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ABSTRACT 

Determining. the impact of agricultural practices on water quality is an area of 

study that is important to Saskatchewan. Many of the province's groundwater reservoirs 

are found in productive agricultural areas and are recharged by water that has been 

distributed over this area. New cropping systems require increased nitrogen fertilizer 

inputs, and hog manure is one way of acquiring the additional nitrogen. The application 

of manure as a fertilizer has resulted in increased public concern regarding potential 

groundwater contamination. In an effort to address these concerns a study has been 

conducted on lands receiving hog manure. 

A landscape approach was used on three small watersheds to study local recharge 

characteristics. The watersheds are analyzed by landscape position (depression, toe, mid

slope, shoulder, and upper). Hog manure was applied for the first time to the watersheds 

in 1999. The objectives of the study were to determine deep leaching rates for the study 

area and their relationship to hill slope position. The method adapted to determine a deep 

drainage rate uses tritium as a water tracer. 

Tritium peaks (representing 1963 waters) occurred just beneath the active zones. 

The active zone, as defined by seasonal changes in soil moisture, extended to 1.1 m depth 

for upper slope positions and 1.4 m depth for lower slope positions. The tritium analysis 

indicates that recharge is between 0.0 and 18.7 mm yr-1 with no clear distinction between 

upper and lower slope positions. Stable isotopes of water indicated that vadose zone 

water beneath the active zone was composed of27% and 81% winter precipitation for the 

upper and lower slope positions respectively. Nitrate peaks in the depressions were 
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present below the depth of the tritium peaks. The upper and mid slope locations did not 

reveal a nitrate peak. Chloride peaks were present at the same depth as the tritium peaks 

for the lower slope positions. EC measurements indicate that the lower slope positions 

have been leached of soluble salts to below 8 m, whereas the upper slope positions were 

leached to between 0.5 and 1.5 m. 
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1.0 Introduction 

1.1 Background 

In much of North America and Europe groundwater is increasingly being used as 

a water source for public consumption. As demand for this resource increases, supplies 

of fresh water become diminished, and as the world's population continues to grow 

concerns are being raised about the overall health of these waters and the possibility of 

contamination (Gilliland, 1992). Many underground aquifers are found in productive 

agricultural areas and are recharged by water that has been distributed over this area. In 

the past forty years agricultural diversification including new hybrid crops, specialty 

crops and intensified cropping have come into use in the agricultural sector. These new 

cropping systems return higher yields but also require increased fertilizer inputs. One 

method commonly used to fulfill nutrient requirements is to land-apply manure. This 

manure is a waste product that has been generated at an ever increasing number of 

intensive livestock operations found on the prairies. Recently the spreading of manure, 

and its nitrogen, is coming under intense scrutiny as contamination of shallow 

groundwater from animal wastes is increasingly becoming a recorded problem (Landon 

et al., 2000). 

Wat~r exists virtually everywhere underground and is recharged with 

precipitation that infiltrates and moves into underground storage areas through the 

vadose-zone. Thus any alterations to the land surface will affect the hydrological cycle 

and inevitably groundwater sources. In the past it was thought that the vadose-zone had 

slow rates of water movement and would therefore act as a buffer against the possibility 
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of agriculturally originated aquifer contamination. Recently however, studies have 

indicated that in some situations pesticides and fertilizers have been contaminating 

groundwater soon after applications (Bohlke, 2002). The effects of some of these ions 

such as nitrate (N03) can result in health problems and cause indirect problems such as 

changes in weathering rates and the ion-exchange of other constituents in groundwater 

(Kendall and McDonnell, 1998). Thus it is important to continue to study the water cycle, 

especially its groundwater component. This has propelled hydrological research to find a 

quantitative means of determining drainage rates past that of the active zone or root zone. 

However estimating drainage in semi-arid environments is difficult because the errors 

associated with the measurement of soil water balance and hydraulic properties are of the 

same order of magnitude as the flux estimates (Allison et al., 1994). Tracers have been 

used to follow the movement of water through the soil in an attempt to improve and to 

overcome limitations of some of the more conventional methods. 

The number of different tracers available to be used in hydrological applications 

is limitless. Examples of some of these tracers include chloride, nitrate, krypton, 

chlorofluorocarbons and isotopes of oxygen, hydrogen, nitrate, chlorine and many other 

elements. Although all of these tracers are relevant to a specific aspect of hydrology one 

commonly used to estimate groundwater movements and recharge rates is tritium. 

Tritium has been used in hydrology since the early 1950's when atmospheric 

testing of high-yield thermo nuclear devices began. Tritium is a heavy isotope of 

hydrogen, which becomes part of the water molecule and thus is an ideal tracer as its 

movements reflect those of water. Contrasting tritium concentrations in the soil profile, 

with an observable peak in atmospheric levels, has led to tritium being used as an 
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environmental tracer with numerous applications (Robertson and Cherry, 1989). The use 

of tritium in conjunction with additional tracers such as chloride, nitrogen and the stable 

isotopes of water have been used to try and understand water movements (O'Brien et al., 

1996). 

This study is a component of a larger project assessing the potential impact on 

surface and groundwater quality from the application of hog manure to undulating 

· landscapes. This project takes place near Perdue, Saskatchewan roughly 60 km west 

from Saskatoon. The soils are dominantly Dark Brown Chemozems soils of the Keppil 

soil association developed on a mix of highly modified glacial and stratified lacustrine 

sediments. 

It is hypothesized that in the lower slope locations the tracer profiles will be 

deeper than in the upper slope positions. It is further hypothesized that this will result in 

a larger recharge rate in the lower slope positions. 

1.2 Specific Objectives 

The specific objectives of this study were to: 

1) Quantify the magnitude of drainage at specific locations within the individual 

watersheds; 

2) Examine the drainage rates relative to their position along the slope of a hillside; 

and 

3) Compare tritium results with additional environmental tracers. 
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2.0 REVIEW OF LITERATURE 

Drainage rates within a landscape are influenced by variables such as topography, 

soil type, climate, and other environmental conditions. These variables impact the 

movement of water and the transport of soluble elements within and out of landscapes. 

2.1 Definitions 

The following terms are used throughout this (Figure 2.1 ); 

Root zone - the root zone is taken to be the top 1.2 meters of the soil profile. 

Vadose zone - the unsaturated zone between the root zone and the permanent 

groundwater table. 

Unsaturated zone- refers to the combination of both root zone and the vadose zone. 

Saturated zone - saturated zone below the water table. 

Active Zone -the region of seasonal water content variability. 

Rain - considered to be precipitation falling between April to October inclusive. 

Snow - considered to be precipitation falling between November and March inclusive. 

Infiltration -the absorption and downward movement of water into the soil layer. 

Runoff -the. topographic flow of water from precipitation or melt. 

Throughflow- sporadic horizontal flow of water within the soil layer. 
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Figure 2.1: Subsoil definitions. 

Mass (M) - signifies a unit of mass used in calculations. 

Length (L) - signifies a unit of length used in calculations. 

Time {T) - signifies a unit of time used in calculations. 

Direct methods - measures the main property of concern. 

Active 
zone 

Indirect Methods - measures a secondary property and then together through correlation 

or other means calculates the main property. 

2.2 Water Movement in Semi-Arid Cold Environments 

2.2.1 Snow Fall and Spring Melt 

On the Canadian prairies roughly one-third of annual precipitation falls as snow. 

The snow generates a snowpack that tends to be permanent over the winter with no 

substantial pack loss due to melting (McKay, 1964). Although the snowpack endures the 
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winter it often accumulates into the depressions by drifting (Woo and Rowsell, 1993). In 

addition, when the snowpack melts in the spring, large amounts of snowmelt runoff are 

released. The majority of the melt ends up in catchments and local depressions because 

in early spring soils are usually frozen, causing greatly reduced infiltration capacity, 

which generates large amounts of overland flow (Hayashi et al., 1998). Between 30 and 

60 percent of winter precipitation on the uplands has been shown to accumulate in the 

depressions (Hayashi et al., 1998). 

Snowmelt in spring is dependant on many factors such as temperature, radiation, 

humidity, elevation, slope, and aspect. Spring melt commences when the suns radiation 

delivers energy in excess of that required to maintain the snow pack. During this period a 

situation of freeze-thaw is often created which can cause water redistribution onto lower 

areas of the hill slope. However there is not complete understanding of the freeze-thaw 

process on physical properties of the soil, or the extent to which seasonal freeze-thaw 

cycles alter soil physical and hydraulic properties and hence melt water infiltration and 

runoff is not completely understood (Asare et al., 1999). However, it is known that the 

transfer of heat to the overlying snowpack may cause several centimeters of melt, 

sufficient to keep the soil saturated and to permit runoff when further melting takes place. 

Meltwater may also refreeze with diurnal cooling reoccupying void space or drain from 

the pack as throughflow. 

2.2.2 Summer Precipitation and Redistribution 

There are a number of ways that precipitation can be redistributed over the 

landscape during the summer months. Primarily precipitation will infiltrate where it is 
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deposited until the infiltration capacity of the soil has been reached, following this it will 

redistribute. Generally redistributed precipitation will collect in the depressions as excess 

water obeys the laws of gravity and flows downhill. The depressions will collect water 

from direct precipitation; flow from the surrounding soil surface, or as lateral flow 

through the soil (Zazlavsky and Sinai, 1981 ). Vertical infiltration into upper slope 

segments of a sloping soil profile will always involve some unsaturated lateral flow 

component within the soil (Zaslavsky, 1970). This lateral flow has been observed in the 

field especially during runoff events (Richardson et al., 1992). The water flow in a 

landscape both on and in the soil will be proportional to the slope and to the soil 

anisotropy (Wallach and Zaslavsky, 1991). Thus moisture will accumulate in parts of the 

landscape where the slope ~hanges from steep to moderate (Wallach and Zaslavsky, 

1991; Pennock, 2000). Moisture will also accumulate in concave parts of the landscape 

(Wallach and Zaslavsky, 1991; Pennock, 2000). 

Under temporary ponds and sloughs, the flow of water may not always follow a 

downward path. Flow may reverse direction and change from saturated downward flow 

to unsaturated upward (capillary) flow (Knutson et al., 1989; Wallach and Zaslavsky, 

1991). This change in vertical flow direction from downward to an upward flow has 

been observed in Manitoba (Mills and Zwarich, 1986), and in Saskatchewan (Hayashi et 

al., 1998). In a Saskatchewan catchment transpiration was attributed to water movements 

laterally in the shallow subsurface to the saturated boundary of the depression and 

continuing to the upland (Hayashi et al., 1998). On an annual basis the amount ofwater 

moving upwards by capillary flow, away from the depressions, has been seen to be 
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approximately equal to the amount of runoff from upland to depressions during the spring 

melt (Hayashi et al., 1998). 

Another aspect of summer precipitation and redistribution is the events of the 

active zone. The active zone is defined as the zone of seasonal water content variability 

(O'Brien et al., 1996). Vadose zone water contents were seen to vary from wet (spring) 

to dry (fall) times of the year. Noticing that recharge estimates constitute only a small 

proportion of the annual water change within the active zone, it was concluded that 

moisture causing the variability either infiltrated or evapotranspired within one year 

(O'Brien et al., 1996). Thus water contributing to recharge must pass below the bottom 

of the active zone. Joshi (1997) also recognized a zone below which the water content 

profile shows little change, based on solute profile data and seasonal variation of water 

contents. 

2.2.3 Infiltration Mechanics 

In undulating semi-arid regions the majority of groundwater recharge occurs in 

depressional areas and not the surrounding upslope (Lissey, 1971; Wood and Sanford, 

1995). To an extent this is due to the temporality and volumetric characteristics of 

precipitation events. Spring melts and intense rainfall periods have the potential to 

deposit water volumes in excess of what a particular location can process for a specific 

time frame and moisture content. Water that does not infiltrate on contact, travels down 

slope by gravitational forces and accumulates in depressional areas. 

The infiltration capacity or the maximum rate at which soil can accept water 

depends on a number of factors such as soil type, moisture content, organic matter, and 
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connected porosity. Most notably, changes to void spaces cause alterations to the 

infiltration capabilities of a soil surface. When open pore spaces become saturated, 

infiltration rates are no longer dependent on the amounts of water available but on the site 

specific soil characteristics. 

The water filled void space, which reflects moisture content, is at a specific value 

at the commencement of a rainfall. As water is applied to the soil surface the larger void 

spaces are filled with water moving under gravitational forces while smaller void spaces 

take in water by capillary action. Water moving downward through the larger void 

spaces is also taken up by capillary action perpendicular to the large void spaces. As the 

capillary space is reduced, the infiltration rate decreases. The decrease in infiltration 

occurs gradually as a rain continues until the zone of aeration is saturated. The 

infiltration rate is eventually limited by the rate of water movement through the void 

spaces as available void spaces fill and must drain before more water can penetrate 

(Viessman and Lewis, 1996). Thus runoff will commence when precipitation rates are 

greater than rates at which water can move through the pore spaces. During intense 

rainfall events exposed void space is filled rapidly and runoff ensues quickly. 

2.2.4 Preferential Flow 

Preferential flow is flow that occurs through cracks, fissures, worm and root 

channels. The water that flows through these preferred pathways is important as this 

amount of water, even though small, can bypass the soil matrix and affect 

evapotranspiration and recharge. 
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The difference between preferential flow (sometimes referred to as macro pore 

flow) and matrix flow is that preferential flow allows solutes to reach the water table 

faster. This is due to greater permeability with less surface area. Thus, there is less 

opportunity for sorption and kinetically-controlled reactions to reduce contaminant 

loading contaminants. A study done in the high plains of Texas revealed that preferential 

recharge flux contributes between 60 and 80 percent of the total average recharge flux 

(Wood et al., 1997). 

2.2.5 Chemical Movements with Water 

Most tracers used in hydrological studies can be classified as solutes, which mean 

they are soluble in water ~d thus transported by water. However, tritium, one of the 

tracers used in this study, is not soluble in water as it is an isotope of hydrogen and 

directly bonds to become part of the water molecule itself. 

Solutes such as salts and nutrients are transported through the soil matrix by one 

or a combination of the following three processes: convection, diffusion, and dispersion. 

The convection process transfers the bulk of the dissolved solutes as it flows through the 

void spaces. It is described mathematically as (Jury et al., 1991): 

[2.1] 

where Jc is the convective solute flux (M L-2T-1
), Jw is the volumetric water flux (L3L-2T-

1
), and Cr is the resident concentration of the dissolved constituent (ML-3). 

Diffusion is the transport of the dissolved solute throughout the solvent (water) 

itself in the direction of concentration gradients and it is described as: 

J =-BD acr 
d s az [2.2] 
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where Jd is the diffusion solute flux (ML-2T-1
), 8 is the effective porosity (L3L-3

), Ds is the 

effective soil diffusion coefficient for the solute (L 2T-1 
), Cr is the resident solute 

concentration (ML-3
), and OCr!Dz is the concentration gradient (ML 4 ). 

Dispersion is due to variations in convection rates resulting from velocity 

differences within stream tubes or void spaces. There are two different models of 

dispersive transport on solute materials. The first is the convective dispersion equation. 

It is applicable when there are sufficiently long solute travel times that allow for diffusion 

when stream tube velocities are random and induce mixing. The equation for the 

convective dispersion model is (Jury and Roth, 1990): 

[2.3] 

where Jh is the hydrodynamic dispersive flux (ML-2T-1
), 8 is effective porosity (M3M-1

), 

Dh is the hydrodynamic dispersion coefficient (L2T-1
), and oCr loz is the resident 

concentration gradient (ML 4 ). Convective dispersive transport is a function of the pore 

geometry of the soil as well as the travel time through the soil. The dispersion coefficient 

is proportional to the mean core water velocity: 

[2.4] 

where A is the dispersivity (L) and vis the mean velocity (LT-1
). The dispersivity is an 

index of the velocity variations within stream tubes. 

The second model of dispersive transport is the convective stochastic model 

(Dyck, 2001). This model assumes velocities in each stream tube are constant or there is 
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no mixing between stream tubes and is applicable when dispersion at the scale of the 

stream tube is negligible compared to the field scale. This method assumes a diminishing 

solute concentration input between t1 and t2 (some time after t1) and uses a probability 

density function, which assesses the probability of water reaching some depth z after the 

same time interval oft2-t1• 

2.3 Techniques for Measuring Recharge Rates 

As the need for quantitative determination of ground water recharge in arid 

regions is becoming more important, many analytical methods have been proposed and 

tried. Of the numerous methods, tracers have been suggested to offer the most successful 

estimates of recharge in dry areas (Gee and Hillel, 1988; Allison et al., 1994). In 

addition, tracers are less time consuming than more labour-intensive physical methods 

(Daniels et al., 1991). Physical methods provide focus on theoretical and practical 

elements based principally on physical analysis. In a paper by Gee and Hillel (1988) 

different recharge estimation techniques were compared and it was concluded that tracer 

tests offer the best hope for evaluating recharge at arid sites. They suggest that recharge 

estimates for semiarid regions using conventional physical techniques will generally be 

high. 

In a paper by Allison et al. (1994), two problems are indicated with the water 

balance and Darcian-flux physical methods of determining the local recharge rates of 

semiarid regions. First, fluxes are low and parameters measured for physical methods 

will be small and difficult to detect. Second, temporal variability is such that 
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measurements must be made for several years to obtain an estimate of mean values 

(Allison et al., 1994). 

Another point made by Allison et al. (1994) is that physical methods require a 

large number of sampling locations to assess recharge variability on a regional scale. 

This is because of the local variability of topography and soil textures in a given region. 

However, on the regional scale tracer estimates would also require many samples. The 

tritium technique is not labour-intensive, but can be analytically expensive depending on 

the number of samples analyzed, thus it may not give an advantage over physical 

methods on a regional scale. In Daniels et al. (1991) it is not seen that tracer estimations 

are superior over other methods on a regional scale because results from small numbers 

of tracer samples are too localized to extrapolate to a larger scale. Tracers are most 

applicable to local scales where the effect of different soil covers on local recharge rates 

is easily assessed (Daniels et al., 1991). 

2.3.1 Indirect Methods 

The quantification of the volume and rate of flow of groundwater recharge is a 

difficult task because volumes and flow rates are determined to a considerable extent by 

the geology of the region. An additional difficulty is the inability to measure directly 

many critical geologic and hydraulic reservoir characteristics. When it becomes 

impossible to directly measure properties they must be measured indirectly. Indirect 

methods measure a secondary property and then together through correlation or other 

means calculate the main property. Degrees of indirect methods have been used for 
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many years with varying degrees of success. Outlined below are a few of the indirect 

methods used. 

a) Water Balance Method 

One of the physical techniques that Gee and Hillel ( 1988) assessed was the water 

balance method. It applies the principles of conservation of mass during a given period 

and is depicted below: 

D = P - (R + ET + &) [2.5] 

Deep percolation, D (mm)~ which eventually constitutes recharge, is determined based on 

the remaining parameters where P (mm) is precipitation, R (mm) is the runoff, ET (mm) 

is evapotranspiration, and L1S (mm) is change in soil moisture storage, all of which are 

measured in a given time period such as a year. The reliability of the calculated recharge 

depends on the accuracy and precision with which these parameters can be measured. 

The problem with the water balance method is that measurements of these parameters are 

seldom accurate or precise (Gee and Hillel, 1988). 

In order to simplify this discussion, consider the water balance method applied to 

a flat region over a one-year period. This simplification makes it possible to neglect L1S 

and R, as there is no runoff from a flat landscape and change in average annual storage is 

negligible. Thus ET and P are the only remaining parameters affecting recharge. 

Unfortunately ET and P measurements are rarely more precise than ± 1 0 and ± 5 percent 

respectively (Gee and Hillel, 1988). Acquiring a representative value of a parameter, 
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such as P or ET, which can be applied to a model becomes difficult when the parameter is 

spatially and temporally variable over the study area. Because ET is generally 

determined based on multiple factors (temperature, wind speed, humidity, crop cover, 

etc.), its precision is limited by the precision of which these factors can be determined. 

The temporal and spatial variability of these parameters is basically responsible for the 

lack of precision in ET. Thus in semi-arid environments where Dis small (less than 20 

mm yr-
1
) and evapotranspiration large (greater than 500 mm yr-1) an error of 5% in 

evapotranspiration measurement is greater than D. 

b) Darcian-Flux Method 

The Darcian-flux method is another method of recharge estimation discussed by 

Gee and Hillel (1988). The origins ofDarcy's Law are for fluid flow through a 

horizontal permeable bed and is described mathematically as: 

Q = -KA (&!I L11) [2.6] 

where Q is the volumetric discharge/recharge (m3 s-1
) through a cross-sectional area A 

(m
2
), &! (m) is the difference in hydraulic heads of water between two ends of the soil 

column of length 11/ (m), and K (m s-1
) is the hydraulic conductivity. Recharge 

estimations obtained by Darcian-flux calculations are based on measurements of tension 

gradients and estimated hydraulic conductivities and can be in error by as much as an 

order of magnitude (Gee and Hillel, 1988). The greatest difficulty with using this method 

is determining the hydraulic conductivity accurately. This parameter is highly dependent 
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on the soil texture and volumetric soil water content (Gee and Hillel, 1988; Rawls et al., 

1993). Historically field measurements of the hydraulic gradient have been difficult to 

obtain (Rawls et al., 1993). Tensiometers, the generally accepted method, are not 

suitable for deep placement. 

2.3.2 Direct Methods 

a) Lysimetry 

Lysimeters are soil containers that can be placed in the field above which 

vegetative growth is maintained. They commonly have pervious bottoms or some 

mechanism for maintaining negative pressure at the bottom of the container. Common 

uses for lysimeters are in observations of evapotranspiration and recharge. Weighing 

lysimeters can produce accurate values of evapotranspiration over short periods of time, 

but are expensive. Non-weighing lysimeters are less costly, but unless the soil moisture 

content can be measured reliably by some independent method, the data obtained cannot 

be relied on except for long-term measurements such as between precipitation events. 

Drainage lysimeters allow water to drain through the system so that it can be collected 

and measured. This type of lysimeter is only good for humid climates. 

b) Tracers 

Estimating drainage rates in semi-arid environments is difficult because of errors 

associated with measurements of the soil water hydraulic properties being the same order 

of magnitude as flux estimates. The use of tracers has been incited in an effort to 
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alleviate obstacles associated with present methods of determining drainage fluxes 

(Allison et al., 1994). Examples of some tracers used today include chloride, nitrate, 

krypton, chlorofluorocarbons and isotopes of various elements such as oxygen, hydrogen, 

nitrate and chlorine. 

Tracers are commonly applied directly to the soil surface of a study site or model

as a solute in aqueous solution. Due to practical considerations, most field tracer 

experiments have been carried out under high water fluxes and steady state boundary 

conditions, which result in primarily convective transport. Although this method is 

useful in situations of high water flux it may not be indicative of the low flux conditions 

of semi-arid environments where diffusion may contribute significantly to solute 

transport. 

Applying a tracer in studies is an intrusive process that contrasts with the use 

environmental tracers. Environmental tracers are tracers that were applied to the 

landscape or study area prior to the development of the study. They could be the result of 

such practices as farming, mining, contaminant spills, or the natural processes of 

weathering, and erosion. 

The study of a tracer can provide recharge rates, which integrate preferential flow 

and slower matrix flow through the vadose zone (Allison et al., 1994). Tracers such as 

tritium provide recharge values that are in effect a chronological average over the time 

period from when the tracer was applied to the present (Daniels et al., 1991; Joshi and 

Maule, 2000). This is beneficial because it negates the variability that can be seen on a 

yearly basis. 
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A major advantage of using tritium as a tracer is that it is a component of the 

water molecule and is not in solution as other tracers may be (Allison et al., 1994). This 

means that the tritium influenced molecules travel where water does through out the soil 

profile, and do not adsorb to soil particles. Additionally environmental tracers are 

suitable because normally they do not disturb the fluid properties of natural flow systems 

significantly (Joshi and Maule, 2000). In the current age of environmental sensitivities 

this may well be the greatest advantage of tracer methods. 

The principal disadvantage of using isotopes such as tritium is that they may offer 

only an indirect measure of recharge, and the mechanisms of infiltration distribution will 

affect the interpretation of results (Allison et al., 1994). However, collectively using 

multiple tracers can provide information needed to correct interpretations. 

c) Tritium Based Recharge Estimation 

Tritium has been used in hydrology since the early 1950's when atmospheric 

testing of high-yield thermo nuclear devices began. Since this time it has been observed 

that tritium concentrations over continental areas increased from a natural level of 2 

tritium units (TU) up to 6000 TU with a peak occurring between 1962 and 1965 (Fontes, 

1980, Stimson et al., 1996). Figure 2.2 shows tritium found in precipitation from 1953 to 

1997 for Ottawa Canada. One TU is one atom of tritium per 1018 atoms ofhydrogen. 

Tritium is a heavy isotope of hydrogen, thus it can become part of the water molecule and 

is an ideal tracer as its movements reflect those of water. Contrasting tritium 

concentrations in the soil profile, with an observable peak in atmospheric levels, has led 

to tritium being used as an environmental tracer with numerous applications (Robertson 
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and Cherry, 1989). The majority of the work involving tritium has examined natural 

profiles in hydrogeological settings where piston flow, with minimal mixing, dominates 

(O'Brien et al., 1996). 
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Figure 2.2: Tritium data from Ottawa Canada. 

Once tritium enters the subsurface it becomes isolated from the influences of 

variable atmospheric tritium concentrations (Stimson et al., 1996). Thus tritium 

concentrations found in groundwater systems depend primarily on the initial atmospheric 

concentration at the time they recharged, and the radioactive decay that has occurred 

since infiltration. In order to correct tritium input concentrations for decay the following 

equation is used: 

3 H 3H -AT 
corrected = input e [2.7] 
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where A. is the decay constant (0.0565i1
) and -r is equal to the number of years between 

the present and the time of input for the particular year of interest (Rose, 1995). The 

half-life oftritium is 12.3 years (Rose, 1995). 

Information about the concentrations of tritium in precipitation is obtained from 

pluviometer stations; however there are few pluviometer stations through out the world. 

Tritium concentrations must therefore be extrapolated from pluviometer data in most 

cases. The global pattern of tritium concentration in rainfall at a given time correlates 

well with latitude; this makes extrapolation a little less complicated (Rose, 1995; 

Stimsonet al., 1996). Production rates and concentrations in precipitation are a function 

of geomagnetic latitude, with greater production at higher altitudes (Clark and Fritz, 

1997). The longest and most extensive record of atmospheric tritium concentrations in 

precipitation is at Ottawa, Canada, and begins in 1953. Numerous short-term records at 

American stations were generated during the peak input years between 1960 and 1980. 

All data are available at www.iaea.com. 

d) Tritium Profiles and Slope Position 

Tritium concentrations observed in a soil profile are linked with the redistribution 

of runoff surface water and infiltration of water into the soil. Runoff and infiltration in a 

landscape is spatially variable and unique for individual locations (Wood and Sanford, 

1995). Local infiltration rates are dependant on the soil attributes and hillslope position. 

Thus the tritium profiles should be ultimately governed by hillslope position in a 

landscape, and spatially variable and unique for individual locations. A summary 
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comparing the tritium profiles at different sites relative to slope location is given in Table 

2.1. 

Table 2.1: Slope location and depth of tritium peaks. 

Peak Depth Relief Location Reference 

6.6 Depression Texas 
Wood and 

Sanford, 1995 
No observable 

Upslope Texas 
Wood and 

peak Sanford, 1995 

7.5 Upslope Indiana 
Daniels et al., 

1991 
No observable 

Midslope Indiana 
Daniels et al., 

peak 1991 

3.3 Foots lope Indiana 
Daniels et al., 

1991 

8 Flat Lying Delta Ontario 
Robertson and 
Cherry, 1989 

2.2 Lowslope Saskatchewan Joshi, 1997 

A study of groundwater recharge by Wood and Sanford (1995) in a semi-arid 

environment in Texas gives insight to tritium profiles with respect to slope position. Soil 

in this area of Texas is a mix of sand, silt, and calcrete. Observed was a low-high-low 

pattern of tritium concentration under a ponded body of water in a depression. The peak 

tritium concentration at this site was approximately 175 TU at a depth of 6.6 meters. A 

recharge flux of77 mm yf1 was calculated based on this observation (Wood and Sanford, 

1995). 

The same study found no observable tritium pattern in the upslope positions of 

dune crests in the area. At these locations soil water tritium concentrations were 

randomly distributed between 0 and 19 TU. It was concluded that little recharge occurs 

on the dunes (Wood and Sanford, 1995). In Wood et al. ( 1997) two other playas 

(watersheds) were studied and tritium profiles were determined. This study found tritium 
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peaks at 2.75 and 4 meters below the soil surface respectively. It was assumed that water 

from core samples represented interstitial, or matrix recharge not that ofmacropore flow. 

Joshi's (1997) study analyzed the tritium concentrations of a low slope position in 

central Saskatchewan. The results of this study showed the tritium peak at 2.2 meters 

below the surface with a peak value of 50 TU. These values corresponded to a recharge 

rate of 15 mm yr-1
• 

Daniels et al. (1991) carried out a similar study of recharge rates through a glacial 

till soil in Indiana. In this study, tritium profiles were obtained for three slope positions; 

upslope, midslope, and footslope. An average recharge rate of 41 mm yr-1 was calculated 

over these 3 positions (Daniels et al., 1991 ). In this paper, observations of a distinct 

tritium peak of approximately 80 TU at 7.5 meters below surface were observed in the 

upslope position. In the footsl~pe position a peak of 53 TU was observed at 3.3 meters 

below surface. The authors did not perceive this peak to be significant citing analytical 

uncertainty. At the midslope position there was no observation of a peak, it was believed 

to have been 'smeared out' by lateral flow (Daniels et al., 1991). 

Some researchers state that a common feature of unsaturated soils is that flow is 

dominantly vertical and possess no significant component in the horizontal direction for 

many sloping conditions (Marshall and Holmes, 1988). It is more likely that water 

infiltrating into sloping soil can move downslope as lateral unsaturated flow in the soil 

zone rather than in the deeper vadose zone (Fetter, 1988). A study by Daniels (1991) 

believes that this is what occurred to cause midslope and depressional location tritium 

profiles to be smeared out leaving no low-high-low signal of the downward percolating 

tritium peak. 
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A study by O'Brien et al. (1996) evaluated the tritium profiles of a hill slope in 

the 'Palouse" region of Washington at three slope locations, top, mid, and toe. Multiple 

tritium peaks were observed in each of the tritium profiles with the overall shape of the 

profiles being similar. There was a peak centered at approximately 2 meters and an 

additional concentration peak between 6 and 8 meters. The observed tritium 

concentrations occurred deeper and in smaller concentrations than would be expected 

from piston flow confirming that some form of mixing was occurring. The occurrence of 

the second deeper peak was thought to be the result of lateral contributions from the 

upslope. However, vertical contributions from preferential flow beneath the active zone 

could also have created the secondary peaks. The tritium profiles indicated a flow regime 

across the hill slope, but it was believed that a predominantly vertical flow system was in 

place with a small flux below the active zone. 

e) Peak Method 

The most common approach used to estimate recharge fluxes from tritium data is 

· through the peak method, which assumes piston flow through the unsaturated zone 

(Daniels et al., 1991). Annual precipitation is assumed to be infiltrating as a 'slug' and 

vertically displacing residual precipitation from the preceding year. In this fashion 

annual slugs are stacked atop one another within the soil profile. Since tritium originates 

in the atmosphere, is deposited with precipitation, and shows peak concentrations in the 

early 1960's; a low-high-low tritium profile will be recognized in the field. This reflects 

the movement of peak tritium concentrations in the soil through time. The recharge rate 

can be calculated as follows: 
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R = Dp * (} 
y [2.8] 

Where R is the recharge flux (L3T-1L-2
), Dp is the distance from the soil surface to the 

tritium peak (L ), Y is the number of years elapsed since 1963 {T), and (}is the steady-state 

volumetric water content (L3L-3
). The moisture content is generally taken as the average 

moisture content from the ground surface to the peak depth (Wood et al., 1997). 

However, most studies do not specify the origins of the moisture content or how it was 

calculated. The peak method is based on the argument that a volume of water equal to 

that present above the peak at the time of sampling has been displaced (Joshi and Maule, 

2000). Potential problems with this method are the violation of the piston flow 

assumption and the absence of a distinct tritium peak. 

A variation of the peak method is used in Joshi (1997), based on a steady state 

moisture profile at the bottom of the root zone. Joshi (1997) states that any peak method 

using complete displacement of resident moisture to estimate flux assumes that the 

existing water content in the profile has reached steady state. He argues that since land 

use for the past 100 years has been uniform, a steady state exists below a depth of 1.5 

meters, verified by moisture content data. The tritium and moisture content profiles used 

for calculations in his study was from 1.5 meters to the top of the peak at all slope 

locations. 
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f) Mass Balance Method 

If a distinct peak in tritium concentrations is not observed in the soil profile, a 

mass balance approach may be utilized to estimate recharge rates. The mass balance 

method considers the total amount of accumulated tritium in the soil profile rather than 

the peak. The mean annual recharge (MAR) is calculated by the following equation 

(Joshi and Maule, 2000; Allison, 1987): 

z 

JTs (z)B(z)dz 
MAR= _ ___;:_o _____ _ 

n [2.9] 

Lm(n)T (n)exp(nA-) 
n=O I 

Where Ts(z) is the tritium conc~ntration held in the soil at depth z, B(z) is the volumetric 

water content at depth z (L3L-3
), n is the number of years elapsed since 1953 (T), w (n) is 

the weighting factor for the nth years tritium input (=P(n)!Pavg}, P(n) is the total 

precipitation in the nth year, Pavg is the long term annual precipitation average. T1(n) is the 

annual tritium input concentration during year (n), and A is the tritium decay constant(=-

0.0565 year-1
). The MAR is returned in units of millimeters (mm). Using tritium 

concentration data from Ottawa for T1 is a standard procedure followed within the 

literature (Robertson and Cherry, 1998; Joshi and Maule, 2000). The mass balance 

method is advantageous because it is independent of the distribution of tritium in the soil 

profile (e.g. peak location) and does not impose the assumption of piston flow (Joshi and 

Maule, 2000). A problem with this method is that it assumes the sampling depth will be 

deep enough to store tritium inputs since 1953. It is possible that titrated water may 
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escape below the sampling depth into the saturated zone via preferential flow, or 

evaporated and returned to the atmosphere. Because these factors cannot be quantified it 

is possible that results underestimate recharge. 

g) Chloride 

Sources of chloride in the soil profile are due to chloride inputs from rainfall, dry 

fallout and mineral breakdown. Many studies have used chloride to determine a water 

flux below the root zone by estimating the amount of time required for chloride to 

accumulate to the present concentrations. This method assumes that the same 

concentration of chloride has fallen in precipitation through out time and that plant 

uptake and mineral breakdown are in effect negligible. Under the influence of piston 

flow in the unsaturated zone, chloride concentrations in the soil water should increase 

through the root zone to a constant value (Allison et al., 1994). 

A study in a wetland area of Saskatchewan used chloride as a tracer to quantify 

the mass transfer associated with surface runoff and groundwater flow (Hayashi et al., 

1998). It was found that most chloride infiltrates under the wetland and moves laterally 

to the upland with shallow groundwater. Under upland, chloride moves upward in the 

vadose zone with soil water, and accumulates near the surface as water is consumed by 

evapotranspiration. Part of the chloride then mixes with the snowmelt runoff and moves 

back to the wetland. The chloride is seen to cycle within the upper 5-6 meters of the 

ground surface. In this landscape, the resulting chloride profiles show increased chloride 

in the upslope with a washed out profile in the depressions. The top 5 meters of the 

upslope position has chloride concentrations of 40 mg L-1 decreasing to 10 mg L-1 at a 
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depth of 1 0 meters. In the depressions there is a washed out chloride profile of less than 

10 mg L-1 for at least 20 meters. 

Further study at the location revealed that 30 to 60% of winter precipitation of the 

upland flowed into the wetland forming a pond. Infiltration accounted for 75% of the 

water leaving the pond while the other 25% evapotranspired. Most of the infiltrated 

water flowed laterally in the shallow subsurface to the wet margin of the pond and further 

upland without recharging deep groundwater. The net recharge to the underlying aquifer 

is only 1-3 mm y-1
. 

h) Nitrogen 

The majority of nitrogen leached through agricultural soils occurs as nitrate (N03-

) not as ammonium (NH4 +), as ~ + is a cation and can adsorbed onto the negatively

charged soil matrix. The attraction between the positively charged~+ and the 

negatively charged soil particles causes a considerable reduction in the mobility ofNH4 +. 

As well, in clay soils NH4 +may be fixed between the layers of 2:1 type clay minerals 

(Ritter and Shirmohammadi, 2001 ). Nitrate is an anion, susceptible to anion exclusion 

within the negatively charged soil matrix. In cold climates snowmelt runoff can cause 

substantial nitrogen losses from the soil due to the release of large amounts of water 

which flush residual nitrate nitrogen. Estimated runoff losses ofN03- due to snowmelt 

have been seen at 10 kg N ha-1 yr-1 from fallow in Saskatchewan (Nicholaichuk and 

Read, 1978). 

In the Prairie Provinces, N03- in the soil matrix and groundwater originated from 

both point and non-point sources. Some of the non-point sources include mineralization 
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of soil organic matter and nitrogen fertilizer, point sources are commonly found to be 

stock yards, septic tanks and lagoons. Understanding how all sources of nitrogen are 

incorporated and used in the nitrogen cycle involves much consideration, and to aid in 

understanding, the sources are commonly simplified. The processes that directly add to 

the N03- pool are fertilizer application and mineralization of organic material. The 

processes that directly remove N03- from the soil matrix are plant uptake, 

immobilization, denitrification and leaching. 

Deep leaching ofN03- from agricultural land is of concern because once leached 

beyond the depth of the root zone it is not recoverable, and can contaminate groundwater 

systems (Akinremi et al., 1991). In Canada the Canadian Department of Health and 

Welfare set out guidelines for N03- concentrations in drinking water. Water accessed for 

drinking from groundwater sources is not to exceed 10flg mL-1 N03--N (Canadian 

Department ofNational Health and Welfare, 1989). 

When N03- is leached from the root zone it is the result of excess residual N03-

and downward moving water, which displaces the available N03- from the rooting zone. 

Agricultural practices involving fertilization are a possible source of excessive amounts 

ofN03- in the soil matrix due to the difficulties of determining optimal application rates. 

Uncertainty's in mineralization and plant uptake rates are the reason for these 

uncertainties in the optimum application rates. One study found that tile drain discharge 

of~ concentrations increased from 0.2 to 0.3 mg N L-1 before spreading of liquid 

manure to a peak of 53 mg N L-1 shortly after application (Dean and Foran, 1992). 

Nitrogen not mineralized the first cropping year after application is mineralized in 

subsequent years but usually a~ diminishing rates (Ritter and Shirmohammadi, 2001 ). 
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Generally the downward movement of water occurs in large enough quantities to 

displace available N03- in humid and sub-humid zones or during intense precipitation 

events. In most cases non-equilibrium flow in structured soil tends to reduce nitrate 

leaching because nitrate is mixed with pore water and thus protected in the smaller pores 

of the soil matrix resulting in less susceptibility to fast leaching by preferential flow 

(Ritter and Shirmohammadi, 2001). 

Since nitrate is a negatively charged compound, and is relatively mobile in the 

soil matrix, it is possible for it to reveal insights about water movement in the unsaturated 

zone. However, the ability to use N03- as a tracer depends on the accuracy of data 

regarding commercial fertilizer usage and increases. Nitrogen fertilizers came into use in 

the 1950's showing a global increase in the mid 20th century although regionally this 

trend varies (Bohlke, 2002). A change from lower to higher concentrations ofN03- in 

the soil water has been attributed to increases in fertilizer usage in the past (Allison et al., 

1994). In the Mississippi river basin there is nitrate data supporting large increases in 

fertilizer usage between 1960 and 1970 which could be the cause of a peak, referred to as 

the 1960's-1970's N03- "front" (Bohlke, 2002). 

Land clearing, plowing, draining and other agricultural practices also provide 

large amounts of leachable N03-, either annually or in large pulses at times of land use 

change (Bohlke, 2002). One possible scenario resulting in the release of large amounts of 

N03- into the soil profile is the plowing of native grasslands (Harris and Skinner, 1992). 

The relationship between the nitrogen peak and the nitrogen sources is a complex 

interaction requiring further study, as simple relationship between the amounts of applied 

and leached nitrogen is now seen to be much more of a complex interaction between the 
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organic nitrogen in the soil layer and how the land is managed (Harris and Skinner, 

1992). 

High N03- concentrations do not necessarily imply high recharge fluxes of 

N03- in arid regions with low water recharge rates: however they could represent higher 

fluxes during wetter climates in the past, and could be associated with high fluxes locally 

in areas with high recharge (depressions). Nitrate accumulated in the unsaturated zone by 

natural processes over thousands of years can be incorporated rapidly in recharging water 

as a result of irrigation, flooding or other hydrologic disturbances (Bohlke, 2002). 

Variations in the concentrations ofN03- are correlated with documented changes in local 

agricultural practices: some of the highest concentrations represent infiltration at times of 

major grassland plowing events. 

i) Stable Isotopes, Deuterium and Oxygen-18 

The use of the stable isotopes of water, deuterium and oxygen-18, are another tool 

used by hydrologists to study the hydrological cycle. Deuterium and oxygen-18 are 

naturally occurring stable isotopes that form part of the water molecule. Their usefulness 

in this case is based on seasonal variations in concentration and that of fractionation, a 

physical process which produces a shift in isotopic concentrations. For example 

evaporation favors removal of the lighter isotopes of water resulting in the enrichment of 

the remaining liquid. 

The source of deuterium and oxygen-18 is the ocean where they are present in 

their highest concentrations. This concentration is used as a standard and is referred to as 

Standard Mean Ocean Water (SMOW). The standard concentration in precipitation for 
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any given location is The Meteoric Water Line. Since it is the ratio of deuterium to 

hydrogen and oxygen-18 to oxygen-16 that is used to study water, the SMOW ratio is 

given a value of zero. The ratio used is called the del ( o) and is calculated as follows; 

5
18

0 per mil= [(Rsample- RsMow)IRsMow]x1000 2.1-0 

oDeuterium per mil = [ (Rsample - RsMOW ]x 1000 2.11 

Where R = 
18

0/160 for equation 2.10 and deuterium/hydrogen for equation 2.11. The 

process of fractionation shifts the ratios from the signature of the SMOW. As described 

in Rose ( 1995), fractionatiqn occurs because of energy differences required to break 

bonds between the isotope and the rest of the molecule that it is attached to. The motion 

of a molecule is due to its translation, rotation, and vibration with vibration being the 

most important relative to bond breaking. When energy is added to the molecule causing 

increased vibration, bonds are sometimes broken. The chemical bond for heavy isotopes 

has a lower vibration frequency than the equivalent bond for lighter isotopes, causing 

them to be more stable and resistant to fractionation. Since the amount of fractionation is 

what is monitored in the use of these isotopes it is imperative that the isotope be adept to 

fractionation. There is no discemable fractionation between isotopes of the same element 

for atomic numbers greater than 40. 

The stable oxygen and hydrogen isotope signatures in precipitation are a function 

of the altitude, latitude, temperature and distance from the coast (Rose, 1995): 
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1) Distance from the oceanic source: The ocean has a del ( o) of zero and 

and vapor that leaves the ocean will have a slightly negative del value. 

The precipitation becomes progressively lighter (more negative del) as 

the hydraulics of weather systems moves vapor inland because of 

increased condensation of molecules. 

2) Temperature: The isotopic fractionation factor increases for evaporation 

as the temperature decreases. This is because at high temperatures there 

is less difference in vibrational energy for heavy and light phases of the 

element. Thus the amount of energy it will take to break the bonds in 

the molecules with heightened energy levels will be very similar. Also 

vapor released at colder temperatures will be "light" as will 

precipitation derived from this vapor. 

3) Vapor exchange: The amount of moisture in the atmosphere varies, 

however there is generally always some moisture present. Falling 

precipitation is exposed to moisture in the atmosphere and there is the 

possibility that the raindrops will exchange and become equilibrated 

with the resident moisture. The effect is a function of drop size, 

duration of rainfall and temperature. It is insignificant for heavy rains 

because the first fall of rain sweeps out the resident moisture and 

completely replaces it. Snow is not significantly affected by vapor 

exchange. 

4) Evaporation: Evaporation causes the heavier isotopes to remain on the 

surface as the lighter "normal" elements become evaporated. This 
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causes the enrichment of oxygen-18 and deuterium in the surface waters 

and the slope of the line for these waters relative to the Meteoric Water 

Line to be less than the original. Thus as the surface waters become 

enriched the water that evaporated and becomes precipitation will be 

lighter than the SMOW. 

j) Isotopic Nitrogen 

In the past the isotopic composition ofN03- has been used to research the amount 

ofN03- in aquatic environments from agricultural sources (Heaton, 1986). Nitrate 

fertilizers produced artificially from atmospheric N2 and 0 2 generally have o15N and o180 

values near those of the atmospheric gas sources, 0.0 and +23.5%o for Nand 0 

respectively (Bohlke, 2002). But because the isotopic composition of fertilizer N03- and 

natural organic N03- is similar it is difficult to prove from stable isotope measurements 

that N03- in recharging waters was fertilizer N used for agricultural purposes. However a 

more distinctive agricultural isotopic signature commonly results from manure spreading. 

Generally the o15N signature from N03- in soils and recharging groundwater resulting 

from manure spreading is greater than 8%o and commonly between + 10 and + 25%o 

(Bohlke, 2002). Manure signatures have been seen to overlap significantly with soil 

C>
15

N signatures and differentiation between the two has proven difficult on the Prairies 

(Knight, 2003). However, it might be possible to use ()15N signatures to differentiate 

between different sources of manure. Due to the different ()15N signals in food, feedstock 

has a huge influence on the ()15N signatures in manure. 
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2.4 Recharge Rate Estimation on the Great Plains 

Estimates of recharge rates from the Great Plains have focused primarily on 

depressional areas of the landscape. Studies attempting to quantify deep drainage rates in 

unsaturated soil below the root zone in other parts of the landscape are rare. Drainage 

rates have been shown to range from as low as 2 millimeters per year to as high as 50 

millimeters per year (table 2.1 ). These values were obtained from various locations 

indicating that recharge is site specific. However, it is difficult to compare recharge 

values derived from different methods of analysis since each method superimposes the 

errors associated with it. 
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Table 2.1: Groundwater recharge estimates in the prairies. 

Location Relief 
Recharge Method of 

Reference 
mm/yr Analysis 

South Central 
river basin 11 Mass Balance Meyboom, 1966 Saskatchewan 

Southern Alberta lacustrine plain with 
24 Darcian 

Freeze & 
sloughs Banner, 1970 

North Dakota upland area with 
10 to 40 Darcian 

Rehm et al., 
sloughs 1982 

Dalmeny depression 35 Darcian 
Keller et al., 

1988 

Dalmeny level plain 3.5 Darcian 
Keller et al., 

1988 
South Central 

depressional wetland 1 to 3 Darcian 
Hayashi et al., 

Saskatchewan 1998 
Central 

upland 25 Darcian 
Zebarth et al., 

Saskatchewan 1989 

Central 
saturated slough 250 to 300 Darcian 

Zebarth et al., 
Saskatchewan 1989 

South Central 
undulating prairie 15 3Hpeak Joshi, 1997 Saskatchewan 

South Central 
undulating prairie 9 to 48 Cl peak Joshi, 1997 Saskatchewan 

Texas playa 27 to 31 3Hpeak Wood et al, 1997 

Central 
upland 3 

Cl moment 
Dyck et al, 2003 Saskatchewan analysis 
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3.0 MATERIALS AND METHODS 

Data used through out the development of this thesis to obtain the tables and 

figures presented can be found in its original form in the Appendices. 

3.1 Location 

This study is a component of a larger project that assesses the potential impact on 

surface and groundwater quality from the application of hog manure to undulating 

landscapes. This project is located near Perdue, Saskatchewan at a site that was 

established during the summer of 1998. The location is roughly 60 km west of 

Saskatoon. Watershed A is located in the NE quarter of section 28, watershed B is in the 

NW quarter of section 27, and watershed Cis in the SW quarter of section 34; all 

watersheds are in range 12, township 35, West of the third meridian. 

3.2 Climate 

The general temperature and precipitation values for the study site can be 

represented by those taken at the Saskatoon Airport. The climate is continental sub

humid to semi-arid with a mean annual precipitation of345 millimeters and a 

temperature of 2.1 oc (Saskatoon Airport, 1951-2002). Based on 51 years of data from 

Saskatoon, 24% of annual precipitation falls as snow. Snowfall is considered any 

precipitation that falls between November 1 and March 31 (months with average monthly 

temperatures less than 0°C). Although winter is generally dry in terms of monthly 
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precipitation, spring melt is the wettest period of the year as typified by runoff. 

Snowmelt in the prairies can contribute to more than 85% of the total annual runoff 

(Nicholaichuk and Read, 1967). 

3.3 Geology 

The geology below Saskatoon and its surrounding area is composed of glacial 

drift, which ranges in thickness between 6 and 160 meters. This glacial drift is divided 

into three groups, from bottom to top; the Empress Group, the Sutherland Group and the 

Saskatoon Group (Willems, 1995). 

The Empress Group is located immediately above the bedrock and is 

predominantly composed of stratified deposits. These deposits may consist of stratified 

gravel, sand, silt and clay in thicknesses between 0 and 30 meters. The Sutherland Group 

lies between the Empress and the most recently deposited Saskatoon Group. The 

Sutherland Group is comprised of 0 to 60 meters of till and stratified drift. The tills are 

. further subdivided into lower and upper till elements. 

The Saskatoon group is composed of all glacial sediments between the Sutherland 

Group and the present ground surface. It varies in thickness between 0 and 116 meters 

and is also comprised of till and stratified drift. This uppermost Group is subdivided into 

the Floral Formation (lower) and the Battleford Formation (upper). The Floral Formation 

varied in thickness between 0 and 49 meters and is composed of till and intertill sand and 

gravel layers. The upper till of the Floral Formation is usually oxidized while the lower 

till unit is unoxidized. 
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The Battleford Formation lies between the Floral Formation and the present day 

ground surface. This formation varies in thickness between 0 and 46 meters but can be 

found less than 3 meters in thickness. It consists of soft pliable, massive, unstained, and 

sandy dolomitic till. The upper portion of this formation is often occupied by a layer of 

surficial stratified drift, consisting of silts and clays (associated with glacial lake 

deposits), and /or occasional sands and gravels (associated with outwash deposits). 

3.4 Site Description 

The topography of the Perdue area is classified as a dissected landscape; 

characterized by steep slopes, on occasion as steep as 20%. The steeply sloping 

landscape is at the upper limit for arable agricultural land in the prairie region. The soils 

in this area are dominantly Dark Brown Chemozemic soils of the Keppil soil association 

developed on a mix of highly modified glacial and stratified lacustrine sediments. Soils 

are medium to moderately fine textured, moderately calcareous, silty glacio-lacusterine, 

unsorted and modified glacial till deposits. The steeply sloping topography suggests 

--
these stratified sediments were deposited in a supra glacial environment (Acton and Ellis, 

1978). 

There are three watersheds within three quarter sections adjacent to the hog 

facility at Perdue (Figure 3.1, labeled watersheds A, B, and C). They were initially 

chosen, surveyed, and sampled during the late summer and early fall of 1998. Figure 3.1 

shows the location of the three watersheds and their direction of external drainage. 

Watershed A is the control and receives regular chemical fertilizer treatment 

according to the management plans of the landowner, while the remaining treatments 
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receive manure applications. It was decided that there were to be two manure treatments 

inyolving a low disturbance injector only, as the landowner is currently practicing no-till. 

The application rates were 65 m3ha-1 (7000 gal acre-1
) on watershed Band 93.5 m3ha-1 

(10000 gal acre-
1
) on watershed C. The first application took place in October 1999 using 

low disturbance injection, the second application was in October 2002. 

The land used in the study was purchased from Canadian Pacific Railway in 1906 

and broken for agricultural use. It has since been farmed continuously and at no time 

through out this period was it left unmanaged (Turtle, 2002). 
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800 m (112 mile) 

Figure 3.1: Location of treatment watersheds relative to barn facilities. 
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3.5 Sampling Procedures 

In 1997 Clifton Associates investigated surface geology by borings in the vicinity 

of the proposed hog bam. Clifton bore holes are roughly 800 meters (0.5 miles) from the 

watersheds, and were drilled using a Mobile S-61 mounted on a Nodwell with 125 

millimeter diameter solid stem and 200 millimeter diameter hollow stem continuous 

flight auger (Maule, 2002). 

Baseline core type soil samples were taken in September 1998 at five slope 

positions (upper, shoulder, mid, toe and depression) in each of the three watersheds. In 

order to minimize spatial variation and to obtain valid comparable data from each 

watershed, the following sampling protocol was used. At each of the five slope positions, 

a 2x5 meter rectangular grid oriented in an N-S direction was laid out. An el~ctronic 

marker was put in the northeast comer of the grid. Cores to a depth of 3 meters were 

obtained at 2 meter intervals along each side of the grid (Figure 3.2). Samples were taken 

at 0.15 m increments to a depth of 0.3 meters, followed by increments of 0.30 meters to a 

depth of3.0 meters. Samples from each of the six cores were combined for each depth 

segment. The mixed samples were then split, one set being immediately frozen at field 

moisture and the other set being air-dried, re-bagged and stored. 
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Figure 3.1: Location of soil cores to be obtained at initial and final sampling times. 

Further sampling was carried out in the fall of 2000 after the first application of 

manure. In 2000 samples were obtained from the same sampling sites as 1998 in 0.15 

meter increments to a depth of 0.3 meters, and then in 0.30 meter increments to a depth of 

5.0 meters. Again, samples were retrieved from the five slope positions (upper, shoulder, 

mid, toe and depression) in each of the three watersheds. Sampling at this time did not 

involve multiple cores and thus hatching of samples. Rather only one core was obtained 

from each location. Once more samples were split, half being frozen and half air-dried 

for future analysis. 

In September 2001 additional sampling was conducted on watersheds A and C to 

a depth of 8 meters. The Prairie Farm Rehabilitation Administration (PFRA) bored the 

test holes in 2001 using a churn drilling derrick and impact boring implement. The drill 

rig obtained undisturbed 76-mi~limeter diameter cores within 800-millimeter long brass 
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tubes. These samples were taken on a transect parallel to the 1998 and 2000 sampling 

locations. One core was drilled at each of the upper, mid, and depression locations in 

watersheds A and C. Samples were obtained in 0.75 meter segments and subsequently 

divided into 0.35 meter sections. Selected sample segments from the upper and 

depressional locations of watersheds A and C were subsequently sent to the University of 

Waterloo's Environmental Isotope Lab for analysis. The selected samples consisted of 

every second 0.38 meter segment to a depth of 4.5 meters for each of the 4 cores. Table 

3.1 is a summary of the different soil sampling times, depth and locations. 

Table 3.1: Soil sampling summary. 
Sampling Incremental Watershed 

Year Sam~le Descri~tion De~th Size s 

1998 5 position hatched core samples 3 meters 0.3 meters* AB and C 

2000 5 position single core 5 meters 0.3 meters* AB andC 

2001 upper, mid and depression 
8 meters 0.75 meters AandC single core 

*first two samples were 0.15 meter increments 

At the time of the 2001 deep core sampling, piezometers were also installed. 

Piezometers were constructed with 1.5 meters of slotted 0.0508 meter (2 inch) PVC pipe 

for screening, followed by 6.5 meters of 0.0508 meter (2 inch) PVC pipe. The holes were 

backfilled with 1.5 meters of sand, 6 meters of bentonite chips and completed with 0.5 

meters of soil. Piezometers were constructed in four locations; watershed A upper and 

depression locations, watershed C upper and depression locations. Piezometers are read 

once every fall and spring. 
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3.6 Analytical Procedures 

3.6.1 Procedures for Isotopic Analysis 

Stable isotope analyses for soil water and precipitation samples were carried out 

in 2001 at the Environmental Isotope Laboratory, University of Waterloo, Ontario, 

Canada. The soil water was extracted from 8 meter cores obtained in 2001 by distillation 

with toluene. Deuterium analyses were performed on hydrogen gas produced from water 

reduced on hot zinc, oxygen 18 was determined by equilibration of C02 with water 

samples (Drimmie et al., 1993). 

In order to determine the tritium concentrations (TU) in the soil water, liquid 

scintillation counting (LCS) was used in conjunction with the toluene extraction. This is 

the process that is used by the Environmental Isotope Laboratory (ElL) at the University 

of Waterloo (Drimmie et al., 1993). The LCS process has a detection limit down to 

approximately 6 +/- 8 tritium units. The LCS process uses a Canaberra-Packard Pico

flour LLT (low level tritium) cocktail with high carrying capacities for water, high 

efficiency and low background characteristics. The laboratory standard is NBS-4361 

tritium reference material diluted with background water, which is then calibrated to 

NBS-4926C. The background water is from a well with a Radiocarbon activity older 

than 3500 years and a conductivity of less that 300 J.lmho/cm. 

3.6.2 Procedures for Nitrogen Analysis 

Analysis of nitrate was done with 3 and 5 meter core samples obtained in 1998 

and 2000 respectively at the Soil Nutrient Cycling Research Lab in the Department of 
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Soil Science at the University of Saskatchewan. The procedure requires approximately 5 

g of soil sample and extracts using 50 mL of 2M KCl shaken with the soil for 1 hour 

followed by filtration through VWR no. 4S4 filter paper. The extracts were measured for 

ammonium and nitrate using Technicon automated colorimetry. 

3.6.3 Procedures for Chloride Analysis 

Soil chloride measurements were carried out on 2:1 saturated paste extracts. This 

method required mixing one part soil to two parts water by weight. The mixtures were 

shaken for 4 hours and suction was applied to the paste extract until pressure was lost due 

to soil cracking as they dried. Reeve Angel grade 202, 7 centimeter filter paper was used. 

An Orion Model 96-17B c9mbination chloride electrode with Orion Model290A specific 

ion meter was used for all measurements. The electrode has a range of 35500 to 1.8 ppm 

and a reproducibility of 2% (Orion, 1990). Calibration standards of 1, 5, 10, 20, 50, and 

100 ppm chloride were used and the electrode was calibrated at the start and the end of 

every sample set Each sampling set consisted of 16 samples (depths 0 to 4.5 meters) in a 

slope location i.e. watershed A midslope position. A sample of fixed unknown 

concentration was used as a check with every series of measurements. Standard solutions 

were also analyzed by Enviro-Test Laboratories to determine the accuracy of the 

standards. 

3.6.4 Procedures for Electrical Conductivity Analysis 

The electrical conductivity was determined using an ATI Orion Model128 

instrument. The analysis was l?erformed on water extracted from a 2:1 saturated paste. 
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Soil was weighed into quantities of 35 grams ± 0.5 grams. After soil was weighed and 

transferred to a shaking cup 70 grams of distilled water were added. The mixture was 

shaken for 4 hours and transferred to funnels with grade 202 Reeve Angel filter paper 

which were connected to a vacuum system. The mixture remained in the apparatus until 

cracks in the soil were present and suction was lost. The extracted water was bottled and 

stored in a refrigerator until analysis. 

3.6.5 Procedures for Soil Moisture Analysis 

Neutron access tubes were installed in 1998 and measurements of soil moisture 

commenced and continue to be ascertained in the late fall, pre snow-melt and post snow

melt periods. Access tubes are located in all five slope locations in each of the three 

watersheds. Data is collected every 0.20 meters to a depth of 3 meters using a Troxler 

Series 3200 down-hole probe. During neutron installation core samples were obtained 

and subsequently oven dried and analyzed. Volumetric moistures and bulk densities 

obtained from these core samples were used, in conjunction with neutron readings from 

the same time, to develop calibration equations for the neutron probe. 
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3. 7 Methods of Recharge Analysis 

3.7.1 Peak Method 

One of the ways tritium can be used to estimate recharge is the peak method. 

Using this method assumes a piston-like flow through the unsaturated zone (Daniels et 

al., 1991 ). In order to determine the rate of deep drainage it is imperative that a definite 

peak in tritium concentrations be found. Since the peak in the soil profile reflects the 

peak in deposition (1963) a recharge rate can be determined. The recharge rate was 

calculated as in equation 2.8. The moisture content used was the average moisture 

content from the ground surface to the depth of the peak (Wood et al., 1997), as measured 

with the neutron probe. A second adapted peak method based on Joshi (1997) and 

O'Brien (1996) was also used. This method uses a moisture content averaged over the 

interval from the bottom of the active zone to the peak depth. 

3. 7.2 Mass Balance Method 

The total amount of tritium in the soil profile can also be used to determine an 

estimation of water flux through the vadose zone. The tritium content in the soil profile 

along with the volumetric moisture content is used to determine the total amount of 

tritium in the soil profile. This value is compared to that which would be held if unit 

recharge had occurred and results in the Mean Annual Recharge (MAR), as described in 

equation 2.9. In equation 2.9 the average annual tritium input used was that from Ottawa, 

Canada since it is the longest and most extensive tritium data set on record and there is a 

lack of data from the Saskatoon area. However, the weighting factor w(n) was calculated 
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based on Saskatoon precipitation data in hopes of minimizing the errors associated with 

the Ottawa data. A comparison of tritium concentrations in precipitation given in Clark 

and Fritz (1997) shows increases in concentration variation with time. The only tritium 

data from Saskatchewan is from Wynyard 1975-1982, which falls within the zone ofhigh 

variability. Thus it is not possible to accurately back calculate tritium concentrations for 

Saskatchewan. 
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4.0 RESULTS 

4.1 Background 

The research described in this thesis is part of a larger research project being 

conducted by the Agricultural and Bioresource Engineering Department of the University 

of Saskatchewan. Researchers have been collecting data and monitoring the site from 

1998 till the present. The overall goal of the project is to determine the environmental 

impacts of an intensive livestock operation and the use of its manure as a fertilizer source. 

This thesis is concerned with assessing deep drainage and water movement beyond the 

root zone at a site near Perdue Saskatchewan. In an effort to meet these objectives and 

evaluate the potential for contamination, a number of environmental tracers are studied 

and compared. 

4.2 Climate 

Yearly precipitation records from the Saskatoon airport since 1951 are shown in 

Figure 4.1. The average yearly precipitation is 345 millimeters with 24% falling as snow 

during the winter (November to March) and 76% falling as rain (April to October). 

Precipitation falling as snow was considered as all precipitation falling between 

November and March inclusively, as average temperatures for this period are below 

freezing (Figure 4.2). Extremely low precipitation is seen in 1962, 1963, 1989, 1994 and 

2000. The yearly average temperature (Figure 4.3) shows an increase in the average 

temperature over the last fifty years. 
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Figure 4.1: Yearly precipitation from Saskatoon airport 1951-2000. 
*Snow comprises precipitation from November to March inclusive. 
*Rain comprises precipitation from April to October inclusive. 
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Figure 4.2: Average monthly temperatures, Saskatoon airport 1951-2000. 
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Figure 4.3: Yearly temperature from Saskatoon airport 1951-2000. 

Figure 4.4 presents average precipitation since 1951 grouped into 5 year 

intervals. Of particular interest are the precipitation records for the time period during 

maximum tritium deposition, from 1960 to 1970. During the 1960 to1964 period there 

was an average of 291 millimeters which is lower than the average over the last 50 years. 

Following this period of lower than normal precipitation, a period of above average 

precipitation occurred from 1965 to 1969 and from 1970 to 1974, at 392 and 395 

millimeters respectively. After the 1960-1970 period, precipitation shows a decreasing 

trend. 
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Figure 4.4: Precipitation five year averages for Saskatoon airport, 1951-2009. 
*Note: The last column is only three year average, (2000 to 2002). 
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4.3 Topography 

Slope and elevation characteristics of the study watersheds were determined 

{Table 4.1 ). All of the watersheds at Perdue are externally draining in that runoff waters 

exit the watershed and do not accumulate in a landscape depression. The catchment areas 

for the watersheds were developed from the topographic maps (Table 4.2). Catchment 

areas were arbitrarily chosen and were manually calculated. 

Table 4.1: Topographic characteristics of the neutron access tube transects at Perdue 

Transect Length of Slope drop o/o Slope 
(m) (m) (0/o) 

A 95 6.5 6.8 
B 

c 
137 

125 
7.5 
8.5 

Table 4.2: Watershed catchment characteristics (m2
) 

Watershed Watershed , Piezometer 

5.5 
6.8 

Neutron 
catchment u~~er Mid De~res. U~~er Shoulder Mid Toe De~res. 

A 69000 3 27 126 12 14 227 58 277 

B 44000 N/A N/A N/A 2 47 119 168 173 

c 63000 2 28 153 4 27 46 66 205 
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The topographic map of watershed A (Figure 4.5) shows that it has a diverging 

upper slope while the bottom piezometer and neutron probe is in a region where there 

will be cross slope flow with flow in a direction perpendicular to the piezometer transect 

in a north to south direction. A transect along the neutron access tubes for watershed A 

has an elevation change of6.5 meters over a distance of95 meters. 
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Figure 4.5: Watershed A topography at 0.5 meter intervals. 
Note: Add 491.5 meters to obtain elevations relative to sea level. 
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The topographic map for watershed B (Figure 4.6) shows that the neutron access 

tube transect is situated so that the upslope is diverging while the bottom is converging in 

an area where there will be a continued flow away from the lowest access tube. The 

elevation change of this transect is 7.5 meters over a distance of 137 meters. 
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Figure 4.6: Watershed B topography at 0.5 meter intervals 
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Topography of watershed C (Figure 4.7) shows the same phenomenon as 

watershed A in that there is mostly down slope water movement with some cross slope 

movement at the lower piezometer location. Cross-slope flow would be in the west to 

east direction. The piezometer transect for watershed C has an elevation change of 8.5 

meters over a distance of 125 meters. 
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Figure 4.7 Watershed C topography at 0.5 meter intervals. 
Note: Add 491.5 meters to obtain elevations relative to sea level. 
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4.4 Soils 

Textural analysis of the upper 30 centimeters shows watershed A is a silt loam 

with lower clay and sand contents than watershed B (loam). Watershed C has a silt loam 

to a silty clay loam texture. The clay content of all watersheds increases with elevation 

(Table 4.3). The organic matter was not removed from soil samples prior to textural 

analysis and is likely to have an effect upon clay contents presented below. 

Table 4.3: Clay and sand content of upper 0.3 meters 

r---~-··--------·- --~----, Watershed A Watershed B _, Wateahed C , 
! o/oCLAY I o/oSAND I I o/oCLAY! o/oSAND I I o/oCLAY I %SAND ! 

!Depression , 15 . 21 , i 10 . 43 . . 16 26 
'J,".W.M.".V~r-ur.v .... ==m.".~-,~._,.,.,W."r.v .. -u .......... ~·r=NNN.;~=--·~·.---. ......... _,_.,!"'""'NNNMwr-wN,,..,..v,..,.._~·""-·"·""'i'-'""""'«'-WW"-N.'N/'N<W<,>W._,,m,_,.,,.,-.-,._,,.,.,"ff.".>.-.-r--+........,-,WMY."."IM'.""-""''M'"'-W~-WH.W.".INh'""-W"''-"·""·~Y"""'""'"'""""'"""#I-'~,'I.",.W,._,..,.,,__"""""""''-""''"""'~W,..·.--iuu~wV.W 

Toe 18 20 14 42 22 31 ' 
IMid-·--~---·-;-~-1-7---.--18- ·-r--2o-;---3·9--~+---~--3o;---~----: 
fShould~;-·-~-~~-·--~-w-_....·.·--~--·w~---;--r-·25---~t----29---·+-+-·-35-'" ____ i9 __ ,_,_,. 
~-··••'"''"''''''''''''''''''''''"' ~··.0:···•••-~··v•••••• ' ' •·······•tv·-····· '"~},, . ._~ . .,. ... ,._,_,,_,,,,,,,,,,v•••v••' - • •• ~··- • •·-••··•••·•-••·•···········----·--·····-··---·--······ -··--··-··-···-·•-·•·•··-···- .. --·-··· .. ····!'-·····--•··m•••• 

!Upper 24 23 ! 29 ' 20 ' 37 10 

4.5 Organic Matter Content 

The organic and inorganic carbon for the top 0.3 meters of the soil profile was 

determined. In the depressions, there was the highest amount of organic carbon and little 

inorganic carbon while in the upper locations it was reversed with larger amounts of 

inorganic carbon than organic carbon (Table 4.4). The concentrations of organic carbon 

progressively decreased moving up the slope. The mid slope locations showed similar 

organic and inorganic carbon values. 
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Table 4.4: Organic and inor~anic carbon to 0.3 meters (% by mass) 
Watershed A WatershedB Watershed C 

Inorganic Organic Inorganic Organic Inorganic Organic 
Depression 0.15 2.64 NIA 5.06 0.07 3.67 
Toe 0.06 1.47 0.32 1.52 0.61 1.4 
Mid 0.75 1.08 0.21 1.05 1.11 1.17 
Shoulder 1.58 0.73 1.44 0.93 1.45 0.81 
Upper 1.61 1.18 1.82 0.9 

4.6 Stratigraphy 

The stratigraphy of the Perdue watersheds were developed based on the recovery 

of soil cores obtained in May and June of 1997 by Clifton Associates and September of 

2001 by the Prairie Farm Rehabilitation Administration. In 1997 background soil 

assessment was completed prior to the development of the hog bam. A layer of low 

plasticity clay was present to a depth of 4.5 meters. The clay was very silty with trace 

amounts of fine sand. Sand was discovered at 4.5 meters which was fine grained with 

some silt and traces of clay. The sand continued to a depth of 21 meters and became wet 

at a depth of 1 7 meters. This profile is believed to persist under the watersheds being 

studied because of their close proximity to the deep bore holes. 

The surface stratigraphy obtained by the PFRA drill rig was to a depth of 8 meters 

for watershed A (Figure 4.8) and watershed C (Figure 4.9), and textures and 

interpretations were developed by the PFRA geotechnical lab. Core samples from 

watershed A revealed low plasticity clay ranging from 1.5 meters to 2.5 meters depth 

below the surface, increasing in thickness from top to bottom of the slope. This clay 

layer has slightly sandy zones and seams of low plasticity silt. Beneath the clay in the 

upslope position (1.5 to 6.5 meters below surface), lies very stiff low plasticity silt with 

seams of clay. From a depth of 6.5 - 8 meters the silt becomes very sandy. In the 

58 



midslope location the clay is predominantly under laid by very stiff low plasticity silt 

with alternating lenses of clay and sandy sections. The stratigraphy of the depressional 

position mainly consists of very stiff low plasticity clay with layers of low plasticity silt. 

At a depth of 6 meters the profile develops into low plasticity silt with a few clay lenses 

which continue to a depth of 8 meters. 
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Figure 4.8: Watershed A stratigraphy (PFRA data September 2001). 

Watershed C (Figure 4.9) shows similar features corresponding to slope position 

as watershed A. In the upslope position there is a region of low plasticity clay with 

lenses and seams of silt extending to a depth of 2.25 meters, below which exists a region 
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of hard, low plasticity silt intermittent with slightly sandy zones and clay lenses. In the 

midslope location there is a medium plasticity clay to a depth of 0. 75 meters followed by 

a slightly sandy low plasticity silt to a depth of 4.5 meters having seams and lenses of 

clay closer to the surface and increasing in sand content with depth. At 4.5 meters the 

profile becomes silty sand having seams and lenses of clay. At 6.75 meters below 

surface there is a 0.5 meter thick seam of clay followed again by the low plasticity silt. 

The stratigraphy of the depressional position is almost entirely low plasticity clay through 

out with a few slightly sandier bands. The clay is interrupted at 6.75 meters to 7.0 meters 

by a sandy low plasticity silt. 
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Figure 4.9: Watershed C stratigraphy (PFRA data September 2001). 

4. 7 Moisture Content 

Recognizing that solutes and contaminants generally move with water through 

pore spaces within a soil matrix, the rate of the recharge must be associated with porosity. 

Furthermore, when considering water and tracer movements through the pore space, 

effective porosity must be distinguished from that of total porosity. Effective porosity 

arises from the idea that neither all of the pores of a soil matrix nor all of the pores with 
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water in them may be available for solute transport. Some of the porous spaces in the soil 

matrix, although saturated, are isolated and cut off from transport pathways. Tracers an~ 

contaminants can only advance through pores that are connected and occupied by water. 

Unconnected pores and some very small-interconnected pores in a soil matrix may not be 

available for fluid transport (Hitch on and Trudell, 1985). It is not in the scope of this 

thesis to determine effective porosity, therefore effective porosity is considered to be the 

fraction of the void space which is occupied by water, or volumetric moisture content. 

The volumetric moisture contents that follow were ascertained from neutron 

probe data (see section 3.6.5). Neutron moisture sampling was preformed once in late 

fall and twice each spring each year since 1998. Soil moisture profiles are presented 

showing only the maximum and the minimum profiles (Figure 4.1 0). The profiles chosen 

to represent that of the maximum and minimums were chosen arbitrarily. For each 

location all moisture profiles were plotted and those considered to be extreme were 

chosen to depict the maximum and minimum. 
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Figure 4.10a: Upper slope volumetric moisture contents (m3m-3). 

Note: Arrows indicate bottom of the active zone. 
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Figure 4.10b: Mid slope volumetric moisture contents (m3m-3). 

Note: Arrows indicate bottom of the active zone 
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Watershed A WatershedB Watershed C 

0 0.1 0.2 0.3 0.4 0 Q1 Q2 Q3 Q4 0 0.1 0.2 0.3 0.4 

-- Maximum Minimum 

Figure 4.10c: Depressional location volumetric moisture contents (m3m"3). 

Note: Arrows indicate bottom of the active zone. 

The active zone is defined as the depth where seasonal volumetric water content 

changes are greater than 3% and these depths are indicated for the watershed in Figure 

4.10 (O'Brien et al., 1996). The active zone depth is used in conjunction with Joshi's 

(1997) hypothesis that any peak method using complete displacement of residual 

moisture assumes the soil water profile is in steady state. Since the active zone refers to 

annual variations in moisture content the bottom of the active zone is the beginning of 

steady state conditions. The bottom of the active zone is at a depth of between 1.0 to 1.6 

meters with the majority of the profiles having an active zone depth of 1.4 meters. The 

active zone is similar among landscape positions. 
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4.8 Tritium 

Watersheds A and Cat both the depressional and upper slope locations reveal a 

predominant peak in the tritium concentrations with depth (Figure 4.11). The peaks 

range in depth from 1.3 meters to 2.4 meters and maximum tritium values from 36 TU to 

45TU. 

0 

5 +-----;-------------------------------------------~ 

6 ~------------------------------------------------~ 

t A upper - _.. - A depression * C upper - ... - C depression 

Figure 4.11: Tritium concentrations with depth, watersheds A and C. 

4.8.1 Peak Method Estimation 

In order to determine a rate of recharge using the peak method it is imperative that 

a definite peak in concentrations be realized. It is assumed that this peak in the soil 

profile reflects the peak concentration of tritium observed in precipitation as it descended 

to the surface, thus determination of the peak can reveal the recharge rate (Equation 2.8). 

It is generally accepted that the peak occurred in 1963. 
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Both the watersheds have the greatest chloride concentrations in the upslope 

position and a peak in the depressional position at a depth of 1. 75 meters. The midslope 

profiles are dissimilar with the upper and depression locations showing a peak appearing 

in watershed C but not in watershed A. Chloride concentrations for watershed B were 

not obtained. 

0 10 20 

Chloride (mg/1) 
30 40 

-+-Upper ___.,.___ Mid ___.,.___ Depression 

50 

fgure 4.13: Watershed A chloride concentrations. 
Note: 2.9 to 4.5 m points of the upper profile range from 82 to 142 mg L-1• 

60 

71 



0 10 20 

Chloride (mg/1) 
30 40 
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Figure 4.14: Watershed C chloride concentrations. 

4.10 Nitrate 

50 60 

There are two sets of nitrate data collected for this thesis. The first (3 meter depth) 

cores were collected in 1998 before manure application and the second (5 meter depth) 

were collected in 2000 after manure application. An example from the depression 

position in watershed B (Figure 4.15) shows good agreement in nitrate concentrations 

between the two sample sets. Figure 4.15 also reflects the similarities in other slope 

positions in that the 5-meter data, from only one core, generally follows the 3-meter data 

which is a representative sample consisting of five mixed cores (Appendix D). 
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Nitrate Nitrogen (Jtg/g N03-N) 
0 5 10 15 20 25 30 

132 +-------------------------~------------------------~ --= ...... 
c. 
~ 3+-------------------~~----------------------------~ 

--+- 5m (2000) - 3m (1998) 

fgure 4.15: Watershed B depression, 3 meter (1998) & 5 meter (2000) N03-N data. 
Note: 5 meter surface (0-0.15 m) point is 48 Jlg g·1• 

The depression positions all show a peak in nitrate between 1. 7 and 2.1 meters 

(Figure 4.16). The general trend in the mid and upslope positions for all three watersheds 

is that the nitrate concentrations decrease from the upper 0.4 meters and at about 1.3 

meters start to increase again (Figure 4.16). Watershed C does not show as strong of an 

increase in nitrate concentrations with depth as the other two watersheds, and the profiles 

may indicate a peak. 
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Figure 4.16: Watershed A, B and C nitrate concentrations. 

*Note: Watershed B shoulder location peaks at 34 ~g g·1• 
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Nitrate profiles from the other two slope locations, shoulder and toe, show a 

30 

mixture of the same results. Data from the shoulder locations corroborates with the upper 

and mid locations in that it shows an increase with depth. The toe position shows a 

mixture ofboth types of profile (Appendix F). 

4.11 Electrical Conductivity 

As determined using electrical conductivity measurements ofthe 2:1 saturated 

paste extracts there is more salt present in the upper and shoulder slope positions than the 

mid and toe positions and the depressional position (Figure 4.17). The depressional 

position appears to have had its salt leached from the 5 meter sampling depth. 
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Figure 4.17: Watershed electrical conductivities. 

4.12 Deuterium and Oxygen-18 

WatershedC 

0 2000 4000 6000 

-+-Depression 

The meteoric water line for Saskatoon (Figure 4.18) was derived from data made 

available by Wassenaar (Wassenaar, 2002). The data has been further manipulated and 

presented based on the type of precipitation; rain or snow. The precipitation weighted 

annual average is located at a deuterium value of -131 %o and an oxygen-18 value of-

16.6 %o. Snow generally falls below the seasonal average while rain falls above the value 

ofthe seasonal average (Figure 4.18). 
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Figure 4.18: Saskatoon isotopic data and meteoric water line. 

Data obtained from the 2001 cores is presented in Figure 4.19. The data has been 

combined (watersheds A and C) and separated based on slope location (upper and 

depressional) and depth (0 -1.75 m and 1.75 -7m). This was done to reveal differences 

between slope position and to further assess the active zone. The process of evaporation 

has affected the isotopic composition of the water at the study site in the upper 1.75 

meters of the soil profile (Figure 4.18). This is indicated by the fact that the slope of the 

oxygen-18 and deuterium water line for the upper soil profile has shifted lower than the 

original meteoric water line. 

76 



-25 -20 

i oxygen-18 (%.) 
-15 

Depression 0- 1.75 m • Upper 0- 1.75 m 

+ Depression 2.1 - 6.65 m + Upper 2.1 - 6.65 m 

-10 

--Meteoric water line 

Figure 4.19: Stable isotope data, Perdue. 
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Figure 4.20: Oxygen-18 signature ofthe upper and lower slope locations. 
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Oxygen-18 concentrations for both watersheds A and C become more negative 

wi~h depth (Figure 4.20). There are also strong similarities between slope position with a 

large difference between the upper and lower slope position. Upper slope positions have 

greater oxygen-18 values than lower slope positions for equivalent depths. 

Utilizing the meteoric value of Oxygen-18 for summer and winter, the 

corresponding contributions of winter precipitation to soil and vadose-zone water may be 

calculated. The percentage of winter precipitation within the particular sample was also 

determined (Equation 4.1 ); 

. t 01 sample - rain x 
1 00 wtn er 10 = ---'----

snow-rain 
[ 4.1] 

Where sample is the average oxygen-18 content at the sampling depth interval, rain is the 

average monthly weighted concentration of oxygen-18 during April to November, and 

snow is the average yearly weighted concentration of oxygen-18 from 1992 to 2002. 

Table 4.8 shows the percentage of winter precipitation found in the watershed locations. 

The values reflect the percentage of winter deposited precipitation found in the different 

slope locations. 
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Table 4.8: Percentage winter precipitation in watershed locations at a depth of 1.5 to 7 . 
meters 

Average o 
Slope location oxygen-18 o/o Winter precipitation 

<_0/0o) 
A upper -14.8 19.5 

A depression -20.1 81.4 
C Upper -15.5 27.7 

C depression -20 80.1 

Combined upper -15.4 26.8 
Combined 
depression -20 80.8 

Note: Values of rain and snow used were -13.1 and -21.7 respectively. 

It can be seen that the depressions hold approximately 81 percent winter 

precipitation while the upper slope locations hold approximately 27 percent winter 

precipitation. Winter precipitation is 24% of total annual precipitation based on the last 

50 years. 
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5.0 DISCUSSION 

The major objectives of this thesis were to quantify a deep drainage rate for the 

selected study sites and to examine them in the context of hill slope position. As 

presented in Table 2.1 and Table 4.5, 4.6 and 4.7, the deep drainage rates determined on 

the basis of tritium data (0 to 18.7 mm yr-1
) were within the range of those found by 

previous researchers in semi-arid environments (1 to 50 mm yr-1
). Although a notable 

difference was seen between watersheds, comparing between slope locations did not 

reveal noticeable differences. 

5.1 Tritium Data 

Tritium was chosen as the tracer of primary analysis for this study because it was 

believed that it would return a recharge estimation which integrated preferential flow, and 

slower flow through the vadose-zone. Since tritium is part of the water molecule it 

should give a precise representation of water flow in this setting. The two methods used 

to interpret the tritium profiles were the peak and the mass balance methods which 

provide a quantitative measurement of soil water flux through the vadose-zone 

Although there is no water table present that would facilitate the movement of 

tritium, deep leaching could move tritium below the level of analysis. Another 

possibility as to the release of tritium from the soil matrix is through the process of 

evaporation. Wood et al. (1997) hypothesized that tritium activity observed in their study 

was lower than expected due to the water's exposure to the atmosphere. They believed 
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that water held in the shallow soil matrix within the zone of active evapotranspiration 

pe!ffiitted a greater opportunity for tritium removal by evaporation or transpiration 

causing lower than expected tritium values. 

The estimates obtained in this study are further limited by the precision of the 

analytical methods used to determine the tritium concentration in the soil matrix. It is 

possible to obtain a more sensitive data set for tritium values, however it was deemed 

uneconomical for this study. This study used a direct counting method ($66 per sample) 

with an analytical uncertainty of±8 TU, the process requires 20 milliliters of water. The 

alternative to the direct counting method is the enriched method ($185 per sample) which 

has an analytical uncertainty of±0.8 TU, and requires 500 milliliters of water. 

A further limitation to the results found by the mass balance methods was the 

origin of the historical tritium ~ata. In equation 2.9 the average annual tritium input used 

was that from Ottawa, Canada since it is the longest and most extensive tritium data set 

on record and there is a lack of data from the Saskatoon area. However, the weighting 

factor w(n) was calculated based on Saskatoon precipitation data in hopes of minimizing 

the errors associated with the Ottawa data. A comparison of tritium concentrations in 

precipitation given in Clark and Fritz (1997) shows increases in concentration variation 

with time. The only tritium data from Saskatchewan is from Wynyard 1975-1982, which 

falls within the zone of high variability. Thus it is not possible to accurately back 

calculate tritium concentrations for Saskatchewan. 

The effects of diffusion and dispersion will both act on the tritium profiles in the 

soil matrix. These processes will be causing the peaks to spread out both vertically and 

horizontally. These processes however will not significantly affect the results of the 
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methods used to determine the recharge rates. Although the peaks are being spread out 

over time, the center of mass of the peak will remain in the same position. The peak 

position will also remain in the same location but will not be as pronounced under the 

processes of diffusion and dispersion. Since the peak method is only concerned with the 

peak location the effects of diffusion and dispersion become mute. The mass balance 

method considers the accumulated mass of tritium thus the effects of diffusion and 

dispersion are irrelevant on this method as well. 

The recharge rates obtained using the two standard methods and the two adapted 

methods do not show a noticeable difference between slope positions. However, the use 

of the standard peak method for watershed C does reveal a discrepancy of 6.2 mm yr-1 

between the slope positions of that watershed. This difference is not seen to be 

significant because the standard peak method is the least precise of the four methods 

used. This indicates that there is fairly good site-specific agreement between all forir 

methods and is attributed to the fact that the tritium data exposed a peak at similar depths 

through out each watershed (Figure 4.11 ). 

Although there are no differences in recharge values between slope positions, 

there are differences between the methods. The adapted methods tend to return values 

lower than those returned by that of the standard methods. These differences are the 

result of the implementation of the active zone. The assumption of the active zone is 

found to be reasonable on the basis of the seasonal moisture contents, as the moisture 

contents show little change below the arbitrarily chosen active zone. By performing 

calculations based on the active zone the profile depth is effectively shortened, thus 

values of depth to peak and sum of mass are smaller resulting in smaller recharge values. 
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Both of the peak methods are assumed to be less valuable than the mass balance 

methods because they negate the large amount of tritium data existing below the peak. 

The most reputable recharge values are therefore assumed to be obtained by the mass 

methods. Furthermore it can be argued that the adapted active zone methods are the best 

indicator of recharge in the vadose-zone as they base measurements on water that is 

below the level of root zone interference. The most dependable recharge values are 

· consequently assumed to be obtained by the adapted mass balance method. 
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5.2 Tracer Comparisons 

The second objective of this thesis was to examine the tritium data against other 

tracers used in the study, because tritium beneath the ground surface can be dated. Table 

5.1 summarizes the most important points of the supplemental tracer data. 

Table 5.1 SuEElemental tracer depths 
Tracer Table (measurements in meters) 

Tracer AU BU cu AM BM CM AD BD CD 
3H peak 2.34 1.29 2.37 1.68 

Chloride peak/ 
0.45& 0.45& *change from 
1.65* 2.25* 3.15* 1.65 1.65 1.65 

background* 

Nitrate peak I 
*change from 2.85* 1.05* >5m 2.85* 1.05* 3.45 2.25 1.65 1.65 
background* 

EC depth of 
1.05 1.05 0.45 1.95 deflection 1.65 1.35 >5m >5m >5m 

bottom of 
1.6 1.2 1.2 1.2 ·1.4 1.2 1.2 1.4 1.4 active zone 

Note: * indicates a change from background levels, seen as an increase in values to 
which neither a limit nor resulting peak was found. 
AU indicates watershed A Upper location 
AM indicates watershed A Mid location 
AD indicates watershed A Depression location 
BU indicates watershed B Upper location etc. 

A peak is referred to as a situation of increasing concentrations, reaching a 

maximum, and then decreasing (Table 5.1). A change from background, as noted with 

nitrate and chloride data, refers to an increase in concentration from a constant level to 

some undetermined value (Figure 4.13, 4.14 and 4.16). The point of deflection from the 

constant background levels is arbitrarily chosen. The deflection of the EC profile refers to 

the depth that the EC profile c~anges from zero to a significant value (Figure 4.17). The 
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term background refers to the initial relatively constant segments of the profiles although 

it is unlikely that these segments represent true background conditions. For example in 

the case of the upper slope nitrate profiles, background levels are assumed to be the initial 

constant concentrations. However, the resulting situation could be the effect of root 

uptake causing depletion of nitrate in the upper portion of the profile. Additionally 

nitrate build up in the lower part of the profile could be caused by leaching, resulting 

from the decomposition of fertilizer in the A horizon. It is unsure if these are true 

background conditions, it is more probable that both the processes of root uptake and 

leaching are acting to cause the profiles seen. 

The EC data (Figure 4.17) clearly indicates a difference in the water distribution 

between the sampling locations and slope position. The electrical conductivity profiles in 

the upper portions of the landscape show a deflection at a shallower depth than the 

depressions. Generally the further down the slope, the lower the point of deflection, and 

the depressions did not show a deflection prior to a depth of 5.5 meters. Since EC is a 

measure of the salt in the profile, the absence of salt or the degree of absence indicates 

the degree of leaching and thus water flow. It can therefore be stated that the depressions 

have experienced more water passing into and through their soil matrices. 

One possible explanation for the difference between the EC and tritium data is 

that electrical conductivity reflects long term redistribution, since glaciation, while 

tritium indicates effects of the last 50 years. Most likely over the last couple thousand 

years a substantial amount of water has passed through the depressional locations. Since 

the relevance of tritium is only applicable over the last fifty years, the low recharge rates 

through all slope locations of this landscape and thus water passing through them may not 
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prove to be substantial enough to show tritium profile differences based on the slope 

position. Therefore, significant change in profiles with slope location will only be 

recognized after a substantial period of time. 

Another possible explanation for the differences between tritium and electrical 

conductivity data, in terms of landscape position, is the type of depression. Depressions 

found in the studied landscape are not the classical "pothole" depressions, they are flow

through depressions that do not pond water. Pothole depressions create ponding and 

result in increased quantities of infiltrating water. In a pothole situation it might be 

possible for a short-term tracer such as tritium to show differences between depressions 

and other landscape positions. In the case of flow-through depressions, in the short-term, 

there may not be a significant difference in the quantity of water recharging through the 

depressions. Therefore study of a short-term tracer such as tritium would not lead to 

differences in depressional profiles relative to other landscape positions. However, long 

term tracers, such as electrical conductivity, are able to reveal the presence of minute 

differences in recharge, based on landscape position, because they have been amplified 

over thousands of years. 

The stable isotopic analysis found the seasonal composition of groundwater to 

vary according to slope position. The depressions held a greater percentage of winter 

precipitation than the upper slope locations. This reveals that the depressions are 

receiving a larger portion of the spring melt water. Therefore, the stable isotope data 

agrees with the electrical conductivity data supporting the fact that there has been more 

water seen in the depressions, although this might be the result of thousands of years of 

86 



accumulation. Furthermore, it leads to the assumption that the increased amounts of 

water in the depressions is due to spring melt. 

Nitrate values in the upper slope locations seem to show a significant amount of 

leaching as the presence of nitrate is low in the upper portion of the profile and increases 

with depth starting at around 2 meters below the surface. There was no limit found as to

the maximum levels of nitrate in these soil profiles. A nitrate peak ranging in depth from 

1.5 to 3 meters below the depth of the surface is seen in the depressional locations. 

Sandercock (1994) points implicitly to topography and water movement as the 

defining factor in the leaching of nitrogen suggesting that nitrate should be washed out in 

the depressions. Therefore, there must be some reason that is causing the nitrate to be 

held up and accumulating 3;s a peak in the depressional locations. This reason could be a 

greater production ofN03-N from mineralization of organic mater in the depressions. 

Jowkin and Shcoenau (1998) observed higher N03-N in level and footslope positions and 

presume it to be due to greater mineralization. 

The most probable reason for the nitrate peaks in the depressions are the breaking 

of land or increased usage of fertilizers. Comparing the nitrate data to the tritium data 

places the nitrate peaks below those of tritium suggesting that an event occurred prior to 

1963 causing nitrate to be released into the sub-surface soil matrix. Both theories date 

the release of nitrogen to before 1960 but neither one can be validated at this time. 

The significance of the chloride profiles is confusing, as the data is difficult to 

characterize. The depressional locations of watersheds A and C show a peak at the depth 

of 1.75 meters. However this peak in both situations is only supported by the presence of 

one point. The peak may be si~ificant in watershed A as the concentration is up to 50 
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mg L-
1 

while watershed Cis only up to 10 mg L-1
• The upper landscape position of 

watershed A shows a peak at 0.50 meters. Since the peak in the upper landscape position 

is not as deep as that of the depressional location, it suggests that there is less leaching in 

the upper slope location. Again the point is only supported by one point making it 

suspect to being just a random point. A mass balance approach for chloride data was not 

undertaken as there is no definite chloride input rate for this region. 
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6.0 CONCLUSIONS 

The primary objective of this thesis was to quantify the magnitude of recharge 

as a function of landscape position in three watersheds located in a dissected landscape in 

West-central Saskatchewan. Tritium data was used to address this objective and it 

revealed a recharge rate ofbetween 0.0 and 18.7 mm yr-1 depending on the method of 

analysis used. These values are within the accepted range of values found by other 

researchers in similar climates and landscapes. It is uncertain if there is a significant 

difference between all three methods used because of uncertainties of values. However, 

it can be argued that the adapted tritium mass balance method does reflect water that is 

past the zone of root interference leaving it, by definition, to be that which is recharging 

the vadose-zone. 

Recharge rates were examined relative to their position along a slope at the three 

watersheds. Generally when the peak method is invoked with the use of tritium 

researchers go to the depressions because this is where water accumulates by means of 

overland flow and spring melt runoff. The accepted procedure is to take one soil core 

and if a peak is found it is used. Tritium data from this study suggests that this is a safe 

practice as peaks were found at all depressional sampling locations. However, there was 

no discemable difference in concentration profiles between upper and lower slope 

positions. Even though tritium data does not indicate differences based on slope position, 

the electrical conductivity and stable isotope data point out discrepancies. This could be 

because tritium only reflects conditions since 1963 while electrical conductivity and 
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stable isotope data reflect long-term changes, in the order of thousands of years. It could 

also be the result of the type of depressions found in the studied landscape. It is possibl~ 

that tritium will only reveal significant differences in concentration profiles between 

landscape location in a "pothole" situation. This suggests that the practice of sampling 

only the depressions in a dissected semi-arid environment may be flawed if the objective 

is to assess long-term recharge rates. Using tritium to assess differences in recharge based 

on landscape position may only be relevant in a situation where pothole depressions exist. 

The final objective was to compare tritium results with additional environmental 

tracers. This further revealed that there was an event that took place in the location of 

this study that caused the release of nitrogen in the depressions prior to the year 1963. It 

is uncertain as to what this process was but it is speculated to be the increased usage of 

fertilizer or the breaking of the native grasslands and higher mineralization and 

production of nitrate in the depressions. 

6.1 Future Work 

Future application of environmental tracers to agricultural contamination studies 

should include more sophisticated applications of multiple-tracer analyses to systems 

with substantial transit times in both the unsaturated zone and the saturated zone. 

Advances in the understanding complex hydrological systems are expected to occur as 

long-term trends in multiple tracer data are developed at individual sites. 

In order to assess the potential of the agricultural originating contamination in this 

site it is suggested that the use of the isotopes of nitrogen be employed. This might allow 

the tracking of one tracer which originated with the manure (source of contaminant), 
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since there is a different signature from manure isotopic N and that of mineral fertilizer. 

Although, further research into the effects of the isotopic signature of organic matter on 

those of manure and artificial fertilizer is needed. 
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APPENDIX A 

AVERAGE YEARLY TEMPERATURE AND PRECIPITATION (1951-2001) 

Year Temperature Precipitation 
ec) (mm) 

1951 -0.6 418.4 
1952 2.6 273.3 
1953 3.1 340.4 
1954 2.2 517.9 
1955 0.8 392.8 
1956 1.3 349.1 
1957 2.5 256.1 
1958 3.2 297.2 
1959 2.4 334.3 
1960 2.3 260.2 
1961 2.9 209.2 
1962 2.8 298 
1963 3.4 402.1 
1964 2.6 286 
1965 0.6 358.8 
1966 0.4 376.9 
1967 1.2 354.6 
1968 2.1 443.1 
1969 1.1 428.9 
1970 1.7 388.8 
1971 1.2 414.6 
1972 0.6 317.9 
1973 1.9 390.5 
1974 1.2 463 
1975 0.9 392 
1976 2.9 331.8 
1977 2.6 371.7 
1978 1.4 358.2 
1979 0.6 352.1 
1980 2.4 305.6 
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Year Temperature Precipitation 

ec> (mm) 
1981 4.5 280 
1982 0.4 436.2 
1983 2.3 462.6 
1984 2.9 298.3 
1985 1.1 328.2 
1986 3.2 415.6 
1987 5.4 231.3 
1988 3.9 281.1 
1989 2.3 371.2 
1990 2.6 309.6 
1991 3.2 546 
1992 3.0 285.1 
1993 1.8 337.1 
1994 1.7 358.4 
1995 1.4 333.9 
1996 -0.5 329.5 
1997 2.5 267.7 
1998 3.5 267 
1999 3.3 367 
2000 2.0 337 
2001 3.6 168.6 
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APPENDIXB 

STABLE ISOTOPE DATA 

Sample Depth Oxygen-18 
Oxygen-18 

Deuterium 
Deuterium 

Repeat Repeat 

(m) (o %o) (o %o) 
A upper 0-0.38 -9.8 -98.2 -98.5 
A upper 0.75-1.23 
A upper 1.5-1.88 -12.0 -12.1 -106.5 -106.5 
A upper 2.25-2.63 -12.6 -108.6 -108.4 
A upper 3-3.38 -13.8 -13.4 -107.5 -107.2 
A upper 3.75-4.13 -14.5 -14.7 -115.4 -114.5 
A upper 4.5-4.88 -15.0 -14.6 -118.1 -118.3 
A upper 5.25-5.63 -14.9 -120.8 -120.1 
A upper 6-6.38 -15.7 -125.4 -125.4 
A upper 6.75-7.13 -16.6 -16.5 -128.2 -129.0 
A upper 7.5-7.88 -15.1 -126.3 -125.8 

A depresssion 0-0.31 -15.7 -127.9 -128.1 
A depresssion 0.75-1.23 -14.9 -123.4 -123.7 
A depresssion 1.5-1.88 -14.9 -14.5 -122.3 -122.4 
A depresssion 2.25-2.63 -17.4 -143.2 -143.1 
A depresssion 3-3.38 -19.5 -156.7 -157.6 
A depresssion 3.75-4.13 -20.2 -161.4 -161.2 
A depresssion 4.5-4.88 -20.2 -157.7 -158.8 
A depresssion 5.25-5.63 -21.3 -167.9 -168.0 
A depresssion 6-6.38 -20.8 -164.4 -164.5 
A depresssion 6.75-7.13 -21.3 -168.1 -168.3 
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Sample Depth Oxygen-18 Oxygen-18 
Deuterium 

Deuterium 
Repeat Repeat 

(m) (o %o) (o %o) 
C upper ' 0-0.31 -10.4 -10.1 -98.5 -98.4 
C upper 0.75-1.23 -12.5 -106.5 -106.6 
C upper 1.5-1.88 -12.7 -109.2 -108.8 
C upper 2.25-2.63 -14.1 -111.9 -111.4 
C upper 3-3.38 14.5 -113.9 -114.7 
C upper 3.75-4.13 -15.7 -119.5 -119.1 
C upper 4.5-4.88 -16.1 -120.1 -120.8 
C upper 5.25-5.63 -15.7 -15.8 -118.0 -117.4 
C upper 6-6.38 -15.9 -123.2 -123.5 
C upper 6.75-7.13 -16.5 -.128.2 -127.8 

C depression 0-0.31 -11.8 -11.8 -110.7 -110.9 
C depression 0.75-1.23 -14.4 -14.3 -120.3 -120.2 
C depression 1.5-1.88 -16.6 -134.5 -135.1 
C depression 2.25-2:63 -17.8 -144.6 -145.0 
C depression 3-3.38 -19.5 -154.1 -154.3 
C depression 3.75-4.13 -20.3 -160.9 -160.9 
C depression 4.5-4.88 -20.6 -20.6 -163.4 -163.6 
C depression 5.25-5.63 -20.6 -20.5 -164.2 -163.9 
C depression 6-6.38 -20.6 -163.9 -163.5 
C depression 6.75-7.13 -20.4 -163.6 -163.4 
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SASKATCHEWANS STABLE ISOTOPE DATA 
(Wassenaar 2002) 

Year Month Deuterium Oxygen-18 
{0 96o) {0 96o) 

1990 6 -69 -9.6 
1990 7 -87 -13.2 
1990 8 -85 -10.0 
1990 9 -128 -15.5 
1990 10 -128 -16.9 
1990 11 -153 -20.6 
1990 12 -236 -30.4 

1991 -212 -26.5 
1991 2 -179 -23.2 
1991 3 -135 -19.5 
1991 4 -94 -13.3 
1991 5 -107 -10.7 
1991 6 -68 -9.6 
1991 7 -90 -12.1 
1991 8 -82 -8.4 
1991 9 -123 -16.1 
1991 10. -152 -20.4 
1991 11 -182 -24.0 
1991 12 -192 -25.0 

1992 1 -171 -22.2 
1992 2 -193 -25.5 
1992 3 -149 -18.9 
1992 4 -134 -18.0 
1992 5 -111 -14.5 
1992 6 -144 -18.2 
1992 7 -118 -14.9 
1992 8 -133 -17.4 
1992 9 -137 -17.9 
1992 10 -112 -15.3 

1993 8 -83 -10.8 
1993 9 -151 -19.6 
1993 10 -180 -23.5 
1993 11 -160 -20.4 
1993 12 -166 -20.9 
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Year Month Deuterium Oxygen-18 
(o %o) (o %o) 

1994 1 -179 -22.2 
1994 2 -203 -25.1 
1994 4 -65 -7.6 
1994 5 -81 -10.4 
1994 6 -109 -13.8 
1994 7 -105 -10.0 
1994 8 -107 -13.3 
1994 9 -10.2 
1994 10 -113 -14.8 
1994 11 -172 -22.2 
1994 12 -157 -20.5 

1995 1 -152 -17.9 
1995 2 -156 -18.5 
1995 3 -107 -14.3 
1995 4 -119 -15.1 
1995 6 -10.7 
1995 7 -102 -10.7 
1995 8 -111 -14.6 
1995 10 -151 -19.3 
1995 11 -161 -19.5 
1995 12 -186 -24.3 

1996 1 -228 -27.8 
1996 2 -129 -16.4 
1996 5 -139 -18.1 
1996 6 -90 -11.9 
1996 7 -87 -11.7 
1996 8 -85 -9.8 
1996 9 -79 -12.3 
1996 10 -105 -13.3 
1996 11 -182 -22.8 
1996 12 -201 -25.9 
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Year Month Deuterium Oxygen-18 
(o %o) (o %o) 

1997 1 -199 -25.6 
1997 2 -150 -17.0 
1997 3 -122 -17.1 
1997 6 -104 -12.9 
1997 7 -96 -11.6 
1997 8 -116 -15.0 
1997 9 -93 -13.6 
1997 10 -75 -11.4 

1998 1 -170 -20.0 
1998 6 -102 -14.3 
1998 7 -89 -9.0 
1998 8 -113 -12.8 
1998 9 -83 -10.9 
1998 10 -118 -16.1 
1998 11 -155 -20.6 
1998 12 -205 -26.5 

1999 1 -207 -26.4 
1999 2 -162 -19.3 
1999 4 -129 -17.4 
1999 6 -98 -12.8 
1999 7 -97 -12.9 
1999 8 -106 -13.2 
1999 10 -83 -10.4 

2000 1 -186 -24.1 
2000 2 -168 -20.2 
2000 3 -20.9 
2000 4 -18.0 
2000 5 -11.2 
2000 6 -80 -11.9 
2000 8 -121 -13.6 
2000 9 -124 -13.2 
2000 11 -136 -17.6 

2001 4 -97 -12.5 
2001 5 -111 -14.5 
2001 7 -94 -11.8 
2001 9 -89 -10.6 
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APPENDIXC 

TRITIUM DATA 

Sample Depth Tritium Tritium 
Repeat 

(m) (TU) 
A upper 0-0.31 19 +/- 8 
A upper 0.75-1.23 
A upper 1.5-1.88 34 +/- 8 
A upper 2.25-2.63 37 +/- 8 
A upper 3-3.38 22 +/- 8 
A upper 3.75-4.13 <6 +/- 8 
A upper 4.5-4.88 <6 +/- 8 
A upper 5.25-5.63 6 +/- 8 
A upper 6-6.38 
A upper 6.75-7.13 
A upper 7.5-7.88 

A depresssion 0-0.31 <6 +/- 8 
A depresssion 0.75-1.23 10 +/- 8 
A depresssion 1.5-1.88 33 +/- 8 
A depresssion 2.25-2.63 36 +/- 8 
A depresssion 3-3.38 23 +/- 8 
A depresssion 3.75-4.13 11 +/- 8 12 +/- 8 
A depresssion 4.5-4.88 11 +/- 8 12 +/- 8 
A depresssion 5.25-5.63 
A depresssion 6-6.38 
A depresssion 6.75-7.13 
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Sample Depth Tritium 
Tritium 
Repeat 

(m) (TU) 
C upper 0-0.31 14 +/- 8 
C upper 0.75-1.23 38 +/- 8 
C upper 1.5-1.88 38 +/- 8 
C upper 2.25-2.63 31 +/- 8 33 +/- 8 
C upper 3-3.38 19 +/- 8 
C upper 3.75-4.13 <6 +/- 8 
C upper 4.5-4.88 <6 +/- 8 
C upper 5.25-5.63 
C upper 6-6.38 
C upper 6.75-7.13 

C depression 0-0.31 13 +/- 8 
C depression 0.75-1.23 25 +/- 8 
C depression 1.5-1.88 45 +/- 8 
C depression 2.25-2.63 31 +/- 8 
C depression 3-3.38 9 +/- 8 
C depression 3.75-4.13 <6 +/- 8 
C depression 4.5-4.88 <6 +/- 8 
C depression 5.25-5.63 
C depression 6-6.38 
C depression 6.75-7.13 
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APPENDICD 

NITROGEN DATA 
Note: 5 meter data was obtained from samples taken in 2000 
3 meter data was obtained from samEles taken in 1998 

N03-N NH4-N 
Avail. Avail. 

Watershed 
Slope Depth N N03-N NH4-N N 

Position (em) 
{l..lg g-1) (J.Ig g-1) 

A Upper 0-15 5.39 3.72 9.10 
A Upper 15-30 2.24 5.88 8.12 
A Upper 30-60 0.71 5.63 6.34 
A Upper 60-90 0.61 4.34 4.95 
A Upper 90-120 0.40 2.71 3.11 
A Upper 120-150 0.70 2.80 3.51 
A Upper 150-180 1.01 5.80 6.80 
A Upper 180-210 1.11 6.00 7.11 
A Upper 210-240 1.42 4.53 5.95 
A Upper 240-270 1.30 4.94 6.24 
A Upper 270-300 2.04 5.65 7.70 
A Upper 300-330 2.74 6.02 8.76 
A Upper 330-360 4.53 6.81 11.34 
A Upper 360-390 4.86 6.75 11.61 
A Upper 390-420 12.90 9.82 22.73 
A Upper 420-450 17.66 9.83 27.49 

A Shoulder 0-15 3.30 7.86 11.16 6.30 1.13 7.43 
A Shoulder 15-30 1.48 6.81 8.29 2.24 0.93 3.17 
A Shoulder 30-60 0.90 9.17 10.07 0.39 0.87 1.26 
A Shoulder 60-90 0.40 7.79 8.20 0.1 0.94 1.04 
A Shoulder 90-120 0.91 6.27 7.18 0.38 1.99 2.37 
A Shoulder 120-150 0.50 7.54 8.05 0.6 1.67 2.27 
A Shoulder 150-180 8.00 7.71 8.51 0.09 1.19 1.28 
A Shoulder 180-210 1.00 7.41 8.41 0.7 1.39 2.09 
A Shoulder 210-240 1.60 6.43 8.02 1.29 2.1 3.39 
A Shoulder 240-270 2.79 6.12 8.91 2.36 1.38 3.74 
A Shoulder 270-300 4.78 7.27 12.05 5.11 1.75 6.86 
A Shoulder 300-330 7.58 9.70 17.29 
A Shoulder 330-360 11.80 8.25 20.05 
A Shoulder 360-390 6.95 6.41 13.36 
A Shoulder 390-420 7.81 6.23 14.04 
A Shoulder 420-450 18.28 6.99 25.27 
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Slope N03-N NH4-N 
Avail. Avail. 

Watershed Depth 
N N03-N NH4-N N 

Position (em) 
0Jg g-1) (l.tg g-1) 

A Mid 0-15 0.10 0.50 0.60 3.22 0.28 3.5 
A Mid 15-30 3.89 4.51 8.40 1.03 0.61 1.64 
A Mid 30-60 7.42 5.82 13.24 0.56 0.71 1.27 
A Mid 60-90 1.80 4.22 6.02 0.68 0.46 1.14 
A Mid 90-120 2.02 5.69 7.71 1.13 1.03 2.16 
A Mid 120-150 1.31 6.13 7.44 0.51 0.04 0.55 
A Mid 150-180 1.10 6.15 7.25 0.77 1.21 1.98 
A Mid 180-210 2.32 5.47 7.80 1.3 1.21 2.51 
A Mid 210-240 1.72 3.69 5.41 1.83 2.09 3.92 
A Mid 240-270 1.81 4.09 5.90 1.57 1.1 2.67 
A Mid 270-300 2.22 4.01 6.23 1.96 0.91 2.87 
A Mid 300-330 4.25 6.10 10.35 
A Mid 330-360 5.68 4.05 9.74 
A Mid 360-390 7.17 5.01 12.18 
A Mid 390-420 4.41 2.31 6.71 
A Mid 420-450 7.13 2.10 9.23 

A Toe 0-15 8.29 2.81 11.10 4.13 0.78 4.91 
A Toe 15-30 1.62 2.31 3.92 0.51 0.84 1.35 
A Toe 30-60 1.22 1.91 3.13 0.35 0.97 1.32 
A Toe 60-90 0.81 3.06 3.88 0.36 0.59 0.95 
A Toe 90-120 2.05 2.90 4.94 0.99 0.39 1.38 
A Toe 120-150 2.45 3.95 6.40 1.81 0.79 2.6 
A Toe 150-180 3.16 4.82 7.98 2.45 0.47 2.92 
A Toe 180-210 3.85 5.79 9.63 2.25 1.22 3.47 
A Toe 210-240 2.82 4.51 7.33 2.28 1.29 3.57 
A Toe 240-270 3.75 4.22 7.98 2.32 1 3.32 
A Toe 270-300 2.63 3.60 6.23 1.39 1.62 3.01 
A Toe 300-330 2.23 2.95 5.17 
A Toe 330-360 1.98 3.78 5.77 
A Toe 360-390 1.89 3.48 5.37 
A Toe 390-420 4.10 2.97 7.07 
A Toe 420-450 12.09 6.19 18.28 
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Slope Depth N03-N NH4-N 
Avail. Avail. 

Watershed N N03-N NH4-N N 
Position (em) 

(IJg g-1) (IJg g-1) 

A Depression 0-15 17.35 4.69 22.04 12.91 5.51 18.42 
A Depression 15-30 7.50 4.41 11.91 2.31 3.36 5.67 
A Depression 30-60 3.47 3.02 6.49 1.56 4.51 6.07 
A Depression 60-90 4.89 3.98 8.87 0.73 3.21 3.94 

A Depression 90-120 3.30 3.42 6.73 0.85 3.43 4.28 

A Depression 120-150 2.20 4.35 6.56 1.46 2.9 4.36 

A Depression 150-180 4.25 4.51 8.76 2.82 2.51 5.33 
A Depression 180-210 9.51 4.09 13.60 5.71 3.58 9.29 

A Depression 210-240 13.74 4.57 18.31 7.56 2.87 10.43 
A Depression 240-270 11.65 5.87 17.52 9.61 3.3 12.91 
A Depression 270-300 10.07 6.10 16.17 9.7 3.14 12.84 
A Depression 300-330 8.95 7.44 16.39 
A Depression 330-360 5.41 5.93 11.34 
A Depression 360<390 5.54 6.68 12.21 
A Depression 390-420 4.44 5.44 9.88 
A Depression 420-450 3.21 5.72 8.93 
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Slope N03-N NH4-N 
Avail. Avail. 

Watershed Depth 
N N03-N NH4-N N Position (em) 

{l..lg g-1) {l..lg g-1) 

B Upper 0-15 14.21 6.58 20.79 2.01 2.69 4.70 
B Upper 15-30 4.52 5.93 10.45 0.71 3.12 3.83 
B Upper 30-60 0.79 6.62 7.42 0.74 2.88 3.62 
B Upper 60-90 0.60 6.47 7.07 0.18 3.33 3.51 
B Upper 90-120 0.40 6.48 6.87 0.44 4.41 4.85 
B Upper 120-150 1.28 6.50 7.78 1.27 4.23 5.50 
B Upper 150-180 2.06 5.56 7.63 2.08 3.82 5.90 
B Upper 180-210 3.23 6.47 9.70 2.83 3.54 6.37 
B Upper 210-240 3.98 6.98 10.96 3.47 3.01 6.48 
B Upper 240-270 5.19 5.90 11.08 4.38 3.36 7.74 
B Upper 270-300 7.28 5.93 13.20 3.83 3.28 7.11 
B Upper 300-330 6.34 5.67 12.02 
B Upper 330-360 8.24 3.95 12.19 
B Upper 360-390 16.36 4.77 21.12 
B Upper 390-420 21.95 4.55 26.50 
B Upper 420-450 24.04 4.87 28.91 

B Shoulder 0-15 3.73 6.52 10.24 1.88 0.84 2.72 
B Shoulder 15-30 2.17 5.82 7.98 0.62 1.23 1.85 
B Shoulder 30-60 1.38 6.51 7.89 1.52 0.66 2.18 
B Shoulder 60-90 0.68 6.03 6.72 0.52 0.69 1.21 
B Shoulder 90-120 0.59 7.43 8.02 0.73 0.82 1.55 
B Shoulder 120-150 -1.20 6.77 7.97 1.52 4.32 5.84 
B Shoulder 150-180 5.31 8.07 13.38 2.50 4.07 6.57 
B Shoulder 180-210 5.40 4.93 10.33 4.06 3.91 7.97 
B Shoulder 210-240 14.77 5.26 20.03 6.40 3.76 10.16 
B Shoulder 240-270 4.70 3.50 8.21 8.26 3.69 11.95 
B Shoulder 270-300 13.84 . 3.24 17.09 9.84 3.23 13.07 
B Shoulder 300-330 22.85 5.26 28.11 
B Shoulder 330-360 41.77 5.49 47.25 
B Shoulder 360-390 32.40 4.96 37.36 
B Shoulder 390-420 34.03 5.59 39.62 
B Shoulder 420-450 21.62 4.38 26.01 
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Slope Depth N03-N NH4-N 
Avail. Avail. 

Watershed N N03-N NH4-N N Position (em) 
(I.Jg g-1) (I.Jg g-1) 

B Mid 0-15 3.08 5.33 8.41 2.75 1.08 3.83 
B Mid 15-30 1.22 4.79 6.01 1.38 1.21 2.59 
B Mid 30-60 1.11 4.24 5.34 0.87 1.03 1.90 
B Mid 60-90 0.71 5.01 5.72 0.47 0.91 ' 1.38 
B Mid 90-120 0.82 3.74 4.56 0.64 0.40 1.04 
B Mid 120-150 1.21 4.85 6.06 1.35 0.90 2.25 
B Mid 150-180 1.63 4.92 6.56 2.16 1.03 3.19 
B Mid 180-210 2.13 5.09 7.22 2.59 1.06 3.65 
B Mid 210-240 2.86 7.15 10.01 3.77 1.29 5.06 
B Mid 240-270 3.03 5.40 8.43 4.05 1.22 5.27 
B Mid 270-300 3.93 6.02 9.95 7.06 1.53 8.59 
B Mid 300-330 7.68 7.01 14.69 
B Mid 330-360 8.53 5.88 14.41 
B Mid 360-390 11.10 7.13 18.23 
B Mid 390-420 14.57 7.51 22.08 
B Mid 420-450 16.94 7.88 24.82 

B Toe 0-15 78.77 125.45 204.22 6.33 6.84 13.17 
B Toe 15-30 14.42 3.40 17.82 0.71 6.32 7.03 
B Toe 30-60 1.02 2.54 3.56 0.60 5.81 6.41 
B Toe 60-90 0.30 2.99 3.29 0.64 5.03 5.67 
B Toe 90-120 0.50 4.28 4.78 1.53 7.68 9.21 
B Toe 120-150 4.15 5.76 9.92 3.05 4.73 7.78 
B Toe 150-180 6.40 6.39 12.79 4.92 4.82 9.74 
B Toe 180-210 7.12 6.64 13.76 5.42 5.79 11.21 
B Toe 210-240 5.32 7.54 12.86 3.13 5.16 8.29 
B Toe 240-270 2.94 7.42 10.36 1.52 4.98 6.50 
B Toe 270-300 1.31 7.56 8.87 1.04 5.48 6.52 
B Toe 300-330 1.60 7.17 8.77 
B Toe 330-360 1.19 8.40 9.59 
B Toe 360-390 1.60 7.26 8.86 
B Toe 390-420 1.71 6.78 8.49 
B Toe 420-450 2.61 6.50 9.11 
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Slope Depth N03-N NH4-N 
Avail. Avail. 

Watershed N N03-N NH4-N N Position (em) 
(JJg g-1) (JJg g-1) 

B Depression 0-15 40.82 7.05 47.88 13.12 5.79 18.91 
B Depression 15-30 13.24 4.85 18.09 7.34 5.23 12.57 
B Depression 30-60 4.18 4.95 9.13 3.33 6.31 9.64 
B Depression 60-90 1.00 4.27 5.27 2.45 5.74 8.19 
B Depression 90-120 2.73 4.10 6.84 4.70 3.64 8.34 
B Depression 120-150 5.60 5.87 11.47 6.49 3.56 10.05 
B Depression 150-180 9.63 5.98 15.61 9.84 3.50 13.34 
B Depression 180-210 9.55 6.06 15.61 11.38 3.78 15.16 
B Depression 210-240 7.73 5.56 13.28 10.79 3.84 14.63 
B Depression 240-270 7.71 6.38 14.10 10.00 3.70 13.70 
B Depression 270-300 5.14 6.02 11.16 8.10 3.56 11.66 
B Depression 300-330 3.99 9.27 13.26 
B Depression 330-360 2.55 8.48 11.03 
B Depression 360-390 1.63 8.92 10.56 
B Depression 390-420 0.61 6.65 7.26 
B Depression 420-450 0.61 6.74 7.34 
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Slope Depth N03-N NH4-N 
Avail. Avail. 

Watershed N N03-N NH4-N N Position (em) 
(IJg g-1) (J,tg g-1) 

c Upper 0-15 6.81 4.94 11.75 0.18 0.63 0.81 
c Upper 15-30 2.79 5.42 8.21 0.70 1.04 1.74 
c Upper 30-60 0.80 6.96 7.76 0.55 0.50 1.05 
c Upper 60-90 0.41 6.17 6.57 0.61 0.85 1.46 
c Upper 90-120 0.20 5.14 5.34 0.53 1.24 1.77 
c Upper 120-150 0.41 3.57 3.98 0.59 1.48 2.07 
c Upper 150-180 0.70 4.12 4.81 0.83 1.10 1.93 
c Upper 180-210 0.30 3.54 3.84 1.71 1.53 3.24 
c Upper 210-240 0.60 4.88 5.48 2.20 2.11 4.31 
c Upper 240-270 0.71 5.97 6.68 1.70 1.89 3.59 
c Upper 270-300 1.01 4.40 5.41 1.73 0.95 2.68 
c Upper 300-330 1.81 6.21 8.01 
c Upper 330-360 1.91 5.96 7.87 
c Upper 360-390 2.22 5.44 7.65 
c Upper 390-420 1.93 5.70 7.63 
c Upper 420-450 1.70 5.29 6.99 

c Shoulder 0-15 23.69 10.95 34.64 1.09 0.98 2.07 
c Shoulder 15-30 1.79 8.02 9.81 0.68 0.46 1.14 
c Shoulder 30-60 0.61 7.74 8.35 0.25 0.64 0.89 
c Shoulder 60-90 0.50 8.71 9.21 0.16 0.44 0.60 
c Shoulder 90-120 0.41 9.31 9.71 0.18 0.98 1.16 
c Shoulder 120-150 0.51 8.52 9.02 0.38 1.34 1.72 
c Shoulder 150-180 2.08 10.01 12.09 0.46 2.12 2.58 
c Shoulder 180-210 0.70 7.91 8.61 0.29 1.54 1.83 
c Shoulder 210-240 1.42 5.31 6.73 0.53 1.93 2.46 
c Shoulder 240-270 1.71 4.41 6.12 1.01 1.01 2.02 
c Shoulder 270-300 3.22 5.26 8.48 0.91 1.72 2.63 
c Shoulder 300-330 4.50 5.91 10.40 
c Shoulder 330-360 4.33 5.64 9.96 
c Shoulder 360-390 4.23 5.74 9.97 
c Shoulder 390-420 4.39 5.05 9.43 
c Shoulder 420-450 4.31 5.38 9.70 
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Slope Depth N03-N NH4-N 
Avail. Avail. 

Watershed N N03-N NH4-N N Position (em) 
(tJg g-1) (I.Jg g-1) 

c Mid 0-15 8.71 6.71 15.42 0.09 1.75 1.84 
c Mid 15-30 1.61 6.29 7.90 0.60 1.02 1.62 
c Mid 30-60 0.90 7.97 8.87 0.18 1.07 1.25 
c Mid 60-90 0.70 9.71 10.40 0.29 0.78 1.07 
c Mid 90-120 0.60 8.19 8.78 0.59 1.00 1.59 
c Mid 120-150 0.91 8.13 9.04 0.63 0.39 1.02 
c Mid 150-180 1.71 8.41 10.12 0.74 0.80 1.54 
c Mid 180-210 1.81 7.76 9.57 2.75 1.04 3.79 
c Mid 210-240 2.81 6.51 9.32 2.01 1.26 3.27 
c Mid 240-270 2.83 6.66 9.49 2.58 1.70 4.28 
c Mid 270-300 2.77 6.12 8.88 3.63 1.52 5.15 
c Mid 300-330 4.31 4.74 9.05 
c Mid 330-360 5.44 5.46 10.90 
c Mid 360-390 3.72 4.35 8.07 
c Mid 390-420 3.04 3.44 6.48 
c Mid 420-450 2.82 3.52 6.34 

c Toe 0-15 30.45 9.93 40.38 0.00 0.72 0.72 
c Toe 15-30 9.75 17.36 27.11 0.17 0.48 0.65 
c Toe 30-60 2.73 3.91 6.65 0.18 0.50 0.68 
c Toe 60-90 0.60 3.65 4.24 0.18 0.50 0.68 
c Toe 90-120 0.51 4.52 5.03 0.09 0.20 0.29 
c Toe 120-150 1.51 6.90 8.41 0.42 0.56 0.98 
c Toe 150-180 1.52 8.07 9.59 0.71 0.39 1.10 
c Toe 180-210 1.80 7.76 9.56 1.10 0.30 1.40 
c Toe 210-240 2.72 7.65 10.37 1.75 0.20 1.95 
c Toe 240-270 3.71 6.40 10.11 2.74 1.31 4.05 
c Toe 270-300 4.74 6.55 11.29 3.69 6.70 10.39 
c Toe 300-330 7.51 7.08 14.58 
c Toe 330-360 6.54 4.99 11.53 
c Toe 360-390 9.21 6.28 15.49 
c Toe 390-420 9.02 4.78 13.80 
c Toe 420-450 4.94 2.73 7.67 
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Slope Depth N03-N NH4-N 
Avail. Avail. 

Watershed N N03-N NH4-N N Position (em) 
(~g g-1) (IJg g-1) 

c Depression 0-15 68.61 97.29 165.91 0.00 3.49 3.49 
c Depression 15-30 9.54 5.73 15.27 0.26 2.78 3.04 
c Depression 30-60 1.82 5.41 7.23 0.51 3.38 3.89 
c Depression 60-90 0.50 5.18 5.69 0.34 3.58 3.92 
c Depression 90-120 0.40 4.39 4.79 0.97 3.57 4.54 
c Depression 120-150 1.02 3.21 4.22 1.81 3.94 5.75 
c Depression 150-180 8.45 7.94 16.39 2.31 2.85 5.16 
c Depression 180-210 3.95 4.43 8.38 3.65 3.30 6.95 
c Depression 210-240 4.05 4.86 8.91 4.59 3.22 7.81 
c Depression 240-270 3.77 4.37 8.14 5.86 3.06 8.92 
c Depression 270-300 4.46 7.38 11.83 5.03 3.06 8.09 
c Depression 300-330 5.06 9.86 14.93 
c Depression 330-360 4.91 9.44 14.35 
c Depression 360-390 4.21 10.07 14.29 
c Depression 390-420 3.96 10.66 14.62 
c Depression 420-450 4.06 11.40 15.46 
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APPENDIXE 

CHLORIDE DATA 

WATERSHED A 
Depth Depression Toe Mid Shoulder Upper 

(mg r1
) 

0-15 3.06 3.23 1.85 2.20 9.52 
15-30 6.81 15.01 2.02 2.31 17.45 
30-60 2.16 19.77 2.44 1.93 51.07 
60-90 1.91 5.26 2.49 1.24 21.65 

90-120 9.58 4.65 2.66 1.69 15.84 
120-150 2.11 4.12 2.55 2.37 13.81 
150-180 48.17 6.63 2.04 1.42 18.10 
180-210 14.21 7.31 2.96 1.78 23.95 
210-240 2.37 5.93 1.85 2.50 39.50 
240-270 8.88 10.43 1.79 9.92 45.12 
270-300 2.57 15.76 1.67 24.79 82.32 
300-330 3.01 18.33 2.45 36.87 93.61 
330-360 2.04 22.19 3.90 69.03 125.57 
360-390 2.42 26.62 7.24 34.42 59.15 
390-420 14.90 36.97 6.34 35.28 142.14 
420-450 2.53 57.38 13.02 66.38 101.20 
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WATERSHEDC 
Depth Depression Toe Mid Shoulder Upper 

(mg r1
) 

0-15 6.73 14.42 5.18 26.24 9.01 
15-30 6.59 25.32 5.81 11.81 15.07 
30-60 3.70 19.25 2.83 3.00 3.85 
60-90 1.98 5.64 4.38 2.03 2.53 

90-120 2.14 3.08 2.73 2.34 4.01 
120-150 2.55 3.15 2.58 2.22 3.01 
150-180 11.12 3.56 30.05 2.97 2.07 
180-210 3.42 5.10 4.70 6.38 2.61 
210-240 5.28 11.18 10.27 4.21 4.32 
240-270 4.01 14.21 12.13 4.53 6.13 
270-300 2.39 18.61 7.07 6.32 10.62 
300-330 2.45 25.19 13.21 6.17 13.11 
330-360 2.92 26.69 17.17 15.74 27.33 
360-390 2.65 47.31 16.75 21.63 33.22 
390-420 3.76 275.12 14.18 25.60 29.17 
420-450 4.03 225.88 13.76 23.30 25.87 
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APPENDIXF 

ELECTRICAL CONDUCTIVITIES 

WATERSHED A 
Depth Depresssion Toe Mid Shoulder Upper 

(f.lS cm-1
) 

0-15 344 220 291 353 220 
15-30 235 192 313 347 207 
30-60 179 326 286 393 472 
60-90 177 305 327 3410 505 
90-120 163 461 282 3380 970 
120-150 170 568 284 3410 1010 
150-180 392 877 364 3390 3470 
180-210 346 986 887 3630 3670 
210-240 354 3640 777 3870 3740 
240-270 351 3940 3220 4030 3550 
270-300 339 3890 3230 4120 3560 
300-330 451 3840 3470 3980 3580 
330-360 338 3770 3770 3980 3830 
360-390 358 .3780 3830 3410 3170 
390-420 373 3930 3370 3210 3750 
420-450 330 4100 3430 3370 3550 
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WATERSHEDB 
_Depth Depresssion Toe Mid Shoulder Upper 

(I-'S cm-1
) 

0-15 476 786 161 307 407 
15-30 289 370 197 330 321 
30-60 195 139 282 297 337 
60-90 118 172 369 4460 744 
90-120 183 375 566 3020 404 
120-150 182 833 707 4350 3220 
150-180 166 1137 1422 4560 4000 
180-210 154 1467 2210 4160 4110 
210-240 216 4650 4110 4140 4000 
240-270 550 4640 3930 3100 3840 
270-300 345 4480 3790 2830 3730 
300-330 346 4350 3920 3360 2920 
330-360 263 4270 3870 3750 3400 
360-390 263 4230 3760 3580 2770 
390-420 237 3990 3660 3510 3430 
420-450 261 3700 3970 3210 3280 

WATERSHEDC 
Depth Depresssion Toe Mid Shoulder Upper 

(I-'S cm-1
) 

0-15 71 405 335 489 456 
15-30 244 294 358 307 447 
30-60 126 287 354 377 316 
60-90 107 336 401 3750 3800 
90-120 109 331 392 3510 3690 
120-150 157 543 504 3800 3810 
150-180 229 3000 1070 3710 3670 
180-210 312 4260 3340 3660 3690 
210-240 ' 310 2780 3580 3960 4040 
240-270 258 4560 3370 3630 3980 
270-300 283 4340 3210 3290 3550 
300-330 286 4240 3390 2940 3470 
330-360 267 4110 3340 3190 3280 
360-390 270 4150 3230 3260 3180 
390-420 316 4320 3080 3210 2990 
420-450 390 3930 2970 3090 2920 
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APPENDIXG 

MOISTURE CONTENT DATA 

Watershed A 
Upper 
(dd/mm/yy) Volumetric Moisture Content 

Depth (m) 11/11/98 3/22/99 12/16/99 2/29/00 4/25/00 10/4/00 2/7/01 3/29/01 4/24/01 5/3/02 10/22/02 
0.2 0.17 0.17 0.~7 0.18 0.18 0.17 0.22 0.25 0.24 .0.18 0.18 
0.4 0.16 0.17 0.17 0.16 0.17 0.17 0.25 0.27 0.27 0.20 0.21 
0.6 0.19 0.19 0.19 0.19 0.18 0.26 0.26 0.26 0.27 0.22 0.24 
0.8 0.22 0.22 0.22 0.22 0.22 0.26 0.25 0.26 0.25 0.24 0.20 
1.0 0.24 0.26 0.24 0.24 0.26 0.25 0.23 0.26 0.25 0.25 0.22 
1.2 0.22 0.25 0.22 0.22 0.24 0.25 0.23 0.23 0.21 0.21 0.24 
1.4 0.22 0.22 0.23 0.23 0.22 0.23 0.23 0.22 0.22 0.21 0.20 
1.6 0.22 0.21 0.21 0.22 0.21 0.21 0.20 0.20 0.20 0.23 0.22 
1.8 0.21 0.21 0.22 0.21 0.22 0.21 0.21 0.21 0.22 0.23 0.21 
2.0 0.23 0.23 0.23 0.23 0.23 0.22 0.23 0.23 0.24 0.22 0.22 
2.2 0.24 0.24 0.25 0.25 0.24 0.24 0.24 0.24 0.24 0.24 0.25 
2.4 0.24 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.25 0.24 
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Watershed B 
Upper 
(dd/mm/yy) Volumetric Moisture Content 

Depth (m) 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 2/7/01 3/29/01 4/24/01 5/3/02 10/22/02 
0.2 0.21 0.21 0.28 0.21 0.22 0.25 0.23 0.25 0.25 0.26 0.11 0.11 
0.4 0.21 0.20 0.25 0.21 0.21 0.25 0.23 0.22 0.23 0.20 0.19 0.18 
0.6 0.25 0.22 0.26 0.25 0.25 0.24 0.26 0.29 0.28 0.29 0.25 0.17 
0.8 0.24 0.25 0.24 0.24 0.25 0.24 0.25 0.24 0.25 0.20 0.24 0.21 
1.0 0.24 0.26 0.23 0.24 0.25 0.24 0.25 0.24 0.25 0.26 0.25 0.22 
1.2 0.26 0.26 0.27 0.26 0.26 0.25 0.25 0.26 0.24 0.24 0.25 0.26 
1.4 0.23 0.21 0.22 0.23 0.23 0.23 0.23 0.22 0.22 0.22 0.22 0.22 
1.6 0.22 0.21 0.22 0.23 0.22 0.22 0.23 0.24 0.22 0.24 0.23 0.23 
1.8 0.27 0.27 0.28 0.27 0.28 0.27 0.27 0.28 0.28 0.28 0.28 0.27 
2.0 0.28 0.28 0.28 0.28 0.28 0.28 0.29 0.28 0.29 0.28 0.29 0.28 
2.2 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.29 0.28 0.30 0.29 0.28 
2.4 0.36 0.36 0.35 0.35 0.36 0.35 0.36 0.38 0.40 0.40 0.37 0.38 
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Watershed C 
Upper 
(dd/mm/yy) Volumetric Moisture Content 

Depth (m) 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 2/7/01 4/24/01 5/3/02 10/22/02 
0.2 0.21 0.28 0.28 0.21 0.21 0.24 0.23 0.22 0.34 0.13 0.16 

0.4 0.19 0.19 0.21 0.19 0.20 0.26 0.23 0.21 0.22 0.21 0.18 
0.6 0.20 0.21 0.21 0.20 0.21 o.i4 0.22 0.28 0.23 0.22 0.18 
0.8 0.22 0.22 0.23 0.22 0.22 0.22 0.23 0.22 0.24 0.22 0.19 
1.0 0.19 0.20 0.21 0.18 0.19 0.22 0.17 0.19 0.18 0.19 0.19 
1.2 0.27 0.28 0.28 0.25 0.26 0.26 0.26 0.26 0.26 0.30 0.29 
1.4 0.23 0.21 0.22 0.22 0.23 0.23 0.22 0.23 0.23 0.23 
1.6 0.19 0.19 0.19 0.19 0.19 0.20 0.19 0.19 0.19 0.19 

1.8 0.18 0.18 0.18 0.18 0.18 0.18 0.17 0.18 0.18 0.18 
2.0 0.23 0.24 0.23 0.23 0.23 0.23 0.22 0.23 0.23 0.23 
2.2 0.34 0.33 0.34 0.30 0.34 0.34 0.32 0.33 0.33 0.32 
2.4 0.34 0.30 0.31 0.31 0.30 0.33 0.32 0.31 0.31 
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Watershed A 
Shoulder 
(dd/mm/yy) Volumetric Moisture Content 

Depth (m) 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 12/16/01 2/7/01 3/29/01 4/24/02 
0.2 0.17 0.25 0.22 0.18 0.18 0.20 0.14 0.25 0.17 0.31 
0.4 0.15 0.15 0.18 0.16 0.16 0.17 0.20 0.16 0.20 0.21 0.19 
0.6 0.15 0.14 0.15 0.15 0.15 0.15 0.15 0.15 0.16 0.17 0.18 
0.8 0.22 0.23 0.24 0.22 0.22 0.23 0.24 0.22 0.25 0.29 0.25 
1.0 0.28 0.31 0.3~ 0.28 0.29 0.28 0.28 0.28 0.24 0.31 0.28 
1.2 0.19 0.20 0.20 0.19 0.19 0.19 0.20 0.19 0.18 0.19 0.18 
1.4 0.17 0.16 0.17 0.18 0.18 0.16 0.18 0.18 0.16 0.18 0.17 
1.6 0.17 0.16 0.17 0.17 0.17 0.17 0.17 0.17 0.16 0.19 0.17 
1.8 0.17 0.17 0.17 0.17 0.17 0.17 0.18 0.17 0.16 0.18 0.18 
2.0 0.19 0.18 0.19 0.19 0.19 0.18 0.18 0.19 0.18 0.20 0.19 
2.2 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.24 0.22 
2.4 0.25 0.25 0.24 0.25 0.25 0.24 0.25 0.25 0.23 0.26 0.25 
2.6 0.27 0.27 0.27 0.28 0.28 0.25 0.27 0.28 0.26 0.29 0.33 
2.8 0.43 0.43 0.44 0.43 0.42 0.42 0.45 0.43 0.44 0.47 0.44 
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Watershed B 
Shoulder 
(dd/mm/yy) Volumetric Moisture Content 

Depth (m) 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 2/7/01 3/29/01 4/24/02 
0.2 0.22 0.21 0.23 0.21 0.22 0.27 0.22 0.22 0.23 - 0.24 
0.4 0.17 0.18 0.18 0.17 0.17 0.27 0.22 0.21 0.22 0.20 
0.6 0.18 0.18 0.18 0.18 0.19 0.25 0.23 0.22 0.21 0.22 
0.8 0.18 0.18 0.18 0.18 0.18 0.21 0.19 0.19 0.20 0.20 
1.0 0.21 0.22 0.21 0.20 0.21 0.20 0.22 0.22 0.21 0.21 
1.2 0.20 0.21 0.22 0.21 0.21 0.21 0.21 0.21 0.20 0.20 
1.4 0.20 0.21 0.22 0.21 0.21 0.22 0.22 0.21 0.21 . 0.21 
1.6 0.20 0.20 0.20 0.20 0.20 0.21 0.21 0.20 0.21 0.21 
1.8 0.20 0.21 0.21 o.io 0.20 0.23 0.22 0.28 0.21 0.21 
2.0 0.17 0.18 0.17 0.17 0.17 0.21 0.17 0.16 0.15 0.16 
2.2 0.13 0.14 0.13 0.13 0.13 0.13 0.14 0.17 0.14 0.15 
2.4 0.23 0.22 0.23 0.23 0.22 0.27 0.24 0.23 0.22 0.23 
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Watershed C 
Shoulder 
(dd/mmlyy) Volumetric Moisture Content 

Depth (m) 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 2/7/01 3/29/01 4/24/02 
0.2 0.28 0.29 0.29 0.28 0.28 0.26 0.22 0.29 0.28 0.27 
0.4 0.28 0.29 0.28 0.27 0.28 0.28 0.26 0.27 0.27 0.27 
0.6 0.29 0.29 0.28 0.28 0.29 0.32 0.28 0.28 0.30 0.30 
0.8 0.29 0.31 0.31 0.30 0.30 0.33 0.29 0.29 0.33 0.34 
1.0 0.30 0.35 0.35 0.29 0.31 0.35 0.31 0.31 0.32 0.34 
1.2 0.32 0.36 0.36 0.32 0.32 0.32 0.30 0.32 0.31 0.31 
1.4 0.22 0.21 0.22 0.24 0.24 0.22 0.21 0.24 0.22 0.22 
1.6 0.28 0.28 0.29 0.24 0.25 0.28 0.26 0.25 0.28 0.27 
1.8 0.24 0.24 0.22 0.23 0.25 0.23 0.22 0.25 0.23 0.23 
2.0 0.20 0.21 0.20 0.22 0.22 0.20 0.20 0.23 0.20 0.19 
2.2 0.23 0.23 0.23 0.25 0.24 0.23 0.22 0.24 0.24 0.23 
2.4 0.26 0.26 0.26 0.25 0.26 
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Watershed A 
Mid 
(dd/mm/yy) Volumetric Moisture Content 

Depth {m) 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 7/2/01 29/3/01 24/4/01 5/3/02 10/22/02 
0.2 0.20 0.25 0.22 0.21 0.21 0.23 0.15 0.17 0.22 0.25 0.08 0.11 
0.4 0.17 0.15 0.16 0.17 0.17 0.17 0.14 0.13 0.16 0.17 0.11 0.15 
0.6 0.14 0.15 0.15 0.14 0.14 0.15 0.14 0.15 0.19 0.16 0.12 0.12 
0.8 0.16 0.16 0.17 0.16 0.16 0.17 0.18 0.20 0.19 0.20 0.15 0.15 
1.0 0.15 0.15 0.15 0.15 0.15 0.15 0.18 0.16 0.16 0.17 0.15 0.15 
1.2 0.12 0.13 0.13 0:12 0.12 0.14 0.15 0.12 0.14 0.14 0.13 0.13 
1.4 0.13 0.14 0.14 0.13 0.13 0.15 0.16 0.13 0.15 0.15 0.15 0.14 
1.6 0.15 0.14 0.15 0.15 0.15 0.16 0.16 0.14 0.15 0.15 0.14 0.15 
1.8 0.16 0.17 0.17 0.16 0.16 0.16 0.17 0.15 0.16 0.17 0.17 0.17 
2.0 0.27 0.26 0.27 0.28 0.27 0.28 0.28 0.26 0.28 0.27 0.27 0.28 
2.2 0.19 0.19 0.19 0.20 0.20 0.20 0.20 0.19 0.19 0.20 0.21 0.20 
2.4 0.18 0.18 0.18 0.19 0.18 0.19 0.18 0.18 0.18 0.18 0.19 0.19 
2.6 0.17 0.17 0.17 0.18 0.18 0.18 0.18 0.18 -0.02 0.23 0.17 
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Watershed B 
Mid 

(dd/mm/yy) Volumetric Moisture Content 
Depth (m) 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 7/2/01 29/3/01 24/4/01 5/3/02 10/22/02 

0.2 0.20 0.21 0.22 0.20 0.21 0.24 0.22 0.22 0.23 0.11 - 0.13 0.14 
0.4 0.20 0.20 0.20 0.20 0.20 0.24 0.22 0.21 0.21 0.23 0.16 0.21 
0.6 0.18 0.18 0.18 0.18 0.18 0.20 0.23 0.22 0.22 0.22 0.18 0.16 
0.8 0.21 0.21 0.20 0.21 0.21 0.21 0.22 0.22 0.22 0.22 0.21 0.18 
f.O 0.24 0.25 0.24 0.22 0.24 0.24 0.23 0.23 0.23 0.24 0.23 0.22 
1.2 0.25 0.26 0.26 0.24 0.25 0.26 0.26 0.24 0.25 0.25 0.24 0.23 
1.4 0.26 0.26 0.26 0.26 0.26 0.27 0.27 0.25 0.25 0.25 0.26 0.25 
1.6 0.36 0.35 0.34 0.36 0.36 0.34 0.34 0.34 0.33 0.36 0.37 0.37 
1.8 0.39 0.39 0.38 0.39 0.39 0.41 0.39 0.39 0.39 0.39 0.38 0.37 
2.0 0.41 0.40 0.40 0.40 0.40 0.42 0.40 0.40 0.39 0.42 0.41 0.45 
2.2 0.46 0.46 0.47 0.46 0.46 0.50 0.49 0.48 0.47 0.49 0.50 0.48 
2.4 0.45 0.44 0.43 0.45 0.45 0.45 0.42 0.40 0.41 0.41 0.41 0.40 
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Watershed C 
Mid 
(dd/mm/yy) Volumetric Moisture Content 

De(!th {m} 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 7/2/01 29/3/01 24/4/01 5/5/02 10/22/02 
0.2 0.28 0.29 0.28 0.27 0.27 0.27 0.27 0.29 0.28 0.32 0.14 0.15 
0.4 0.28 0.26 0.27 0.27 0.27 0.26 0.27 0.29 0.27 0.28 0.27 0.25 
0.6 0.25 0.26 0.26 0.24 0.24 0.29 0.29 0.29 0.30 0.30 0.28 0.25 
0.8 0.29 0.30 0.31 0.28 0.29 0.33 0.29 0.34 0.34 0.32 0.32 0.30 
1.0 0.31 0.34 0.34 0.30 0.31 0.34 0.32 0.32 0.33 0.32 0.31 0.29 
1.2 0.31 0.35 0.35 0.30 0.30 . 0.33 0.31 0.31 0.32 0.32 0.33 0.30 
1.4 0.35 0.34 0.35 0.34 0.35 0.35 0.34 0.36 0.35 0.35 0.34 0.34 
1.6 0.25 0.24 0.24 0.25 0.25 0.24 0.26 0.24 0.24 0.24 0.22 0.27 
1.8 0.30 0.31 0.32 0.28 0.28 0.31 0.30 0.31 0.29 0.30 0.33 0.30 
2.0 0.33 0.34 0.34 0.30 0.31 0.34 0.32 0.34 0.32 0.34 0.32 0.33 
2.2 0.26 0.25 0.25 0.25 0.26 0.25 0.26 0.25 0.25 0.24 0.22 0.22 
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Watershed A 
Toe 
(dd/mm/yy) Volumetric Moisture Content 

Depth (m} 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 12/16/01 2/7/01 3/29/01 4/24/02 
0.2 0.19 0.32 0.23 0.20 0.21 0.23 0.22 0.20 0.20 0.23 0.23 
0.4 0.14 0.15 0.17 0.15 0.16 0.17 0.17 0.15 0.20 0.22 0.21 
0.6 0.13 0.14 0.14 0.14 0.14 0.14 0.19 0.14 0.20 0.20 0.19 
0.8 0.14 0.14 0.14 0.15 0.15 0.15 0.18 0.15 0.19 0.21 0.19 
1.0 0.16 0.16 0.16 0.16 0.16 0.16 0.18 0.16 0.17 0.19 0.18 
1.2 0.23 0.26 0.27 0.23 0.23 0.23 0.24 0.23 0.24 0.25 0.22 
1.4 0.28 0.28 0.28 0.28 0.28 0.29 0.28 0.28 0.29 0.30 0.27 
1.6 0.24 0.24 0.25 0.25 0.24 0.24 0.25 0.25 0.25 0.25 0.25 
1.8 0.23 0.22 0.23 0.23 0.23 0.24 0.22 0.23 0.23 0.23 0.22 
2.0 0.20 0.20 0.20 0.21 0.20 0.21 0.20 0.21 0.20 0.20 0.20 
2.2 0.24 0.23 0.24 0.25 0.25 0.24 0.23 0.25 0.22 0.26 0.25 
2.4 0.27 0.27 0.27 0.26 0.27 0.26 0.27 0.26 0.26 0.28 0.26 
2.6 0.41 0.39 0.40 0.41 0.41 0.39 0.39 0.41 0.40 0.41 0.40 
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Watershed B 
Toe 
(dd/mm/yy) Volumetric Moisture Content 

Depth (m) 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 2/7/01 3/29/01 4/24/02 
0.2 0.20 0.21 0.23 0.20 0.20 0.23 0.20 0.18 0.22 0.20 
0.4 0.14 0.15 0.21 0.14 0.15 0.19 0.17 0.15 0.21 0.18 
0.6 0.12 0.13 0.24 0.12 0.12 0.17 0.20 0.15 0.16 0.18 
0.8 0.17 0.16 0.17 0.17 0.17 0.17 0.18 0.17 0.19 0.20 
1.0 0.21 0.22 0.21 0.20 0.21 0.21 0.21 0.20 0.20 0.25 
1.2 0.25 0.27 0.21 0.25 0.25 0.26 0.25 0.24 0.25 0.28 
1.4 0.28 0.29 0.28 0.28 0.29 0.29 0.29 0.28 0.29 0.27 
1.6 0.27 0.27 0.27 0.28 0.27 0.29 0.28 0.26 0.27 0.32 
1.8 0.32 0.33 0.31 0.32 0.32 0.33 0.33 0.32 0.33 0.31 
2.0 0.30 0.30 0.28 0.29 0.29 0.31 0.30 0.26 0.30 0.29 
2.2 0.30 0.31 0.30 0.29 0.30 0.31 0.29 0.30 0.30 
2.4 0.45 0.45 0.44 0.44 0.44 0.44 0.45 0.35 
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Watershed C 
Toe 
(dd/mm/yy) Volumetric Moisture Content 

Depth {m} 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 2/7/01 3/29/01 4/24/02 
0.2 0.25 0.27 0.26 0.24 0.24 0.25 0.25 0.21 0.25 0.18 
0.4 0.21 0.20 0.22 0.20 0.21 0.26 0.17 0.25 0.17 0.16 
0.6 0.19 0.18 0.18 0.18 0.18 0.22 0.16 0.18 0.16 0.17 
0.8 0.14 0.15 0.15 0.15 0.15 0.19 0.17 0.18 0.18 0.18 
1.0 0.17 0.17 0.17 0.17 0.17 0.19 0.18 0.19 0.18 0.21 
1.2 0.23 0.24 0.23 0.24 . 0.24 0.23 0.23 0.22 0.22 
1.4 0.30 0.30 0.31 0.30 0.30 0.30 0.29 0.30 0.29 
1.6 0.32 0.32 0.33 0.31 0.32 0.31 0.31 0.31 0.31 
1.8 0.29 0.29 0.29 0.30 0.30 0.29 0.28 0.29 0.28 
2.0 0.31 0.31 0.30 0.32 0.32 0.31 0.30 0.31 0.29 
2.2 0.31 0.30 0.31 0.31 0.31 0.31 0.30 0.32 0.31 
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Watershed A 
Depression 
(dd/mm/yy) Volumetric Moisture Content 
De~th {m} 11/11/98 3/22/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 7/2/01 5/3/02 10/22/02 

0.2 0.21 0.36 0.32 0.22 0.22 0.24 0.28 0.27 0.09 0.13 
0.4 0.14 0.26 0.26 0.14 0.14 0.16 0.25 0.25 0.16 0.17 
0.6 0.13 0.18 0.18 0.14 0.14 0.16 0.25 0.25 0.15 0.19 
0.8 0.15 0.15 0.15 0.16 0.15 0.17 0.22 0.25 0.18 0.16 
1.0 0.15 0.15 0.16 0.16 ' 0.16 0.17 0.21 0.22 0.18 0.17 
1.2 0.18 0.18 0.18 0.18 0.18 0.18 0.20 0.21 0.18 0.17 
1.4 0.20 0.21 0.21 0.20 0.20 0.20 0.23 0.20 0.18 0.18 
1.6 0.23 0.22 0.22 0.24 0.23 0.24 0.24 0.22 0.20 0.19 
1.8 0.24 0.24 0.24 0.24 0.24 0.24 0.25 0.23 0.22 0.22 
2.0 0.26 0.26 0.24 0.25 0.25 0.25 0.26 0.26 0.24 0.25 
2.2 0.26 0.26 0.27 0.26 0.26 0.26 0.26 0.26 0.25 0.26 
2.4 0.26 0.26 0.25 0.26 0.26 0.26 0.26 0.23 0.25 0.27 
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Watershed B 
Depression 
(dd/mm/yy) Volumetric Moisture Content 

Depth (m) 11/11/98 3/22/99 4/21/99 5/16/00 2/29/00 4/24/00 10/4/00 5/3/02 10/22/02 
0.2 0.22 0.23 0.33 0.17 0.20 0.27 0.14 0.12 0.14 
0.4 0.14 0.15 0.34 0.24 0.18 0.18 0.22 0.14 0.14 
0.6 0.14 0.14 0.27 0.16 0.15 0.19 0.18 0.15 0.14 
0.8 0.16 0.16 0.28 0.18 0.16 0.14 0.16 0.14 0.15 
1.0 0.13 0.13 0.26 0.14 0.18 0.18 0.17 0.18 0.13 
1.2 0.17 0.19 0.22 0.20 0.22 0.18 0.19 0.21 0.17 
1.4 0.24 0.25 0.23 0.24 0.27 0.22 0.22 0.21 0.22 
1.6 0.25 0.24 0.24 0.25 0.26 0.26 0.28 0.26 0.26 
1.8 0.27 0.27 0.26 0.26 0.27 0.26 0.27 0.27 0.26 
2.0 0.28 0.28 0.28 0.28 0.26 0.27 0.29 0.30 0.28 
2.2 0.30 0.30 0.29 0.29 0.28 0.29 0.31 0.28 0.28 
2.4 0.30 0.31 0.29 0.29 0.29 0.30 
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Watershed C 
Depression 

(dd/mmlyy) Volumetric Moisture Content 
Depth (m) 11/11/98 3/19/99 4/21/99 12/16/99 2/29/00 4/25/00 10/4/00 7/2/01 3/29/01 4/24/01 5/5/02 10/22/02 

0.2 0.29 0.37 0.36 0.29 0.30 0.26 0.29 0.31 0.23 0.31 0.11 0.11 
0.4 0.30 0.31 0.31 0.26 0.26 0.34 0.24 0.26 0.26 0.26 0.17 0.20 
0.6 0.25 0.29 0.29 0.28 0.28 0.29 0.22 0.23 0.23 0.23 0.20 0.18 
0.8 0.28 0.28 0.29 0.31 0.32 0.29 0.28 0.29 0.29 0.31 0.27 0.21 
1.0 0.32 0.32 0.31 0.31 0.32 0.32 0.31 0.33 0.32 0.32 0.31 0.29 
1.2 0.32 0.33 0.33 \ 0.34 0.34 0.32 0.31 0.31 0.31 0.31 0.31 0.30 
1.4 0.29 0.28 0.29 0.29 0.29 0.30 0.27 0.27 0.27 0.27 0.26 0.26 
1.6 0.29 0.28 0.28 0.28 0.29 0.27 0.26 0.27 0.27 0.27 0.27 0.26 
1.8 0.29 0.31 0.31 0.30 0.30 0.30 0.30 0.31 0.30 0.31 0.31 0.29 
2.0 0.31 0.31 0.31 0.31 0.32 0.32 0.31 0.32 0.31 0.31 0.31 0.31 
2.2 0.32 0.32 0.32 0.32 0.31 0.32 0.32 0.32 0.32 0.32 0.32 0.31 
2.4 0.32 0.32 0.33 0.32 0.32 0.32 -0.02 0.31 0.32 -0.02 0.30 
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