoring wells used to monitor groundwater levels in the vicinity of 
the field stations located along the path of the ephemeral stream. 

3.2.3 Neutron Probe Access Tubes and TDR Installations 
 

Soil water content measurements were necessary to physically demonstrate infiltration in the field and 

as input data for the numerical modelling exercise. Soil water content was measured with a model 503 

DR Hydroprobe Neutron Moisture Probe (NMP) (CPN International Inc.). To install the neutron probe 

access tubes at three monitoring stations (Stations 3, 4 and 5), the Geoprobe® Model 7720DT direct 

push drill rig equipped with an Enviro-Core® sampling system was used to advance a 5-cm (2-in) 

diameter borehole. A 5-cm (2-in) diameter Schedule 40 PVC riser pipe with a threaded bottom cap was 

fitted into the borehole. The access tubes were installed to a depth of between 1.2 to 1.6 meters, just 

above the existing water table levels at each site. The  access tubes were installed close to the 

thermistors and the monitoring well installations to collect moisture content profiles representative of 

the local conditions in the vicinity of the ephemeral stream. The mechanisms of the site specific 

calibration used at the field site to convert readings from the neutron probe to moisture content are 

detailed in Bekeris (2007) and provided in Appendix B. Soil water measurements were collected in 0.10 

m intervals along the length of each access tube with the NMP. Measurements using the NMP were 

taken once a month before and after the spring melt and daily during the week-long spring melt event 

(March 12th to March 21st, 2015).  

 

3.2.4 Pressure transducer network in the wells and surface water 
 

Prior to the spring melt, a water pressure, temperature, and electrical conductance recording device 

(model 3001 LTC Levelogger Junior, Solinst Canada Ltd.) was installed at ground surface at Station 4 

beside the neutron access tube. The data collected with this device was used to determine the depth 

and temperature of the surface water. The data were collected at 15 minutes intervals. Manual 
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measurements of surface water depth were also taken in order to validate the pressure readings. As 

with the transducers used in the monitoring wells around the study site, the hydraulic heads recorded 

by the loggers needed to be barometrically corrected using data from the barologger installed in Well 

72-D (See Figure 6 above) which was close to the study site.  

 3.2.5 Relevant Meteorology Data from the MET Station 
 

A meteorological station equipped with a Campbell Scientific Inc. (CSI) CR23X datalogger was installed 

on December 9, 2004. It is located approximately 500 meters west of the study site where the 

topography is flat and there are no nearby trees to obstruct the instrumentation (Figure 6). The station 

features an array of meteorological sensors measuring: precipitation (including rainfall measurement 

with a tipping bucket, and snowfall measurement as rainfall equivalent using a snow adapter on the 

tipping bucket), relative humidity, wind speed and direction, solar radiation, soil heat flux, air 

temperature and barometric pressure (Bekeris, 2007). The data logger was programmed to collect and 

record data every 15 or 60 minutes depending on the specific sensor. For the purpose of this study, the 

meteorological station was used to obtain data on the air temperature, precipitation and barometric 

pressure which were useful in tracking the parameters controlling melting of the snow pack and 

consequent factors influencing the development of an ephemeral stream during the spring freshet. 

3.3 Numerical Modelling tool 
 

The one-dimensional unsaturated flow package HYDRUS-1D, version 4.17 (Šimůnek et al., 2013) was 

used to model heat and water flux through the unsaturated zone. It is a finite element model which can 

simulate the movement of water, heat and solutes under variably saturated conditions. The model 

accommodates time-variant boundary conditions and transient flow conditions (Šimůnek et al., 2013). 

For the current application, the water flow and heat transport equations are solved in an integrated 

fashion for transient simulations. The equations are solved sequentially following the approach of Yeh 

and Cheng (1999) with the flow equation solved first followed by the heat transport equation. HYDRUS-

1D was used to estimate the transient rate and magnitude of groundwater recharge during the course of 

the spring melt event at different stations.  

3.3.1 Hydraulic parameters  
 

As part of the numerical modeling procedure the hydraulic parameter estimates from the following 

studies were used to constrain the range of parameter estimates used in the model. 

3.3.1.1 Unsaturated Hydraulic Parameters 
 

Values of unsaturated hydraulic parameters for the sediments at the study site were based on 4 

previous studies (Wendt, 2005; Bekeris; 2007; Sousa, 2013; Brook, 2012). Wendt (2005) completed 

laboratory investigations of the grain size distributions and hydraulic properties of various soil types 

collected from geologic cores obtained in the vicinity of the study stations being consider in the current 

work. These investigations included sieve and hydrometer analyses for grain size distribution, 

permeameter tests for saturated hydraulic conductivity, and Tempe cell analyses for soil water retention 
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data (Bekeris, 2007). The Tempe cell results were used to generate water retention curves and 

unsaturated hydraulic conductivity parameters were subsequently estimated through the methods of 

van Genuchten (Van Genuchten, 1991). Bekeris (2007) built on the field investigation completed by 

Wendt (2005) and used the results of a grain size analysis to determine soil hydraulic characteristics 

through the use of a subprogram of the Soil-Plant Air-Water (SPAW) model (Saxton, 2002). SPAW 

estimates hydraulic conductivity and bulk density based on soil texture and also generates soil water 

potential values at various water contents (Bekeris, 2007). Brook (2012) further expanded on the work 

done by Bekeris (2007) and used the SPAW generated hydraulic parameters as initial estimates for a 

numerical model and calibrated these parameters to observed heat and soil water content profiles 

collected from a location near the study stations.  

Sousa (2013) completed a variably saturated, 3-dimensional modeling case study at the Thornton well 

field to determine travel times in the unsaturated and saturated zones around the public supply wells. 

For the purpose of the numerical study Sousa (2013) used hydraulic parameters developed using the 

Rosetta v1.1 model (Schaap et al. 2003) based on the soil stratigraphy of geologic cores from the 

Thornton well fields study site (Bekeris, 2007; Haslauer, 2005). The Rosetta v1.1 model allows the 

estimation of van Genuchten parameters using limited textural classes, but also allows for more 

extensive input data such as bulk density and one or two water retention points (Schaap et. al. 2003). 

3.3.1.2 Saturated Hydraulic Parameters 
 

Missori (2015) completed hydrogeological investigations to characterize the grain size distributions and 

saturated hydraulic parameters through permeameter tests on core samples taken close to the study 

stations. The cores were separated into several sub sections based on grain size variations, and a grain 

size analysis was completed on each of the individual sections using the U.S.A. Standard Test Sieve 

approach (ASTM E-11 Specification,, W.S. Tyler). The grain size distributions for 26 samples were used to 

calculate hydraulic conductivity values at approximately 50 cm intervals in each core, through the use of 

empirical equations adapted in HydrogeoSieveXL (2014). Further to this, Missori (2015) completed 

falling head permeameter tests on 7 of the samples to compare the hydraulic conductivity values 

obtained through these analyses to those calculated using grain size distributions. The results of these 

analyses are provided in detail in Appendix C and D. 

3.3.2 Heat Transport Parameters 
 

The heat transport parameters of the subsurface materials used in the study (heat conductance, 

dispersivity and heat capacity) were taken from literature values for the Chung and Horton (Chung and 

Horton, 1987) heat transport equation (provided in Appendix I). The equation is utilized by the HYDRUS-

1D model for thermal transport and has built-in parameters for 3 different soil textural classes; sand, 

loam and clay. Heat transport parameters have a much smaller range than hydraulic parameters 

(Constantz, 2002) and because heat transport analysis was used in the study primarily as a qualitative 

indicator of infiltration dynamics, these values were considered to be suitable for the purpose of this 

study.  
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3.3.3 Simulation Approach 
 

The transient soil water, hydraulic head and temperature data sets collected at the monitoring stations 

were used to provide initial and boundary conditions and calibration targets. As a first step, a model was 

developed based on the geologic core obtained at one of the study stations (Station 4), with the 

unsaturated zone being represented as a series of layers with varying properties. The model domain was 

discretized into 34 equally sized elements of 0.05 m, along a 1.65 meter depth profile. The initial 

conditions for soil water content and temperature were specified based on those measured in early fall. 

A zero flux top boundary condition, and a constant soil water content bottom boundary condition for 

water flow was applied for the initial simulations. The initial time step for the simulation was 1 minute, 

with a maximum allowable time step of 1 day and the model was run for 100 days to allow for 

redistribution of the soil moisture profile. This was assumed to represent the initial conditions before 

the spring melt event. Similarly, specified temperature for the top and bottom heat boundary conditions 

were used to permit readjustment in the thermal profile based on the specified temperature gradient 

over the 100 day initial simulation period. The surface temperature specified as the top boundary 

condition was based on the data obtained from the TidbiT thermistor installed just below the ground 

surface (0.05 m) for the initial conditions simulation and the  bottom temperature boundary condition 

was based on the data obtained from the TidbiT thermistor at 1.65 mbgs.  

 
The transient simulations were run for a period of 54 days, starting 30 days before the melt event and 

ending well after the ephemeral stream disappeared. The space and time discretization was similar to 

the one used in the initial conditions simulation (0.05 m elements and 1 minute time steps). The water 

flow boundary conditions were specified as variable pressure head/flux top boundary and a variable 

pressure head bottom boundary condition. Transient surface water depths and groundwater levels were 

used to inform these boundary conditions. The heat transport boundary conditions were specified based 

on the transient temperature data collected just below the frost layer at 0.45 mbgs representing the top 

of the domain, and 1.65 mbgs representing the bottom of the domain. Time variable boundary 

conditions for both pressure head and heat were derived from the field measured data collected during 

the recharge event. The boundary conditions were updated every hour over the spring melt period 

(March 12th-21st) and then every day thereafter till the end of the simulation period. For the time 

periods where the ephemeral stream was not present, a zero flux top boundary was used for the water 

flow calculations. The top and bottom temperatures (0.45 cm and 1.65 cm respectively), were specified 

throughout the simulation period as the heat boundary conditions and the soil temperature profile was 

allowed to readjust based on these boundary conditions and the thermal transport through the 

infiltrating surface water pulse. 

3.3.4 Calibration 
 

The model results of soil water content throughout the profile were compared to field measured data 

collected during the spring melt event and hydraulic parameters were modified within the specified 

ranges from the site specific studies to achieve the best possible fit. Due to the insensitivity of thermal 

parameters, the Chung and Horton (Chung and Horton, 1987) heat parameters provided in the Hydrus 
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model were considered satisfactory for the purpose of simulating thermal transport and were not varied 

as calibration parameters.  

The total infiltration flux at the upper boundary of the domain was calculated for the entire simulation 

period to quantify the total groundwater recharge at each of the different stations.  

3.4 Recharge Estimates 
 

3.4.1 Numerical Modelling 
 
Hydrus 1D uses a mass lumped linear finite elements method for the discretization of the mixed form of 
the Richards equation, based on the fully implicit discretization of the time derivitive and solved with a 
Picard iterative solution (Šimůnek et al., 2013). Hydrus computes infiltration through water balance 
computations at defined times for preselected subregions of the flow domain. For the purpose of this 
study only one subregion was used for mass balance calculations representing infiltration through the 
entire domain. 
 
The water balance information for each subregion consists of the actual volume of water, V, in that 
subregion, and the rate, O [LT-1], of inflow or outflow to or from the subregion (Šimůnek et al., 2013). 
The equations used for estimating water flow and heat transport in variably saturated porous media (as 
calculated in Hydrus 1D) are presented in Appendix I and more information regarding the Hydrus 1D 
variably saturated flow model can be found in Simunek et. al., 2013. 
 

3.4.1 Water Table Fluctuation Method 
 
The water table fluctuation method has been widely used to estimate recharge due to its simplicity and 
insensitivity to unsaturated zone processes (Healy and Cook, 2002a). The method only requires 
knowledge of the specific yield and water level fluctuations over time, and recharge is calculated using 
the following relationship; 
 

     
  

  
            Equation (1) 

 
 
Where Sy is the specific yield and h is the water table height. 
 
The water-table fluctuation method is based on the assumption that the rise in groundwater level in an 
unconfined aquifer is due to the recharge arriving at the water table (Healy and Cook, 2002a). The 
method is employed in this study to estimate regional recharge through the water table fluctuation 
observed in the monitoring wells that are unconfined in the vicinity of the study site. The specific yield 
estimates for Aquifers 2 and 3, in which the surrounding monitoring wells are screened were obtained 
from previous studies at the site (Padusenko, 2005; Bekeris, 2007; Haslauer, 2005). The values are 
calculated based on the difference between the saturated and residual moisture content values 
measured as part of these previous studies. The method is also used within the study site at Stations 3, 4 
and 5, as a comparison to the recharge estimates obtained from the modelling exercise at these 
stations. This is done in order to evaluate the utility of this more simplistic and common method in 
estimating infiltration at point locations. 
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4.0 Results and Discussion 
 

The results are presented as a series of interrelated subsections that include the relevant regional scale 

information collected as part of the current study, the detailed site specific data and results from the 

local, monitoring stations. The various results are discussed within the individual subsections and where 

appropriate, correlations are made between the different data sets in support of specific interpretations 

and observations. Additional numerical analysis of the combined data sets is provided following the 

presentation of the field results. 

4.1 Site characterization 
 

Using the data from the topographic survey, a contour plot of the field site was constructed (Figure 9). 

Based on the data presented in Figure 8 and 9, there is a clear continuous area of lower elevation as 

noted on Figure 9 where subsequent drilling and instrumentation was focused to track transient 

recharge phenomena associated with the seasonal formation of an ephemeral stream. 

 

Figure 8: Topographic survey cross sections. Locations are shown on Figure 6 
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Figure 9: Topographic contour map within study area based on the survey transect data 

Once the low topographic region was established, a set of 5 subsurface cores (Appendix A) were 

collected in this area in order to characterize the near-surface sediment type. The locations of the core 

sites are indicated on Figure 9 and noted as Stations 1 through 5. A cross section of the geologic setting 

at the study location based on the core information is shown below in Figure 10 with the orientation of 

the conceptual cross section illustrated on Figure 9. Although the sediments in this area have been 

documented to be part of a glacial outwash channel (Cowan, 1975) the specific intention of the coring 

was to locate areas where continuous, relatively permeable material existed throughout the entire 

profile, suggesting conditions that could lead to significant rates of groundwater recharge. Three of the 

locations (Stations 3, 4 and 5) were selected for detailed instrumentation and additional descriptions of 

the material at each site are provided below.  
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Figure 10: Geological Cross Section based on sediment core data 

Station 4 location consists of a continuous sequence of fine to medium sand and gravel to a maximum 

coring depth of 2.5 m underlying a thin (15 cm) layer of silty sand and organic top soil material. Station 3 

lies further downstream of Station 4 (Figure 9), and represents a position along the eastern flank of the 

topographic low. The core collected at Station 3 had a layer of silty sand and minor clay of 

approximately 20 cm in thickness beneath the organic top soil surface layer which remained close to 

saturated throughout the study period. These surficial sediments overlay sand and gravel deposits to the 

maximum coring depth of 3 meters. Station 5 is situated slightly downstream of Station  4 (Figure 9) in 

what would be anticipated to be the west bank of the topographic low region. The core 5 stratigraphy 

was similar to that observed at Station 3, with the silty sand layer lying deeper in the geological 

sequence with a layer of sandy gravel above it. This illustrates the high degree of variability in the 

surficial sediments within a relatively small area. This may also illustrate the potential for local-scale 

spatial variability in groundwater recharge. In order to quantify and investigate the spatial variability in 

groundwater recharge in this local region during an ephemeral flow event, Stations 3, 4 and 5 were 

instrumented and monitored in detail during the spring melt event in 2015.  

4.2 Transient Meteorological and Subsurface Data 

4.2.1 Climate Data and Formation of Ephemeral Stream 
 

The meteorological station located west of the study site (Figure 7) was used to obtain data on the 

climate conditions over the study period (October 1st, 2014 - June 20th, 2015) which included air 

temperature and precipitation over the study period as shown in Figure 11.  
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Figure 11: Daily cumulative precipitation and average daily air temperature 

A heavy precipitation event on November 30th was followed by several weeks of below freezing 

temperatures. The air temperatures were below zero degrees Celsius consistently after late December 

and this was considered to be the starting point for the development of the snow pack. After March 

10th the air temperatures started to rise and remained above freezing point for approximately a week 

during which time the snow pack completely melted as seen in Figure 4. After March 20th there was 

again a few weeks of below 0˚C temperature followed by relatively consistent air temperatures above 

0˚C after April 1st, 2015. A total of approximately 7 cm of rainfall equivalent precipitation was recorded 

at the meteorological station during the period between 30th December and March 10th, where daily 

average temperatures were below freezing conditions. Manual measurements made of the snow pack 

on the 2nd, 9th and 12th of March were 44 cm, 52 cm and 49 cm respectively which would represent a 

precipitation equivalent to snow ratio of 1:7. These manual measurements were taken at the ground 

surface beside the monitoring well at Station 4 and photographs of the field measurements are shown 

in Figure 12. Though this is only a point measurement of the snow pack and may not represent the 

depth over the entire study area it provides an approximation of the surface conditions around the field 

site prior to the spring melt period.  
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Figure 12: Picture of Snow Pack, March 9th, 2015 

Figure 13 shows the air temperature and surface water pressure head measured near Station 4 for 

March, 2015. Due to the fact that there was snow observed at the site until March 12th, the surface 

transducer did not provide relevant data with respect to the depth of ephemeral stream before this 

date. The increase in the average daily air temperature on March 13th, to above zero degrees had an 

immediate effect on the melting of the snow pack and the formation of the ephemeral stream as 

manually measurements of the surface water depth data indicate (Figure 13). The ephemeral stream 

flows for slightly over a week as shown in the pictures from the field site between March 12th and 

March 20th appearing to peak around March 14th, and after March 20th only wet surface conditions 

exist (Figure 4). The ephemeral stream disappeared completely before the air temperatures dropped 

below 0˚C in late March. The surface water pressure transducer data reflects these field observations 

and were calibrated to manual measurements of the stream taken at Station 4 during this period as 

described in the methods section.  
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Figure 13: Surface Water Pressure Head and Average daily air temperature (MET Station) during 
March 2015 

 

Figure 14: Picture of ephemeral stream (looking south across the field site) on March 17th, 2015 

4.2.2 Hydraulic Head Data 
 

Figure 15 shows the water level variations in the regional monitoring well network (Figure 7)  relative to 

the water levels measured on March 1st, along with the depth to the water level in each well on March 

1st and the elevation of the bottom of the screen (masl). The data illustrate an increase in the 
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groundwater level during March relative to the water level on the 1st of March at each monitoring 

location. As observed in Figure 15, there is a relatively rapid response (approximate 5 days) in hydraulic 

head throughout the study site as the temperature increases to above freezing point, demonstrating the 

quick response of the groundwater system to changes in climate conditions. It is worth noting, that the 

wells are installed at various depths within the regional groundwater flow system. For example, wells 

Wo11-18 , Wo63, Wo67 and Wo72s are screened in Aquifer 3 (see Figure 3 for hydrogeological cross 

section) whereas the rest are screened in the overlying Aquifer 2 unit. It is interesting to note that both 

Aquifers 2 and 3 responded in a similar fashion during the spring melt period regardless of the 

difference in the depth to the water level and overlying sediments in each well. The rise in the 

groundwater level at most wells was between 0.2 and 0.3 meters with the highest increase being 

observed at Wo40 and Wo11-18 even though they were both screened in different aquifers, 0.55 m and 

0.45 m and Aquifer 2 and 3, respectively. Furthermore, Aquifer 2 is unconfined at Wo40, whereas 

Wo11-18 is in a semiconfined unit and therefore it is unlikely that localized recharge had any significant 

effect on the groundwater levels at Wo11-18 during this short time period. The response of the water 

level at all locations was relatively consistent even between the confined and unconfined (Wo37, Wo40, 

Wo63 and Wo75s) monitoring wells with variable vadose zone thicknesses, suggesting a rapid regional 

response to spatially variable recharge phenomena as well as evidence of possible hydraulic connections 

between the aquifer systems. It also indicates that localized recharge may be hard to quantify using this 

data alone as regional influences would need to be considered. 

 

Figure 15: Average Daily Air Temperature and groundwater level fluctuations relative to March 1st 
levels in monitoring wells in the vicinity of the study site 

Groundwater monitoring wells were installed at each of the Stations (3, 4 and 5) to track transient 

variations in hydraulic head during the course of the field experiments in October, 2015. Manual 

measurements of hydraulic head at each of the stations were made daily during the spring melt period 

(March 12th to March 20th), and at regular intervals before and after. Figure 16 shows the hydraulic 

head data at the three study stations during March, 2015 relative to the hydraulic head on March 1st. 

The data shown are from the monitoring wells screened at 1.5 mbgs at Stations 3 and 4, and 1.75 mbgs 
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at Station 5. These represent the shallowest monitoring well at each station that was saturated 

throughout the study period. As Figure 18 demonstrates, the response of the water table at each of the 

study stations was very similar regardless of where along the ephemeral stream the stations were 

located, the depth of the vadose zone and the overlying geology.  

 

Figure 16: Water Table fluctuations over the spring melt period at Station 3, 4 and 5 

The hydraulic head at the study Stations 3, 4 and 5, showed a similar response to the regional 

monitoring wells around the study site (approximately 0.3 m.), despite being screened at considerably 

shallower depths and with much thinner vadose zones (1.0 to 1.5 m.). The existence of rapid, local-scale 

and spatially variable infiltration phenomena may be difficult to identify when considering hydraulic 

head data alone as a similar response in hydraulic head over the entire hydrogeological system is 

observed, irrespective of the proximity to the ephemeral stream and depth to the water level. 

Groundwater response to localized recharge tends to be masked and averaged out almost 

instantaneously (within a couple of days as observed by the duration of the peak in Figure 16), likely 

because the hydraulic pressure spreads out quickly from the point of infiltration. In this case, the 

groundwater monitoring wells directly beneath the ephemeral stream where it was hypothesized that 

significant local infiltration could occur during the spring melt event had a similar response in hydraulic 

head when compared to the surrounding monitoring wells located quite a distance away from the 

stream path.   

4.2.3 Soil Water Content Data 
 

The soil water content profiles measured using the NMP on concurrent days over the spring melt period 

(March 9th to March 20th, 2015) provided evidence of surface water infiltration at Stations 4 and 5 as 

the soil water content throughout their profile increased by between 10% and 35% over that short time 

period (Figure 17). Furthermore, the profiles drained at a rapid rate as well, returning to near initial 

conditions in several days after the ephemeral water disappeared. As also illustrated on Figure 17, the 
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water table elevation rose during this time period fluctuating between 1.12 and 1.44 mbgs at Station 3, 

1.22 and 1.58 mbgs at Station 4, and 1.32 and 1.58 mbgs at Station 5.  

 

Figure 17: Moisture content profiles from the Neutron Probe at Stations 3, 4 and 5 

Although there was evidence of an increase in water table elevation at the Station 3 location, the soil 

water content profile changed very little over the spring melt period and most significantly deeper in the 

soil profile near the water table. Because Station 3 was located on the eastern side of the ephemeral 

stream it was only inundated with flowing surface water for a very short time period during March 13 

and 16th (following which the ground surface was not inundated with surface water). This, along with 

the presence of a thin layer of potentially frozen silt underlying the topsoil as shown in Figure 10 may 

have contributed to the limited increase in soil moisture and overall infiltration observed at this station 

during the melt period. The increase in the soil moisture at the bottom of the Station 3 profile likely 

reflects the response of the capillary fringe due to the rising water table on March 16th and 17th. 

Although there is little evidence of substantial direct infiltration at Stations 3, the immediate rise in the 

water table at this location suggests the influence of groundwater recharge elsewhere in the immediate 

vicinity and potentially beneath the adjacent ephemeral stream. The transient moisture content profiles 

demonstrate the spatial variability in infiltration along the stream bank based on sediment 

characteristics and the duration of an applied surface water pressure head, as Station 3 was inundated 

for only part of the melt event. 

In examining the transient nature of the soil moisture data at Stations 4 and 5, the highest values were 

recorded in both profiles on March 17th followed by a period of rapid draining with both profiles 

returning close to the pre-event soil moisture conditions by March 26th following the disappearance of 

the ephemeral surface water on approximately March 19th (Figure 4). This again illustrates the event-

based nature of the infiltration process.  

4.2.4 Temperature Data 
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Figure 18 shows the air temperature data from the MET Station located near the study site, along with 

the surface water, soil surface and groundwater temperatures at Station 4, measured using a 

temperature probe (surface water) and TidbiT thermistors (soil surface and at 0.05 m and groundwater 

at 1.65 m). For heat to be of use as a water tracer, there needs to be a contrast in temperature between 

different water sources that can be monitored and tracked over time (Anderson, 2005; Constantz et al., 

2001). Following the winter period, the near-surface environment throughout the frost zone is frozen 

with temperatures at or below 0oC. Beneath the frozen soil horizon the subsurface temperature 

increases towards the water table. This condition at Stations 3 and 4 is shown in Figure 19 while Figure 

18 shows the response of the subsurface system to changes in the air temperature. These contrasting 

temperature conditions demonstrated the complexity of the freeze thaw process and its implications to 

groundwater surface water interactions and also provided valuable conditions for tracing the movement 

of infiltrating surficial waters.  

 

Figure 18: Temperature data  (Met Station); air, Station 4; surface water, soil surface and groundwater 

The influence of the increasing air temperature during the spring melt period on the surface and 

subsurface temperatures is evident in Figure 18. The air temperature begins a progressive increase to 

above freezing conditions on approximately March 6th with diurnal air temperatures above 0oC after 

March 9th. The surface temperature progressively increases until surface water flow develops around 

March 12th. The surface water temperature remains around 0oC until March 17th when diurnal warming 

becomes evident. The shallow subsurface (0.1 m. depth) progressively warms from approximately -1.5oC 
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to 0oC between March 10th and March 20th remaining close to the freezing point for the rest of March. 

The groundwater temperature measured using the TidbiT probe at 1.65 mbgs remains constant at 

nearly 3 oC from March 1st to March 16th and then drops rapidly to approximately 0.5oC by March 19th, 

which clearly indicates the arrival of colder water from shallower in the soil profile or perhaps recharge 

from ground surface.  

  

Figure 19: Comparison of Temperature data at Station 3 and 4 measured with the vertical thermistor 
arrays 

Figure 19 shows a comparison between the spatial variation of soil temperature profiles during the 

spring melt, as observed through the shallow subsurface at Stations 3 and 4. The temperature 

fluctuations at Station 3 were not as pronounced as those observed at Station 4 although the overall 

trends were very similar. The lower magnitude of temperature change at the Station 3 location relative 

to Station 4 may indicate a lower rate of infiltration of surface water and a smaller cold water pulse 

being distributed within the profile. This conclusion would agree with the observations made relative to 

changes in the soil water profiles at the two sites during the infiltration event. Again the presence of a 

near-surface silt unit at the Station 3 location may also have reduced the infiltration rate at that site 

relative to the Station 4 location.  

The temperature profile data collected at Station 4 showed a steep decline in subsurface temperatures 

deeper in the profile starting on March 16th, likely as a result of local infiltration of cold surface water. It 

is interesting to note that flowing surface water appeared several days before the rapid decrease in 

subsurface temperature was observed, indicating that soil frost may play an important role in the 

infiltration process under these conditions. The shallowest thermistors (0.1m to 0.5 m) show a 

progressive warming from frozen conditions to close to 0oC just preceding the major changes in the 

subsurface temperatures on March 16th, representing the melting of the frost layer, which may be a 

controlling factor in the initiation of the infiltration event.   

 
 



30 

 

4.3 Numerical model (Hydrus 1D) 

4.3.1 Transient Flow Simulations at Station 4 

4.3.1.1 Hydraulic Parameters and Initial Conditions Simulation 
 

The initial conditions for the flow simulations at Station 4 were developed by allowing the soil water 

profile that was measured just prior to the melt period to redistribute and approach steady conditions 

within the domain for a period of 100 days under constant hydraulic head/flux and temperature 

boundary conditions. This simulation time period was sufficient to allow full redistribution of the soil 

water and pressure under the specified initial and boundary conditions. The resulting soil water profile 

was then compared to the field measured data to ensure consistency. The soil profile used in the 

numerical model at Station 4 was similar to the one presented in Appendix A and is based on five 

stratigraphic layers with varying hydraulic parameters. Five layers were chosen to represent the domain 

to allow for flexibility in capturing the variability in the hydraulic properties throughout the profile, 

particularly the residual and saturated moisture content and Ks values for each layer. This was done in 

order to simulate, as closely as possible, the moisture content distribution during both the initial (near 

steady state) and transient condition simulations. A comparison between the modelled and observed 

soil profile at Station 4 is shown in Figure 20. The range of values for hydraulic parameters were 

constrained based on data collected at the site during the current study and through previous work 

completed on site as well as literature values. These parameter ranges are presented in Table 1.  

 

Figure 20: Soil profile used for initial Hydrus1D model domain simulation 
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Table 1: Combined values for range of hydraulic parameters used for initial conditions simulations 

 
 

Average Ks values based on the combined information in Table 1 formed the initial estimates for Ks used 

to develop the initial water content distributions. The α and n parameters of the soil water retention 

curves used in the initial conditions simulation were chosen between the range of those found in 

literature and those from the sediment types that were encountered at the field sites (Brook, 2012).  

Material
Data Source Ks (m/min) α,[1/m] , η,[-]

Adopted Ks value 

for initial simulation

Adopted α,η value 

for initial simulation

Missori - Lab Sample 4-9 Grain Size 1.00E-01

Medium Sand Bekeris, 2007 (Trace silt and clay) 1.80E-03 1.00E-03 α = 1.5, η = 2.5

Literature [1], [2] 3.00E-02 - 5.40E-05 [1],[2] α = 1.34, η = 1.17 [1]

Brook, 2014 (minor gravel) 3.07E-02 α = 1.34, η = 1.17

Sandy Silt Bekeris, 2007 6.00E-07 - 1.20E-04 7.00E-05 α = 0.5, η = 1.5 

Literature [1] 3.00E-02

Brook, 2014 (minor silt) 1.22E-01 α = 10.9, η = 2.09

Missori - Lab Sample 4-8 Grain Size 1.00E-01

Sandy Gravel Missori - Lab Sample 4-8 Falling head 4.70E-02 4.00E-03 α = 2, η = 2.5

Literature [3] 6.94E-03 - 3.47E-02
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Figure 21: Soil water content initial conditions and hydrostatic pressure head distribution in soil 
profile for Station 4 

Figure 21 shows the initial soil water content profile that was specified based on field observations on 

March 2nd, 2015 and assumed to be the initial fully drained conditions before the spring melt period. 

The resulting pressure head distribution based on the specified van Genuchten retention parameters 

was calculated in Hydrus 1D and forms a linear distribution from the ground surface to the water table 

representing hydrostatic conditions were reached during the simulated period. 

 The initial conditions show a reasonable similarity to the observed soil water content data with the only 

notable deviation between the depths of 0.2 and 0.4 mbgs. This is likely due to the gentler distribution 

of soil water content between changes in materials observed in the field, and also due to the averaging 

of soil water content within a certain radius by the neutron probe. These changes in soil water content 

between layers are more abrupt in Hydrus 1D based on material properties.  

4.3.1.2 Results of Flow Simulations 
 

Once steady pressure heads and soil water conditions were established throughout the simulation 

domain as described above, transient boundary conditions based on field measurements collected 

during the melt period were applied and the behaviour of the soil water content profile simulated by the 

model was compared to the transient data measured in the field. The transient simulation period began 

on March 7th, just prior to the initiation of the melt event and was continued until April 1st. This end 

date was well after the disappearance of the ephemeral waters to allow for redistribution of the 

Zero Flux Surface Boundary Condition 

 67.8 T (oC) 20 
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infiltrated water within the vadose zone after the recharge event. Following the initial appearance of the 

ephemeral stream (March 13th), the surface water depth and the disappearance of the surface water 

(March 21st) were carefully monitored throughout the melt period. These observations were used to 

inform the transient hydraulic head boundary conditions at the top of the domain during the melt event. 

However, as the near surface environment was initially frozen (frost zone) there may have been a 

reduction in hydraulic conductivity in the near-surface environment due to the cold climate conditions 

that resulted in an initial delay of direct infiltration of the surface water. A combination of observations 

derived from the changes in the soil water content and subsurface temperatures were used to further 

inform the specification of the surface flux boundary condition. More specifically, a zero flux surface 

boundary condition was used to represent the presence of a frost layer and was changed to a specified 

pressure head boundary condition when changes in near surface soil water content and temperature 

were first observed in the field. The transient pressure head and temperature data used to define the 

domain boundary conditions are shown in Figure 22.  

Although flowing surface water first appeared on March 13th, there were no noticeable changes in the 

soil water content or subsurface temperature profiles which would provide evidence of infiltrating 

surface water until March 16th (Figure 17 and Figure 19). As such, a zero flux boundary condition was 

prescribed to the upper boundary of the domain until March 16th, following which the boundary 

condition was changed to a specified pressure head that was updated on an hourly basis based on the 

data collected from the pressure transducer within the ephemeral stream until the ephemeral water 

disappeared on March 20th after which the upper boundary condition was again assigned as zero flux. 

The surface water pressure head readings shown in Figure 22 are with respect to the ground surface at 

Station 4 where the transducer was installed just above the ground surface. The boundary condition at 

the bottom of the domain profile was assigned as a specified pressure head value based on a linear 

distribution of the manual field measurements taken daily from the multi level monitoring wells (Figure 

22). The bottom pressure head boundary condition was also updated on an hourly basis from March 13th 

to March 21th and then daily until the end of the simulation (April 1st). The soil water temperatures 

observed using the TidbiT thermistor arrays show a sudden decrease throughout the soil profile after 

March 16th (Figure 19) likely as a result of  cold surface water infiltrating rapidly and causing the 

groundwater temperatures to fall. 
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Figure 22: Time variable boundary conditions used in the transient  simulations for Station 4   

The set of hydraulic properties developed to define the initial conditions for the transient model runs, 

were modified slightly within the range provided in Table 1 during the calibration process to reflect the 

transient soil water data collected during the infiltration period. The simulated soil water content 

profiles are compared to the field measured data for a series of days during the melt period in Figure 25. 

The final set of hydraulic parameters derived through the calibration process is presented in Table 2. 

Figure 23 demonstrates that the model was able to capture the transient evolution of the soil water 

content profile during the dynamic melt period. The Figure shows that the soil water profile responded 

quickly to the infiltration event and the bulk of the profile was able to transmit a large pulse of water 

without being completely saturated.  

Table 2: Hydraulic Parameters  selected for the  transient simulations following the calibration process 

 

θr θs α η Ks I [-]

0.1 0.35 0.5 1.3 8.00E-05 0.5

0.05 0.3 2.5 2 0.0033 0.5

0.04 0.3 1.5 4 0.0016 0.5

0.12 0.3 1.9 4.2 0.0035 0.5

Hydraulic Parameters (L=m, t=min)
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Figure 23: Comparison of the simulated soil water content profiles (Sim) at Station 4 with the field 
data measured with the neutron probe (Obs) 
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4.3.1.3 Heat transport at Station 4 
 

The initial temperature profile measured using the vertical thermistor arrays on March 2nd, 2015 was 

used to represent the soil temperature conditions prior to the initiation of the infiltration event as 

shown in Figure 24. The soil surface temperature is below -1 C and the top surficial soil layer of 

approximately 50 cm remains below the freezing point. The soil temperature profile steadily increases 

towards the groundwater table where the temperature is approximately 3 C.   

 

 

Figure 24: Initial conditions for soil temperature profile at Station 4 

The heat transport simulations are based on the calibrated transient flow results described above and 

the physical parameters governing heat transport derived through the Hydrus 1-D model and literature 

values. These parameters are provided along with the governing heat equations in Appendix I. The 

transient top and bottom temperature boundary conditions were specified based on the data from the 

tidbit thermisters at 0.45 mbgs (top boundary) and 1.65 mbgs (bottom boundary), and were updated 

hourly during the spring melt period (March 12th to March 21st) and then daily until the end of the 

simulation period (April 1st) similar to the water flow time variable boundary conditions. Figure 25 

shows the surface and groundwater boundary conditions specified in the transient heat transport 

simulation, as well as the simulated heat time series at various depths along the profile.  

 

Approximate depth of frost layer 

Specified temperature boundary condition 

 

Specified temperature boundary condition 
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Figure 25: Comparison between simulated and observed soil temperature profiles at Station 4 

The left side of Figure 25 shows the initial temperature profile observed in the field from the ground 

surface till the depth of the simulation domain (1.65 mbgs). The right side of Figure 25 shows the 

simulated transient heat profile during the period of the spring melt at different depths in the soil 

profile. The coldest time series represents the top boundary condition that was specified using field 

observations from the thermister placed at 0.45 mbgs. Due to the fact that Hydrus 1D cannot handle 

frozen conditions, and in order to avoid the complex dynamics of the freeze thaw cycle, the temperature 

simulation domain was specific to begin at the 0.45 mbgs at the base of the frost zone.  

The results of the heat transport simulation suggest that the model was able to simulate the transient 

heat profiles at all depths along the profile monitored using the thermistor arrays. This includes the 

sudden decrease in temperatures throughout the profile as the cold surface water pulse infiltrates 

shortly after the 16th of March, and then the gradual return of soil temperatures towards regionally 

consistent soil temperatures after the end of the infiltration event (March 19th). The results also 

indicate that the model was able to capture the transient nature (fluxes and boundary conditions) of 

cold surface water infiltrating through the profile as this cold pulse of infiltrating surface water would 

have significant effects on the transient temperature time series at various depths in the soil profile.  

4.3.2 Modeling Results for Station 3 and 5  
 

The modelling exercise for Stations 3 and 5 was similar to that used in Station 4 and was done to 

demonstrate the spatial variability in infiltration flux and groundwater recharge. The stratigraphic 

                       Simulated 

                       Observed 

Simulated as surface  

temperature 

boundary condition 

Groundwater temperature, 

bottom boundary condition 
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profiles were modified to match those encountered at the different sites and the hydraulic parameters 

determined through the calibration of the flow simulations at Station 4 were adopted, with minor  

modifications based on calibration for these subsequent simulations. The duration of the infiltrating 

event at Stations 3 (approximately 1 day) was much shorter than that observed at Station 4 due to the 

fact that this station was not consistently in the path of the stream (no surface water observed above 

Station 3 on March 17th, see Figure 4) and therefore was not inundated for the entire duration of the 

spring melt event. The hydraulic parameters and time variable boundary conditions for Stations 3 and 5 

model simulations are provided in Appendix L.  

The simulation results were again compared to the transient soil water data collected at Stations 3 and 5 

and are presented in Figure 26 and Figure 27. At both locations, the transient soil water profiles were 

well represented by the model, demonstrating that these models were able to capture the transient 

flow conditions. As there was no noticeable infiltration at Station 3 as observed qualitatively through the 

soil water content and temperature profiles, fitting the simulations to the observed data was simpler. At 

Station 5, due to the presence of a low permeability layer at approximately 0.5 mbgs, the soil water 

content in the profile above this depth showed a significant increase on March 17th, and the model was 

able to capture this shift in soil water content along with the rapid draining of the profile by March 20th.  
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Figure 26: Comparison of the simulated soil water content profiles (Sim) at Station 3 with the field 
data measured with the neutron probe (NMP) 
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Figure 27: Comparison of the simulated soil water content profiles (Sim) at Station 5 with the field 
data measured with the neutron probe (NMP) 

4.4 Recharge Estimates 

4.4.1 Water Table Fluctuation Method 
 

An initial estimate of spatially variable recharge across the field site during the spring melt event was 

based on the water table fluctuation (WTF) method described in the Methods section and based on 

Equation 1. Four of the monitoring wells were completed in unconfined strata and were used to 

estimate recharge based on the WTF method. These were wells Wo-Wo37, Wo40 and Wo75-s which 

were screened in aquifer 2, and Wo63 which was screened in Aquifer 3 (Brook, 2012; Haslauer, 2005). 

The sustainable yield (Sy) of Aquifers 2 and 3 at the study site was estimated from the difference 

between the saturated and residual soil water content that were determined in previous studies at the 

site. Padusenko, 2005 estimated average θs and θr to be 0.3 and 0.08 respectively for Aquifer 2 and 0.35 

and 0.1 for Aquifer 3, using volumetric water content estimates from soil cores at the study site and 

further calibrating those values within numerical model experiments. Koch (2009) and Bekeris (2007), 

also estimated values for Sy in the range of 0.2 for Aquifer 2 and 0.25 for Aquifer 3 based on modeling 

exercises. This range of values is used in the recharge estimates in Aquifer 2 and 3 using the water table 

fluctuation method (equation 1).  
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Figure 28: Magnitude of groundwater level fluctuations in surrounding unconfined monitoring wells 
relative to initial levels measured on March 

The relative water level increase in Aquifer 2 is highly variable, as observed through a difference of 

almost 0.30 m between the water level increase in Wo40 and the other wells, over a very short period 

(March 13th to March 21st). While Wo37 and Wo63 were in the vicinity of the ephemeral stream, 

Wo75s was not, however the increase in water levels in all these wells was consistent. The recharge 

estimates using equation 1 was in the range of 0.06 m and 0.12 m for aquifer 2 (Sy = 0.22) and 0.06 m 

for aquifer 3 since only Wo63 was screened in this aquifer (Sy = 0.25). 

4.4.2 Cumulative Infiltration Estimates from Numerical Modelling 
 

The cumulative infiltration was calculated using the calibrated results of the flow simulations with the 

Hydrus 1-D model at each of the three stations. This was done through water balance calculations for 

the model domain at every time step and summing the total volume of water entering and leaving the 

domain. During the simulated period the cumulative infiltration values were 0.72 meters at Station 4, 

0.42 meters at Station 5 and 0.06 meters at Station 3, at an average infiltration rate between 3.6E-05 

m/min to 1.3E-4 m/min (Figure 29). The calculated infiltration at Station 4 and 5 is considerably larger 

than the estimates obtained through the WTF method and while considering the field evidence of 

infiltration at these stations (soil water content and temperature fluctuations), it is clear that the WTF 

was not able to correctly represent the recharge magnitude associated with  this transient event. In the 

case of Station 3, where the influence of the surface water infiltration appeared to be negligible ,  the 

model and the WTF fluctuation method provided similar estimates of recharge. The significantly large 

model estimates of infiltration rates at Stations 4 and 5 in comparison to previous studies at the site 

(Koch, 2006; Bekeris, 2009; Brook, 2012) demonstrate that infiltration directly beneath the ephemeral 

stream may contribute a large, event-based pulse of surface water to the aquifer system in close 

proximity to municipal drinking wells. Where this ephemeral water is carrying pathogens such as E-Coli, 

as demonstrated at this study site (Christie, 2009), these results are significant with respect to the 

associated risk to municipal wells of contamination from these transient events. 

Δh = 0.55 
Δh = 0.25 
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Figure 29: Cumulative infiltration estimates from numerical methods for Stations 3,4 and 5 

4.4.3 Total Volume of Recharge at Study Site 
 

An estimate of the total recharge volume over a portion of the field site during the spring melt period 

was calculated based on the approximate size of the inundated ground surface, infiltration estimates 

from the monitoring stations, and the estimated duration of the infiltration event (3 days March 16 to 

19th). The picture below illustrates the approximate dimensions of the stream during this period and 

this was further delineated using a combination of the surface water pressure head data at Station 4 and 

the topographical survey of the site provided in Figure 8.  
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Figure 30: Ephemeral stream dimensions for total recharge estimate 

The stream had a width of approximately 25 metres on the 16th and 17th of March in the vicinity of 

Stations 3, 4 and 5. If the segment of the ephemeral stream where the surficial sediments are highly 

permeable (southeast of the Brook (2012) site on Figure 30) to the fence line is considered for this 

estimation a total approximate area of infiltration would be 7100 m2. If infiltration rates equal to those 

estimated at Station 4 (0.72 m.) and Station 5 (0.42 m.) are used for the calculation over the three day 

period, a total volume of recharge beneath this short segment of the ephemeral stream at the study site 

can be approximated to be between 0.5 and 1 million imperial gallons considering the limitations of the 

approach described below. It is still very probable that this is an underestimation of the total event-

based recharge in this area as the ephemeral water flows over a larger distance than the one used in the 

above approximation (268 meters) both upstream from the study site (where ponded water north of 

Curry Road is observed) as well as further downstream closer to the wells. The range in recharge 

estimates at the site demonstrates the spatial variability of infiltration flux but more importantly 

demonstrates that even with a conservative estimate of groundwater recharge from the spring melt 

event in the vicinity of the ephemeral stream there may be significant concern  for well vulnerability 

when these waters are carrying contaminants, as recharge can occur in event based time periods as 

demonstrated in this study.  
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Figure 31: Picture of field site showing approximate width of ephemeral stream on March 17th, 2015 

The recharge estimates at Station 3, 4 and 5 using the water table fluctuation approach were 0.12 m (± 

0.06 m) which were consistent with the estimates at monitoring wells screened in deeper aquifers and 

not directly in the path of the ephemeral stream. The total recharge in the vicinity of the stream using 

this method would therefore be in the range of 90,000 to 270,000 imperial gallons.  

 

The field investigations showed surface water infiltrating at Stations 4 and 5 through changes in 

groundwater temperature and soil water profiles, whereas this was not observed at Station 3 that was 

on the left bank of the ephemeral stream and only temporarily inundated. This demonstrates that the 

water level data itself was not able to capture the transient nature of the event as the water levels in 

various monitoring wells around the study site rose to similar levels regardless of their proximity to the 

ephemeral stream or the depth to the water table. The WTF method therefore, gave a similar estimate 

for recharge at all stations whereas the field and modeling exercise provided evidence that much higher 

infiltration rates were occuring directly beneath the ephemeral stream.   

 

The approach to quantifying groundwater recharge through the integration of field and numerical 

modelling methods has its challenges and limitations, most notably with regard to the density and 

frequency of field data collection, which was used as input data and calibration targets for the numerical 

model. The difficulty and costs associated with installing and maintaining field monitoring equipment in 

cold climates dictates that  only a limited number of monitoring locations could be relied upon to get 
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representative infiltration rates along the stream channel. These few monitoring stations therefore 

cannot fully represent the infiltration dynamics along the entire length of the ephemeral stream, and 

therefore where possible, multiple locations along the stream channel should be monitored to capture 

the spatial variability in infiltration fluxes. In addition, the difficulties in  installing and maintaining real 

time sensor networks connected to data loggers that could be used to monitor, for example, transient 

changes in heat and soil water content profiles, meant that small changes in these parameters would 

have been missed. This is particularly evident in the use of the eutron probe to obtain soil water content 

readings, where only manual point measurements could be made and therefore the transient shift of 

the moisture content curves may not have been fully captured Finally, even with the low density field 

soil water content data set, the model was only able to simulate the transient changes in the soil water 

content profiles up to a certainty of 80 percent as estimated through a regression analysis of the 

combined soil water content data set (simulated versus observed) which is presented in Appendix P. 

This further demonstrates the difficulty in calibrating numerical models to transient data sets, 

particularly in heterogeneous unsaturated porous media where the hydraulic properties of multiple soil 

layers needs to be considered. 

 

The study was able to demonstrate clear evidence of surface water from the ephemeral stream 

infiltrating and reaching the groundwater table, through changes in pressure, temperature and soil 

water content. The modelling exercise, despite its limitations showed that a large pulse of water would 

be able to infiltrate under the conditions observed and even a conservative estimate of total volume of 

recharge beneath the ephemeral stream indicated that such events may indeed introduce a large pulse 

of potentially contaminated surface water to the municipal aquifer system resulting in an increased 

threat to water quality within the public supply wells. 
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5.0 Conclusions 
 

This study focussed on quantifying infiltration and groundwater recharge within the vicinity of an 

ephemeral stream that develops due to large overland flow over partially frozen soils during the spring 

freshet within glacial drift in southern Ontario. The main hypothesis of the work was that significant 

amounts of recharge flux can occur beneath ephemeral surface water features during the spring freshet, 

even under partially frozen conditions during these dynamic events. Natural infiltration experiments of 

dynamic recharge events in cold regions have not been commonly carried out due to the transient 

nature of the events and the difficulty of conducting field investigations in harsh climates.  

 

Hydraulic head data from monitoring wells across the study site showed an increase in pressure head 

throughout the regional aquifer system during the spring melt, including in the deeper aquifer units. 

This demonstrated recharge phenomenon at a much larger, regional scale during these dynamic events 

but also indicated that hydraulic head data alone was not able to capture the transient nature of the 

infiltration event. The study showed evidence of infiltration such as through soil water content and 

temperature changes beneath the ephemeral stream which was not observed away from the stream 

(such as at Station 3), while water level fluctuations were similar at all stations and did not capture these 

differences. The numerical modelling exercise showed that under the transient conditions of flowing 

ephemeral waters, infiltration continues (as observed at  the study stations) after the soil water content 

has risen to a level where water flow can be conducted without any noticeable changes in soil water 

content. 

 

The water table fluctuation calculations provided an insight in to regional recharge dynamics in both the 

shallow and deeper aquifer units and estimated recharge to be within the range of 0.06 and 0.12 meters 

using equation 1 (at Wo37, and Wo40 respectively). In the present study, the infiltrating pulse from a 

transient surface water body that existed for a very short duration was, through the use of numerical 

methods estimated to be several times larger (up to 0.73 m) than that predicted by the water table 

fluctuation method. It is likely that the water table rises to a maximum value after which water moves 

away from the infiltrating point whereby further infiltration does not contribute to a rise in the water 

level.  

The large range in recharge estimates from the numerical modelling exercise for three sites in the 

vicinity of the ephemeral stream and in relatively close proximity to each other not only shows the high 

degree of spatial variability in recharge but also highlights the significance of the location of these 

transient surface water bodies to recharge dynamics. The present study demonstrates the importance 

of measuring several locations along the stream path to more accurately assess the vulnerability of 

nearby drinking water wells as large pulses of surficial contaminants infiltrating in event based time 

periods can be overlooked by water table fluctuation methods or larger scale water balance 

computations. 
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Further, the duration of the infiltration event is essential in accurate estimates of recharge due to the 

high infiltration flux at certain locations. In cold climate conditions the frost layer plays an important role 

in the timing of the infiltrating pulse and therefore under such conditions measurements of the 

transient frost conditions are extremely valuable in making more accurate estimates of localized 

recharge. Numerical models however, should be calibrated to as many field observations as possible and 

soil water content, temperature and pressure data as used in the present study can help constrain the 

model results. The closeness of fit of the numerical models to transient field data within the context of 

this study show that when used in unison these data can be effective in estimating recharge at various 

point locations.  

The study indicates that localized recharge from transient surface water can be significantly large and 

may present a contamination risk to groundwater resources particularly when these transient surface 

water features are in the vicinity of drinking water wells. We propose that this type of event-based 

recharge phenomena can provide a significant pulse of contaminant loading and presents a threat to the 

drinking water quality of near-by public supply wells. Finally, the results from this study show the 

importance of monitoring ephemeral events in sufficient detail to better understand the transient 

infiltration dynamics in the vicinity of the stream. This will allow a better assessment of the vulnerability 

of drinking water wells through considering the heterogeneity in various data sets. 
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0

0.1 PT Topsoil; Organics, dark brown, moist

0.2

0.3

0.4

0.5 PT Topsoil; very dark brown, silty-sand 

0.6 SC Silty-Clay: Light brownish, contains medium sand, moist

0.7

0.8 GP Sandy Gravel: Medium to coarse gravel size 2-5cm, dry

0.9

1

1.1

1.2 MISSING: Poor Recovery

1.3 Miss

1.4

1.5 GP Sandy Gravel: Medium brown, well graded, 

1.6 increasing particle size

1.7

1.8 SC Silty-Clay: Light brownish, contains medium sand, moist

1.9

2 Silty Sand: Some gravel similar grain size as above, wet

2.1

2.2

2.3 GP Sandy Gravel: fine to medium gravel size <2cm, wet

2.4

2.5

2.6

2.7

2.8

Core 1
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0

0.1 PT Topsoil; Organics, dark brown, moist

0.2

0.3

0.4 PT Topsoil; very dark brown, silty-sand 

0.5 CL Clayey Silt, meadium to dark brown

0.6 SC Silty-Clay: some fine gravel

0.7

0.8 GP Sandy Gravel: Medium gravel size <2cm, wet

0.9

1 GP Sandy Gravel: Medium to coarse gravel size >2cm, moist

1.1

1.2 MISSING: Poor Recovery

1.3 Miss

1.4

1.5 GP Sandy Gravel: fine to medium gravel

1.6

1.7 GP Sandy Gravel: large gravel >5 cm

1.8

1.9

2

2.1

2.2

2.3 GP Sandy Gravel: well mixed, wet, aquifer

2.4

2.5

Core 2
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0

0.1 PT Topsoil; Organics, dark brown, wet

0.2

0.3

0.4 CL Clayey Silt, meadium to dark brown

0.5

0.6

0.7 GP Sandy Gravel: Large gravel size <2cm, moist

0.8

0.9 GP Sandy Gravel: Shale/sandstone, layered deposit, moist

1 GP Sandy Gravel: medium gravel, wet

1.1

1.2 MISSING: Poor Recovery

1.3 Miss

1.4

1.5 GP Sandy Gravel: coarse gravel

1.6

1.7 GP Sandy Gravel:medium to fine gravel

1.8

1.9

2

2.1

2.2

2.3 GP Sandy Gravel: Medium to Coarse Gravel, wet

2.4

2.5

2.6

2.7 Miss

2.8

Core 3

MISSING: Poor Recovery
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PT Topsoil; Organics, dark brown, wet

GP

Sandy Gravel: more sand, medium to fine gravel 

size, moist to dry

GP Sandy Gravel: coarse gravel, reddish brown, dry

GP

GP Sandy Gravel: well mixed, aquifer

1.7

1.9

2.1

2.3

2.5

Core 4

0.1

0.3

0.5

0.7

0.9

1.1

1.3

1.5
Sandy Gravel: coarse gravel

GP
Sandy Gravel: coarse gravel

Miss MISSING: Poor Recovery

Sandy Gravel: medium gravel size <2cm, moist

GP

L
it

h
o

lo
gy

U
SC

S

D
e

p
th

(m
)

Lithological Description
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0 PT Topsoil; Organics, dark brown, wet

0.1

0.2

0.3 GP Sandy Gravel: more sand, medium to fine gravel size, 

0.4 moist to dry

0.5

0.6 GM Gravelly Silt: medium sand

0.7

0.8

0.9

1 GP Sandy Gravel: coarse gravel, reddish brown, dry

1.1

1.2 MISSING: Poor Recovery

1.3 Miss

1.4

1.5 GP Sandy Gravel: coarse gravel

1.6

1.7

1.8

1.9

2

2.1 GP Sandy Gravel: well mixed, aquifer

2.2

2.3

2.4

2.5

2.6

2.7

Core 5

MISSING: Poor RecoveryMiss
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Appendix B: Neutron Probe Calibration (Bekeris, 2007) 
  



63 

 

 
Description: Soil water content was estimated with the Model 503 DR Hydroprobe Neutron 
Moisture Probe (CPN International Inc.).  The probe uses 50mCi Americium-241/Beryllium as a 
source of fast neutrons, and measures the proportion of emitted fast neutrons that are 
redirected to the probe as slow neutrons after colliding with the hydrogen atoms in the water 
molecule. Moisture content is usually determined from the neutron probe count ratio (CR; raw 
neutron count/neutron count in a standard medium) using a linear calibration equation. In 
order to collect CRs, the neutron moisture probe is lowered down an access tube at user 
specified intervals. At each measurement point along the profile, the probe emits fast neutrons 
and measures reflected slow neutrons. 
 
Calibration: The 503 DR Hydroprobe was supplied with a factory calibration equation for 
measurements taken in a 5-cm (2-in) PVC access tube. Literature suggests, however, that site 
and soil-specific calibrations are necessary for reliable measurements (Yao et al., 2004; Greacen et 
al., 1981). Therefore a field calibration program was conducted in the study area on November 
17 and 18, 2005, and was based on the comparison of probe measurements in several newly-
installed access tubes with the volumetric water content of the core collected during tube 
installation. These access tubes are not included in the set installed for regular water content 
measurements as described in Section 3.1.4. 
 
The locations of the calibration access tubes were Recharge Stations 2, 4 and 5. At each 
station, a Vibra-Push® direct push rig equipped with the Enviro-Core® sampling system was used 
to advance a 5-cm (2-in) diameter borehole and collect continuous geologic core. The 0.9- m (3-ft) 
long core samples were sealed in the field to preserve moisture content and refrigerated at the 
University of Waterloo until analysis as described below. A 5-cm (2-in) diameter Schedule 40 PVC 
riser pipe with a bottom cap was fitted snugly into the borehole. Air space and surface water 
leakage between the access tube and the geologic material were minimized to ensure 
representative measurements. The riser pipe was cut at 0.2 m above ground surface and raw 
neutron counts were measured at 0.1-m intervals along the access tube within 30 minutes of  
  installation.   The standard count of the neutron probe was determined in the field using the  
  probe shield as an adsorber before the field measurements began.  
The geologic cores from the access tube boreholes were subsequently sampled at 0.1 m 
intervals and analyzed in the laboratory for volumetric water content (VWC) and bulk density as 
described in Section 3.3. 
 
Analysis.  To determine the site-specific calibration equation for the neutron probe, the CR at 
each measurement point was compared to the corresponding VWC determined from the core 
samples.  The radius of influence of the probe is approximately 0.15 m (Greacen et al., 1981); 
therefore for the CR measured at a given depth, the corresponding VWC was calculated as the 
average of the VWC measurements at that depth, 0.1 m above and 0.1 m below that depth.  In 
the case where core material was missing from the core tube, one or two VWC measurements 
were used instead of three, with the measurement at the depth of the CR weighted twice as 
much as the adjacent VWC value. Ifthe VWC could not be accurately estimated due to loss of a 
non-cohesive  material  from the core tube, the CR/VWC  data pair was  excluded  from the 
analysis. 
 
VWC was then regressed on CR to determine the calibration equation. This is contrary to 
Greacen et al.'s (1981) recommendation to regress CR on VWC based on greater confidence in 
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and reliability of VWC measurements. In this study, as in Grismer et al.'s (1995), greater 
reliability was assigned to CR values, due  to their reproducibility and  the potential error 
associated with having only one VWC measurement at each depth. 
 
Two additional corrections to the calibration data recommended in the literature were also 
applied and evaluated for their effect on the calibration equation. A correction for soil bulk 
density was recommended by Greacen and Hignett (1976) to account for the potential 
"trapping'' of fast neutrons in higher density material. Based on an empirical relationship 
between count rate at constant VWC and the square root of density, the correction factor to CR 
was (p1,/pru)1/2 where pb is the average bulk density at the site and pbi is the soil bulk density at 

a given depth. The regression of VWC on CR was repeated after this adjustment. 
 
 
The presence of constitutionally bound hydrogen in clay minerals and organic matter also 
affects the response of the neutron moisture probe. The equivalent water con,ent 9e of 
hydrogen may be estimated as 0.124(±0.012)C + 0.015, where C is the fractional clay content of the 
soil (Greacen et al., 1981). The maximum clay content of any of the site materials is 10-15%, 
which corresponds to 9e of approximately 2.7 to 3.4%. The regression was repeated after 
increasiog the overall VWC for materials assumed to have clay content of >10% by 3%, to 
reflect the ee contribution. 
 
Results. The uncorrected VWC and CR data are shown in Figure B.1. The calibration equation 
(r2 = 0.83) for the conversion of CR to VWC is 
 
VWC = 35.8(±3.4) ·CR -10.1(±2.7)                                         (B.1) 
 
where 
 
VWC is the volumetric water content (percentage) 
CR is the count ratio (raw neutron count/ standard count) 
 

For the density correction, an average Pb of 1.8 g/cm3 was calculated from the laboratory analysis of 

all the samples. The ranges for Pbi and (pb/pb;) 112 were 1.2 to 2.6 g/cm3 and 0.8 to 1.2, 
respectively.   Applying the density correction  reduced  the r2 value from 0.83 to 0.74 and 
yielded the following calibration equation: 
 
VWC = 33.7(±4.1) ·CR -8.4(±3.3)                                                      (B.2) 
 
The coefficients in the density-corrected equation are within the 95% confidence interval of the 
uncorrected equation. Applying the density correction to the calibration would require that 
subsequent neutron probe measurements at the site be corrected for density, and density values 
along the entire profile of every access tube are unknown. Given this limitation and the 
reduction in the correlation coefficient, the density correction was omitted from the final 
calibration. Grismer et al. (1995) also found that the density correction were of limited value for 
field calibrations. 
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When the correction for clay content was applied to the original uncorrected data, the 
correlation coefficient was unchanged (0.83) and again the coefficients of the calibration equation 
fell within the 95% confidence interval of the uncorrected data: 
 
 
VWC = 39.0(±3.6) ·CR -11.4(±3.0)                                     (B.3) 
 
Given the limited benefit of applying this correction and the increased labour required to 
correct all future readings for clay content, this correction was also  omitted for the final 
calibration. Consequently the final site-specific calibration equation for the neutron moisture 
probe is Equation B.1. 
 
A soil-specific calibration was also attempted for each of the clay, silt, fine sand and well graded 
sand units common to the site.  This analysis required  subsets  of the uncorrected  data set, 
grouped by soil type and limited to CRs at points more than 0.15 m from soil type interfaces and 
their associated VWC data. This criterion was applied to encompass the 0.15 m radius of influence 
of the probe and to avoid bias related to averaging across different units. The distribution of soil-
specific data is shown in Figure B.2. Linear regression was attempted on the individual data sets for 
each soil type, but the data sets were found to be too limited in range to be used for soil-specific 
calibration. The data set for silty clay, for example, consisted of 22 data pairs, 18 of which were 
clustered between 20 and 24% VWC. The soil-specific calibration was not possible for the available 
data set. Although the use of one equation for all soil types may result in decreased accuracy (Yao 
et al.,  2004), it is convenient for sites where the detailed stratigraphy and soil characteristics along 
each access tube are unknown. 
 
Additional sources of error in the derivation of the calibration equation include: 
 
Spatial variability in the soil water content, which limits the accuracy of comparing volumetric 
water content of material collected from the access tube hole to the neutron counts of the 
material surrounding the access tube; 
Compaction of the soil around the tube during installation. 
 
Although there are numerous neutron probe  calibration  efforts  described  in  the  literature, few of 
these employed PVC access tubes. Yao et al. (2004) conducted soil-specific calibrations for a 
vertically-stratified vadose zone using two-inch Sch. 40 PVC access tubes. For a general calibration 
line fitted through all soil types, they reported a similar slope (38.6) as in this calibration but a 
significantly different intercept (-30). Their soil-specific calibration lines had significantly  shallower  
slopes than the general calibration.   The fact that Yao  et al. reported  a  
 
similar range of measured water content values as in this calibration, but count ratios that ranged 
from 1 to 1.6, as compared to 0.4 to 1.3 here, suggests that other elements of the installation, 
sampling, or measurement processes differed between the two studies, or there are variations in 
site characteristics that preclude comparison of the results. For example, Yao et al. obtained 
standard count measurements with the probe at 2 m depth in an access tube, which may have 
yielded different standard count values compared to this study and consequently may have 
affected the slope of the calibration line. 
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Large diameter tube calibration: A separate analysis of the calibration data was conducted to 
derive a calibration equation for the larger 7.5 cm (3 in) diameter access tubes present at the site. 
The use of 7.5 cm access tubes is not ideal, as the larger diameter increases neutron loss and the 
potential for eccentric positioning of the probe (Greacen et al., 1981). The 7.5 cm tubes, 
however, are deeper on average than the 5 cm tubes and offer additional information about the 
general water content profile at each station. 
 
The 7.5 cm tube calibration followed the method described for the 5 cm  tubes  described above.  
The raw neutron counts were measured in the existing 7.5 cm tubes at Stations 2, 4 and 5 at the 
time of installation of the 5 cm calibration tubes and collection of geologic core. The maximum  
distance  between  the  7.5 cm  access  tube  and  the  5  cm  hole  at  each  station  was 
approximately one metre. The data is plotted in Figure B.3.  The calibration equation (t' = 0.75) 
for the 7.5 cm tubes is 
 
VWC = 54.7(±7.2) ·CR -17.1(±4.3)                                                   (B.4) 
 
In addition to the potential errors associated with the use of a 7.5 cm tube described above, this 
calibration is also limited by the fact that the gravimetric moisture content values  were measured on 
core material from a borehole approximately one metre from the 7.5 cm tube. 
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Appendix C: Grain Size Distribution (Missori, 2015) 
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Appendix D: Permeameter Tests (Missori, 2015) 
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Appendix E: Survey Data 
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   Distance m Elevation   
1216 4770300.263 519945.9328 0 303.07466 Grnd TST4 West end of 

Transect 

West end of topographic survey transect 

through Ehsan's station 4 (TST4). Ground 

elevation 
1217 4770303.139 519947.1594 3.1 302.49854 Grnd TST4 Ground 

1218 4770305.945 519948.4123 6.2 301.93667 Grnd TST4 Ground 

1219 4770308.844 519949.8446 9.4 301.45069 Grnd TST4 Ground 

1220 4770311.777 519951.4395 12.8 300.9507 Grnd TST4 Ground 

1221 4770314.837 519953.03 16.2 300.51471 Grnd TST4 Ground 

1222 4770317.601 519954.5332 19.4 300.23372 Grnd TST4 Ground 

1223 4770320.221 519955.931 22.3 300.07473 Grnd TST4 Ground 

1224 4770322.79 519957.1919 25.2 299.96274 Grnd TST4 Ground 

1225 4770324.2 519957.8864 26.8 299.84675 Grnd TST4 Ground 

1226 4770325.695 519958.8628 28.6 299.78676 Grnd TST4 Ground 

1227 4770326.684 519959.6495 29.8 299.80976 Grnd TST4 at station 4 Ground at Ehsan station 4 

1228 4770327.777 519960.6231 31.3 299.78877 Grnd TST4 at station 4 Ground at soil temperature probes at 

Ehsan Station 4 

1229 4770329.691 519961.544 33.4 299.81678 Grnd TST4 Ground 

1230 4770331.311 519962.9257 35.5 299.86679 Grnd TST4 Ground 

1231 4770333.149 519964.049 37.7 299.9238 Grnd TST4 Ground 

1232 4770334.886 519964.9949 39.7 299.97381 Grnd TST4 Ground 

1233 4770336.747 519966.2213 41.9 300.00182 Grnd TST4 Ground 

1234 4770338.828 519967.0753 44.1 300.02583 Grnd TST4 Ground 

1235 4770341.195 519968.7736 47.1 300.05884 Grnd TST4 Ground 

1236 4770343.776 519970.3804 50.1 300.19986 Grnd TST4 Ground 

1237 4770346.22 519971.7936 52.9 300.25387 Grnd TST4 Ground 

1238 4770348.885 519973.7041 56.2 300.34788 Grnd TST4 Ground 

1239 4770351.501 519975.1358 59.2 300.5189 Grnd TST4 Ground 

1240 4770354.034 519976.8987 62.3 300.66591 Grnd TST4 Ground 

1241 4770356.932 519978.6931 65.7 300.85893 Grnd TST4 Ground 

1242 4770359.917 519980.3286 69.1 300.97194 Grnd TST4 Ground 

1243 4770362.651 519981.8712 72.2 301.09795 Grnd TST4 Ground 

1244 4770364.899 519983.4554 75.0 301.20659 Grnd TST4 East end of 

Transect 

East end of topographic survey transect 

through Ehsan's station 4 (TST4). Ground 

elevation 

       
1280 4770295.861 519963.5573 0 302.92861 Grnd TST5 West end of 

Transect 

West end of topographic survey transect 

through Ehsan's station 5 (TST5). Ground 

elevation 
1281 4770298.517 519964.6848 2.9 302.35587 Grnd TST5 Ground 

1282 4770301.433 519966.0003 6.1 301.79488 Grnd TST5 Ground 

1283 4770304.377 519967.3022 9.3 301.22889 Grnd TST5 Ground 

1284 4770306.946 519968.6228 12.2 300.8689 Grnd TST5 Ground 

1285 4770309.786 519969.9318 15.3 300.48591 Grnd TST5 Ground 

1286 4770312.584 519971.2314 18.4 300.09392 Grnd TST5 Ground 

1287 4770315.088 519972.4423 21.2 299.82893 Grnd TST5 Ground 

1288 4770317.214 519973.5037 23.6 299.79794 Grnd TST5 Ground 

1289 4770319.014 519974.326 25.5 299.71495 Grnd TST5 Ground 

1290 4770320.924 519975.4057 27.7 299.69695 Grnd TST5 Ground 

1291 4770322.392 519976.3917 29.5 299.73396 Grnd TST5 near P-5 Ground near P-5 

1292 4770324.197 519977.5517 31.6 299.77397 Grnd TST5 Ground 

1293 4770325.88 519978.6714 33.7 299.83998 Grnd TST5 Ground 

1294 4770327.613 519979.9741 35.8 299.85099 Grnd TST5 Ground 

1295 4770329.493 519981.1421 38.1 299.852 Grnd TST5 near BML-5 Ground near BML-5 

1296 4770331.389 519982.5175 40.4 299.87402 Grnd TST5 Ground 

1297 4770333.136 519983.8256 42.6 299.88003 Grnd TST5 Ground 

1298 4770335.024 519984.9569 44.8 299.88004 Grnd TST5 Ground 

1299 4770337.142 519986.1106 47.2 299.88905 Grnd TST5 Ground 

1300 4770339.142 519986.916 49.3 300.03205 Grnd TST5 Ground 

1301 4770340.996 519987.8751 51.4 300.14206 Grnd TST5 Ground 

1302 4770343.939 519989.257 54.7 300.32707 Grnd TST5 Ground 
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1307 4770359.879 519997.0406 72.5 301.33513 Grnd TST5 Ground 

1308 4770363.021 519998.7556 76.1 301.56714 Grnd TST5 Ground 

1309 4770366.09 520000.4882 79.6 301.84103 Grnd TST5 East end of 

Transect 

East end of topographic survey transect 

through Ehsan's station 5 (TST5). Ground 

elevation 

       
1310 4770291.867 519985.6328 0 300.91162 Grnd TST3 West end of 

Transect 

West end of topographic survey transect 

through Ehsan's station 3 (TST3). Ground 

elevation 
1311 4770294.411 519987.1433 3.0 300.70613 Grnd TST3 Ground 

1312 4770297.185 519988.7794 6.2 300.36015 Grnd TST3 Ground 

1313 4770299.884 519990.3723 9.3 300.13216 Grnd TST3 Ground 

1314 4770302.817 519992.073 12.7 299.83918 Grnd TST3 Ground 

1315 4770305.617 519993.8284 16.0 299.68119 Grnd TST3 Ground 

1316 4770308.636 519995.7039 19.6 299.57721 Grnd TST3 Ground 

1317 4770311.492 519997.649 23.0 299.59622 Grnd TST3 Ground 

1318 4770314.23 519999.2703 26.2 299.67024 Grnd TST3 Ground 

1319 4770317.019 520000.9755 29.5 299.64625 Grnd TST3 Ground 

1320 4770318.838 520001.9849 31.5 299.61126 Grnd TST3 Ground 

1321 4770320.444 520003.0573 33.5 299.65327 Grnd TST3 Ground 

1322 4770322.081 520004.2287 35.5 299.64628 Grnd TST3 near BML3 and 

NAT-3 

Ground near BML3 and NAT-3 

1323 4770324.038 520005.4616 37.8 299.67229 Grnd TST3 Ground 

1324 4770326.188 520006.7142 40.3 299.7763 Grnd TST3 Ground 

1325 4770328.02 520007.8809 42.5 299.89131 Grnd TST3 Ground 

1326 4770330.11 520009.1758 44.9 299.96832 Grnd TST3 Ground 

1327 4770332.431 520010.3804 47.5 300.11133 Grnd TST3 Ground 

1328 4770335.129 520012.2419 50.8 300.30335 Grnd TST3 Ground 

1329 4770338.275 520014.0058 54.4 300.54336 Grnd TST3 Ground 

1330 4770340.864 520015.7061 57.5 300.76337 Grnd TST3 Ground 

1331 4770343.89 520017.4432 61.0 301.03439 Grnd TST3 Ground 

1332 4770346.844 520019.3229 64.5 301.2654 Grnd TST3 Ground 

1333 4770349.756 520020.8419 67.8 301.43842 Grnd TST3 Ground 

1334 4770353.067 520022.6175 71.6 301.65543 Grnd TST3 Ground 

1335 4770356.803 520024.8978 75.9 301.91445 Grnd TST3 Ground 

1336 4770360.031 520026.7415 79.6 302.18946 Grnd TST3 Ground 

1338 4770362.878 520028.6256 83.1 302.3191 Grnd TST3 East end of 

Transect 

East end of topographic survey transect 

through Ehsan's station 3 (TST3). Ground 

elevation 

       
1339 4770257.245 520016.6294  299.86054 Grnd at fence west end Ground topo survey along southern 

fence. Start at west end - corner post of 

fence 
1340 4770259.048 520018.936  299.65756 Grnd  
1341 4770260.841 520022.0591  299.50559 Grnd  
1342 4770262.836 520024.6335  299.48562 Grnd  
1343 4770264.526 520027.1573  299.54764 Grnd  
1344 4770266.608 520030.1778  299.36367 Grnd  
1345 4770268.277 520032.6351  299.2877 Grnd  
1346 4770270.33 520035.6883  299.30573 Grnd  
1347 4770272.525 520038.8075  299.31276 Grnd  
1348 4770274.593 520041.6869  299.23579 Grnd Underneath a small tree. GPS slow to fix 

1349 4770276.296 520044.4223  299.19082 Grnd  
1350 4770278.231 520047.1719  299.26484 Grnd  
1351 4770280.134 520049.8158  299.26487 Grnd  
1352 4770282.153 520052.793  299.2769 Grnd  
1353 4770284.04 520055.6404  299.52093 Grnd  
1354 4770286.034 520058.5201  299.51696 Grnd GPS slow to fix 

1355 4770287.83 520061.167  299.59898 Grnd  
1356 4770289.788 520064.0494  299.69001 Grnd  
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1361 4770298.588 520076.4013  300.41914 Grnd road opening in fence 

1362 4770300.641 520079.2305  300.61016 Grnd  
1363 4770302.528 520082.1987  300.71119 Grnd  
1364 4770304.2 520084.675  300.81922 Grnd Under a small tree 

1365 4770305.872 520086.9817  300.98724 Grnd  
1366 4770307.647 520089.5595  301.07327 Grnd  
1367 4770309.614 520092.3253  301.2023 Grnd  
1369 4770311.361 520094.7471  301.62532 Grnd Redo of last survey point (deleted). GPS 

going in and out of fix 

1371 4770315.88 520100.6543  301.68425 Grnd at fence east end Redo of last survey point (deleted). East 

end at fence corner post 

       
1372 4770310.042 519937.7863  301.17305 Grnd west end Ground at west end of topographic 

transect up (north) of station 4 

1373 4770315.336 519938.639  300.53455 Grnd  
1374 4770320.361 519939.8955  300.16655 Grnd  
1375 4770325.436 519941.2346  300.12656 Grnd  
1376 4770332.144 519942.0398  299.95555 Grnd  
1377 4770334.56 519942.4248  299.92955 Grnd  
1378 4770339.494 519944.0206  300.13556 Grnd  
1379 4770343.646 519947.3308  300.36659 Grnd  
1380 4770347.928 519950.779  300.48363 Grnd  
1381 4770352.575 519954.0457  300.67065 Grnd  
1382 4770357.729 519956.893  300.89668 Grnd  
1383 4770362.231 519959.0748  301.01169 Grnd  
1384 4770367.831 519961.4339  301.24771 Grnd  
1385 4770372.982 519963.1159  301.56872 Grnd east end Ground at east end of transect 

       
1386 4770308.091 519915.128  301.13879 Grnd west end Ground at west end of transect 

1387 4770313.448 519917.2875  300.71231 Grnd  
1388 4770318.17 519920.5337  300.48134 Grnd  
1389 4770323.178 519923.376  300.27636 Grnd  
1390 4770328.668 519925.6147  300.23437 Grnd  
1391 4770334.484 519927.1442  300.21738 Grnd  
1392 4770338.568 519928.744  300.04739 Grnd  
1393 4770341.193 519929.5598  300.0344 Grnd  
1394 4770343.749 519930.2035  300.1644 Grnd  
1395 4770349.81 519932.336  300.40241 Grnd  
1396 4770354.879 519935.4468  300.51544 Grnd  
1397 4770359.182 519937.8802  300.66846 Grnd  
1398 4770364.46 519940.8357  300.95248 Grnd  
1399 4770369.851 519943.2198  301.2425 Grnd  
1400 4770375.497 519945.3602  301.49251 Grnd east end Ground at east end of transect 

       
1401 4770304.368 519894.1922  301.34481 Grnd west end Ground at west end of transect 

1402 4770309.939 519896.733  301.11508 Grnd  
1403 4770315.66 519899.3902  300.8381 Grnd  
1404 4770321.221 519901.5879  300.62911 Grnd  
1405 4770326.718 519904.22  300.42813 Grnd  
1406 4770332.004 519906.8364  300.32015 Grnd  
1407 4770337.671 519909.9522  300.23018 Grnd  
1408 4770343.161 519912.374  300.2632 Grnd  
1409 4770348.623 519915.0727  300.36822 Grnd  
1410 4770354.235 519917.5592  300.44524 Grnd  
1411 4770359.195 519920.6839  300.61426 Grnd  
1412 4770364.131 519923.7205  300.82329 Grnd  
1413 4770369.362 519926.6002  301.07431 Grnd  
1414 4770374.258 519929.1241  301.42233 Grnd  
1415 4770379.985 519931.5621  301.7601 Grnd east end Ground at east end of transect 

       
1416 4770305.066 519872.5277  301.80669 Grnd west end Ground at west end of transect 
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1421 4770332.763 519885.8055  300.56891 Grnd  
1422 4770338.416 519888.627  300.42494 Grnd  
1423 4770343.966 519891.3919  300.39096 Grnd  
1424 4770349.846 519894.1449  300.38598 Grnd  
1425 4770355.325 519896.6129  300.505 Grnd  
1426 4770361.028 519897.9976  300.78 Grnd  
1427 4770366.092 519901.3907  301.10603 Grnd  
1428 4770370.966 519905.4408  301.44307 Grnd  
1429 4770375.721 519909.3597  301.8321 Grnd  
1430 4770381.032 519912.0671  302.21225 Grnd east end Ground at east end of transect 

       
1431 4770308.236 519854.5315  301.81035 Grnd west end Ground at west end of transect 

1432 4770313.804 519856.9026  301.52762 Grnd  
1433 4770319.682 519859.3613  301.22263 Grnd  
1434 4770325.853 519862.218  301.03466 Grnd  
1435 4770331.764 519865.1609  300.89268 Grnd  
1436 4770337.544 519868.6401  300.72071 Grnd  
1437 4770342.81 519871.536  300.57773 Grnd  
1438 4770347.744 519874.6432  300.56076 Grnd  
1439 4770353.488 519877.2162  300.66378 Grnd  
1440 4770358.58 519879.4221  300.91379 Grnd  
1441 4770363.353 519882.3507  301.21982 Grnd  
1442 4770368.834 519885.2785  301.75284 Grnd  
1443 4770373.904 519887.8223  302.50786 Grnd  
1444 4770379.086 519891.4944  303.1009 Grnd  
1445 4770385.198 519893.7084  303.85453 Grnd east end Ground at east end of transect 

       
1446 4770316.173 519826.7952  302.11177 Grnd west end Ground at west end of transect through 

Jacqueline Brook site 

1447 4770322.552 519829.9039  301.73229 Grnd  
1448 4770328.81 519833.1103  301.45932 Grnd  
1449 4770335.568 519836.702  301.20735 Grnd  
1450 4770341.815 519839.9098  301.01337 Grnd  
1451 4770347.555 519842.7474  300.9944 Grnd  
1452 4770352.289 519845.6775  301.00442 Grnd  
1453 4770355.285 519847.4133  300.99243 Grnd  
1454 4770358.93 519849.325  300.78145 Grnd between OW wells Ground between two monitoring well 

casings 

1455 4770361.598 519851.1812  300.74747 Grnd  
1456 4770365.619 519853.9289  301.15049 Grnd  
1457 4770370.141 519856.5177  301.57351 Grnd Next to a 1-inch ID PVC pipe 

1458 4770374.873 519859.6417  302.32854 Grnd  
1459 4770379.381 519862.4015  303.08956 Grnd  
1460 4770384.123 519865.1443  303.84959 Grnd  
1461 4770388.68 519867.638  304.49361 Grnd east end Ground at eastt end of transect through 

Jacqueline Brook site 

       
1462 4770280.714 519997.6413  300.58453 Grnd west end Ground at west end of transect south of 

station 3 and north of fence 

1463 4770284.769 520002.0861  299.92432 Grnd  
1464 4770289.591 520007.1592  299.52637 Grnd  
1465 4770293.456 520011.7265  299.56142 Grnd  
1466 4770297.723 520015.6753  299.52545 Grnd  
1467 4770302.686 520019.8391  299.49149 Grnd  
1468 4770306.995 520024.3398  299.52853 Grnd  
1469 4770310.757 520028.6754  299.66158 Grnd  
1470 4770314.727 520032.8543  299.91962 Grnd  
1471 4770318.81 520036.6544  300.22265 Grnd  
1472 4770323.327 520040.7828  300.64769 Grnd  
1473 4770327.72 520045.0649  300.93773 Grnd  
1474 4770332.456 520049.6811  301.16977 Grnd  
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Appendix F: Geochemistry Data (Christie, 2009) 
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Appendix G: Temperature Thermister Casing Design (Brook, 2012) 
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Appendix H: Monitoring Well Details 
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Name Casing Ground Top of Bottom of Aquifer

Northing Easting Elevation Elevation Screen Screen Screen

(m) (m) (masl) (masl) (mbgs) (mbgs)

WO35* 4770190 519977.8 303 302.52 5.18 6.7 2

WO36* 4770309 520061.9 300.9 300.39 3.35 4.88 2

WO37* 4770359 519848.9 301.22 300.72 3.35 4.88 2

WO40* 4770560 519548.2 305.1 304.19 6.4 7.92 2

WO75S* 4770114 520015.1 303.62 302.68 8.84 10.36 2

WO11-18* 4770437 519657.1 303.18 303.1 17.288 18.05 3

WO63* 4770359 519849.9 301.38 300.71 10.67 13.72 3

WO67* 4770318 519488.2 313.23 312.46 15.24 18.29 3

WO72S* 4770580 519792.7 310.04 309.09 13.41 16.4 3

WO72D* 4770580 519790.6 310.01 309.06 17.87 20.67 3

Well
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Appendix I: Water flow equations (HYDRUS 1D Manual Chapter 7, Simunek et. 
al, 2013) 

  



124 

 

 

Space and Time Discretization 

The soil profile is first discretized into N-1 adjoining elements, with the ends of the 

elements located at the nodal points, and N being the number of nodes. The same 

spatial discretization is used for water flow, solute transport and heat movement. 

HYDRUS assumes that the vertical coordinate x is directed positive upward. 

A mass-lumped linear finite elements scheme was used for discretization of the mixed form 

of the Richards' equation (2.1) (the numerical solution for equation (2.3) is in principle 

similar to the solution to equation (2.1)). Since the mass-lumped scheme results in an 

equivalent and somewhat standard fmite difference scheme [e.g., Vogel et al., 1996], we 

omit the detailed fmite element development and give immediately the invoked final finite 

difference scheme: 

 

in which subscripts i-1, i, and i+1 indicate the position in the fmite difference mesh; 

superscripts k and k+1 denote the previous and current iteration levels, respectively; and 

superscripts j andj +1 represent the previous and current time levels, respectively. Equation 

(7.1) is based on a fully implicit discretization of the time derivative, and will be solved 

with a Picard iterative solution scheme. Notice also that the sink term, S, is evaluated at 

the previous time level. The mass conservative method proposed by Celia et al. [1990], in 

which rJ+l .k+I  is expanded in a truncated Taylor series with respect to h about the 

expansion point Ji+
1
·k, is used in the time difference scheme of (7.l): 
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This method has been shown to provide excellent results in terms of minimizing  the  mass 

balance error. Notice that the second term on the right hand size of (7.3) is known prior 

to the current iteration. The first term on the right hand side of (7.3) should vanish at the 

end of the iteration process if the numerical solution converges. The derivation  leads  to  the  

following matrix equation with matrix [Pw] and vectors {h} and {Fw} 

 

where the diagonal entries d; and above-diagonal entries e; of the matrix [Pw], and the 

entries/; of vector {Fw}, are given by 
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The tridiagonal matrix [Pw] is symmetric and therefore the below-diagonal entries are equal 

to the above-diagonal entries. The entries d1, ei, Ji , and eN-h dN, fN are dependent upon the 

prescribed boundary conditions. 

 

Treatment of Pressure Head Boundary Condition 

 

If a first-type (Dirichlet) boundary condition is specified at the top or bottom of the soil 

profile, then the terms d1 or dN are equal to unity, e1 or eN-1 reduce to zero, and Ji or fN 

equal to the prescribed pressure head, ho. Some additional rearrangement of matrix [Pw] is 

also necessary to preserve its symmetry. The appropriate entries in the second or (N-1)st 

equations containing the prescribe boundary pressure head ho in the left-hand side matrix 

must then be incorporated into the known vector on the right-hand side of the global matrix 

equation. When done properly, this rearrangement will restore symmetry in [Pw]. 

 

Treatment of Flux Boundary Condition 

 

If a third-type (Neumann) boundary condition at the bottom of the profile is specified, then 

the individual entries are obtained by discretization of Darcy's law, i.e., 

 

 

such that d1 and.Ii in [Pw] attain the values 
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] 

 

 

where  q0  is the prescribed  bottom  boundary  flux   and where e1 is described by (7.8). A 

similar discretization of Darcy's law is possible to incorporate flux boundary condition at the 

top of the soil profile. This approach, however, can quickly lead to relatively unstable solutions 

when the boundary fluxes at the soil surface vary strongly with time (erratic irrigation of 

rainfall rates). A more stable and mass conservative solution results when the mass balance 

equation instead of Darcy's law is discretized.  

 

Expanding the time derivative on the left hand side of (7.14) as in (7.3), and using the 

discretized form of Darcy's law for qN-1/2 leads to 

 

 

where qN is the prescribed soil surface boundary flux. hnplementation of a third-type 

boundary condition always preserves symmetry of the matrix [Pw]. 
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Numerical Solution Strategy 

 

  Iterative Process 

 

Because of the nonlinear nature of (7.5),  an iterative process must be used to obtain solutions 

of the global matrix equation at each new time step. For each iteration a system of 

linearized algebraic equations is first derived from (7.5), which, after incorporation of the 

boundary conditions, is solved using Gaussian elimination. The  Gaussian  elimination 

process takes advantage of the tridiagonal and symmetric features of the coefficient matrix in 

(7.5). After solving (7.5) the first time, the coefficients in (7.5) are re-evaluated using this 

first solution, and the new equations are again solved. The iterative process continues until 

a satisfactory degree of convergence is obtained, i.e., until at all nodes in the saturated (or 

unsaturated)  region  the absolute change in pressure head (or water content) between two 

successive iterations becomes less than some small value determined by the imposed 

absolute pressure head (or water content) tolerance. The first estimate (at zero iteration) of 

the unknown pressure heads at each time step is obtained by extrapolation from the pressure 

head values at the previous two time levels. 

 

Time Control 

 

 Three different time discretizations are introduced in HYDRUS: (1) time discretizations 

associated with the numerical solution, (2) time discretizations associated with the 

implementation of boundary conditions, and (3) time discretizations which provide printed 

output of the simulation results (e.g., nodal values of dependent variables, water, solute mass 

balance components, and other information about the flow regime). 

Discretizations  2 and 3 are mutually  independent;  they generally involve variable  time 

steps as described in the  input data file. Discretization 1 starts with a prescribed initial time 

increment, Lit. This time increment is automatically adjusted at each time level according to the 

following rules [Mis, 1982; Simunek et al., 1992]: 

a. Discretization 1 must coincide with time values resulting from time discretizations 

2 and 3. 

b. Time increments cannot become less than a preselected minimum time step, 

Lltmin, nor exceed a maximum time step, Lltmax (i.e., Lltmin '.S Lit '.S Lltmax). 
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c. If, during  a  particular  time  step,  the  number  of  iterations  necessary  to  reach 

convergence  iS:S3,  the  time  increment  for the  next  time  step is  increased  by 

multiplying L1t by a predetermined constant >1 (usually between 1.1 and 1.5). If 

the number of iterations is?:7,  Lit for the next time level is multiplied by a constant 

<l (usually between 0.3 and 0.9). 

d. If, during a particular time step, the number of iterations at any time level becomes 

greater than a prescribed maximum (usually between 10 and 50), the iterative 

process for that time level is terminated. The time step is subsequently reset to 

Llt/3, and the iterative process restarted. 

 

Atmospheric Boundary  Conditions and Seepage Faces 

 

 Atmospheric boundaries are simulated by applying either prescribed head or prescribed 

flux boundary conditions depending upon whether equation (2.72) or (2.72) is satisfied 

[Neuman, 1974]. If(2.72) is not satisfied, boundary node n becomes a prescribed head 

boundary. If,at any point in time during the computations, the calculated flux exceeds the 

specified potential flux in (2.72), the node will be assigned a flux equal to the potential value 

and treated again as a prescribed flux boundary. 

 

 If a seepage face is considered as the lower boundary condition and if during each 

iteration the lower part of the soil profile is saturated then the last node is treated as a prescribed 

pressure head boundary with h=O. However, if this node is unsaturated then a prescribed flux 

boundary with q=O is imposed at the lower boundary. Alternatively, a certain non-zero value of 

hSeep can also be specified as the limiting pressure head. 

 

Water Balance  Computations 

 

The HYDRUS code performs water balance computations at prescribed times for several 

preselected subregions of the flow domain. The water balance information for e subregion 

consists of the actual volume of water, V, in that subregion, and the rate, O [LT
-1

], of inflow or 

outflow to or from the subregion. These variables V and O are evaluated in Hydrus by means of  
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respectively, where    and    +1 are water contents evaluated at the comer nodes of element e, Lix; 

is the size of the element, and Vnew and V01d are volumes of water in the subregion computed at 

the current and previous time levels, respectively. The summation in (7.17) is taken over all 

elements within the subregion. Similar calculations are carried out for the mobile and immobile 

regions of the dual-porosity model and for the matrix and fracture regions of the dual 

p=eability    model. 

The absolute error in the mass balance of the flow domain is calculated as 

 

 

where Vi and Vo are the volumes of water in the flow domain, Eq. (7.17), evaluated at times t 

and zero, respectively. The third term on the right-hand side of (7.19) represents the cumulative 

root water uptake amount, while the fourth term gives the net cumulative flux through both 

boundaries. 

 The accuracy of the numerical solution is evaluated by the relative error, er
w [%], in the 

water mass balance as follows 

 

absolute changes in water content over all elements, whereas the second quantity is the sum 

of the absolute values of all fluxes in and out of the flow domain. 
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 Computation of Nodal Fluxes 

 

Components of the Darcian flux are computed at each time level during the simulation only 

when the water flow and solute (or heat) transport equations are solved simultaneously. 

When the flow equation is being solved alone, the flux components are calculated only at 

selected print times. The x-components of the nodal fluxes are computed for each node n 

according to 

 

 

Evaluation of Soil Hydraulic Parameters 

 

At the beginning of a simulation, HYDRUS generates for each soil type in the flow 

domain a table of water contents, hydraulic conductivities, and specific water capacities from 

the specified set of hydraulic parameters [Vogel, 1987]. The values of , K; and C; in the table 

are evaluated at prescribed pressure heads h; within a specified interval (h., hb). The entries 

in the table are generated such that  

 

which means that the spacing between two consecutive pressure head values increases in 

a logarithmic fashion. Values for the hydraulic properties, «._h), K(h) and C(h), are 

computed during the iterative solution process using linear interpolation between the entries in 

the table. If an argument h falls outside the prescribed interval (h., hb), the hydraulic 

characteristics are evaluated directly from the hydraulic functions, i.e., without 

interpolation. The above interpolation technique was found to be much faster computationally 
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than direct evaluation of the hydraulic functions over the entire range of pressure heads, except 

when very simple hydraulic models are used. 
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Appendix J: Temperature instrumentation calibration 
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Appendix K: Soil Moisture Content Data (Neutron Probe) 
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 Core 3 

 13-Mar-15 16-Mar-15 17-Mar-15 20-Mar-15 26-Mar-15 1-Apr-15 

0.1 0.370 0.359 0.360 0.362 0.371 0.372 

0.2 0.374 0.365 0.358 0.368 0.366 0.369 

0.3 0.299 0.309 0.288 0.324 0.313 0.307 

0.4 0.167 0.126 0.163 0.187 0.183 0.181 

0.5 0.108 0.103 0.101 0.124 0.122 0.118 

0.6 0.089 0.104 0.091 0.104 0.096 0.105 

0.7 0.094 0.123 0.109 0.106 0.101 0.110 

0.8 0.108 0.142 0.151 0.135 0.135 0.126 

0.9 0.130 0.170 0.220 0.182 0.167 0.156 

1 0.161 0.168 0.268 0.230 0.213 0.208 

1.1 0.237 0.201 0.281 0.272 0.269 0.265 

1.2 0.262 0.273 0.280 0.284 0.284 0.287 

 

 Core 4 

 13-Mar 16-Mar 17-Mar 20-Mar 26-Mar 01-Apr 

 0.316 0.317 0.312 0.324 0.316 0.309 

0.1 0.208 0.216 0.217 0.217 0.209 0.207 

0.2 0.161 0.160 0.198 0.171 0.160 0.155 

0.3 0.131 0.126 0.197 0.163 0.154 0.143 

0.4 0.099 0.103 0.203 0.151 0.132 0.126 

0.5 0.091 0.104 0.197 0.143 0.127 0.125 

0.6 0.118 0.123 0.206 0.154 0.148 0.139 

0.7 0.126 0.142 0.213 0.209 0.193 0.177 

0.8 0.144 0.170 0.243 0.269 0.259 0.252 

0.9 0.151 0.168 0.269 0.254 0.236 0.229 

1 0.191 0.201 0.290 0.274 0.267 0.248 

1.1 0.251 0.273 0.291 0.299 0.298 0.286 

1.2 0.267 0.282 0.279 0.293 0.289 0.281 

1.3 0.265 0.273 0.260 0.268 0.266 0.272 

1.4 0.244 0.249 0.240 0.252 0.253 0.248 

1.5 0.295 0.301 0.287 0.297 0.295 0.296 

1.6 0.356 0.353 0.353 0.364 0.360 0.367 
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 Core 5 

 13-Mar-15 16-Mar-15 17-Mar-15 20-Mar-15 26-Mar-15 1-Apr-15 

0.1 0.368 0.376 0.357 0.370 0.375 0.375 

0.2 0.323 0.323 0.342 0.321 0.312 0.310 

0.3 0.177 0.183 0.324 0.191 0.189 0.192 

0.4 0.103 0.109 0.373 0.144 0.130 0.132 

0.5 0.097 0.100 0.426 0.143 0.132 0.133 

0.6 0.095 0.094 0.304 0.146 0.128 0.137 

0.7 0.101 0.102 0.271 0.147 0.130 0.126 

0.8 0.117 0.122 0.264 0.170 0.144 0.142 

0.9 0.149 0.162 0.257 0.206 0.184 0.175 

1 0.194 0.207 0.262 0.236 0.220 0.218 

1.1 0.256 0.267 0.287 0.273 0.279 0.271 

1.2 0.334 0.342 0.320 0.327 0.333 0.330 
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Appendix L: Hydrus 1D parameters 
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θr θs α η Ks I [-]

0.078 0.43 3.6 1.56 4.86E-05 0.5

0.078 0.35 2 1.56 1.39E-06 0.5

0.078 0.33 7 2.7 0.003472 0.5

0.078 0.3 5 2.5 0.002083 0.5

0.078 0.35 5 3 0.003472 0.5

0.078 0.43 10 9 0.006944 0.5

θr θs α η Ks I [-]

0.1 0.35 0.9 1.3 0.00008 0.5

0.05 0.3 3.4 2.1 0.0033 0.5

0.04 0.3 2.2 4 0.0016 0.5

0.12 0.3 2.8 4.2 0.0035 0.5

0.12 0.35 5 3.5 0.004 0.5

θr θs α η Ks I [-]

0.08 0.33 0.9 1.3 6.94E-05 0.5

0.05 0.45 2.8 2.5 0.004 0.5

0.05 0.35 4 2.2 0.0008 0.5

0.05 0.35 3 2.3 0.003125 0.5

0.08 0.33 5 2.3 0.003819 0.5

Core 3: Hydraulic Parameters (L=m, t=min)

Core 4: Hydraulic Parameters (L=m, t=min)

Core 5: Hydraulic Parameters (L=m, t=min)
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Appendix M: Numerical Models Profile Discretization 
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