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ABSRACT 

 Intensive potato production in the Canadian province of Prince Edward Island 

(PEI) has contributed to the leaching of nitrate to groundwater and increased nutrient 

loadings to surface waters. The presence of a compact till layer at roughly one metre 

depth is known to cause temporary perched water table conditions, which may result in 

lateral subsurface flow that may effectively reduce the migration of nitrate to 

groundwater. The primary objective of this work was to determine the importance of this 

compact layer to vertical and lateral subsurface flow of water and nitrate. 

 A surface applied tracer test was conducted at the Harrington Research Farm in 

central PEI. A shallow drain-tile pipe system, with a tipping bucket gauge, was installed 

down gradient of the tracer application to monitor lateral subsurface flow. A three-

dimensional electrical resistivity imaging (ERI) array was employed on surface to 

monitor the spatial and temporal distribution of the applied tracer. A small scale, transient 

flow and transport model was constructed to simulate the tracer test. 

 Results from the tracer test monitoring and numerical modelling show that the 

occurrence of lateral flow is dependent on the antecedent moisture conditions in the 

subsurface. The water balance yielded a total vertical flow of 94 % of the infiltration for 

the period beginning October 25, 2014 and ending January 1, 2015. The cumulative 

observed
 
tracer mass in the tipping bucket as of May 12, 2015 (10.5 months after tracer 

application) was 0.125 % of the applied mass. The preference for vertical over lateral 

flow was further evidenced by the electrical resistivity images for the same time period. 

These results show a strong preference for vertical flow of water and nitrate through the 

compact layer as opposed to lateral subsurface flow  
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1 Introduction 

 The occurrence of elevated groundwater nitrate concentrations in Prince Edward 

Island (PEI) has raised concerns regarding the quality of groundwater and surface waters 

in the province. A significant percentage of the PEI land base is agricultural land, and the 

use of fertilizers on this land has contributed to the leaching of nitrate into groundwater 

(Desroches et al. 2008). This problem is amplified by the fact that potatoes, a particularly 

nitrate intensive crop, is the dominant commercial crop in PEI. The issue of groundwater 

contamination is especially important in PEI as 100 % of the province's drinking water is 

derived from groundwater.  The current Health Canada drinking water guideline dictates 

that nitrate levels remain below 10 mg/L-N (10 mg/L as nitrogen, N) (Health Canada, 

2013). There has also been speculation that the guideline may be reduced to 5 mg/L-N at 

some time in the future (Desroches et al. 2008). The primary health concern with nitrate 

contaminated groundwater is methemoglobinemia, also known as "blue baby syndrome" 

(Desroches et al. 2008). This potentially fatal condition is the result of the interference of 

nitrates with the blood-oxygen levels in infants.  

 The groundwater nitrate concentrations (as N) in watersheds across PEI are 

presented in Figure 1.1. This image shows that many areas in PEI are approaching the 

maximum drinking water guideline concentration for nitrate (10 mg/L-N).  
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Figure 1.1: Map depicting groundwater NO3-N concentrations across PEI. This map 

is based on 14 555 samples gathered from 2000 - 2005. The groupings of areas 

depicted on the map denote separate watersheds. The average groundwater NO3-N 

concentration for each watershed is depicted (Desroches et al. 2008).  

 

 Potato production in PEI generally follows a potato-barley-clover rotation. The 

most commonly grown variety of potato in PEI is the Russet-Burbank because of its 

suitability for French fries (Desroches et al. 2008). Partly due to the inefficiency of the 

Russet-Burbank variety with respect to nitrogen uptake (Porter & Sisson 1991), some of 

the applied nitrogen is leached from the crop root zone. This leached nitrate has the 

potential to migrate to groundwater or to flow laterally to surface waters. The occurrence 
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of anoxic conditions as a result of heavy nutrient loading in streams and rivers in PEI has 

been documented; algal overgrowth has reportedly occurred in estuaries with nitrate 

concentrations as low as 2 mg/L-N (Desroches et al. 2008). The implementation of 

beneficial management practices (BMPs) by farmers could serve as an effective means of 

reducing nitrate input to groundwater and surface water. Currently, work is being done to 

develop BMPs that will reduce nitrate leaching while maintaining economical crop yields 

for farmers (Jiang et al. 2015a). Studies have shown that the implementation of these 

BMPs could result in an overall reduction in nitrate loading to the PEI aquifer (Jiang et 

al. 2015a; Zebarth et al. 2014).  

Desroches et al. (2008) summarized the issue of elevated groundwater nitrate 

levels in PEI. Their report cited human health, environmental health, and social and 

economic impacts as issues of concern as a result of groundwater nitrate contamination.  

Their report included several recommendations for addressing this issue including: 

improving public education, reducing both point (e.g. leaking septic systems) and non-

point (e.g. agricultural runoff) source nitrate inputs, protecting and restoring nitrate sink 

wetlands, and amending land hold legislation (Desroches et al. 2008).  

 The nitrogen cycle is a complex system consisting of numerous processes.  The 

mineralization of organic matter and the application of fertilizers result in the loading of 

ammonium (NH4
+
) to the shallow subsurface. Through the process of nitrification, 

bacteria oxidize ammonium into nitrite (NO2
-
). The nitrite is then subsequently converted 

into nitrate (NO3
-
) which may be utilized by plants or leached from the root zone into 

groundwater and/or surface waters. If anoxic conditions develop, denitrification of 
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nitrates may then occur. These transformation pathways are depicted schematically in 

Figure 1.2. 

 

Figure 1.2: Conceptual model depicting the nitrogen cycle (Desroches et al., 2008). 

 

Research Objectives 

The main hypothesis of this research is that subsurface conditions in PEI, in 

particular the occurrence of a shallow perched water table, will result in considerable 

lateral subsurface flow, and thus lateral nitrate transport. Such lateral transport may have 

implications for loading of nitrate to surface water versus deeper groundwater, and also 

for the lag time between implementing BMPs and detecting water quality responses. The 

goal of this project was to investigate the partitioning of shallow subsurface water flow 

and nitrate transport between vertical percolation and lateral down-slope flow. The main 

objectives were to: 
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a) establish the timing and duration of the occurrence of perched water table 

conditions above the compact soil layer,  

b) determine the magnitude of lateral flow under a typical potato field, 

c) apply and track the movement of a surface-applied tracer (a surrogate for 

fertilizer-derived nitrate), and 

d) numerically simulate shallow water flow and tracer transport so as to 

better understand nitrate movement. 
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2  Background 

2.1 Overview of the Hydrogeological Conditions in PEI 

 The PEI aquifer is composed predominantly of fractured, reddish-brown, Permo-

Carboniferous sandstone with lesser amounts of claystone, mudstone, and/or siltstone. 

(MacDougall et al. 1981; Zebarth et al. 2014). Typically, the sandstone bedrock is 

fractured principally along horizontal bedding planes, although vertical fractures are 

present. The hydraulic conductivity is therefore generally significantly greater in the 

horizontal direction (Jiang and Somers 2009).  

The surficial soils of PEI can be characterized as strongly acidic sandy loams of 

reddish brown colour (MacDougall et al. 1981). The surficial soils are underlain by a 

compact basal till of varying depth. Overburden across PEI is generally quite thin (0 - 5 

m with an average less than 2 m) (MacDougall et al. 1981; Jiang & Somers 2009); 

however, there are locations where the thickness of till is as great as eight metres. 

Horizontal and vertical fractures also occur in the till (Zebarth et al. 2014). The compact 

basal till has low clay content and poor structural development (MacDougall et al. 1981). 

The compact layer exhibits some hydraulic characteristics comparable to a fragipan (i.e. 

low hydraulic conductivity); however, it is not a fragipan. The compact layer is friable at 

times of increased saturation; however, dry periods result in the soil becoming hard 

(MacDougall et al. 1981).  The compact layer may provide a barrier to vertical 

percolation of infiltrating water. Zebarth et al. (2014) hypothesized that the compact soil 

layer may be of sufficiently low hydraulic conductivity, compared to the overlying 

surficial soil, that shallow lateral (i.e. down slope) subsurface flow of water and nitrate 
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may occur. Such shallow lateral transport has, however, not been specifically investigated 

in PEI.  

 Based on data gathered from 1981 to 2010, the average annual precipitation in 

PEI is 1158 mm (Environment Canada 2015). The total recharge to the bedrock aquifer 

has been estimated to be 35-45 % of the annual precipitation, or roughly 405 -520 mm 

per year (Jiang and Somers 2009).    

 

2.2 Previous Studies of Nitrate Transport 

 Malenica (2015) studied the vertical distribution of nitrate in fractures and in the 

porous rock matrix at two different study sites in Souris and Harrington, PEI. The study 

utilized multi-level wells to monitor temporal and spatial variability in hydraulic head 

and hydrochemistry. In addition, the study employed pore water analysis of drill core 

samples. The study concluded that matrix storage of nitrate is a significant process at 

these locations. The highest nitrate concentrations were observed in the overburden and 

highly fractured shallow bedrock. Hydrochemistry results also indicated that significant 

denitrification does not occur at these study sites.  

Jiang et al. (2015b) investigated agriculturally-derived nitrate loadings to estuaries 

in PEI. The study sought to utilize a regional scale calibrated flow and transport model 

using data from 138 watersheds for model calibration and verification. The study 

employed LEACHN (Hutson and Wagenet 1991) to simulate the leaching of nitrate, and 

MODFLOW (Harbaugh 2005) to simulate groundwater flow and nitrate transport. 

Results of the study showed that the main source of nitrate in estuaries with nitrate above 
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the median levels was leachate derived from potato production. Jiang et al. (2015b) 

argued that this highlights the significance of nitrate management in agricultural settings.  

Jiang and Somers (2009) studied the effects of agricultural nitrate leachate in the 

112 km
2 
Wilmot River watershed  in PEI. They used Visual MODFLOW (Harbaugh 

2005) to simulate groundwater flow and MT3DMS (Zheng and Wang 1998) to simulate 

nitrate transport. These models were used to predict the response time of the watershed to 

reductions in nitrate input. The models predicted that nitrate reductions would occur only 

after several decades at depths from 30-50 m (Jiang and Somers 2009). Additionally, they 

predicted that the percentage of sampled wells in the Wilmot watershed exceeding the 

nitrate drinking water guideline (10 mg/L-N) would remain above 22 % through 2050 if 

no change to agricultural practices were to occur.  

Behera et al. (2003) presented work on the leaching of nitrate into the subsurface 

in the presence of a perched water table at a field experimental site of the Agricultural 

and Food Engineering Department, Indian Institute of Technology, Kharagpur, West 

Bengal, India. The occurrence of this perched condition was attributed to a relatively 

impermeable soil layer at a depth of roughly one metre. An infiltration test was 

performed on a 25 m
2
 test plot, and the plot was equipped with tensiometers, 

piezometers, and soil-water samplers to monitor the migration of water and a tracer 

(KNO3
-
) through the unsaturated zone. Analysis of the piezometer head data showed that 

a rapid rise in piezometric head occurred in ports screened at depths of 1 and 1.5 metres, 

indicating a development of perched water table conditions. In addition, analysis of the 

vertical water fluxes showed that the vertical flux in the uppermost soil layers was greater 
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than the vertical flux in deeper layers. This indicated the occurrence of lateral water flow 

during times of perched water table conditions.  

 

2.3 Relevant Studies on Vadose Zone Monitoring Methods 

Dahlke et al. (2012) used a tile drain system as a means of collecting lateral flows 

over a shallow, relatively impermeable soil layer (fragipan) in New York State, USA. 

They sought to use a mass balance approach to partition infiltration into deep percolation 

and lateral subsurface flow. Drain tile pipes were installed at the interface between the 

fragipan layer and the overlying soil layer and also at the near surface (i.e. < 10 cm from 

ground surface)  to measure lateral subsurface flow and near surface runoff respectively. 

Deep percolation was determined by subtracting the lateral subsurface flow and near 

surface runoff from the total measured drain tile pipe discharge. The study concluded that 

the partitioning of flow between vertical percolation and lateral subsurface flow was 

dependant largely on antecedent saturation conditions. Dry antecedent conditions 

favoured vertical percolation while wet antecedent conditions favoured lateral subsurface 

flow.  

In an early application of eletrical resistivity imaging (ERI), Daily et al. (1992) 

utilized two-dimensional cross-hole resistivity imaging to monitor artificial infiltration 

through a sand and gravel-dominated vadose zone that was approximately 20 m thick. 

The results were compared to predictions of a variably-saturated finite difference flow 

model that used van Genuchten relationships to simulate moisture development and 

Archie’s law to convert soil moisture to bulk soil resistivity. The results of the ERI 
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inversions showed spatial and temporal variations in resistivity very similar to those 

predicted by the flow model. Daily et al. (1992) concluded that electrical resistivity 

imaging showed promise as a method of monitoring migration of moisture in the shallow 

vadose zone.   

 Doetsch et al. (2012) employed 3D ERI to monitor a saline tracer test to 

investigate saturated flow in the riparian zone of the Thur River in Switzerland. A 144 

surficial electrode array was installed in order to monitor the well-injected, saline tracer. 

Doetsch et al. (2012) highlighted several advantages of 3D ERI as a method of 

investigation as opposed to relying only on observation well data. These advantages 

include: little requirement for flow velocity and direction data (as compared to a 

traditional monitoring well observation approach), and reduced disturbance of the natural 

site conditions. Wilkinson et al. (2010) also discussed the merits of monitoring a tracer 

test executed in a confined aquifer via a borehole ERI array. Their study showed that 

measured groundwater velocities obtained from the ERI images compared quite well to 

estimated groundwater velocities using Darcy's Law.   

Binley et al. (2015) discussed the benefits of electrical resistivity imaging (ERI) 

in hydrogeophysical investigations. ERI was highlighted as being effective in the vadose 

zone because the bulk electrical resistivity of the subsurface is sensitive to several key 

hydrogeophysical parameters (i.e. porosity, moisture content, pore water resistivity, and 

tortuousity). Interpretation of ERI images presents a distinct challenge in the vadose zone 

as the bulk resistivity is dependent on the moisture content of the subsurface, which 

varies both spatially and temporally. ERI allows for numerous configurations (e.g. 

borehole and surface arrays) that can be catered specifically to the requirements of the 
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survey (i.e. greater electrode spacings allow for greater depth of investigation, but 

reduced resolution). Furthermore, Vereecken et al. (2004) argued that electrical resistivity 

imaging is particularly useful in vadose zone investigations as it is applicable in both 

highly resistive and highly conductive environments, which may be the result of 

fluctuations in volumetric moisture content and/or pore water conductivity.  
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3 Study Site Description – Harrington Research Farm 

3.1 Study Location 

 The location selected for this study was the 330 acre Agriculture and Agri-Food 

Canada (AAFC) Harrington Research Farm located 11 km north of Charlottetown, PEI 

(Figure 3.1.1). The farm maintains various types of crops and crop rotations for the 

purpose of research. Field 355 at the Harrington Research Farm was used for the study.  

 

Figure 3.1.1: Aerial map of Prince Edward Island. The City of Charlottetown and 

the location of the Agriculture and Agri-Food Canada Harrington Research Farm 

are depicted.  

 

 The elevation map for Field 355 is shown in Figure 3.2. The figure also shows the 

four subsections (A, B, C, and X) of Field 355. The ground surface elevation above mean 

sea level varies from a maximum of approximately 49.0  m to a minimum of 
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approximately 27.0 m approaching a surface water pond to the right of the figure. The 

average ground surface slope in the part of field subsection B selected for study was 5 %. 

 

Figure 3.1.2: Field 355 ground elevation map. Elevation contours are labelled in 

metres and the contour interval is 0.5 metres.  

 

 At the time of this study, cropping in Field 355 followed a standard potato-barley-

clover rotation. Field subsection B was selected for detailed shallow subsurface 

investigations as it was in potatoes during the year preceding the main field activities (i.e. 

any nitrate associated with fertilizer application could be observed with field 

instrumentation).  Subsection B contained barley at the time of the tracer test. Table 3.1.1 

shows the crop rotations for 2013-2015 for subsection B and C.  
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Table 3.1.1: Field 355 subsections B and C crop rotations. 

Year Subsection Crop Applied N (kg/ha) 

2013 B Potato 150 

2013 C Barley 51 

2014 B Barley 51 

2014 C Clover 0 

2015 B Clover 0 

 

3.2 Soil Stratigraphy 

The A, B, and C soil horizons at Field 355 exhibit physical characteristics of a 

sandy loam (Zebarth et al. 2014). The results of the soil particle size analysis performed 

by Zebarth et al. (2014) are presented in Table 3.2.1.  

Table 3.2.1: Particle size analysis of Harrington Research Farm soils 

Soil Layer Depth (m) Sand (g/kg) Silt (g/kg) Clay (g/kg) 

A Horizon 0 - 0.25 592 295 113 

B Horizon 0.25 - 0.50 630 290 80 

C Horizon 0.50 - 1 600 290 110 

 

The C horizon - compact layer interface occurs at a depth of roughly 1 metre, 

although this value varied across the hill slope (observed to be as great as 1.3 metres, or 

as little as approximately 0.6 metres in some locations). These values for depth were 

observed during preliminary surveys of Field 355, subsection B. The surveys included 

manual dynamic cone penetrometer (DCP) at 5 sites, 500 MHz ground penetrating radar 

(GPR) and visual inspection during excavations. The results from the preliminary 

investigations of the depth to the top of the compact soil layer are not presented in this 
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thesis. The DCP surveys generally showed a zone of dense soil occurring at a depth of 

roughly 1 metre. The GPR results were inconclusive in that no clear, laterally coherent 

reflector was identified from the depth of interest. Seismic refraction surveying should be 

tested for future investigations due to the expected increase in bulk and shear modulus 

(and therefore P-wave and S-wave velocity) expected across the interface between the 

soil and the underlying compact layer.  
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4 Methodology 

4.1 Field Methods 

 Various types of instrumentation were employed for this research. The main 

instrumentation included: shallow piezometers, a drain tile pipe flow collection system, a 

tipping bucket flow gauge, an auto-sampler, and a surface electrical resistivity array. The 

general layout of the instrumentation is shown in Figure 4.1.1. Full details of the 

instrumentation installation are contained in Appendix A. 

4.1.1 Perched water table monitoring 

 Eight piezometers (P1-P8) were installed at the shallow vadose zone study area 

shown in Figure 3.1.2. Six of the piezometers (P1-P6) were installed in June, 2014, while 

two others (P7 and P8) were installed in December, 2014.  Piezometers P1 - P6 and P8 

were completed just above the top of the compact soil layer, which was identified by an 

abrupt increase in the resistance to penetration of a 50 mm diameter Dutch cone hand 

auger. Piezometer P7 was installed deeper than the interface of the compact soil (to a 

depth of approximately 2 metres). All piezometers were equipped with pressure 

transducers (Levelogger Edge Model 3001, Solinst, or Mini-Divers, Schlumberger) to 

monitor fluctuations in groundwater height above the compact layer. Two of the loggers 

also had the capability of logging electrical conductivity of the water. The loggers were 

programmed to take readings once every hour; barometric pressure was also recorded 

(Barologger Edge Model 3001 Solinst) so that the logger data could be corrected for 

barometric pressure changes. The elevations of the top of the casings were surveyed so 

that logger data could be converted to hydraulic heads. Manual water level readings were 
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also taken periodically using a water temperature, level, and conductivity meter (TLC 

Model 107,  Solinst).  

 

Figure 4.1.1: Layout of piezometers (P1, P2, etc.) and drain tile pipes at Field 355. 

KBr tracer solution was applied at the location of ICS 2 from July 2 to July 6, 2014. 

Piezometers P1 – P4 were placed in a line that was coincident the expected flow 

direction of the applied tracer. 

 

  Figure 4.1.1 depicts the location of the piezometers with respect to the other 

instrumentation located at the shallow vadose site, while Figure 4.1.2 shows the 

construction details for the eight piezometers.  

 Water samples were retrieved from the piezometers with a peristaltic pump on 

November 6, 2014, December 7, 2014,  March 4, 2015, and May 12, 2015. A slug test 

was also performed in P8 in order to obtain an estimate of the hydraulic conductivity of 
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the soil above the compact soil interface. The methodology and results for this slug test 

are presented in Appendix B. 

 

Figure 4.1.2: General setup for piezometers P1-P8. 1.5 - 3 mm particle size sand was 

placed around the screen up to approximately 75 mm above the top of the screened 

section. Bentonite was placed above the sand to prevent leaking of surface water 

into the piezometer. The piezometers were 38 mm diameter PVC installed in a 50 

mm borehole, with 35 cm screened intervals.  

 

 Using the piezometer water level data, the average lateral hydraulic conductivity 

of the soil surrounding the piezometers was calculated using Darcy's Law:  
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 (1) 

where: 

KL = saturated lateral hydraulic conductivity (m/d) 

Q = discharge in drain tile pipes as measured by tipping bucket (m
3
/d) 

i =  hydraulic gradient (m/m) 

d = average height of perched water table above the top of the compact soil layer (m) 

b = estimated width of flow domain (m) 

 The average hydraulic gradient, i, in the region containing the piezometers P1-P6 

was determined using a spreadsheet (Devlin, 2003) in conjunction with the piezometer 

data. The spreadsheet uses mathematical inversion to calculate flow direction and 

gradient using hydraulic head data. The average perched water layer height of all six 

piezometers was used for computation. The constraints for the calculation were that 

perched conditions be present for a minimum of 2 days, and that the perched water level 

be a minimum of 50 cm above the compact layer.  

4.1.2 Lateral flow collection and water sampling 

 Drain tile pipes were installed at the southeast corner of subsection B in 

September, 2013 to capture down-slope lateral water flow above the compact layer. This 

location was chosen in part to minimize disruption of the agricultural operations at Field 

355. A trench was excavated down to the interface of the compact soil. Polyvinyl plastic 

sheeting was placed on the down-gradient face of the trench to prevent any lateral flow 
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from flowing past the trench while geotextile fabric was placed on the up-gradient face to 

prevent the accumulation of sediment. The drain tile pipes were then placed, and the 

trench backfilled with a highly permeable, clean, 31.5 mm crushed stone. The excess 

plastic was laid over the crushed stone to prevent direct infiltration. Photos of the 

installation are given in Appendix A.  

 A flow measurement and water sampling hut that collected water from the drain 

tiles was subsequently installed in October, 2013. The housing was installed 

approximately 60 m downslope of the drain tile pipe location so that it could be installed 

on surface.  

 The sampling hut contained a 1.3 L tipping bucket for discharge measurement, an 

auto-sampler (Isco model 3700, Teledyne Isco Inc.) for water sampling, a deep-cycle 

battery (connected to a solar panel), and a datalogger (HOBO Pendant Event Datalogger, 

UA-003-64, Onset Computer Corporation) to log the time of each bucket tip. The auto-

sampler was able to house 24 water samples at a time. The sampling rate for the auto-

sampler was first set to 1000 tips/sample, but was later changed to 500 tips/sample on 

October 23, 2014. Sampling began on the day of installation and continued throughout 

the course of the project. Water samples were retrieved periodically from the auto-

sampler and stored at the University of New Brunswick for later analysis. 

 A discrepancy between the number of water samples collected by the auto-

sampler and the tipping bucket discharge data was observed during the course of the 

research. It was subsequently determined that the data logger for the tipping bucket was 

malfunctioning. In order to correct the tipping bucket data, a method of weighted 

residuals was adopted and this methodology is discussed in Appendix C. 
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 The ratio of lateral subsurface flow to total flow (summation of the lateral and 

vertical flow) was calculated using the topographically delineated catchment area for the 

drain tile system, the measured tipping bucket discharge volume, and the infiltration 

estimated from the Soil Water Balance (SWB) model (Salazar and McNutt 2010) for 

given precipitation events:   

   

     
  

 

    
 (2) 

 

 
   

  

 
 (3) 

where: 

A = calculated catchment area contributing to lateral flow (m
2
) 

ACAT = topographically delineated catchment area (m
2
) 

QL = lateral flow (m
3
/d) 

QZ = vertical percolation (m
3
/d) 

ΔV = measured water volume (m
3
) 

h = SWB simulated infiltration (m) 

 The primary assumptions for this analysis were that the topography of the 

compact layer mimicked the ground surface topography, and that there was no surface 

runoff during the precipitation event. The topographically delineated catchment area was 

determined using the ground surface elevation map for Field 355.  
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 A mass balance calculation was also performed in order to determine the total 

mass of Br
-
 from the tracer test that was collected by the tile drain system:  

 

        
         

 
      

 

   

 (4) 

where: 

M = total mass observed in tipping bucket (mg) 

f = sampling interval (tips/sample) 

Vt = volume of water in the tipping bucket (L) 

Cpi = sampled pan concentration at time step i (mg/L) 

CBG = average background Br
-
 concentration (mg/L) 

n = the number of samples for the interval of interest (-) 

 Further considerations for this mass balance calculation are presented in 

Appendix D. 

4.1.3 Surface-applied tracer test 

 The general setup for the tracer test is shown in Figure 4.1.3. Water and tracer 

solution in a storage tank was delivered by gravity flow through a pipe into an infiltration 

containment system (ICS) that was constructed of plywood. The ICS walls were installed 

150 mm into the soil, leaving about 300 mm above the ground surface. The water/tracer 

solution tank was equipped with a pressure transducer (Levelogger, Edge Model 3001, 

Solinst) to measure the water level decline in the tank. Two different ICS locations were 
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used during the study (Figure 4.1.1). ICS 1 was used to apply water from June 26 - June 

30, while ICS 2 was used to apply water and tracer solution from July 1 to July 11 (Table 

4.1.1). The first location of water application (ICS 1) was abandoned due to a drastic 

decline in infiltration capacity of the soil. This was apparently caused by the suspension 

and infiltration of excessive bentonite that was used to seal the outside edges of ICS 1. 

ICS 2 was subsequently installed approximately 2 m up-slope of ICS 1 and used to apply 

tracer solution for subsequent monitoring.  

 

Figure 4.1.3: Tracer application setup showing the 5000 litre water/tracer solution 

storage tank, delivery pipe, and plywood ICS 1. 

 

 The tracer test at ICS 2 began on July 1, 2014. Potassium bromide (KBr) was 

selected as the tracer because it was expected that Br could be easily differentiated from 

background solute concentrations that may have resulted from historical fertilizer 

applications on Field 355. Prior to the tracer solution being applied, water was added to 
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ICS 2 at a rate of approximately 400 L/day for 1 day. Tracer solution was then applied to 

the ground surface within ICS 2 at a concentration of 4675 mg-KBr/L (3115 mg/L-Br
-
) 

for 5 days at rates ranging from 350 L/day to 1180 L/day. Following application of the 

tracer solution, fresh water was added to ICS 2 for 4 days in attempt to encourage 

perched conditions and initial lateral movement of the tracer. Water application ceased on 

July 11 at 9:00 AM. In total, 5720 litres of fresh water and 1350 litres of tracer solution, 

with a total mass of 6.31 kg of KBr, were applied to ICS 2.  

Table 4.1.1: Details of water and tracer application. 

Date (hours) Location Fluid and Volume 

June 26 - June 30 (70) ICS 1 Water, 3218 L 

July 1 - July 2 (23) ICS 2 Water, 376 L 

July 2 - July 6 (97) ICS 2 Tracer solution, 1350 L 

July 6 - July 11 (116) ICS 2 Water, 2124 L 

 

4.1.4 Electrical Resistivity Imaging 

 A surface electrical resistivity array of 192 electrodes was installed at the study 

site on June 12 and 13, 2014. A photo taken during the installation of the electrodes is 

given in Appendix A and a depiction of the design of the electrode array is given in 

Figure 4.1.4. A basic apparent resistivity measurement involves injecting current between 

two electrodes A and B, and measuring the voltage drop between another pair of 

electrodes M and N (Figure 4.1.5). The apparent resistivity, ρa, representing the resistivity 

of the homogeneous halfspace that would give rise to the measurement, is then calculated 

as: 
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with: 

 
  

 
 

    
 

 

    
 

 

    
 

 

    

 (6) 

where: 

ρa = the apparent resistivity (Ωm) 

Δv = the potential difference between potential electrodes (V) 

I = the injected current (A) 

|AM|, |BM|, |BN|, and |AN| = the absolute distances between electrodes A, B, M, and N 

(m) 

G = the geometric factor determined by the electrode array geometry (m) 

 The installed electrodes were 20 cm in length and 1 cm in diameter. The 

electrodes were connected to stranded 18 AWG copper, polyethylene-jacketed lead wires 

using a plastic tubing sleeve, and a stainless steel pinch clamp. The connection was then 

covered with electrical tape. The electrodes were buried 5 cm below the ground surface. 

Contact resistances were typically less than 1000 .The specifications of the Lippmann 

resistivity meter are given in Table 4.1.2. 
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Figure 4.1.4: Resistivity array design. The resistivity array was oriented parallel and 

perpendicular to the two arms of the drain tile pipes (in blue). The array contained 

8 lines of 24 electrodes spaced at 1.5 m between lines, and 1 m between electrodes. 

Each line of electrodes was connected to a switching box, which were all daisy-

chained together and connected to a resistivity meter (4pt light 10W, Lippmann).  

 .  

Table 4.1.2: Lippmann model "4pt light 10W", resistivity meter specifications 

Resistivity Meter Parameter Value 

Size 25 x 12 x 5 cm 

Weight 750 g 

Frequency 0.26 - 30 Hz (5 Hz this survey) 

Output Current 1 μA - 100 mA 

Maximum Output Voltage 380 V (peak to peak) 

Accuracy 0.2 % 

 

 The surveys utilized a sequence containing in-line and off-line Wenner-

Schlumberger array configurations as illustrated in Figures 4.1.5 (a) and (b), respectively. 

The off-line configurations provided increased sensitivity to areas between survey lines. 

Effective depths of exploration were varied by using "a-spacings" of 1 - 4 m and "n-



 

27 

 

values" of 1 - 5 as illustrated in Figure 4.1.5. Additional sensitivity to regions between 

survey lines was provided by a series of cross-line measurements using the Wenner array 

with "a-spacings" of 1.5 - 3 m as illustrated in Figure 4.1.6. At full capacity, the array 

consisted of 8 lines of 24 electrodes; however, at various times throughout the experiment 

the array was reduced to 6 lines of 18 electrodes due to the unavailability of switching 

boxes. All surveys were performed at 5 Hz.  

 

Figure 4.1.5: Wenner-Schlumberger array configuration. The array utilizes 

standard quadrapole resistivity measurements. Current is injected through 

electrodes A and B, and the potential difference is measured across electrodes M 

and N.  
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Figure 4.1.6: Wenner array configuration for cross-line measurements. 

 

 Reciprocal measurements were performed (current dipole becomes MN and 

potential dipole becomes AB) for all measurements (in-line, off-line, and cross-line 

measurements). In total, there were 4170 different measurements (including reciprocals) 

for each survey. These consisted of: 2096 in-line Wenner-Schlumberger measurements, 

1834 off-line Wenner-Schlumberger measurements, and 240 cross-line Wenner 

measurements. The measurement sequence was loaded into the Lippmann resistivity 

meter and run automatically and autonomously on an assigned schedule. Each survey 

required approximately 2 hours to complete.  

Resistivity measurements were taken prior to, during, and following the tracer 

test. During the period of water/tracer application, 4 surveys were performed each day (6 

hour intervals). The number of surveys per day was reduced to 2 (one at 12:00 am and 

another at 12:00 pm) following this period until late September, 2014. Surveys were then 

performed periodically until May 26, 2015.   
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4.1.5 Water sample analyses 

 Water samples retrieved from the auto-sampler and shallow piezometers were 

analyzed using ion chromatography (Metrohm 761 Compact Ionic Chromatograph (IC)). 

The IC was equipped with a conductivity detector and a Metrosep A Supp 5 anion 

column. The water samples were analyzed for Br
-
, Cl

-
, and NO3

-
. Four standards with 

known concentrations of Br
-
 were run through the IC five times each. The standard 

deviation, σr, of the residuals from the calibration curve and the slope of the regression 

curve,  , were used to determine the limit of detection (LoD) and limit of quantification 

(LoQ) using the following relationships (Lavagnini and Magno 2007):  

 
      

      
 

 
(7) 

 

       
    
 

 (8) 

 

 Water samples were retrieved from passive capillary samplers (PCAPs) in 

subsection B of Field 355 (Figure 3.1.2) in order to determine background concentrations 

for Br
-
. The PCAPs were located sufficiently upgradient from the tracer test location such 

that the water quality was not affected by the tracer application. A one-tailed Student-t 

test (Devore 2012) was used to determine whether a significant statistical difference 

existed between the samples obtained from the auto-sampler or the piezometers, as 

compared to the background Br
-
 concentration from the PCAPs.  
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 The standard deviation of residuals from the regression analysis of calibration 

data for Br
-
 was determined to be 0.00395 mg/L. This resulted in a limit of detection 

(LoD) of 0.0129 mg/L and a limit of quantification (LoQ) of 0.0395 mg/L. The results of 

the regression analysis are shown in Appendix E of this report. 

4.2 Numerical simulation approaches 

4.2.1 Hydrological Modelling 

 The hydrological modelling utilized two main software packages, SWB (USGS 

2010) and FEFLOW (Diersch 2014). SWB provided a method of performing soil-water 

balance calculations in order to determine a time series for infiltration, while FEFLOW 

was used to simulate subsurface groundwater flow and solute transport. 

SWB uses the Thornthwaite-Mather water balance method on daily intervals and 

requires daily temperature and precipitation data to run. The simulated infiltration from 

SWB was imported into FEFLOW.  

FEFLOW is a three-dimensional subsurface flow modelling software package 

capable of simulating flow and solute/heat transport in porous and fractured media. 

FEFLOW uses the finite-element method to solve both the saturated/unsaturated flow 

equation and the transport equation (Diersch 2014). Many of the hydrogeological 

parameters used for the current simulations were based on field investigations and/or 

previous studies (Zebarth et al. 2014).  
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Infiltration Modelling  

 The SWB simulation was executed to obtain the surface boundary condition for 

infiltration. The simulation spanned the time interval from June 25, 2014 to January 1, 

2015. The parameters used for the simulation are given in Table 4.2.1. The SWB model 

uses a standard lookup table for assigning parameters for crop and soil characterization. 

Daily temperature and precipitation data were retrieved from the Environment Canada 

Historical Climate Data archive (Environment Canada, 2015). 

Table 4.2.1: SWB model options and input parameters. 

SWB Parameter Value 

Land Use Other Row Crops 

Soil Hydrologic Group B 

Evapotranspiration Method Thornthwaite-Mather 

Latitude 46° 

Base Soil Water Capacity (cm/m) 13.3 

Initial Saturation (%) 0 

Initial Snow Cover (cm) 0 

 

The land use and soil hydrologic group parameters are used to specify a number 

of related values. These values include: crop interception, base soil water capacity, 

maximum infiltration rate, Soil Conservation Service (SCS) curve numbers, and depth of 

root zone (Salazar and McNutt, 2010). The values used for the model were selected based 

on knowledge of the crop and soil conditions at Field 355. The Thornthwaite-Mather 

method (Steenhuis and Van Der Molen 1986; Dingmann 2002) was used for calculation 

of evapotranspiration. The initial soil moisture term expresses the percent saturation of 

the root zone and this value was set to  0 % (i.e. residual moisture content) because the 
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simulations began during the dry season. The initial snow cover was taken as 0 cm for the 

same reason.  

Groundwater flow and solute transport simulation  

The FEFLOW model domain was a small portion of the region bound by the 

electrode array. A figure depicting the conceptual model for the 3D FEFLOW domain is 

given in Figure 4.2.1. The 3D model consisted of 176 976 finite elements with 94 575 

nodes.  

 

Figure 4.2.1: Conceptual model of the tracer test scale model.   

 

 The surface-applied KBr tracer test was simulated for a 190 day period,  

beginning June 25, 2014 and ending January 1, 2015. This simulation duration was 

chosen to correspond to the available field data for comparison. 

The methods for developing boundary conditions and initial conditions for the 3D 

FEFLOW tracer test simulation are presented in Appendix F.  
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The initial soil and transport parameters used for the FEFLOW simulations 

(Appendix F) are given in Tables 4.2.2 and 4.2.3. All symbols are defined in the list of 

symbols provided at the beginning of this thesis document. The van Genuchten 

unsaturated model (van Genuchten 1980) was employed for the soil and compact layers, 

while a linear unsaturated (Diersch 2014) model was used for the till and bedrock layers.  

Table 4.2.2: Key soil parameters for groundwater flow simulations. 

 

Table 4.2.3: Solute transport parameters used for simulations. 

Layer 

 

ηe αL αT D
*
 

  (m) (m) (m
2
/d) 

Soil 0.44 0.5 0.05 8.64 x 10
-4

 

Compact 0.38 0.5 0.05 8.64 x 10
-4

 

Till 0.35 0.5 0.05 8.64 x 10
-4

 

Bedrock 0.17 0.5 0.05 8.64 x 10
-4

 

 

 

  The cumulative tipping bucket flow data were used to calibrate the 3D variably-

saturated flow model. The vertical hydraulic conductivity of the compact layer (KV), the 

van Genuchten fitting parameter (α) of the soil layers, and the porosity (η) of the soil 

layers were all varied during the model calibration and sensitivity analysis. In the 

Layer Thickness KH KV η α n  ʌC ʌa Sr 

 

(m) (m/d) (m/d) 

 

(m
-1

) 

 

(m) (m) 

 Soil 1 5.0 0.83 0.44 6.8 1.6   0.49 

Compact 0.5 0.012 9.6x10
-4 

0.38 2.7 1.1   0.30 

Till 6.5 4.7 0.84 0.35 
  

-3 -0.071 0.71 

Bedrock 7 0.86 0.086 0.17 
  

-3 -0.53 0.66 
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sensitivity analysis, each one of the three parameters used for calibration were adjusted to 

assess the sensitivity, while the other calibration parameters were held at the calibrated 

values. The numerical parameters used for the simulations are given in Appendix G. 

 

4.2.2 Inversion of 3D resistivity surveys 

 A measurement of apparent resistivity represents a complex average of subsurface 

resistivities in the vicinity of the measurement's electrodes. In order to process ERI data 

DCIP3D v. 5.0, a three-dimensional, finite volume, inverse modelling program developed 

by the University of British Columbia (Li and Oldenburg 1999, 2000; UBC-GIF, 2014) 

was selected. The program uses mathematical inversion techniques to convert the 

apparent resistivity measurements into a three dimensional model for the spatial 

distribution of true resistivity at the time of survey.  

The DCIP3D code seeks to obtain a model that reproduces the observed apparent 

resistivity data to within a tolerance that is justified by the estimated errors associated 

with measurement and discretization. Based on a trial and error approach, errors of 5% 

were assigned to each apparent resistivity measurement. Although that value was 

significantly higher than the typical reciprocal errors, it must also account for 

inaccuracies in the modeling related to discretization of the geology and linearization of 

the inverse problem. A value of 5% was selected to prevent the inversion algorithm from 

generating artifacts suggestive of over-fitting the data. Due to the non-uniqueness of the 

inversion process, various models could be obtained that adequately reproduce the 

observed data. DCIP3D, like many inversion algorithms, may be configured to seek the 
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particular resistivity model  that is as close as possible to some reference model   

(sometimes called a “smallest model”) or the model that deviates as smoothly as possible 

from the reference model (i.e. minimizes the gradient of () – a so-called “flattest 

model”).  In this case we chose not to bias the solution towards any particular reference 

model and therefore effectively sought a model that fit the data for which resistivity 

varied as smoothly as possible in space (minimizing the gradient of ). Such a smooth 

model inversion, is not unreasonable in seeking to resolve the shape of a conductive 

tracer plume. However, it may be expected that the recovered model will tend to smear 

out any sharp changes in resistivity associated with the plume or subsurface geology. 

Inversions for true resistivity models were performed on select data sets to illustrate 

movement of the conductive tracer over time.  

The DCIP3D model was a 102 x 31 x 25 cell domain (79 050 finite differences); 

this equated to model dimensions (length x width x depth) of 44 x 31.5 x 13.44 m. The 

individual finite volume dimensions (in-line length x cross-line width x height) ranged 

from 0.25 x 0.5 x 0.25 m immediately beneath the electrode array to padding cells at the 

outer edges of the model as large as 4 x 4 x 2 m. Figures 4.1.5 (a) and (b) depict the mesh 

discretization in cross-line and in-line sections respectively.   

The numerical parameters used for the inversion process are given in Appendix 

H, Table H2.  The values for Le, Ln, and Lz were all equal; therefore, model smoothing 

was equal in all three directions.  Cell weighting functions were used to increase the bias 

towards model smoothness at shallow depths  thereby counter-acting a tendency for the 

inversion algorithm  to introduce excessive variability near the electrodes where 

sensitivity is greatest. Values for cell weighting ranged from 1 to 32. A weight of 32 was 
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applied to the top layer of the model. The weight was then reduced by a factor of 2 for 

every 25 cm of depth until a base weight of 1 was reached at a depth of 125 cm. The 

acquired data have the greatest sensitivity nearest to the ground surface; therefore, cell 

weights decreased moving downward through the model. The initial model for each 

inversion was taken as the average apparent resistivity of the model pseudo-section. No 

reference model was used for inversion.  

Several filters were applied to the survey data prior to inverse modelling with 

DCIP3D. These data filters removed apparent resistivity measurements having negative 

voltages, poor repeatability (> 5 % error), poor reciprocals (> 5 % difference), and small 

currents (< 1 mA). Poor reciprocals are indicative of systematic errors and/or low signal 

to noise ratios. The number of discarded measurements generally did not exceed 20 

(roughly 1 % of the acquired measurements). Poor reciprocals typically accounted for the 

greatest number of rejected measurements. These filters were applied to assure quality 

data for inversion in DCIP3D. Contact resistances were typically below 1 kΩ at the time 

of survey.   
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Figure 4.2.2: DCIP3D model mesh discretization; a) Cross-line mesh discretization 

b) In-line mesh disretization. The black dots depict the locations of the electrodes. 

 

 The resistivity inversions served as a qualitative supplement to the flow and 

transport simulations. The true resistivity values obtained from the ERI inversions were 

not readily convertible to the pore water Br
-
 concentrations. Archie's law is given in 

Equation  9.  

                   (9) 

where: 

ρbulk = the bulk electrical resistivity (Ωm) 

η =  the porosity (-) 
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S = the water saturation (-) 

ρpw = the pore water electrical resistivity (Ωm) 

a, x, and y = dimensionless fitting parameters (-) 

 

 This equation shows that the three dimensionless fitting parameters (a, x, and y) 

are required for the calculation. This would need to be obtained through laboratory 

experimentation on retrieved soil samples. This analysis also presents a distinct challenge 

in context of this research due to the variation of both water saturation and pore water 

resistivity (i.e. the tracer test was conducted in the unsaturated zone; therefore, both the 

saturation and electrical resistivity were variable).  The estimation of the pore water 

resistivity based on the bulk resistivities obtained by inversion was therefore not 

performed for this research. 
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5 Results 

5.1 Hydrogeological and Hydrogeophysical Monitoring 

Perched water table  

 Figure 5.1.1 presents the hydraulic heads observed in piezometers P1-P6 over the 

duration of water and tracer solution application at ICS1 and ICS2. The hydraulic head 

values shown in Figure 5.1.1 were determined by adding the water column height above 

the pressure transducer to the elevation of the pressure transducer. Perched conditions 

occurred during the application of water/tracer solution, but did not exist from July 15, 

2014 to October 23, 2014. Perched water table conditions were present only in 

piezometer P1 during the application of water and tracer solution in ICS 2. The complete 

set of hydraulic head results is given in Appendix I.  
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Figure 5.1.1: Hydraulic head values for piezometers 1-6 during water and tracer 

solution application in ICS 1 (June 26 – June 30, 2014) and ICS 2 (July 1- July 12, 

2014). The timing of water application is denoted by the blue bars, while the tracer 

solution application is denoted by the red bar. Note that P3 experiences a sudden 

rise and fall in hydraulic head on June 28; this can be attributed to the logger being 

temporarily removed from the piezometer.  Refer to Figure 4.1.1 for piezometer 

locations.  

 

 A perched water table also existed from early Fall into the Winter of 2014 as 

shown in Figure 5.1.2. As no surface applications of water or tracer solution occurred 

during this time period, the perched water table was the result of natural infiltration of 

precipitation. Considering the piezometers with the longest time series, piezometer P1 

exhibited the highest hydraulic head because of its location being furthest up-slope in 

Field 355 (Figure 4.1.1), while the piezometer located the furthest down-slope (and 

closest to the drain tiles), P4, consistently had the lowest hydraulic head.  
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Figure 5.1.2: Hydraulic head values for piezometers P1-P8 during fall and early 

winter (October 24, 2014 – January 1, 2015). The piezometers were all dry (i.e. no 

perched conditions) during the period from January 6 to May 5, 2015.   

 

 The average horizontal hydraulic gradient, calculated using piezometers P1-P6, 

from October 27, 2014 to May 12, 2015 was 0.049 (with a standard deviation of 0.0119). 

The average flow direction was -23˚ (with a standard deviation of 17˚) from a line parallel 

to the drain tile pipe oriented in the east-west direction (Figure 5.1.3) and confirms that 

lateral solute transport from the tracer application should be captured by the tile drains.  

 Piezometers P7 and P8 were installed adjacent to one another at different depths; 

therefore, the hydraulic head difference between these two piezometers (Figure 5.1.2) 

represents the vertical gradient through the upper section of the compact soil. The 

average vertical hydraulic gradient from December 10, 2014 to May 12, 2015 was 0.41 – 

eight times greater than the lateral gradient. The higher vertical gradient supports the 

notion that flow is predominantly in the vertical direction but this is not definitive as the 
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flux also depends on the ratio of horizontal to vertical hydraulic conductivities of the 

soils. The direct calculation of the vertical flux is uncertain because the hydraulic 

conductivity of the compact soil is poorly constrained. 

 

 

 

Figure 5.1.3: Average lateral hydraulic gradient magnitude and direction from 

October 27, 2014 to May 12, 2015. Gradients were determined only during times of 

sustained perched conditions. The piezometers were all dry (i.e. no perched 

conditions) during the period from January 6 to May 5, 2015.   
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Lateral flow above the compact soil layer 

 The cumulative water volume captured by the drain tile system is shown in Figure 

5.1.4. No discharge was recorded during the water/tracer solution application in late 

June-early July, or during the month of August. 

 

Figure 5.1.4: Cumulative water volume captured by the drain tile system from 

October 13, 2014 – May 12, 2015. Note that no flow was recorded prior to August 28 

due to dry conditions. The flow volume recorded by the tipping bucket, the 

cumulative discharge determined from the water samples collected in the auto-

sampler, and the corrected flow volume are displayed.  

 

 The corrected cumulative water volume data coincides well with the measured 

flow from the auto-sampler. The corrected flow curve generally follows the original 

recorded flows, but at a reduced rate.  

 The corrected flow volumes are shown with the water column height in 

piezometer P1 in Figure 5.1.5. The flow into the tile drains increased as the height of the 
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water column increased (i.e. as the height of perched water increased, the flow rate of 

water into the drain tile system also increased). The small fluctuations in water level prior 

to the occurrence of perched conditions can be attributed to the accuracy of the pressure 

transducer (+-2.5 cm for Mini-Diver, Schlumberger installed in P1). Discharge into the 

drain tile system ceased after January 7, 2014 and no further discharge occurred until the 

Spring snow melt. Quite notably, virtually no flow was recorded at the tile drains from 

January 1 to May 5, 2015 despite approximately 560 mm of precipitation. This was 

because the precipitation was in the form of snow that accumulated on the ground 

surface. 
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Figure 5.1.5: Cumulative flow volume into drain tile system (green), perched water 

level above compact layer in P1 (black), and daily precipitation from September 10, 

2014 to May, 12 2015 (red).  

 

 As shown in Equation 1, the lateral hydraulic conductivity of the soil above the 

compact layer was estimated using the water level data and the corrected drain tile flow 

data. This analysis yielded hydraulic conductivity values that varied with time. In Figure 

5.1.6, it can be seen that the calculated hydraulic conductivity varied temporally because 

the ratio of the drain tile flow rate, Q, and the average perched water height, d, was not a 

constant value. This may have been caused partially by the lag time between the observed 

water level, and the measured tipping bucket discharge, or, by the presence of a higher 
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hydraulic conductivity overlaying a lower hydraulic conductivity layer within the soil 

zone.  

 

Figure 5.1.6: Average perched water height and lateral hydraulic conductivity from 

October 27, 2014 to January 7, 2015.  

  

 In Figure 5.1.7, the calculated lateral hydraulic conductivity is plotted against the 

saturated soil thickness. This calculation was performed using data from October 27, 

2014 - December 31, 2014, and May 7, 2015 - May 12, 2015. The perched water table 

was present throughout the entirety of both of these intervals. Upon inspection of the plot, 

it appears that the lateral hydraulic conductivity generally increases as the saturated soil 

depth increases. The average hydraulic conductivity was 2.5 m/day, while the weighted 

average with respect to saturated thickness yielded a hydraulic conductivity of 2.7 m/day. 
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Zebarth et al. (2014) reported values of 2.4, 1.5, and 0. 42 m/day in the A, B, and C 

horizons respectively.  

 

Figure 5.1.7:  Scatter plot of hydraulic conductivity versus average perched water 

level (piezometers P1-P6). The average hydraulic conductivity was 2.5 m/day. A 

weighted average with respect to saturated thickness yielded a hydraulic 

conductivity of 2.7 m/day.  

 

Catchment Ratio Calculation 

 The catchment ratio calculations (Equations 2 and 3) were conducted for the 

water discharge data collected during the Fall/Winter infiltration season (October 24, 

2014 to January 1, 2015). As shown in Figure 5.1.8, the topographically delineated 

catchment area was determined, using ArcGIS, to be 1820 m
2
.  
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Figure 5.1.8: Elevation contour map showing the topographically delineated 

catchment area for the drain tile flow collection system. The contour intervals are 

shown in metres and the contour interval is 0.5 m. 

 

  The Fall/Winter infiltration season yielded a total water volume of 30 093 L. The 

total simulated SWB infiltration for the same time interval was 295 mm. Using these two 

values in Equations 2 and 3 results in a computed contributing area of 102 m
2
. The ratio 

of the computed contributing area and the topographically delineated area is therefore 

0.056. This result implies that approximately 6 % of the infiltrated water for this time 

period contributed to lateral subsurface flow, while 94 % of infiltrated water contributed 

to vertical percolation through the compact layer. 
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Water Sample Analyses 

 Water samples were retrieved from the auto-sampler on seven occasions. The IC 

analyses of the water samples included determination of the concentrations of Br
-
, NO3

-
, 

and Cl
-
. A statistical analysis was performed on the PCAP water quality results in order 

to determine a Br
-
 threshold, which was used to assess when there were significant 

concentration differences as compared to the background concentration. The average 

background concentration was determined to be 0.144 mg/L, with a sample standard 

deviation of 0.100 mg/L. Using a one tailed Student-t test with 99 % confidence, the 

threshold value was calculated to be 0.207 mg/L. The Br
-
 concentrations for the auto-

sampler samples and the PCAP samples are presented in Figure 5.1.9. A complete listing 

of the results from the ion chromatography analyses is given in Appendix J.  
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Figure 5.1.9: Scatter plot showing auto-sampler and PCAP Br
-
 concentrations. The 

threshold for significant difference is denoted by the black dashed line. The applied 

concentration of the KBr tracer was 4675 mg/L (3115 mg/L-Br
-
). 

  

 The first Br
-
 concentration (0.632 mg/L) that exceeded the threshold value 

occurred on October 26, 2014; however, water samples collected immediately after this 

time had concentrations below the threshold. The concentration of Br
-
 in the auto-sampler 

water samples next exceeded the threshold value on December 25, 2014. After December 

25, all of the Br
-
 concentrations exceeded the threshold. The concentrations were, 

however, approximately only 0.01 % of the Br
-
 concentration (~ 3115 mg/L) in the tracer 

solution. Using the corrected tipping bucket flow data, and the auto-sampler Br
-
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concentrations, the total mass of Br
-
 that entered the drain tile system was calculated to be 

5.27 g, as of May 12, 2015, while the total applied mass of Br
-
 was equal to 4.21 kg. The 

collected mass of Br
-
 was therefore only 0.125 % of the applied mass. 

 The Br
-
 concentrations for the water samples from the piezometers are shown on a 

logarithmic scale in Figure 5.1.10.  The Br
-
 concentrations were above the threshold 

concentration in all of the samples retrieved through the fall of 2014, but had fallen below 

the threshold in piezometers P3, P4, and P6 when next sampled in May 12, 2015. The 

concentration for P4 on May 12 is not depicted in Figure 5.1.9 as the concentration was 

below the LoD for Br
-
. 
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Figure 5.1.10: Scatter plot depicting piezometer water sample Br
-
 concentrations. 

Samples were retrieved from P7 and P8 on May 12, 2015; however, the 

concentrations were below the detection limit for Br
-
.  Note that samples from P5 

were not retrieved on the sampling dates of November 7, 2014 and December 12, 

2014.  

 

 The corrected water volume, as well as the cumulative Br
- 
mass collected by the 

drain tile system, is shown in Figure 5.1.11. Much of the Br
--
 mass accumulation was 

observed during the Fall/Winter and Spring infiltration seasons (October 24, 2014 - May 

12, 2015).   
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Figure 5.1.11: Corrected water flow and cumulative calculated Br
-
 mass from 

September 18, 2014 to May 12, 2015. The final cumulative mass was 5.27 g of Br
-
.  

 

 The corrected flow and cumulative observed masses for NO3-N and Cl
-
 are 

depicted in Figure 5.1.12. The observed mass accumulations coincide with the timing of 

perched water table conditions in the Fall/Winter and Spring seasons.  
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Figure 5.1.12: Cumulative chloride and nitrate-nitrogen masses from September 18, 

2014 to May 12, 2015.  

 

 The nitrogen fertilizer applied to subsection B during 2014 was 150 kg-N/ha. The 

region of the catchment area for the drain tile pipes that is within subsection B is roughly 

1125 m
2
: therefore, the applied N in this region was approximately 16.9 kg. The observed 

N in the drain tile pipes as of May 12, 2015 was 115 g, which is only 0.7 % of the applied 

N.  

 A regression of the observed NO3-N and Cl
-
 data from the drain tile system is 

presented in Figure 5.1.13. The correlation between nitrate (a potential electron acceptor) 

and chloride (a conservative ion) gives insight into the potential for denitrification in the 
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shallow perched groundwater system. The R
2
 of the regressions for NO3-N and Cl

-
 in 

Figure 5.1.12 were 0.874 and 0.780 for the Fall/Winter and Spring infiltration seasons, 

respectively. These relatively high values of R
2
 indicate that denitrification is likely not a 

significant process in the shallow vadose zone (McCallum et al. 2008).  Denitrification 

requires that the necessary bacteria be present, that organic carbon be present in the 

subsurface, and that dissolved oxygen levels be sufficiently low such that nitrate may act 

as the electron acceptor. 

 

Figure 5.1.13: Regression of chloride and nitrate-nitrogen concentrations for auto-

sampler water samples for Spring (red) and Fall/Winter (blue) infiltration seasons. 

The nitrate-nitrogen concentrations ranged from 1.2 mg/L to 8.2 mg/L. The chloride 

concentrations ranged from 4.0 mg/L to 24.9 mg/L.  
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Tracer plume imaging  

 A time lapse image depicting changes in subsurface resistivity at a depth of 0.5 m 

over a period of one year spanning the tracer test is presented in Figure 5.1.14. Figures 

5.1.15 and 5.1.16 show how resistivity changed over the same time period on in-line 

vertical section A, and cross-line vertical section B – both of which cut through the area 

of tracer application as shown in Figure 5.1.14 (Day -4). Table 5.1.1 presents the number 

of measurements that were rejected due to reciprocal error (> % 5 difference) for selected 

surveys.  

 

Table 5.1.1: Number of measurements rejected due for each constraint. The 

rejection information was not available for the survey from July 3, 2014.  

Survey Date 
Reciprocal 

Error 

Voltage 

Error 

Negative 

Voltage 

Small 

Current 

June 26, 2014 0 0 0 0 

July 8, 2014 9 0 0 3 

July 22, 2014 6 2 0 1 

December 22, 2014 1 0 0 11 

June 18, 2015 19 11 12 180 
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Figure 5.1.14: Time lapse compilation of resistivity images at a depth of 0.5 m from 

June 26, 2014 at 4:00 PM to June 18, 2015 at 12:00 PM. The piezometers and tracer 

application boxes are displayed on the diagram. The tracer was applied at ICS 2 on 

Day 1 (July 1, 2014).   

 



 

58 

 

 

Figure 5.1.15: Image maps depicting resistivity models for cross section 'A' (see 

Figure 5.1.14) from June 26, 2014 at 4:00 PM to June 18, 2015 at 12:00 PM. The 

tracer was applied on Day 1. 
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Figure 5.1.16: Image map depicting resistivity models for cross section 'B' (see 

Figure 5.1.14) from June 26, 2014 at 4:00 PM to June 18, 2015 at 12:00 PM. The 

tracer was applied on Day 1. 
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 The decrease in resistivity at the location of tracer application is apparent on Day 

3 and, as shown in Figure 5.1.14, there is good correspondence between the low 

resistivity zone and the location of the ICS2 tracer application area. Some lateral 

transport of the tracer is evident by Day 8 as shown by the spreading of the low resistivity 

plume in Figure 5.1.14. Very little additional lateral migration of the tracer was resolved 

by the ERI surveys following Day 8.  

 Figures 5.1.15 and 5.1.16 show that the plume remained predominantly above the 

compact layer prior to Day 8. By Day 22 the resistivity image shows a relative increase in 

resistivity immediately below the application area (< 1 m depth), but decreased 

resistivities extended vertically below the top of the compact layer. This can be attributed 

to both reduced water saturation in the upper metre (water application stopped on Day 

12) and vertical migration of the tracer plume. By Day 88 soil resistivity at depths greater 

than 1 m below the application area had decreased further, indicating that tracer was 

continuing to move vertically past the top of the compact layer. The Day 179 profiles 

display subsequent increases of resistivity above the compact layer interface, and a 

significant decrease in resistivity below the compact layer interface, demonstrating 

further vertical migration of the tracer.  

 The bulk resistivity of a porous medium is dependent on the moisture content of 

the medium and the electrical resistivity of the pore water (in addition to other 

parameters). Therefore, in the context of the tracer test, increases in subsurface 

conductivity can be attributed to tracer migration and/or increases in moisture content 

caused by the infiltration of water from precipitation. The notion of increased moisture 
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content causing an increase in electrical resistivity is demonstrated in Figure 5.1.17. In 

these images, depth slices at 0.5 m below surface are presented for three surveys.  

 

Figure 5.1.17: Time lapse compilation of resistivity depth slices at 0.5 m below 

surface over a 2 day period in late September, 2014 immediately following a period 

of heavy rain (65 mm).  

 

 Sixty-five millimetres of rain fell at the research site between September 21 and 

22.  On September 22 at 12 AM, the soil at 0.5 m depth is relatively resistive. By 12 PM 

on September 22, it appears that infiltrating precipitation has reached 0.5 m depth, thus 
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causing a reduction in resistivity across the entire depth slice. By 12 AM on September 

24 some of the moisture has dissipated resulting in an increase in resistivity in the model. 

The changes in resistivity that resulted were relatively minor compared to those observed 

as a result of the tracer application.  

5.2 Numerical Simulation Results 

Infiltration 

 The results for the SWB infiltration simulation are presented in Figure 5.2.1. 

Although there was 290 mm of precipitation recorded between June 26, 2014 and 

October 25, 2014, the SWB simulation predicts no infiltration because of the relatively 

high evapotranspiration demand at this time of the year. On the other hand, the 

infiltration rate averages 5 mm/day during the Fall/Winter of 2014 (October 25 - 

December 28 2014). A table containing the results of the SWB simulation is given in 

Appendix K.  
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Figure 5.2.1: Bar chart depicting daily precipitation, as well as the simulated daily 

infiltration versus time.  The mass balance shows a distinct infiltration season in the 

Fall and Winter months. The fall infiltration corresponds to rainfall. 

  

3D Flow and Solute Transport 

The three-dimensional groundwater flow model was calibrated using the drain tile 

cumulative flow data for the period of June 25, 2014 to January 1, 2015. The measured 

and simulated results for cumulative flow into the drain tiles are shown in Figure 5.2.2. 

The calibrated model replicated the observed cumulative flow data quite well (R
2
 = 

0.987). The observed cumulative flow into the tipping bucket was 30 898 L as of January 

1, 2015. The simulated cumulative flow into the tipping bucket was 30 781 L for the 

same time interval. 
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Figure 5.2.2: Observed and simulated cumulative water flow from June 25, 2014 to 

January 1, 2015.   

 

The values indicating goodness-of-fit for the calibration are given in Table 5.2.1, while 

the calibration parameter values are given in Table 5.2.2. The parameters used for 

calibration were: the saturated lateral hydraulic conductivity of the soil layers, the 

saturated vertical hydraulic conductivity of the compact layer, the van Genuchten fitting 

parameter α of the soil layers, and the porosity of the soil layers. The calibrated lateral 

hydraulic conductivity of the soil layers (8 m/day) was greater than determined by 

Darcy's Law.  
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Table 5.2.1: Goodness-of-fit parameters for flow model calibration. 

Parameter Value 

R² 0.978 

Std Dev (L) 1360 

RMSE (L) 3336 

MAE (L) 3046 

  

Table 5.2.2: Results of 3D flow model calibration.  

 

  

 

 

 

 

 The corresponding simulated and observed hydraulic heads for piezometers P1-P6 

are given in Figure 5.2.3; with the results for P1 and P4 shown in Figure 5.2.4 for better 

visualization. A brief inspection of these plots shows that, despite good agreement 

between the observed and predicted flows and timings of perched events, there is 

generally a less satisfactory agreement between the magnitudes of the observed and 

predicted hydraulic heads. For the most part, the calibrated model tends to under estimate 

the observed hydraulic head values. This may be explained by the lateral hydraulic 

conductivity of the soil layers being greater than what was determined with Darcy's Law 

(2.5 m/day) and what Zerbarth et al. (2014) report (0.4 - 2.4 m/day). 

Layer KH KV η α n  ʌC ʌa Sr 

 

(m/d) (m/d) 

 

(m
-1

) 

 

(m) (m) 

 Soil 8.0 0.83 0.30 4 1.6   0.10 

Compact 0.15 0.0122
 

0.38 2.7 1.1   0.10 

Till 4.7 0.84 0.35 
  

-3 -0.071 0.30 

Bedrock 0.86 0.086 0.17 
  

-3 -0.53 0.66 
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Figure 5.2.3: Observed and simulated hydraulic heads for P1-P6 from June 25, 2014 

to January 1, 2015.  
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Figure 5.2.4: Observed and simulated hydraulic heads for P1 and P4 from June 25, 

2014 to January 1, 2015.  

 

 In Figure 5.2.5, the observed and simulated cumulative Br
-
 mass are displayed for 

the period from June 25, 2014 to January 1, 2015. It is apparent from this figure that the 

simulated mass loading of Br
-
 into the drain tile system was much greater than what was 

observed (i.e. a factor of 46 greater). This resulted from simulated Br
-
 concentrations at 

the drain tile pipe reaching nearly 100 times the concentration of the observed Br
-
 

concentrations.  
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Figure 5.2.5: Observed and predicted cumulative Br
-
 masses from June 25, 2014 to 

January 1, 2015.  

  

 A sensitivity analysis was performed to investigate the impact of the calibration 

parameters on the simulated drain tile pipe flow. The results of a sensitivity analysis with 

respect to the saturated vertical hydraulic conductivity of the compact layer, the soil 

moisture curve fitting parameter α, and soil layer porosity, are given in Figures 5.2.6 - 

5.2.8, respectively. Increasing the vertical hydraulic conductivity of the compact layer 

had the effect of decreasing the flow to the drain tile pipes (Figure 5.2.6). Figure 5.2.6 

shows that the simulated flows were very sensitive the vertical hydraulic conductivity of 

the compact layer. A 25 % increase in the hydraulic conductivity resulted in about a 4% 

decrease in the total drain tile flow. Increasing the fitting parameter α had the effect of 

decreasing the flow to the drain tile pipes (Figure 5.2.7). Increasing the porosity of the 
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soil layers had the effect of decreasing flow to the drain tile pipes (Figure 5.2.8). In all of 

these scenarios, a decrease in the lateral flow results in lower hydraulic head values at the 

location of the piezometers. This is to be expected because the lateral groundwater flux 

should increase as the saturated thickness above the compact layer increases.  

 

Figure 5.2.6: Sensitivity of simulated cumulative drain tile flows to variation of 

vertical hydraulic conductivity, KV, in the compact layer.  
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Figure 5.2.7: Sensitivity of simulated cumulative drain tile flows to variation of van 

Genuchten fitting parameter, α, in the soil layers.  

 

Figure 5.2.8: Sensitivity of simulated cumulative drain tile pipe flows to variation of 

porosity, η, in the soil layers.   
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 The simulated hydraulic heads tended to be marginally better in simulations 

where the drain tile flow volume was over predicted. For example, Figure 5.2.9 (c.f. 

Figure 5.2.4) illustrates this for the case where KV was set to 0.008 m/d (Figure 5.2.6).  

 

Figure 5.2.9: Observed and simulated hydraulic heads for P1 and P4 from June 25, 

2014 to January 1, 2015 for the case of KV = 0.008 m/d.  
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6 Discussion 

6.1 Field Data 

 Perched Water Table Conditions and Lateral Flow 

 The piezometer water level data show that perched conditions generally occur for 

extended periods of time during the Fall/Winter and Spring months. The perched 

conditions occurring during the Fall/Winter period were a result of precipitation in the 

form of rainfall and reduced evapotranspiration. Because the amount of precipitation that 

occurred in the Fall/Winter of 2014 was not unusually large when compared to historical 

records (510 mm for 2014, 440 mm for 1981-2010), it is expected that perched conditions 

are a relatively common occurrence at this time of year. Figure 6.1.1 presents the 

cumulative precipitation, infiltration, and water table rise from October 24, 2014 to 

January 1, 2015. The total infiltration for this time interval was simulated to be 29.5 cm. 

The resulting cumulative water table rise, based solely on the specific yield, would be 

predicted to be 98 cm (assuming a specific yield of 0.30); however, the observed 

cumulative water table rise was 918 cm, or 9.4 times greater than the calculated value.  
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Figure 6.1.1: Cumulative precipitation, infiltration, and water table rise (averaged 

from piezometers P1-P6) from October 24, 2014 to January 1, 2015.  

  

 The relationship between infiltration and water table rise can also be examined for 

an isolated event that produced 6 cm of infiltration on December 9, 2015 (Figure 5.2.1). 

This event resulted in an average water table rise of 73 cm, which is about 3.7 times great 

than expected using a specific yield of 0.30. A period of perched water table conditions 

persisted for over two months (October 25, 2014 - December 9, 2015) prior to this event. 

The expected high antecedent soil moisture may have produced conditions favourable for 

capillary fringe induced water table rise of the perched water table (e.g. Gillham 1984).     
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 Capillary fringe effects have been documented to result in rises in shallow ground 

water tables greater than expected based solely on infiltration and specific yield. A 

shallow water table can exhibit an apparently fast and large rise as a result of relatively 

small amounts of infiltration (Gillham 1984).  This is due to the ability of fine-grained 

soils to retain high saturations above the water table, which is related to the air entry 

pressure head (Ψa ) for a given soil. In the capillary fringe the soil moisture content can 

remain very close to the saturated moisture content; therefore, only a small amount of 

water would be required to bring the  moisture content to the saturated value. The air 

entry pressure head can be approximated by the inverse of the van Genuchten fitting 

parameter α, which can be expected to fall with the range of 20-80 cm for a sandy loam 

(Ghanbarian-Alavijeh et al. 2010).  

 The catchment ratio calculation showed that lateral down-slope flow was only 

about 6 % of the total water volume infiltrated from October 27, 2014 to January 1, 2015. 

The catchment area used for this calculation was delineated using ArcGis and the upper 

boundary of this area was truncated at the 47 m contour (i.e. it was assumed that no area 

upgradient of this point contributed to flow into the drain tile pipes). It is possible that the 

contributing area was greater than what was delineated in ArcGIS, therefore the total 

flow (i.e. QL + QZ) could be greater than what was calculated. This implies that the 

component of vertical flow through the compact layer may represent a smaller portion of 

the total flow. 

 The expected advective travel time from the tracer application location to the 

drain tile pipes was calculated using the porosity of the soil layers (0.44), the average 

hydraulic gradient during periods of saturation (0.049), and the saturated horizontal 
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hydraulic conductivity of the overlying soil (i.e. from FEFLOW calibration; 8 m/day). 

The advective transport velocity was calculated to be 1 m/day. The lateral distance from 

ICS 2 to the drain tile pipes was 14.8 m, giving an expected travel time for Br
-
 of only 

14.8 days. The tracer solution was applied beginning July 2, 2014, but Br
-
 concentrations 

above the threshold were not observed until October 27, 2014. The calculation assumes 

that constant perched conditions were maintained throughout the duration of lateral 

transport, which is not what was observed (i.e. perched conditions were present during 

the tracer application, but then dissipated during the dry Summer and early Fall months).  

ERI Interpretations 

 Figures 6.1.2 to 6.1.4 present the interpretations of the time lapse ERI images 

given in section 5.1. Independent of the effects of tracer, it is interesting to see that the 

near surface resistivities within the upper metre of subsection B were substantially lower 

in June, 2014 than they were a year later in June, 2015.  This is likely related to the 

effects of crop rotation and associated fertilizer loads. Table 3.1.1 shows the crop rotation 

for subsections B and C during the time of study. The relatively low near-surface 

resistivities that were observed in subsection B in June, 2014 (see Figures 6.1.2 - 6.1.4) 

may have been related to fertilizer applications associated with potato production in 

2013. In contrast, the clover crop on subsection B in 2014 did not receive an application 

of fertilizer, with the result that residual fertilizer in the soil continued to diminish 

through 2014 yielding relatively high near-surface resistivities in June, 2015.  

 

 Also unrelated to the tracer, there is a rectangular section of elevated resistivity, 

near the boundary between field sections B and C – this is evident in plan view in Figure 



 

76 

 

6.1.2 and in cross-section in Figure 6.1.3. This may have been caused by the electrically 

resistive sand and gravel backfill and/or the polyvinyl plastic sheeting that was installed 

in the trench as part of the drain tile flow collection system (Appendix A). The plastic 

sheeting extended from ground surface down to the interface of the compact layer with 

the overlying soil (approximately 1 m), and was also laid across the top of the backfilled 

ditch, below ~30 cm of soil.  Measurements with small "a-spacings" in close proximity to 

the backfilled drain tile ditches would have been especially impacted by the plastic.  

 Comparison of the images for Days 3 and 8, Figures 6.1.3 and 6.1.4, demonstrates 

the impact of the compact layer on tracer transport. These images show an apparent 

impediment of the tracer transport at a depth of roughly 1 m. The migration of the tracer 

is mostly lateral above the compact layer, rather than vertically through the compact 

layer. We attribute this to the fact that perched conditions were maintained in the 

immediate vicinity of the application area (as evidenced by water levels in piezometer P1 

(Figure 5.1.1) from Days 1 - 12 while tracer or water were still being applied. 

 The images from Dec. 22, 2014, or Day 179, in Figures 6.1.3 and 6.1.4, show that 

the tracer migration up to this time was dominantly vertical. The image from Day 88 

shows that the tracer was still present above the compact layer just prior to this 

infiltration period and immediately prior to the onset of the natural perched conditions 

that persisted through most of the fall from October 25 – January 1. Tracer was therefore 

available for lateral migration; however the images for Days 179 and 357 indicate a 

preference for vertical transport.  
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 A key determinant of the movement of the tracer plume is believed to be the 

antecedent moisture conditions of the subsurface. Dahlke et al. (2012) showed that, in the 

presence of a shallow and relatively impermeable layer, dry antecedent moisture 

conditions resulted in a preference for vertical flow through the low hydraulic 

conductivity layer (a fragipan in case of Dahlke et al. 2012). This implies that the 

partitioning of water and solute flow into vertical and lateral components will vary 

seasonally, with the fraction of lateral flow increasing in the Fall months as the overall 

subsurface saturation increases. As the subsurface saturation decreases following the 

Spring snowmelt, the fraction of lateral flow decreases. This concept is analogous to the 

infiltration of water at the ground surface. Once the infiltration capacity of a soil is 

exceeded, any subsequent precipitation would contribute to surface runoff.  

 This has implications for the timing of the tracer test. The tracer test was initiated 

on July 1, with initially dry soil conditions. The conditions therefore likely were 

conducive to vertical transport of tracer into the compact layer. As evidenced by the 

results from the piezometer samples (Figure 5.1.10), relatively high Br
-
 concentrations 

remained above the compact layer up to the beginning of the Fall/Winter season. It was 

therefore possible to observe the partitioning of tracer between vertical and lateral 

components for the Fall/Winter infiltration season utilizing the ERI surveys and the auto-

sampler (i,e, as of the late Fall, tracer was still above the compact layer and available for 

lateral transport).  
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Figure 6.1.2: Interpretations of resistivity images at a depth of 0.5 m from June 26, 

2014 to June 18, 2015. Note that the colour scale for Days 179 and 357 spans a 

narrower range of resistivities. All resistivities are given in ʍm. The black plume 

lines delineate the region where the observed resistivity is different from the 

background image.  
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Figure 6.1.3: Interpretations of resistivity images from section 'A' from June 26, 

2014 to June 18, 2015. The black plume lines delineate the region where the 

observed resistivity is different from the background image. Note that the colour 

scale for Days 179 and 357 spans a narrower range of resistivities. All resistivities 

are given in ʍm. 
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Figure 6.1.4: Interpretations of resistivity images from section 'B' from June 26, 

2014 to June 18, 2015. The black plume lines delineate the region where the 

observed resistivity is different from the background image. All resistivities are 

depicted in ʍm.  
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 One other factor that may contribute to fluctuations in subsurface resistivity is 

variations in soil temperature.  Rein et al. (2004) showed that electrical resistivity varies 

temporally with soil temperature in the shallow vadose zone. Hayley et al. (2007) 

observed a 1.9 % increase in resistivity per ˚C decrease in soil temperature. 

It is therefore reasonable to ask whether the significant increase in resistivity at 

0.5 m depth between June and December, 2014 evident in Figure 5.1.14 (from ~ 200 to 

450 m) could be a consequence of a seasonal drop in soil temperature. Figure 6.1.5 

displays average soil temperature and moisture content measurements recorded by two 

Decagon 5TE sensors installed at 25 cm depth in the shallow vadose site between July 2 

and December 22, 2014. Indeed, the data show that the soil temperature decreased by 

about 20 ˚C from July to December in 2014. This would equate to an increase of the bulk 

resistivity by 37 %. However, that increase would have been counteracted by the 

fractional increase in soil moisture content from about 0.26 to 0.37 observed over the 

same time period, and further modified by any coincident changes in soil water 

salinity/fertilizer content.  

Referring to Figure 5.1.14 again, it is clear that the background soil resistivity at 

0.5 m depth on the final survey date, in late June, 2015 remained elevated over the 

background resistivity measured a year earlier in late June, 2014. Since soil temperatures 

would have been very similar for the two June surveys, we infer that the trend towards 

higher near-surface resistivities over time (outside the tracer plume) was likely dominated 

by leaching of residual fertilizer, applied during potato cropping in 2013, moreso than by 

temperature effects.  
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Figure 6.1.5: Average volumetric soil moisture content and soil temperature for two 

Decagon soil moisture sensors (each sensor measured soil moisture and 

temperature) installed at a depth of 25 cm. One of the sensors was installed adjacent 

to P2, while the other was installed adjacent to P3.  

 

6.2 Numerical Modelling 

Numerical flow and solute transport modelling  

 Despite the close agreement between the observed and simulated water discharge 

to the tile drains, the simulated pressure heads were generally underestimated by the flow 

and transport model (Figures 5.2.3 and 5.2.4). Daniels and Fritton (1994) simulated 

groundwater mounding above a shallow fragiudalf (i.e. an impermeable layer) using a 

finite-element solution to Richards' equation. In their study, as was the case in this work, 
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the simulated water table height was consistently lower (by approximately 70 cm) than 

the observed height of the perched water above the fragidaulf layer. They used an 

exponential relationship to model the dependence of the hydraulic conductivity on soil 

water suction head to which they attributed some of the error in reproducing the perched 

water table in the simulation. They also attributed some error to possible heterogeneity 

within the impermeable layer (i.e. discontinuities and/or secondary porosity may have 

contributed to increased permeability in some zones).  

 A qualitative comparison between the FEFLOW simulated tracer solute plume 

and the ERI results is given in Figure 6.2.1. The ERI data and simulation results for Day 

3 and Day 8 are in good agreement as both show that the tracer has remained above the 

compact layer. The simulated concentration distribution for Day 22 shows some 

penetration of the tracer into the compact layer, while this is not as apparent in the ERI 

results. The ERI results and simulated plume for Day 88 both show movement of the 

tracer through the compact layer. By Day 179, the simulation shows that much of the 

tracer has moved into the compact layer. The ERI data show the same behaviour, but to a 

less discernible extent.  
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Figure 6.2.1: Comparison of simulated tracer plume (left) and ERI results (right). 

The concentrations on the left are given as mg/L of KBr while the resistivities on the 

right are given in ʍm (logarithmic scale); note the change in colour scale for each 

concentration profile.  The two sets of images have the same horizontal and vertical 

scales. The resistivities are shown for cross section 'C' (Figure 5.1.14).  

 

 The estimated cumulative bromide mass collected by the tile drains was 2.9 g 

(0.06 % of the applied mass) as of January 1, 2015. The transport simulation resulted in a 

cumulative Br
-
 mass for the same time period of 188 g (4.4 % of the simulated applied 

mass of Br
-
). The transport simulation results therefore exhibit more lateral migration of 

the tracer plume than was evident in either the drain tile or ERI results. It should be 

noted, however, that the ERI array would not have been able to resolve the small changes 

in conductivity that would have been associated with the leading edge of the plume (i.e. 

the change in bulk resistivity of the soil associated with the small concentration region of 
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the plume would not be easily differentiated from the background images). Lateral fluid 

fluxes were simulated in the unsaturated soil zone above the compact layer during the dry 

period of July 1, 2014 - October 24, 2014 (Figure 5.2.2); however, no Br
-
 reached the 

drain tile pipes in the simulation as of October 24, 2014. The lateral flow in the 

unsaturated zone may be attributed in part to the value of the van Genuchten fitting 

parameter α. Figure 5.2.7 shows the impact of α on the simulated flow into the drain tile 

pipes.  

 The general behaviour of the observed tracer plume is simulated quite well up to  

Day 88. The simulation results and ERI survey both show that, as of Day 8, the tracer 

plume was contained above the compact layer and spread along the top of the compact 

layer. At Day 22 of the simulated plume had experienced additional lateral spreading, and 

an associated reduction in concentration; the decrease in concentrations within the 

simulated plume is consistent with the increasing resistivities observed between Day 8 

and Day 22. Migration of the tracer plume into the compact layer is seen in the 

simulation by Day 88. The impact of the Fall/Winter infiltration is seen in the flow and 

transport simulation image of Day 179. The infiltration has caused the majority of the 

plume to migrate vertically; however, some of the plume has been flushed laterally down 

slope above the compact layer interface. The ERI survey results at Day 179 also show 

that the majority of the tracer has migrated vertically; however, some minor lateral 

transport did occur.   

    The findings of this research have several implications for the transport of nitrate 

through the subsurface. Fertilizer for potato production is typically applied after the time 

of potato planting in the Spring. The nitrate that would be available for leaching may be 
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derived not only from fertilizer application, but also the mineralization of plowed forage 

crops (Jiang et al. 2015a), and/or atmospheric deposition. The timing of leaching would 

be coincident with the occurrence of precipitation events that stimulate infiltration of the 

various sources of dissolved nitrate. In this research the tracer was applied during the 

early summer and much of the applied tracer mass remained above the compact layer 

during the dry season (Figures 6.1.3 and 6.1.4). The tracer test is therefore believed to 

have replicated the transport of nitrate and chloride that would have been available for 

leaching following the application of fertilizers or mineralization occurring  in the Spring.  

 The tracer test results, and the modelling results, show that there is a preference 

for the KBr tracer to migrate vertically through the compact layer. Nitrate would 

therefore be expected to follow the same transport pathway (i.e. both compounds are 

conservative in the context of transport). Jiang et al. (2015b) discussed the importance of 

flow through primary porosity in the shallow vadose zone (i.e. < 1 m depth). This is 

consistent with the simulations executed for this research (i.e. flow through secondary 

porosity was not considered). Jiang et al. (2015b) further discussed that flow through 

predominantly sub-vertical fractures may be important in the deep vadose zone (i.e. > 1 

m depth). Considering the lack of a significant impact of the compact layer on migration 

of the tracer plume (as evidenced by the results of this research), the fate of the majority 

of nitrate leached from the root zone is expected to be deep groundwater (barring any 

lateral flow occurring in the deep vadose zone caused by perched water table conditions). 

This finding appears to be consistent with elevated concentrations of nitrate in deep (> 15 

m) monitoring wells located around the perimeter of Field 355 (Malenica 2015) 
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7 Conclusions 

 This research utilized a surface-applied tracer test in conjunction with 

hydrogeophysical and hydrogeological monitoring methods to investigate the nature of 

groundwater flow and solute transport in the shallow vadose zone above a compact soil 

layer. The study was designed to improve the understanding of nitrate transport after 

leaching from the root zone of agricultural crops in Prince Edward Island. 

 The shallow piezometer water levels and drain tile discharge data demonstrated 

the development of sustained perched water table conditions and the occurrence of lateral 

flow during the late Fall/Winter and Spring periods. The perched conditions occurring in 

the Fall/Winter were attributed to infiltration of rainfall and reduced evapotranspiration, 

while those occurring in the Spring were dominantly a result of snowmelt infiltration. 

During perched conditions, saturated soil zone thicknesses of up to 100 cm developed 

above the compact layer and the lateral hydraulic gradients were consistent with down-

slope flow. The duration of continuous perched conditions varied from hours to roughly 

2.5 months.  

 The majority of the surface-applied KBr tracer mass was observed to migrate 

vertically through the subsurface, despite the presence of perched water table conditions. 

This was evidenced by the detailed time lapse 3D ERI images over a period of one year, 

as well as by the low cumulative mass of Br
-
 captured by the down gradient drain tile 

system. The lateral component of flow as determined by the catchment ratio calculations 

was 6 %. The mass of Br
-
 that was observed in the drain tile pipes was 2.9 g.  
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 The numerical flow and transport modelling results also showed that the majority 

of the KBr tracer migrated vertically into the compact layer; its ultimate fate being 

transport through the deeper vadose zone and towards the water table. As a result, it is 

concluded that the presence of the compact soil layer does not promote lateral down-

slope transport of nitrate, or mitigate to a significant extent the vertical migration of 

nitrate towards deeper groundwater.   
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Appendix A: Instrumentation Installation 

 

Figure A1: Drain tile pipe trench excavation. The first step in the installation of the 

tile drain flow collection system was excavation down to the compact layer 

(approximately 1 m from the ground surface). This was done for the two 10 m long 

sections of perforated drain tile pipe. 

 

Figure A2: Plastic liner placement. Following the excavation of the two arms of the 

trench, a polyethylene liner was placed along the down-gradient wall and the 

bottom of the trench. This was done in attempt to capture all lateral subsurface flow 

entering the trench.  
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Figure A3: Geotextile fabric placement. Geotextile fabric was placed along the up-

gradient wall of the trench in order prevent accumulation of fines within the drain 

tile pipes.  
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Figure A4: Drain tile pipe bedding and placement. Roughly 6" of clean 31.5 mm 

gravel was placed as bedding along the length of the trench. The pipe was then 

wrapped in geotextile fabric, and placed within the trench.  
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Figure A5: The trench was backfilled with gravel up to 30-40 cm below the ground 

surface.  

 

Figure A6: Sampling hut location. The sampling hut was installed approximately 50 

m downslope. The solid pipe section of the pipe was placed at 2.5 % slope 

downslope.  
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Figure A7: Sampling hut instrumentation. The sampling hut contained: a 1.3 L 

tipping bucket for flow measurement, an ISCO 3700 auto-sampler for water 

sampling, a deep-cycle battery (connected to a solar panel), and a HOBO datalogger 

to log the time of each tip. The ISCO 3700 was able to house 24 water samples at a 

time.  

 

 

Figure A8: Electrode array installation. The electrodes and wires were placed 

approximately 5 cm below the ground surface. The switching boxes were grouped 

into two sets of four, each contained in a plastic container. The resistivity meter was 

placed in a plastic tote located in the hedgerow just adjacent to the electrode array.  
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Appendix B: Slug Test 

 A slug test was executed in piezometer P8 on May 13, 2015. The inside diameter 

of the piezometer was 38.1 mm and the screened length was roughly 350 mm. A 102 cm
3
 

stainless steel slug was used in conjunction with a Solinst Levelloger to perform the test. 

The slug was quickly lowered into the piezometer to induce an immediate rise in water 

level of 10.2 cm. The datalogger was left to monitor the fall in water level over 

approximately 40 minutes. 

 The Hvorslev method was used for analysis of the slug test data (Butler 2000). 

The case of a homogenous, anisotropic porous media was assumed for analysis. The 

hydraulic conductivity was determined from: 

 

   

      
  

 
     

  

 
 
 

 

    
 

(B1) 

 

           (B2) 

 

KH = horizontal hydraulic conductivity (m/d) 

KV = vertical hydraulic conductivity (m/d) 

d = diameter of the piezometer (m) 

L = length of screened section (m) 
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T0 = time of 63 % recovery (d) 

 The calculated value for KH is dependent on the assumed value of anisotropy of 

hydraulic conductivity (KH/KV). A plot displaying the normalized data retrieved from the 

slug test is given in Figure B1. Inspection of this plot yields a T0 of approximately 565 

seconds.  

 

Figure B1: Plot of normalized water level (H/H0) versus time. H/H0 represents the 

ratio of the initial rise in water level to the water level at time t.  

 

 Figure B2 shows the two curves observed in Figure B1. These two regions 

represent the change in response of the piezometer during the slug test. Curve 2 

represents the effect of the filter pack surrounding the screen. The filter pack had a 

hydraulic conductivity much greater than the surrounding formation; the filter pack 
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controlled the initial response. The formation response is shown by Curve 1 in Figure B2. 

The lower hydraulic conductivity of the formation resulted in a slower response.  

 

 

Figure B2: Regression of two curves from slug test. The curves show the data from 

two regions of Figure B1.   

 

This method yields a horizontal hydraulic conductivity of 1.1 m/d for a ratio of 

anisotropy of 10, which is roughly the expected value for KH/KV. This value is lower than 

what was determined from the Darcy's Law calculations, the calibration value, and what 

was reported by Zebarth et al. (2014). 
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Appendix C: Tipping Bucket Data Correction 

 A HOBO datalogger (HOBO Pendant Event Datalogger, UA-003-64, Onset 

Computer Corporation) was used to record the occurrence of tip evens in the tipping 

bucket. An auto-sampler (Isco model 3700, Teledyne Isco Inc.) was also counting the tip 

events and using those counts as a trigger to collect water samples. The data from the 

HOBO logger  and the number of samples taken by the auto-sampler were found to be 

inconsistent. Analysis of the data showed that the HOBO logger was logging events that 

in fact were not occurring because some events were causing the reed switches on the 

tipping bucket to trigger multiple times for a single event. Events occurring within ten 

seconds of one another were therefore filtered out. The value of ten seconds was 

arbitrarily selected as being a threshold frequency for physically realistic flows that occur 

at the research site. In order to further correct this data, a method of weighted residuals 

was employed.  
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 (C3) 

 

where: 

VCi = corrected cumulative flow volume at time i 

Vi =  measured cumulative flow volume at time i 

Rj = residual of cumulative flow for an interval j 

wi = weighting function value at time i for an interval j. 

 The value for Rj for a given interval was determined by the difference of the 

HOBO logger datum and the number of samples taken by the auto-sampler. The 

weighting function, wi, was taken to be the ratio of the flow rate into the trench at time i 

with the sum of the flow rates for the corresponding interval j. The principle assumption 

of this method was that the error of the logger increased as the tip frequency increased; 

for this reason, the first derivative of the cumulative flow volume curve was used for the 

weighting function. Higher weights were therefore assigned at time steps with higher first 

derivatives. This is consistent with the idea that error increased as the flow rate increased, 

and thus that there was no accumulation of error during times of no flow. A central 

difference formulation was used for the approximation of the first derivative. The 

cumulative correction factor was applied to each flow volume in order to obtain a 

corrected flow volume at each time step. 



 

103 

 

Appendix D: Mass Balance Considerations 

  The concentrations of interest for the purposes of this study were the 

concentrations in the tipping bucket at a given time-step. This concentration represented 

the average concentration of the water flowing into the drain tile pipe flow collection 

system at a given time.  

 The sampled concentration from the pan at time-step i+1 is a function of the 

concentration in the pan at time-step i and the volumes of water in the tipping bucket and 

pan. This is due to the mixing of water from the tipping bucket with the pan water. This 

equation assumes the complete and perfect mixing of the tipping bucket water with the 

pan water. 

 
      

            

     
 (D1) 

where: 

Cpi+1 = the concentration in the pan at time-step i +1 (mg/L) 

Cti = the concentration in the tipping bucket at time-step i (mg/L) 

Vp = the volume of water in the pan (L) 

 It is clear from inspection of this equation that sampled pan concentration is a 

function of the previous sampled concentrations. This equation can be rewritten for a 

general time-step i+n. 
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 (D2) 

 

 Examination of the previous equation shows that the variable of interest, Cti+j, can 

only be solved for if the concentrations at every time-step are known. Pan water samples 

were only retrieved by the auto-sampler at a frequency of 1 sample per 500 tips; 

therefore, this equation was not solvable for this study. The significance of this is that the 

observed Br
-
 concentrations do not represent the actual concentrations of water flowing 

into the tipping bucket at specific time, but rather a weighted average with all of the 

previous samples.  This issue may have been avoided in the future by placing the 

sampling hose into the tipper, rather than the pan of the tipping bucket.  
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Appendix E: IC Data regression 

 

Figure E1: Regression of IC data for determination of limit of detection and limit of 

quantification.  

 

Figure E2: Residuals of IC regression analysis.  
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Appendix F: FEFLOW boundary and initial condition development 

 The hydrological modelling was conducted in several steps (Figure F1). Firstly, 

using data from the period from June 26, 2013 to June 25, 2014, a single-cell (i.e. non-

spatially distributed) SWB simulation (simulation A) was executed in order to determine 

the infiltration boundary conditions for a two-dimensional (2D) FEFLOW model 

(simulation B). The 2D FEFLOW (simulation B) model was then run from June 26, 2013 

to June 25, 2014, with 5 repetitions, to obtain the initial conditions for a subsequent 2D 

FEFLOW model spanning June 25, 2014 to January 1, 2015 (simulation D). This 2D 

FEFLOW simulation (simulation B) was then also used to obtain the upgradient flux 

boundary conditions for a 3D FEFLOW model (simulation E) spanning the period from 

June 26, 2013 to June 25, 2014.  

 The next step was to execute a SWB model to determine the infiltration time 

series for a shorter duration model spanning from June 25, 2014 to January 1, 2015 

(simulation C). Once this SWB model was executed, a 2D FEFLOW model (simulation 

D) was then run in order to generate flow boundary conditions for a 3D FEFLOW model 

(simulation F). The 3D FEFLOW model spanning from June 26, 2013 to June 25, 2014 

(simulation E) was then run in order to determine initial conditions for the final 3D 

FEFLOW model (simulation F). Altogether, 6 simulations (two SWB, four FEFLOW) 

were executed. It should be noted that only the final simulation (simulation F) included 

solute mass transport. The simulation process was performed in this manner due to the 

requirement of lateral upgradient boundary conditions, and initial conditions for the 3D 

FEFLOW transport simulation (simulation F).     
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Figure F1: Diagram depicting simulation process 
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 A total of four FEFLOW simulations were executed for the base simulations (two 

2D models and two 3D models). The numerical parameters used for simulations are given 

in Table G1, Appendix G. 

Two-dimensional groundwater flow simulations 

The 2D FEFLOW model was a field scale model that was used to generate 

boundary conditions for the smaller scale 3D models. The 2D model was a vertical 

section of Field 355 that spanned from the top of the hill to the surface water at the 

bottom of the hill (approximately 500 m downslope). A depiction of the conceptual 

model for the 2D model is given in Figure F2. 

 

Figure F2: Conceptual model of the two-dimensional field scale flow system showing 

the condition of a perched water table above the compact soil layer. This is the 

conceptual model for simulations B and D.  

 

 The 2D model consists of 78 889 triangular finite elements with 40 493 nodes. As 

shown by the process diagram from F1, the 2D FEFLOW model was used for two 

separate simulations (Simulations B and D).  
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 Simulation B was a 2190 day simulation used to generate fluid flux boundary 

conditions for simulation E, and initial conditions for simulation D. This 2D model used 

the soil parameters contained in Table 4.2.2 and numerical parameters contained in Table 

G1.  

 The daily infiltration data obtained from simulation A was used for this 

simulation (simulation B). The initial conditions were taken to be 0 kPa of pressure 

across the entire model domain. This was done so that the model would 'drain' to natural 

saturation conditions over the course of 5 years of simulation time.  

 The bottom boundary of the model was taken as a 1
st
 type hydraulic head 

boundary condition with hydraulic head equal to the elevation head (i.e. 0 pressure head). 

This was done to simulate a constant depth to the groundwater table. The left hand 

boundary of the model was taken as a no flow boundary condition to emulate the 

topographic (and therefore groundwater) divide that was assumed at the maximum 

elevation of the hill slope. A 2
nd

 type fluid flux boundary condition was applied to the top 

boundary of the model in order to simulate infiltration.   

 The VELO_EX add-in  (Diersch 2014) was used to export fluid velocities from 

the simulation. The horizontal components of the fluid velocities were exported from the 

nodes above the compact layer at approximately 275 m downslope in the model. This 

position represents the location of the tracer test, and the upgradient inflow boundary for 

the 3D model. The velocities were then converted into fluid fluxes for import into the 3D 

model for simulation E. The spatial distribution of pressure at the final time-step was 

imported into the 2D model for simulation D to be used as initial conditions.  
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 Simulation D was a 190 day simulation used to generate flux boundary conditions 

for simulation F. This simulation (simulation D) was run from June 25, 2014 to January 

1, 2015. The soil and numerical parameters for this simulation (simulation D) were 

identical to those for simulation B. 

 The spatial pressure head distribution data produced from the final time step of 

simulation B was used as the initial pressure distribution for  simulation D. The bottom 

and left hand boundary conditions for this simulation were identical to those for 

simulation B. The top boundary employed a 2
nd

 type fluid flux boundary condition using 

the data generated from simulation A for infiltration. VELO_EX (Diersch 2014) was 

used again to export the fluid velocities from the simulation at the same location for 

future use in simulation F.  

 Simulation E was a 2190 day simulation used to generate initial conditions for 

simulation F. The simulation spanned June 26, 2013 to June 25, 2014. This simulation 

was run five times to allow for the development of natural moisture conditions. The 

initial conditions for this simulation (simulation E) were taken as 0 kPa of pressure across 

the entire model domain. The boundary conditions for simulation C are shown in Figure 

F3. The top face of the domain was modelled as a 2
nd

 type boundary condition. The time 

series for this infiltration boundary condition was obtained from simulation A. The 

bottom boundary was modelled as a 1
st
 type boundary with the hydraulic head equal to 

the elevation head (i.e. water table boundary condition). In the bedrock, till, and compact 

layer, a 2
nd

 type no flow boundary condition was applied for the up-gradient and down-

gradient faces of the model. In the soil layers, a 2
nd

 type fluid flux boundary condition 

was used for the up-gradient face, and a 1
st
 type seepage face boundary condition was 
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used for the down-gradient boundary. The spatial pressure distribution from the final 

time-step of simulation was exported for import into simulation F as initial conditions. 

 

Figure F3: Longitudinal section through three-dimensional model domain showing 

main boundary conditions for simulations  E and F. The vertical exaggeration is 

1.2:1. 

 

 The initial conditions for the tracer test model (simulation F) were imported from 

the spatial distribution of pressure for the final time-step of simulation D. The top face 

infiltration boundary condition was generated by simulation C. The left hand up-gradient 

2
nd

 type boundary condition was generated with simulation D. The right hand down-

gradient boundary and bottom boundary conditions were the same as in simulation E. At 

the location of the applied tracer, a 2
nd

 type boundary condition was applied for the fluid 

flux and a 1
st
 type constant mass concentration boundary condition (4675 mg/L) were 

applied to simulate the tracer application. A 1
st
 type mass concentration of 0 mg/L was 
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applied to the rest of the top face of the domain, as well as to the up-gradient inflow 

boundary to simulate the infiltration of fresh water.  
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Appendix G: Flow and solute transport modelling parameters 

Table G1: FEFLOW numerical settings  

FEFLOW Parameter Value 

Error Tolerance Method Euclidean L2 RMS  

Error Tolerance Value 0.001 

Maximum Outer Iterations 12 

Upwinding Option No Upwinding 

Mass Matrix Computation Lumped Mass 

Iteration Scheme Picard 

Predictor Corrector Scheme AB/TR 

Time Step Growth Factor Unrestricted 

Time Step Size Unrestricted 

Symmetrical Matrix Solver PCG 

Unsymmetrical Matrix Solver BiCGSTAB 

Termination Criterion 1 x 10
-8 

Maximum Inner Iterations 1000 

Preconditioning Method Incomplete Factorization 

Transport Equation Formulation Convective Form 

 

 

 

 

 

 

 

 

 



 

114 

 

Appendix  H: Resistivity inversion numerical parameters 

Table H1: Numerical Parameters used for DCIP3D simulations 

DCIP3D Parameter Value 

Maximum Iterations 15 

Le 100 

Ln 100 

Lz 100 

itol 1 

eps 0.02 

 

Control File 

15  0                  !! maxit  irest 

1 1.0                  !! mode  chifact 

130515_12-00.dat            !! data 

Hmesh6.msh              !! mesh 

NULL                !! topography 

NULL               !! initial model 

NULL                !! reference model 

NULL                   !! active cell file 

BOUNDS_NONE           !! bounds 

100.0, 100.0, 100.0    !! Le, Ln, Lz | null 

daub2                !! wavelet | null | none 

1 0.02                 !! itol, eps | null 

w3216msh6.dat  !! 3D weighting | null 

0                      !! idisk  0|1 
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Mesh File 

31 102 25 

-10.5 -10.5  0 

4 3 2 1 0.5 21*0.5 0.5 1 2 3 4 

4 3 2 1 0.5 92*0.25 0.5 1 2 3 4 

8*0.25 0.25 0.28 0.3 0.33 0.37 0.40 0.44 0.49 0.54 0.59 0.65 0.71 0.78 0.86 0.95 1.5 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Appendix  I: Piezometer Data 

 

Figure I1: Complete piezometer dataset for June 25, 2014 to May 12, 201
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Appendix J: Auto-sampler, piezometer, and PCAP water sample ionic 

chromatography results 

Table J1: IC analysis results 

Sample ID Sample # 
Sampling 

Date/Time 

Concentration from IC 

(mg/L) 

NOї - Br - Cl -  

151014 #1 1 22/09/2014 6:08:42 101.790 0.111 19.860 

151014 #2 2 22/09/2014 6:43:24 36.020 0.089 22.760 

151014 #3 3 22/09/2014 7:12:48 35.230 0.081 24.900 

151014 #4 4 22/09/2014 7:41:53 32.256 0.067 22.370 

151014 #5 5 22/09/2014 8:18:06 29.790 0.074 19.940 

151014 #6 6 22/09/2014 9:59:48 30.310 0.080 20.740 

071114 #1 7 26/10/2014 23:12:39 17.100 0.632 18.970 

071114 #2 8 27/10/2014 3:03:23 24.360 0.000 17.030 

071114 #3 9 27/10/2014 8:22:27 22.240 0.107 17.560 

071114 #4 10 27/10/2014 23:43:24 25.850 0.041 20.330 

071114 #5 11 02/11/2014 0:02:09 29.490 0.027 17.350 

071114 #6 12 02/11/2014 7:27:26 24.600 0.246 16.080 

071114 #7 13 02/11/2014 14:10:59 16.000 2.820 16.400 

071114 #8 14 02/11/2014 19:00:18 15.390 0.061 15.750 

071114 #9 15 03/11/2014 0:25:47 14.740 0.054 14.530 

071114 #10 16 03/11/2014 12:10:23 18.030 0.075 16.170 

071114 #11 17 05/11/2014 8:13:46 22.500 0.056 18.253 

071114 P1 piezometer 06/11/2014 113.341 668.607 28.552 

071114 P2 piezometer 06/11/2014 21.158 104.433 26.711 

071114 P3 piezometer 06/11/2014 75.540 0.835 44.469 

071114 P4 piezometer 06/11/2014 17.100 0.600 20.300 

071114 P5 piezometer 06/11/2014       

071114 P6 piezometer 06/11/2014 64.454 1.621 0.492 

041214 #1 18 08/11/2014 2:36 18.700 0.048 14.700 

041214 #2 19 11/11/2014 4:03 12.990 0.046 8.386 

041214 #3 20 17/11/2014 8:59 14.780 0.077 10.370 

041214 #4 21 18/11/2014 6:37 16.700 0.069 12.200 

041214 #5 22 18/11/2014 21:30 11.820 0.058 10.320 

041214 #6 23 24/11/2014 23:15 13.440 0.069 10.590 

041214 #7 24 25/11/2014 17:23 14.730 0.081 12.100 

041214 #8 25 28/11/2014 0:12 7.190 0.061 9.700 

041214 #9 26 28/11/2014 15:24 6.100 0.045 7.490 

041214 #10 27 30/11/2014 1:49 7.270 0.074 7.280 
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041214 #11 28 01/12/2014 11:44 13.720 0.172 12.090 

041214 #12 29 01/12/2014 22:56 9.180 0.059 13.000 

041214 #13 30 03/12/2014 12:27 7.470 0.068 11.200 

101214 P1 piezometer 10/12/2014 78.539 461.140 46.114 

101214 P2 piezometer 10/12/2014 37.029 18.075 32.632 

101214 P3 piezometer 10/12/2014 38.989 1.028 28.503 

101214 P4 piezometer 10/12/2014 7.115 0.643 11.815 

101214 P5 piezometer 10/12/2014 4.540 0.282 7.417 

101214 P6 piezometer 10/12/2014 42.878 1.510 36.579 

121214 #1 31 04/12/2014 10:19 10.133 0.044 9.612 

121214 #2 32 06/12/2014 13:51 13.410 0.094 10.814 

121214 #3 33 08/12/2014 5:42 5.710 0.041 5.811 

121214 #4 34 10/12/2014 21:03 6.800 0.050 6.350 

121214 #5  35 11/12/2014 2:04 5.361 0.039 6.337 

121214 #6 36 11/12/2014 6:56 6.840 0.071 6.274 

121214 #7 37 11/12/2014 11:44 7.506 0.081 6.544 

121214 #8 38 11/12/2014 16:30 9.150 0.096 8.018 

121214 #9 39 12/12/2014 0:22 8.920 0.065 8.086 

221214 #1 40 12/12/2014 18:56 8.850 0.064 7.226 

221214 #2 41 13/12/2014 9:39 10.510 0.069 8.619 

221214 #3 42 15/12/2014 2:02 12.450 0.110 10.050 

221214 #4 43 18/12/2014 8:45 9.681 0.055 7.034 

221214 #5 44 19/12/2014 6:41 9.260 0.063 7.488 

221214 #6 45 22/12/2014 16:09 11.220 0.069 8.970 

221214 P1 piezometer 22/12/2014 16:00:00 76.479 429.988 29.708 

221214 P2 piezometer 22/12/2014 16:00:00 23.712 6.036 22.636 

221214 P3 piezometer 22/12/2014 16:00:00 37.092 0.963 28.981 

221214 P4 piezometer 22/12/2014 16:00:00 8.494 0.531 13.820 

221214 P5 piezometer 22/12/2014 16:00:00       

221214 P6 piezometer 22/12/2014 16:00:00 33.457 1.185 29.075 

120515 1 46 25/12/2014 7:32 8.02 0.354 4.01 

120515 2 47 25/12/2014 12:19 8.026 0.344 4.24 

120515 3 48 25/12/2014 18:15 7.59 0.197 4.82 

120515 4 49 26/12/2014 0:34 6.304 0.398 4.509 

120515 5 50 27/12/2014 10:16 6.104 0.425 4.879 

120515 6  51 07/05/2015 13:37 11.062 0.412 6.196 

120515 7 52 07/05/2015 17:39 5.8 0.385 4.973 

120515 8 53 07/05/2015 23:49 7.971 0.39 5.769 

120515 9 54 08/05/2015 15:00 9.298 0.409 6.169 

120515 10 55 08/05/2015 20:14 7.883 0.467 6.118 

120515 11 56 09/05/2015 15:51 6.846 0.389 5.509 

120515 12 57 09/05/2015 19:50 6.323 0.394 5.24 

120515 13 58 10/05/2015 2:01 6.11 0.399 5.14 
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120515 14 59 10/05/2015 8:49 6.379 0.378 5.3 

120515 15 60 10/05/2015 12:33 7.427 0.42 5.783 

120515 16 61 10/05/2015 17:05 7.54 0.374 5.63 

120515 17 62 10/05/2015 21:10 8.65 0.385 6.09 

120515 18 63 11/05/2015 1:07 8.68 0.412 6.49 

120515 19 64 11/05/2015 4:55 9.84 0.438 6.67 

120515 20 65 11/05/2015 12:37 9.55 0.504 6.73 

120515 P1 piezometer 05/12/2015 14:00 28.34 55.38 7.56 

120515 P2 piezometer 05/12/2015 14:00 32.33 2.386 23.06 

120515 P3 piezometer 05/12/2015 14:00 1.08 0.0199 0.923 

120515 P4 piezometer 05/12/2015 14:00 2.104 LoD 1.89 

120515 P5 piezometer 05/12/2015 14:00 10.94 0.324 5.52 

120515 P6 piezometer 05/12/2015 14:00 14.789 0.0898 7.965 

120515 P7 piezometer 05/12/2015 14:00 20.99 LoD 25.894 

120515 P8 piezometer 05/12/2015 14:00 10.196 LoD 9.749 

241114 

PC19 PCAP 24/11/2014 0:00 10.33 0.111 5.149 

151214 

PC20 PCAP 15/12/2014 0:00 5.39 0.182 6.09 

151214 

PC19 PCAP 16/12/2014 0:00       

241114 

PC20 PCAP 24/11/2014 0:00 20.569 0.169 10.859 

141014 

PC20 PCAP 14/10/2014 0:00 27.68 0.342 19.78 

141014 

PC19 PCAP 14/10/2014 0:00 32.406 0.0575 9.964 

180914 

PC20 PCAP 18/09/2014 0:00 0.574 0.472 7.82 

180914 

PC19 PCAP 18/09/2014 0:00 19.386 0.194 6.58 

170714 

PC20 PCAP 17/07/2014 0:00 35.36 0.192 3.57 

170714 

PC19 PCAP 17/07/2014 0:00 23.62 0.134 4.77 

120614 

PC20 PCAP 12/06/2014 0:00 10.338 0.169 2.384 

120614 

PC19 PCAP 12/06/2014 0:00 29.22 0.145 4.856 

130514 

PC20 PCAP 13/05/2014 0:00 19.8 0.133 3.79 

130514 

PC19 PCAP 13/05/2014 0:00 19.43 0.07 4.42 

170414 

PC20 PCAP 17/04/2014 0:00 28.73 0.0938 7.106 
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170414 

PC19 PCAP 17/04/2014 0:00 20.131 0.0803 8.249 

130314 

PC20 PCAP 13/03/2014 0:00 19.034 0.0938 10.28 

130314 

PC19 PCAP 13/03/2014 0:00 28.1 0.0566 8.32 

210214 

PC20 PCAP 21/02/2014 0:00 23.46 0.109 11.8 

210214 

PC19 PCAP 21/02/2014 0:00 18.1 0.0638 6.2 

140114 

PC20 PCAP 14/01/2014 0:00 19.89 0.0779 21.85 

140114 

PC19 PCAP 14/01/2014 0:00 24.744 0.0855 9.081 
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Appendix K: SWB Simulation Results 

Table K1: Results of SWB simulation. All values are given in mm. 

Date Precip Snowmelt 
Soil Moisture 

Storage 
Runoff 

Actual 

ET 
Recharge 

06/25/2014 2 0 
 

0 3 0 

06/26/2014 10 0 7 0 2 0 

06/27/2014 0 0 7 0 0 0 

06/28/2014 0 0 7 0 0 0 

06/29/2014 0 0 7 0 0 0 

06/30/2014 0 0 7 0 0 0 

07/01/2014 0 0 6 0 0 0 

07/02/2014 0 0 6 0 0 0 

07/03/2014 0 0 6 0 0 0 

07/04/2014 1 0 6 0 1 0 

07/05/2014 8 0 11 0 3 0 

07/06/2014 3 0 11 0 3 0 

07/07/2014 0 0 10 0 0 0 

07/08/2014 2 0 10 0 3 0 

07/09/2014 0 0 10 0 0 0 

07/10/2014 0 0 9 0 0 0 

07/11/2014 0 0 9 0 0 0 

07/12/2014 0 0 9 0 0 0 

07/13/2014 0 0 9 0 0 0 

07/14/2014 3 0 9 0 3 0 

07/15/2014 0 0 8 0 0 0 

07/16/2014 5 0 9 0 4 0 

07/17/2014 5 0 11 0 4 0 

07/18/2014 0 0 11 0 0 0 

07/19/2014 0 0 10 0 0 0 

07/20/2014 0 0 10 0 0 0 
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07/21/2014 0 0 10 0 1 0 

07/22/2014 0 0 9 0 0 0 

07/23/2014 0 0 9 0 0 0 

07/24/2014 3 0 9 0 3 0 

07/25/2014 0 0 9 0 0 0 

07/26/2014 0 0 9 0 0 0 

07/27/2014 0 0 8 0 0 0 

07/28/2014 2 0 8 0 3 0 

07/29/2014 0 0 8 0 0 0 

07/30/2014 4 0 8 0 4 0 

07/31/2014 1 0 8 0 1 0 

08/01/2014 0 0 8 0 0 0 

08/02/2014 0 0 7 0 0 0 

08/03/2014 0 0 7 0 0 0 

08/04/2014 0 0 7 0 0 0 

08/05/2014 0 0 7 0 0 0 

08/06/2014 19 0 22 0 4 0 

08/07/2014 14 0 33 0 3 0 

08/08/2014 0 0 32 0 1 0 

08/09/2014 1 0 31 0 2 0 

08/10/2014 3 0 31 0 3 0 

08/11/2014 1 0 31 0 1 0 

08/12/2014 0 0 30 0 1 0 

08/13/2014 0 0 29 0 1 0 

08/14/2014 0 0 29 0 1 0 

08/15/2014 11 0 37 0 3 0 

08/16/2014 0 0 36 0 1 0 

08/17/2014 2 0 36 0 2 0 

08/18/2014 14 0 47 0 3 0 

08/19/2014 4 0 49 0 3 0 

08/20/2014 0 0 47 0 1 0 
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08/21/2014 0 0 46 0 1 0 

08/22/2014 0 0 45 0 1 0 

08/23/2014 0 0 44 0 1 0 

08/24/2014 0 0 43 0 1 0 

08/25/2014 0 0 42 0 1 0 

08/26/2014 0 0 41 0 1 0 

08/27/2014 0 0 40 0 1 0 

08/28/2014 7 0 44 0 3 0 

08/29/2014 1 0 44 0 2 0 

08/30/2014 0 0 43 0 1 0 

08/31/2014 20 0 61 0 3 0 

09/01/2014 2 0 60 0 2 0 

09/02/2014 3 0 60 0 3 0 

09/03/2014 9 0 66 0 3 0 

09/04/2014 0 0 64 0 2 0 

09/05/2014 0 0 62 0 2 0 

09/06/2014 5 0 64 0 3 0 

09/07/2014 2 0 64 0 2 0 

09/08/2014 0 0 63 0 1 0 

09/09/2014 0 0 62 0 1 0 

09/10/2014 0 0 61 0 1 0 

09/11/2014 2 0 61 0 2 0 

09/12/2014 1 0 60 0 1 0 

09/13/2014 0 0 60 0 1 0 

09/14/2014 3 0 60 0 2 0 

09/15/2014 0 0 59 0 1 0 

09/16/2014 0 0 58 0 1 0 

09/17/2014 0 0 57 0 1 0 

09/18/2014 1 0 57 0 1 0 

09/19/2014 1 0 57 0 1 0 

09/20/2014 0 0 56 0 1 0 
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09/21/2014 18 0 72 0 3 0 

09/22/2014 47 0 116 1 3 0 

09/23/2014 0 0 115 0 2 0 

09/24/2014 0 0 113 0 1 0 

09/25/2014 0 0 112 0 2 0 

09/26/2014 0 0 109 0 2 0 

09/27/2014 0 0 107 0 2 0 

09/28/2014 0 0 105 0 2 0 

09/29/2014 0 0 104 0 2 0 

09/30/2014 0 0 102 0 2 0 

10/01/2014 0 0 101 0 1 0 

10/02/2014 0 0 100 0 1 0 

10/03/2014 0 0 99 0 1 0 

10/04/2014 0 0 97 0 2 0 

10/05/2014 9 0 104 0 2 0 

10/06/2014 0 0 103 0 1 0 

10/07/2014 0 0 102 0 1 0 

10/08/2014 8 0 108 0 2 0 

10/09/2014 0 0 106 0 2 0 

10/10/2014 0 0 105 0 1 0 

10/11/2014 0 0 104 0 1 0 

10/12/2014 2 0 105 0 1 0 

10/13/2014 0 0 104 0 1 0 

10/14/2014 0 0 102 0 2 0 

10/15/2014 0 0 100 0 2 0 

10/16/2014 0 0 99 0 2 0 

10/17/2014 6 0 103 0 2 0 

10/18/2014 0 0 101 0 2 0 

10/19/2014 5 0 105 0 2 0 

10/20/2014 6 0 109 0 1 0 

10/21/2014 0 0 109 0 1 0 
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10/22/2014 0 0 108 0 1 0 

10/23/2014 1 0 107 0 1 0 

10/24/2014 14 0 120 0 2 0 

10/25/2014 3 0 121 0 1 1 

10/26/2014 27 0 121 2 1 25 

10/27/2014 6 0 121 0 1 5 

10/28/2014 2 0 121 0 1 1 

10/29/2014 1 0 120 0 1 0 

10/30/2014 0 0 119 0 1 0 

10/31/2014 0 0 119 0 1 0 

11/01/2014 9 0 121 0 1 6 

11/02/2014 23 0 121 1 1 21 

11/03/2014 2 0 121 0 1 2 

11/04/2014 4 0 121 0 0 3 

11/05/2014 0 0 120 0 1 0 

11/06/2014 0 0 119 0 1 0 

11/07/2014 19 0 121 3 1 13 

11/08/2014 0 0 121 0 0 0 

11/09/2014 0 0 121 0 1 0 

11/10/2014 0 0 120 0 1 0 

11/11/2014 0 0 120 0 1 0 

11/12/2014 10 0 121 0 1 8 

11/13/2014 1 0 121 0 1 0 

11/14/2014 9 4 121 0 0 4 

11/15/2014 0 0 121 0 0 0 

11/16/2014 0 0 121 0 0 0 

11/17/2014 22 6 121 2 0 26 

11/18/2014 9 9 121 0 1 8 

11/19/2014 0 0 121 0 0 0 

11/20/2014 2 0 121 0 0 0 

11/21/2014 0 0 121 0 0 0 
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11/22/2014 3 0 121 0 0 0 

11/23/2014 1 5 121 0 0 6 

11/24/2014 5 0 121 0 0 5 

11/25/2014 0 0 120 0 1 0 

11/26/2014 14 0 121 0 0 12 

11/27/2014 17 0 121 0 0 0 

11/28/2014 2 0 121 0 0 0 

11/29/2014 0 0 121 0 0 0 

11/30/2014 0 0 121 0 0 0 

12/01/2014 0 14 121 0 0 14 

12/02/2014 0 0 121 0 0 0 

12/03/2014 14 12 121 0 0 12 

12/04/2014 1 7 121 0 0 7 

12/05/2014 0 0 121 0 0 0 

12/06/2014 19 0 121 0 0 0 

12/07/2014 2 0 121 0 0 0 

12/08/2014 2 0 121 0 0 0 

12/09/2014 0 0 121 0 0 0 

12/10/2014 54 8 121 3 0 31 

12/11/2014 27 13 121 17 0 23 

12/12/2014 6 2 121 0 0 7 

12/13/2014 0 0 121 0 0 0 

12/14/2014 3 0 121 0 0 3 

12/15/2014 0 0 121 0 0 0 

12/16/2014 0 0 121 0 0 0 

12/17/2014 1 1 121 0 0 1 

12/18/2014 10 0 121 0 0 10 

12/19/2014 5 0 121 0 0 0 

12/20/2014 1 0 121 0 0 0 

12/21/2014 0 0 121 0 0 0 

12/22/2014 0 0 121 0 0 0 
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12/23/2014 0 0 121 0 0 0 

12/24/2014 5 6 121 0 0 11 

12/25/2014 25 0 121 1 0 24 

12/26/2014 0 0 120 0 1 0 

12/27/2014 0 0 120 0 0 0 

12/28/2014 4 4 121 0 0 3 

12/29/2014 0 0 121 0 0 0 

12/30/2014 0 0 121 0 0 0 

12/31/2014 1 0 121 0 0 0 

01/01/2015 0 0 121 0 0 0 
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