
SATURATED AND UNSATURATED FLOW IN A HUMMOCKY 

LANDSCAPE IN RELATION TO TOPOGRAPHY AND 

SOIL MORPHOLOGY 

A Thesis 

Submitted to the Faculty of Graduate Studies 

in Partial Fulfillment of the Requirements 

for the Degree of 

Doctor of Philosophy 

in the 

Department of Soil Science 

University of Saskatchewan 

by 

Bernard John Zebarth 

Saskatoon, SasJ;:atchewan, Canada 

March, 1988 

cc Copyright, 1988. B. J. Zebarth 



ABSTRACT 

Recent research on groundwater recharge in the Interior Plains has focused 

primarily on saturated flow processes. The importance of unsaturated flow in groundwater 

recharge and soil development is poorly understood. The purpose of the study was to 

obtain quantitative estimates of saturated and unsaturated water flow and to relate the water 

flow system to topography, soil morphology and the distribution of soluble salts. 

The study was conducted in a hummocky upland area with a closed drainage pattern 

in the Black soil zone in central Saskatchewan. The sites consisted of closed drainage 

basins, 80 to 150 m across, surrounding individual temporary sloughs and were 

instrumented with tensiometers, piezometers and neutron access tubes. 

The sites were divided into lower slope, upper slope and saddle positions, which 

accounted for 30, 50 and 20% of the cultivated areas of the basins, respectively, on the 

basis of landscape surface form. The lower slope positions had soluble salts leached to 

over 10 m depth, thick A horizons, thick zones of calcium carbonate depletion, high water 

contents and relatively high unsaturated flux rates. The upper slope positions had limited 

leaching of soluble salts, shallow A horizons, shallow zones of calcium carbonate 

depletion, low water contents and relatively low unsaturated flux rates. The properties of 

the saddle positions were intermediate between the upper and lower slope positions. 

The groundwater recharge rates for the sloughs ranged from 250 to 300 mm yr 1 

and the regional recharge rate was approximately 35 mm yr-1 or 10% of the annual 

precipitation. Two main factors controlled the saturated flow ff;gime. First, high hydraulic 

conductivity deposits at the soil surface resulted in rapid horizontal flow at shallow depth at 

the edge of the sloughs. Second, the presence of a low hydraulic conductivity layer at 

approximately 12m depth resulted in slow but uniform groundwater recharge. Less than 

2% of the groundwater recharge could be attributed to unsaturated flow. 



The magnitude of the unsaturated flux was commonly lQ-8 m s-1 in the lower slope 

positions, lQ-9 to lQ-8 m s-1 in the saddle positions, lQ-10 to lQ-9 m s-1 in the upper slope 

positions following summer-fallowing, and lQ-10 m s-1 or less in the upper slope positions 

following three consecutive years of cropping. Downward flow was of similar magnitude 

to upward flow in the lower slope positions and 2 to 5 fold higher than upward flow in the 

upper slope and saddle positions. In a year with 30% above average rainfall, up to 25 mm 

of downward flow and 5 mm upward flow occurred across the bottom of the root zone. 

The unsaturated downward flux penetrated to greater than 2.5 m depth and was sufficiently 

large to be of importance to soil development and crop growth. Deep drainage was greater 

in saddle than upper slope positions, greater following su.mmer-fallow than following three 

years of cropping, and least under native vegetation. 
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1. INTRODUCTION 

Groundwater flow represents a minor component of the hydrologic cycle in the 

Interior Plains region. Groundwater flow is important, however, in the maintenance of 

water supply and water quality in aquifers, in the salinization of agricultural land and in 

soil formation. Recent research in the Interior Plains has focused primarily on 

groundwater discharge because of the agronomic significance of soil salinity. 

Research in groundwater recharge has been directed primarily toward estimating 

recharge rates and characterizing the saturated water flow regime. Estimates of regional 

groundwater recharge rates for the Interior Plains vary from 0 to 120 mm yrl (de Jong 

and Kachanoski 1987). Recharge is believed to occur primarily in upland areas with 

hummocky terrain (Meyboom 1962). Relatively few intensive studies on groundwater 

recharge have been conducted on areas less than 10 ha in size and the relationship 

between recharge rates, topography and climatic regions is poorly documented. In 

addition, the contribution of unsaturated flow to· groundwater recharge and the 

relationship between unsaturated flow and soil morphology in groundwater recharge 

areas is not well understood. 

The purpose of the study is to obtain quantitative estimates of saturated and 

unsaturated water flow rates for a hummocky, upland area in central Saskatchewan and to 

relate the water flow system to surface topography, soil morphology, the distribution of 

soluble salts and land use. 
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2. LITERATURE REVIEW 

2.1 SURFICIAL GEOLOGY OF SASKATCHEWAN 

The surficial geology of Saskatchewan, south of the Canadian Shield, is 

dominated by glacial deposits overlying sedimentary bedrock. The surface glacial deposit 

for approximately half of this region is glacial till and the remainder has stratified drift, 

usually silt and clay deposited in proglaciallake basins, overlying till (Davis and Sauer 

1983). The major stratigraphic units of the glacial deposits in Saskatchewan in 

descending order are the Saskatoon and Sutherland groups and, in some areas, the 

Empress group (Christiansen 1968b; E. A. Christiansen Consulting Ltd. 1986). The 

Saskatoon group is further divided into the Battleford formation, at the present surface, 

and the underlying Floral formation (Christiansen 1968b ). The Battleford formation is 

believed to have been deposited by the most recent glaciation and the Floral formation by 

the previous glaciation. 

The surface of the upland regions is commonly covered with a non-compacted 

surficial layer composed primarily of till but which may also contain sand, gravel and 

stones (Gravenor and Kupsch 1959; Clayton 1967). The surficial till layer in the upland 

regions ranges from less than 5 m to over 50 m in thickness (Clayton 1967; Christiansen 

1968a) and is commonly referred to as superglacial, supraglacial or ablation till (Clayton 

1967; Boulton 1976). The Battleford formation in Saskatchewan as described by 

Christiansen ( 1968a; 1968b) fits the general description of superglacial till. 

The till deposits in upland areas commonly possess a hummocky landscape form 

characteristic of stagnant glacial ice deposits (Gravenor and Kupsch 1959; Clayton 1967). 

Hummocky terrain has been described by Gravenor and Kupsch (1959) as "a nondescript 

jumble of knolls and mounds of glacial debris separated by irregular depressions". 

Hummocky landscapes generally lack an integrated drainage system and commonly 
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contain sloughs. Sloughs, often referred to as prairie potholes, are poorly defined and 

consist of permanent, temporary or semi-permanent bodies of water located in isolated 

depressions in hummocky landscapes (Meyboom 1967a; Sloan 1972). A temporary 

slough dries out most years whereas a semi-permanent slough only dries out occasionally 

in drier than normal years and a permanent slough always contains water. Sloughs are 

usually shallow, rarely more than 1.5 m deep, and are generally small, usually less than 

15 ha (Sloan 1972). 

Deposition of the superglacial till occurred as a result of ablation of stagnant 

glacial ice (Gravenor and Kupsch 1959). Debris carried within the glacier accumulated on 

the surface of the melting ice and formed a layer of varying thickness. The greater the 

thickness of the debris, the more the debris insulated the underlying ice and the more 

slowly the ice melted. Uneven melting of the ice resulted in an uneven debris surface. 

Small changes in elevation resulted in significant slumping of the debris due to its high 

water content and one or more inversions of the local topography may have occurred 

during deposition. Any water-sorted sediments that were located either within or on top 

of the glacier were fractured or redeposited during the ablation process (Paul 1983). 

Knolls in hummocky terrain may be composed entirely of till or may have outwash sands 

and gravel deposited beneath a surface layer of till. 

The hydraulic conductivity of glacial deposits is primarily dependent on the type 

of deposit: till, clay, sand or gravel. The hydraulic conductivity of tills in the Interior 

Plains can vary widely depending on the degree of consolidation and fracturing. Fractures 

are widespread in the tills of the Interior Plains (Grisak: et al. 1976), with ihe exception of 

the Battleford formation which is generally considered to be unfractured (Vonhof 1970, 

from Grisak: et al. 1976; Eilers 1982). Keller (1985), however, reported the Battleford 

formation to be fractured and noted that fractures in till may not be readily visible while 

still being hydrologically significant. 
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Fractures account for relatively little of the total porosity, however, hydraulic 

conductivity of tills is primarily determined by the number and continuity of fractures 

(Grisak et al. 1976). The hydraulic conductivity of consolidated, unfractured till is in the 

order of 5 x 10-11 m s-1 and the hydraulic conductivity of fractured, consolidated till 

ranges from 10-7 to 10-11 m s-1 (Grisak: et al. 1976). Estimates of the hydraulic 

conductivity of the Battleford formation include 3.1 x 10-8 m s-1 (Miller 1983), 10-9 

m s-1 (MacLean 1974, from Miller 1983) and 2 x 10-8 to 3 x 10-7 m s-1 (Eilers 1982). 

Flow through fractures in the glacial deposits, if present, may be the primary pathway of 

groundwater recharge (Freeze and Banner 1970b; Sloan 1972; Rehm et al. 1982; Hendry 

1983; Sharma and Hughes 1985). 

The degree of anisotropy, the ratio of horizontal to vertical hydraulic conductivity, 

is generally considered to be greater than 1 for till deposits in the Interior Plains. 

Extensive fracturing in both vertical and horizontal directions as well as changes in the 

. fracture pattern with depth have been observed in till deposits (Grisak: et al. 1976; Keller 

et al. 1986). Presumably, the pattern of fracturing will determine the degree of 

anisotropy. Miller (1983) and MacLean (1974, from Miller 1983) used an anisotropy 

value of 5 for both fractured and unfractured till deposits and Freeze and Witherspoon 

( 1968) used an anisotropy value of 20 for a variety of deposits. Isotropic fractured and 

unfractured tills were reported in central Saskatchewan (Keller et al. 1986). 

The porosity of consolidated till ranges from 0.25 to 0.40 m3 m-3, representing a 

range of bulk densities from 1.6 to 2.0 Mg m-3 (Grisak et al. 1976). Bulk density of the 

Battleford till is in the order of 1.55 to 1.70 Mg m-3 (Eilers 1982). Keller et al. (1986) 

measured porosities of approximately 0.35 and 0.25, representing bulk densities of 1. 7 

and 2.0 Mg m-3, for the Battleford and Floral formations, respectively. Consolidation of 

superglacial till is due to overburden pressure and desiccation and should be somewhat 

less than for the underlying tills which have e..xperienced loading by glacial ice (Boulton 

1976). 
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The texture of the superglacial till is variable but generally in the loam to clay loam 

range (Clayton 1967; Christiansen 1968a). The Battleford formation tends to have a 

higher sand and inorganic carbon content than the underlying Floral formation 

(Christiansen 1968a). 

2.2 GROUNDWATER RECHARGE 

The definition of recharge varies somewhat depending on whether the study is of 

a hydrological or of an agricultural nature. In this discussion, recharge will be considered 

to be groundwater recharge and flow of water below the root zone will be referred to as 

deep drainage. Thus, deep drainage may or may not contribute to groundwater recharge. 

2.2.1 Models of Groundwater Recharge 

The Prairie Profile model of Meyboom (1962) considers the stratigraphy of the 

Interior Plains to be made up of a succession of horizontal layers of till, clay, sand and 

gravel over bedrock deposits. The groundwater hydrology is controlled by the relative 

location and hydraulic conductivity of the various layers. Water flow from the recharge 

areas is generally downward until an aquifer or a layer of higher hydraulic conductivity is 

reached and water flow is horizontal within the aquifer to the point of discharge. 

The Toth (1962) model of groundwater flow consists of three different flow 

systems: local, intermediate and regional. Local flow systems have a relatively short 

distance between recharge and discharge areas, have relatively shallow flow and are 

highly sensitive to the surface relief. Local flow systems are predominant in areas with 

strong surface relief. In contrast, regional flow systems are deep and generally insensitive 

to surface relief. The Toth (1962) and Meyboom (1962) models can be combined by 

allowing the existence of local and intermediate flow systems above the aquifers. 
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Meyboom (1966) described a sequence of three seasonal flow periods for a 

temporary, groundwater recharge slough in hummocky terrain. The first period consists 

of downward flow over the winter contributing to groundwater recharge. The second 

period consists of vertical and horizontal flow away front the slough in the spring and 

early summer, dissipating the groundwater mound formed during spring snowmelt. Flow 

is towards the slough during the third period in response to a falling water table created 

by evapotranspiration of vegetation in and around the slough in late surmner and fall. 

Most flow during period three is groundwater discharge, however, some downward flow 

contributing to groundwater recharge may occur. The shift from period two to period 

three is associated with drying of the slough. 

Sloan (1972) and Meyboom (1967a) studied a series of neighbouring, permanent 

sloughs at different elevations in hummocky terrain. The sloughs were classified as being 

recharge, discharge or throughflow sloughs. The throughflow sloughs exhibited the 

properties of both recharge and discharge sloughs. Meyboom (1967a) observed that a 

slough may exhibit net recharge overnight in response to water flow from a nearby 

slough at higher elevation and exhibit net discharge during the day in response to 

evapotranspiration in excess of inflow. 

Water flow in a system of neighbouring sloughs at different elevations is 

dominantly horizontal (Meyboom 1967a; Sloan 1972). Meyboom (1967a) estimated that 

90 percent of the groundwater recharge was discharged within the slough system. Winter 

( 1983) reported that the shallow, dominantly horizontal flow systems around a slough 

can be complex and exhibit strong temporal variation. The rate of seepage through the 

bottom of a slough in Minnesota was found to decrease exponentially with distance from 

the edge of the slough (McBride and Pfannkuch 1975). A high seepage rate occurred only 

within a narrow band around the perimeter of the slough and seepage through the bottom 

of the slough was minimal indicating the predominance of lateral flow. 

6 



Numerous studies have been conducted on saline seeps in the Interior Plains and 

several mechanisms for saline seep formation have been described (Brown et al. 1982). 

Most of the mechanisms described involve significant deep drainage in a nearby upland 

area, infiltration of water down to a low hydraulic conductivity layer at a shallow depth 

and lateral flow over that layer to the point of discharge. The mechanisms for saline seep 

development have been verified in Montana and North Dakota through water table, 

stratigraphy and water quality information (Halvorson and Black 1974; Lewis efal. 

1979). In contrast, Henry et al. (1985) indicated that groundwater discharge from 

aquifers was the major cause of salinization in Saskatchewan. The glacial deposits of the 

Interior Plains of the United States tend to have relatively thin deposits of till, less than.25 

m (Miller et al. 1981), over bedrock whereas till deposits in Saskatchewan are commonly 

over 60 m thick (Harder and Henry 1986). Thus, the shallow, impermeable layer 

required for saline seep formation is generally lacking in Saskatchewan. 

2.2.2 Factors Influencing Groundwater Recharge 

Glacial stratigraphy, through changes in hydraulic conductivity, has a strong 

influence on the direction and magnitude of water flow. In general, water flow is 

dcminantly horizontal in high hydraulic conductivity strata and vertical in low hydraulic 

conductivity strata. Keller ( 1985) studied a slough underlain by a shallow aquifer in 

central Saskatchewan. Groundwater mounding occurred within the weathered till near the 

surface and flow within the underlying less permeable, unweathered till was essentially 

vertical. 

Water flow at the edge of sloughs is dominantly horizontal in a relatively uniform 

stratum or when the vertical hydraulic head gradient is small. A strong horizontal 

hydraulic head gradient is created by groundwater mounding from snowmelt runoff and 

dirt;ct precipitation, and by the discharge of water as evapotranspiration through the 

sur. ounding soils. Thus, a high vertical hydraulic conductivity need not result in a high 
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rate of groundwater recharge (Freeze and Witherspoon 1967). Mills and Zwarich ( 1986) 

studied a slough in a hummocky till plain in Manitoba. Approximately 20 m of till was 

present over an aquifer which had a hydraulic conductivity over three orders of magnitude 

greater than the till. Water flow in the till was primarily horizontal because there was only 

a small vertical hydraulic head gradient Water flow in the unsaturated zone was primarily 

in the vertical direction. Flow was generally upward underneath a knoll and either upward 

or downward between the knoll and slough depending on the relative values of infiltration 

and evapotranspiration. 

Benz et al. (1964) observed that significant variation in hydraulic conductivity 

may occur with horizontal distance. Hydraulic conductivity was found to be over an order 

of magnitude lower beneath 0.3 to 0.6 m high ridges 150 m apart than between the 

ridges. Meyboom ( 1966) found that the hydraulic conductivity at a given elevation was 

two orders of magnitude lower beneath a slough than beneath an adjacent ridge. Freeze 

and Witherspoon (1967) reported that stratigraphic discontinuities would be expected to 

significantly alter the distribution of recharge and discharge areas within a basin. Pockets 

or layers of highly permeable sands and gravels within superglacial till are normally 

discontinuous and generally only have a significant influence on water flow when the 

pocket or layer intersects the till surface or is at a shallow depth beneath a slough (Sloan 

1972). Christiansen (1968b) indicated that the Battleford formation is interbedded locally 

with sand and gravel. 

Surface relief also has a strong influence on water flow patterns. The importance 

of local flow systems increases with increasing surface relief (Toth 1962; Freeze and 

Witherspoon 1967; Meyboom 1967a). Small changes in elevation, in the order of 0.3 to 

1.0 m, can have a significant influence on groundwater flow (Benz et al. 1964; Eilers 

1973; Keller et al. 1986). Strong surface relief will increase overland flow, increase the 

proportion of precipitation which accumulates in depressions, and decrease the proportion 

of water available for infiltration in upper slope positions. The .. nfluence of topography on 
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the spatial variation in groundwater flow increases with increasing hydraulic conductivity 

of the till deposit (Keller et al. 1986). Similarly, a closed drainage pattern would be 

expected to result in greater accumulation of water in depressions than an open drainage 

pattern (Acton 1965). 

The drier climate in the Brown soil zone will generally result in less groundwater 

recharge than in the wetter Gray and Black soil zones. Annual precipitation increases 

from 300 mm in the Brown soil zone to 500 mm in the Black and Gray soil zones and the 

soil moisture deficit decreases from 400 mm in the Brown soil zone to 100 mm in the 

Gray soil zone (de Jong and Steppuhn 1983). The estimates of recharge rates summarized 

by de Jong and Kachanoski (1987), however, appear to be more dependent on the 

stratigraphy and the number of sloughs located within the drainage basin than on the 

climatic region. 

Groundwater recharge is believed to occur primarily through saturated flow as 

"slough-focused recharge" (Lissey 1968). Snowmelt runoff usually occurs prior to 

thawing of the soil (Freeze and Banner 1970b; Sloan 1972) and as a result most of the 

snowmelt runoff accumulates in depressions. The depressions then act as point sources 

of groundwater recharge. The relatively high soil moisture deficit in semi-arid regions 

such as the Interior Plains results in dry soil conditions at depth in the soils around the 

depressions. Thus, relatively little recharge will occur as a result of unsaturated flow. 

Approximately one third to one quarter of the annual precipitation on the Canadian 

prairies is received as snow (de Jong and Steppuhn 1983) resulting in a high potential for 

overland flow. Overland flow on unfrozen soils occurs infrequently and is asually 

associated with intense rainfall events (Freeze 1972; Chorley 1978). Shjeflo (1968) 

studied the water balance of ten temporary sloughs in North Dakota. Spring snowmelt, 

from snowfall on the slough and snowmelt runoff from the surrounding soils, and 

summer runoff from rainfall contributed 240 and 160 mm of water, respectivc:ly, in 
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comparison to 370 mm of water from direct rainfall; indicating significant runoff over 

unfrozen soils. 

Freeze and Banner ( 1970a) observed groundwater recharge both as slough

focused recharge in response to spring snowmelt and rainfall and as infiltration of water 

to the water table through the soil profile in response to rainfall events. Infiltration of 

water through the soil profile to the water table appears to be isolated in both time and 

space and occurs only in response to periods of high precipitation with minimal 

evapotranspiration, as would be expected in spring and fall, in combination with a high 

soil moisture content and a shallow water table (Freeze and Banner 1970b; Rehm et al. 

1982). A long duration, low intensity precipitation event will contribute Illbre effectively 

to recharge than a similar amount of precipitation in a short duration, high intensity event 

because runoff is minimized in the former (Freeze and Banner 1970b). Stephenson and 

Zuzel ( 1981) indicated that rainfall in the order of 20 to 30 mm over a 24 hour period was 

required to initiate groundwater recharge for a semi-arid environment in Idaho. The 

response of unsaturated flow to rainfall events was found to be sensitive to the moisture 

retention properties of the soil (Freeze and Banner 1970b ). 

The vegetation surrounding sloughs has a two-fold influence on groundwater 

flow. The greater the amount of vegetation, and the greater the proportion of deep rooting 

vegetation such as willows, the greater the evapotranspiration loss from the slough and 

the lower the relative proportion of the water balance of a slough which is attributed to 

seepage (Meyboom 1967a; Lakshman 1971). Vegetation around the slough, however, 

also traps more snow within the slough and increases the total volume of water added to 

the slough during snowmelt. 

2.?.3 Rates of Groundwater Recharge 

The sustainable groundwater yield has been estimated at 10 mm yr -l for the 

1 )askatchewan-Nelson Basin in the Canadian prairie region (Prairie Provinces Water 
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Board 1982) and from 4 to 12 mm yr-1 for Saskatchewan south of the Canadian Shield 

(Rey 1983). Thus, the rate of groundwater recharge appears to be slow but significant. 

A number of estimates of groundwater recharge for basins or upland areas 

containing sloughs have been reported. Freeze and Banner (1970a) studied the hydrology 

of a lacustrine plain with sloughs in southern Alberta. The annual rate of groundwater 

recharge was estimated at 24 mmyr-1
. Shiau (1978) estimated an average recharge rate 

of 2 mm yr-1 for the Good Spirit Lake basin in eastern Saskatchewan. The recharge rate 

was estimated at 2 mm y{1 for an upland region containing sloughs in central Alberta 

(MacLean and Pawluk 1975) and at 2 to 3 mm yr-1 for the Arm River basin in south

central Saskatchewan (Meyboom 1967b ). Trudell et al. (1986) estimated recharge rates of 

22 and 18 mm yr-1 in 1983 and 1984, respectively, for a minespoil in central Alberta. 

The annual rate of groundwater recharge was estimated to be between 10 and 120 

mm yr-1 in an upland area containing sloughs in North Dakota (Rehm et al. 1982). 

A partitioning of groundwater recharge within an upland region between saturated 

and unsaturated flow has been attempted in two studies. Trudell et al. (1986) reported that 

approximately 43 percent of the groundwater recharge was due to recharge from sloughs 

and the remainder was attributed to recharge through the minespoil. Rehm et al. (1982) 

estimated that between 10 and 50 percent of the total groundwater recharge was from 

sloughs which occupied two percent of the study area, and less than seven percent of the 

groundwater recharge was attributed to infiltration through soil materials which made up 

82 percent of the study area. The remainder of the recharge occurred through exposed and 

shallow, sandy bedrock deposits. 

The high proportion of groundwater recharge attributed to saturated flow is 

supported by the relatively high recharge rates reported for sloughs. Meyboom (1966) 

estimated that 67 mm of net groundwater recharge occurred over a one year period below 

a temporary slough in hummocky terrain in the Allan Hills, Saskatchewan. An average 

180 mm of seepagt, was observed by Shjeflo (1968) over the May to October period 
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between 1960 to 1964 in hummocky terrain in North Dakota. Lakshman (1971) observed 

seepage rates of 10 to 14 mm wk -1 for a variety of sloughs in Saskatchewan. An annual 

· recharge rate of 400 mm yr-1 was estimated by Keller (1985) for a slough in a relatively 

level area and located on fractured till over a sand aquifer in central Saskatchewan. Rehm 

et al. (1982) estimated annual recharge rates of approximately 600 mm y{1 for sloughs 

in North Dakota. The enrichment of 180 in groundwater observed by Rehm et al. (1982) 

indicated that most of the groundwater recharge was from spring snowmelt water and, 

thus, primarily as a result of saturated flow. 

Evidence for the contribution of unsaturated flow to groundwater recharge 

includes both estimates of recharge rates and indirect evidence obtained from soluble salt 

movement. Accurate estimates of recharge by unsaturated flow are difficult to obtain 

primarily because of the difficulty in obtaining· accurate estimates of hydraulic 

conductivity. Rehm et al. (1982) estimated the average annual recharge rate to be between 

2 to 90 nun yr-1 through the soils, depending on the value of hydraulic conductivity. An 

average annual groundwater recharge rate of 14 mm yr-1 was obtained between 1971 and 

1975 by Doering and Sandoval (1976) by measuring the discharge rate from a saline seep 

in North Dakota. Miller et al. (1981) estimated that the annual recharge rate for an upland 

region in Montana with hummocky terrain was between 1 and 4 % of the annual 

precipitation under native grassland and to be between 7 and 15 % of the annual 

precipitation under a crop-fallow rotation. 

Freeze and Banner ( 1970b) studied groundwater recharge for three different soils 

in the Good Spirit Lake basin in eastern Saskatchewan. The following recharge rates 

were observed: 3 to 25 mm yr-1 for a sand and gravel plain with a shallow water table, 

less than 3 mm yr-1 for a till plain with a water table at 1.5 m, and 0 mm yr-1 for a gravel 

plain with a water table below 3.0 m. 

Lehane and Staple (1953) estimated that deep drainage occurs approximately three 

years out of ten in loam, clay loam and clay soils near Swift Current, Sask ttchewan. 
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Small amounts of drainage below the root zone were observed by Staple et al. ( 1960) 

under fallow conditions from 1951 to 1953 and in 1955 near Swift Current. These 

observations were made during a wetter than normal period lasting several years. 

Lind wall and Anderson ( 1981) observed deep drainage at Lethbridge, Alberta in 1968 

and 1975. 

Van Schaik: et al. (1976) estimated deep drainage of 75 and 37 mm under fallow 

fields in 1969 and 1971, respectively, at Lethbridge, Alberta using a computer model. 

Snowmelt was not considered. Other estimates of deep drainage in southwest 

Saskatchewan obtained from computer models include 0.6 mm yr-1 (de Jong and. 

Hayhoe 1984) and_O mm yrl (dt; Jong and MacDonald 1975) under native grassland and 

-12 mm yrl (de Jong and Zentner 1985) under wheat on fallow in 1970. The negative 

recharge rate indicates the movement of water stored below the root zone during the 

fallow year into the root zone when a crop was grown the next year. De Jong and Zentner 

(1985) reported that for most years in a 12 year study, water flow was predicted to be 

from the root zone downward in the spring and early summer and upward into the root 

zone later in the summer. Campbell et al. (1984) also reported the occurrence of upward 

flow into the root zone. The occurrence of significant flow upward into the root zone 

justifies the distinction between groundwater recharge and deep drainage. 

Meyboom (1967b) estimated the mean moisture surplus for the April to October 

period for various locations in Saskatchewan and Manitoba between 1944 and 1960. 

Snowmelt was not included in the estimate. The moisture surplus ranged from 13 mm in 

south central Saskatchewan to 178 mm in Manitoba. The proportion of the moisture 

surplus which actually contributes to groundwater recharge is not known. 

Indirect evidence for deep drainage has also been reported by a variety of sources. 

Doughty et al. (1954) at Swift Current, Saskatchewan frrst reported nitrogen losses from 

the root zone due to deep drainage. Similar reports of loss of nitrogen from the root zone 

as a result of deep drainage include Michalyna and Hedlin (1961) at Winnipeg, Manitoba, 
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Ferguson (1963) at Brandon, Manitoba, and Lehane et al. (1964) at Swift Current, 

Saskatchewan. Power (1970) suggested that leaching of nitrate-N below the root zone as 

a result of deep drainage could occur in North Dakota in wet years under fallow 

conditions, but that deep drainage was unlikely to occur when a crop was present Custer 

(1978) observed significant leaching of nitrate into the groundwater within one year of the 

soil being broken in Montana. Introduction of deep-rooted perennials such as alfalfa in 

the recharge areas was observed to lower the water table in the seep areas, indicating that 

significant deep drainage was occurring in the recharge areas under common cropping 

practices (Halvorson and Reule 1980). 

Campbell et al. ( 1975) observed an accumulation of nitrate below the root zone 

due to deep drainage occurring over a period of 14 to 35 years after breaking in 

southwestern Saskatchewan. Campbell et al. (1984) estimated that 123 kg ha-1 of nitrate

N was leached out of the top 2.4 m of the soil profile as a result of a wetter than normal 

year in 1982. 

Ferguson and Bateridge (1982) estimated that 90 t ha-1 of soluble salts were 

leached from the soil profile over a period of 50 years in Montana. The accumulation of 

soluble salts at depth is commonly observed in Saskatchewan and suggests that deep 

drainage may be limited (St. Arnaud 1979; Eilers 1982). 

2.2.4 Soluble Salt Distribution 

Water flow will influence both the concentration and species of soluble salts 

present in glac:al deposits. The concentration of soluble salts in precipitation is relatively 

low with total ion concentrations in the order of 20 mg r 1 (Grisak et al. 1976). 

Groundwaters within till deposits in the Interior Plains rarely have total ion concentrations 

less than 500 mg r 1, indicating the high potential for solubilization of salts. Low 

solubility minerals such as the silicate minerals rarely account for more than 10 mg 1-1 of 

the total salt <.<oncentration (Grisak et al. 1976). Large increases in soluble salt 
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concentration have been observed along the water flow path from recharge to discharge 

areas (Rozkowski 1967; Eilers 1973; Eilers 1982). The ion concentration in temporary 

sloughs is relatively low in spring, due to the low ion concentration in snow, and may 

increase up to 200 or 300 percent over the summer (Rozkowska and Rozkowski 1969). 

The dominant ion species in the soils and groundwater of semi-arid regions 

include Na+, Ca2+, Mg2+, K+, cr, S042-, and HC03- (Doner and Lynn 1977; Freeze 

and Cherry 1979). The evolution of groundwater chemistry during flow is primarily 

determined by the relative abundance and solubility of the minerals through which flow 

occurs (Freeze and Cherry 1979). 

The chloride minerals, for example halite (NaCl) and sylvite (KCl), are highly 

soluble and are normally present in relatively low concentrations (Freeze and Cherry 

1979). Thus, the chloride minerals are readily leached along the flow path. The presence 

of a high Cf concentration in the groundwater of the Interior Plains is usually indicative 

of a bedrock influence on the groundwater chemistry (Eilers 1973; Henry et al. 1985). 

Sulphate minerals, for example gypsum (CaSO 
4

·2 H
2
0) and anhydrite (CaSO 4), 

are less soluble than the chloride minerals but more soluble than the carbonate minerals 

(Freeze and Cherry 1979). Significant concentrations of SO 
4 
2- are found in the 

groundwater of the Interior Plains in most areas (Eilers 1973; Grisak et al. 1976; Eilers 

1982; Miller 1983). 

Carbonate minerals, such as calcite (CaC0
3
) and dolomite (CaMg(C0

3
)
2

), are 

abundant in the glacial deposits of the Interior Plains region (Freeze and Cherry 1979). 

The dominant anion in recharge 8reas is normally HC0
3

- because the more soluble 

sulphate and chloride minerals experience stronger leaching (Freeze and Cherry 1979). 

Several authors, however, reported high concentrations of S042- in recharge areas in the 

Interior Plains (Rozkowski 1967; Eilers 1973; Grisak et al. 1976; Keller 1985). 

Cation evolution in groundwater is complicated by exchange reactions and by a 

complex relationship between catio :1 species and solubility. In general, the dominant 
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. h f C 2+ M 2+ N + . . f .h d' h catlon c anges rom a to g or a tn gotng rom a rec arge to a tsc arge area 

(Eilers 1973; Eilers 1982). 

The molal ratio Mg2+ /Ca2+ is less than 1 in a glacial deposit dominated by 

carbonate minerals (Grisak et al. 1976). The presence of soluble salts may result in a 

Mg2+/Ca2+ ratio greater than 1 and the Mg2+;ca2+ ratio has been observed to increase 

going from a recharge to a discharge area (Rozkowski 1967; Grisak et al. 1976). St. 

Arnaud ( 1979) found a high soluble Mg2+ /Ca2+ ratio to be indicative of limited leaching 

or soluble salt accumulation and a low soluble Mg2+/Ca2+ ratio to be indicative of well 

leached materials. The presence of significant amounts of magnesium in secondary calcite 

is an indicator of restricted dtainage in the past (St. Arnaud 1979). 

2.3 LANDSCAPE PROC~SSES 

The properties of the water flow system on a local scale are strongly influenced by 

the properties of the landscape, for example the surface topography and stratigraphy. The 

water flow system, however, can also act to modify the properties of the landscape 

through soil redistribution and soil formation. Thus, groundwater recharge on a local 

scale cannot be considered in isolation but rather as one of a series of processes occurring 

within a landscape. 

2.3.1 Landscape Description 

A landscape can be divided into a series of elements based upon surface form. 

The most commonly used parameters for the description of surface form are profile 

(downslope) curvature, plan (across-slope) curvature, gradient, slope length and slope 

aspect (Young 1972). Catchment area, the up-slope area in the landscape which can 

contribute to overland flow over a unit length of a contour line, and dispersal area, the 
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downslope area in the landscape to which overland flow could occur from a unit length of 

a contour line, can also be used to describe a landscape (Speight 1968; 1980). 

The most commonly used system for the description of slope elements is that 

developed by Ruhe (1960) and Rube and Walker (1968). The slope elements in profile 

consist of a summit, shoulder, backslope, footslope and toeslope. The summit is a nearly 

level element at the top of the slope and the toeslope is a nearly level element at the base of 

the slope. The backslope is a rectilinear element, usually with a significant gradient, but is 

relatively uncommon in hummocky landscapes (King et al. 1983; Pennock and de Jong 

1987). The shoulder is a convex element found at the top of the slope and the footslope is 

a concave element found at the base of the slope .. Plan form is recognized as being linear 

(side slope), convex (nose slope), or concave (head slope) (Aandahl 1948; Ruhe and 

Walker 1968). Dalrymple et al. (1968) described a slope classification system stressing 

slope processes. In general, the classification systems are subjective in nature and 

difficult to apply in complex landscapes. 

Troeh ( 1964) used equations for paraboloids of revolution to describe 

symmetrical elements in a landscape. The coefficients of the equations were used to 

estimate slope parameters. Speight (1968) estimated slope parameters from contour maps. 

Numerical estimates of surface form are more commonly calculated from an elevation 

matrix with a regular grid spacing (often called a digital terrain model or DTM) using the 

method of Young and Evans (1978). The DTM can also be used to calculate catchment 

area and dispersal area (Martz and de Jong 1987; 1988). 

Landform classification consists of dividing the landscape into elements which 

have a similar range of slope parameters. The slope parameters used may include surface 

form (Pennock et al. 1987), catchment area (Martz and de Jong 1987) or a combination of 

the two (Speight 1968). 

Speight (1980) suggested that surface form acts as an indicator variable for 

catchment area. Comparison of the results of Martz and de J ong ( 1987), Pennock and de 
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Jong (1987) and Pennock et al. (1987) suggests that catchment area must be considered 

in addition to surface form where an integrated drainage system is present but that 

catchment area and surface form yield similar information in hummocky landscapes. 

2.3.2 Water Flow and Distribution in Landscapes 

It is commonly accepted that the distribution of soil water in a landscape exhibits 

strong spatial and temporal variation and that lower slope positions are wetter than upper 

slope positions. Greater infiltration of water occurs in the lower slope positions than in 

the upper slope positions for both rainfall (Acton and Fehrenbacher 1976) and snowmelt 

(Hastie 1976) runoff events. Hastie (1976) estimated that snowmelt recharged the soil to 

a depth of 0.3 m in the upper slope positions and to 0.9 m in the lower slope positions on 

a hillslope adjacent to a slough in the Brown soil zone. Fishman (1968) measured the 

water content in the top 2 m of the soil at various slope positions in a hummocky 

landscape in the Soviet Union with elevation differences in the order of 0.2 to 0.5 m. The 

water content, as a fraction of the water content at the summit, was 0.85 in the upper 

slope positions, 1.25 in the lower slope positions and 1.54 in the toeslope positions. 

Kachanoski and de Jong (1988) studied changes in moisture content in a landscape in the 

Dark Brown soil zone over a growing season. Water content at one sampling time could 

be approximated as a linear function of water content at previous samplings for periods of 

both soil wetting and drying. Thus, the relative differences in water content within the 

landscape persisted over time. 

The distribution of wat~r in a landscape is a result of the water flow processes 

occurring within the landscape. Water added as precipitation can follow several pathways: 

evapotranspiration, overland flow, interflow, deep drainage and groundwater recharge. 

· Evapotranspiration is controlled by the microclimate of the slope element. North 

facing slopes are consistently 1.5 to 2 °C cooler than south facing slopes due to less 

incoming radiation. As a result, 1 ·vapotranspiration is reduced on north facing slopes and 
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soil moisture is higher (Cooper 1960; Franzmeier et al. 1969). Hanna et al. (1982) found 

a north facing slope to have an additional15 mm of soil water compared to a south facing 

slope. Macyk et al. (1978) found north-facing slopes to be cooler and wetter than south

facing slopes, and footslopes to be cooler and wetter than upper slope positions in a 

hummocky landscape in Alberta. Fishman (1968) stated that water content decreases with 

the following sequence of slope exposure: north > west > east > south. 

Interflow, or throughflow, is lateral flow occurring below the soil surface but 

above a water table. Interflow occurs when infiltrating water encounters a layer of 

reduced hydraulic conductivity or where water flow lines converge below a concave soil 

surface (Zaslavsky and Rogowski 1969). A decrease in hydraulic conductivity with depth 

is the rule rather than the exception and can be attributed to a wide variety of factors: 

increased porosity at the surface due to the development of soil structure, cultivation or 

biological activity; decreased porosity at depth due to the filling of soil pores by 

secondary carbonates (Nkalai and Zartman 1985), accumulation of clay (Whipkey and 

Kirkby 1978) and overburden pressures; and stratigraphic changes. The potential for 

lateral flow is maximized by a large, abrupt decrease in hydraulic conductivity (Zaslavsky 

and Rogowski 1969). A strong decrease in hydraulic conductivity in conjunction with a 

high infiltration rate may lead to the development of a saturated zone on top of the low 

hydraulic conductivity layer which will greatly enhance lateral flow (Weyman 1973). 

Ahuja and Ross (1982) stated that a large decrease in interflow will occur for a small 

increase in the hydraulic conductivity of the low hydraulic conductivity layer. 

Interflow has been recognized as an impo;tant aspect of water flow in humid 

environments (Chorley 1978), but it is uncertain how important interflow is in the Interior 

Plains. Interflow within the Interior Plains has been documented in the formation of 

saline seeps (Brown et al. 1982) and Acton and Fehrenbacher (1976) observed the 

development of a saturated zone within the soil profile in response to high rainfall. 

lnterflow may occur over frozen soils during spring s towmelt (Miller 1983). 
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The presence of a high water table will have a strong influence on soil moisture 

content in a landscape. Areas of low elevation, for example footslopes and toeslopes, 

may be at or near saturation due to the influence of the water table and the capillary fringe. 

Upper slope positions are rarely influenced by the water table where significant local 

relief is present 

The accumulation of water or development of a saturated zone within the profile 

will occur where the flow lines converge for both overland flow and interflow (Whipkey 

and Kirkby 1978). Convergence of flow lines is characteristic of concave plan form and 

divergence of flow lines is characteristic of convex plan form. Concave profile form will 

also lead to accumulation of water (Zaslavsky and Rogowski 1969; Sinai et al. 1981 ). 

The relationship between surface form and water accumulation has been observed by a 

number of authors (Huggett 1976; Anderson and Burt 1978; O'Loughlin 1981; Sinai et 

al. 1981; Burt and Butcher 1985). 

Sinai et al. (1981) found a strong linear correlation between soil moisture and 

surface curvature, both in plan and profile, in the absence of overland flow. Burt and 

Butcher (1985) found the best predictor of water distribution as interflow to be: 

(catchment area) x (plan curvature)+ (gradient) 

The prediction of water distribution was better for wet soil conditions than for dry soil 

conditions. England and Holtan ( 1969) used topographic position to delineate areas 

within a small watershed that had similar soil properties, and thereby identified units with 

similar hydrologic responses to precipitation events. 

2.3.3 Influence of Water Flow on Soil Morphology 

2.3.3.1 Processes 

The primary factor controlling the distribution of soils in a landscape with uniform 

parent material is water flow and redistribution by topography (Hall 1983). Water 
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influences soil development through the redistribution of soil material over the soil 

surface, the translocation of clay within a soil profile, the accumulation of organic matter 

at the soil surface, gleying, and the dissolution and precipitation of soil minerals. 

Soil redistribution can occur both as slumping or as the surface redistribution of 

soil particles and aggregates. Mass flow of soil material is associated with structural 

instability of the soil or till, often due to a reduction in soil shear strength at high water 

content (Clayton 1967; Boulton 1976). Mass flow may occur during or immediately 

following glacial deposition (Clayton 1967; Boulton 1976) or may occur due to 

subsequent climatic variation (Acton and Fehrenbacher 1979; Hall1983). 

The surface redistribution of soil particles involves the detachment, transport and 

deposition of individual soil particles or small aggregates. Soil redistribution in upland 

areas of the Interior Plains is believed to be dominated by wind erosion (Martz and de 

Jong 1987). Such redistribution is complex and is strongly dependent on wind exposure. 

Redistribution of soil in the Interior Plains by water is related primarily to 

snowmelt and to infrequent, high intensity rainfall events (Kachanoski and de Jong 

1985). The convex proftle form of shoulders and the high gradient of backslopes enhance 

soil loss whereas the concave profile form of the footslopes enhances soil deposition 

(Pennock and de Jong 1987). A concave plan form will tend to result in converging water 

flow lines and will enhance soil deposition in the footslopes and may enhance soil loss on 

shoulders and backslopes. Soil redistribution by water on summits is limited due to the 

predominance of water infiltration (Hall 1983). Soil redistribution has been characterized 

in hummocky landscapes using surface form (Pennock and de Jong 1987) and in 

integrated drainage basins using catchment area (Martz and de Jong 1987). 

Soil redistribution acts to modify the soil properties in a landscape. Clay and 

organic matter depletion on shoulders and accumulation on footslopes and toeslopes is 

commonly observed (Walker et al. 1968; Walker and Rube 1968; Kleiss 1970; Malo and 

Worcester 1975; Huggett 1976; Gregorich and Anderson 1985). The accumulation of 
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clay and organic matter in the lower slope positions results in increased cation exchange 

capacity, decreased bulk density and increased solum thickness (Kleiss 1970; Gregorich 

and Anderson 1985). The change in soil properties down a slope may also result in a 

change in the soil hydraulic conductivity (Matzdorf et al. 1975). Birkeland (1974) noted, 

however, that higher clay content in the lower slope positions can also be the result of 

more intense weathering due to higher soil water content. St. Arnaud and Whiteside 

( 1963) suggested that physical breakdown of sand to finer sand or silt may occur as a 

result of freeze-thaw processes, particularly under saturated or near saturated conditions. 

Thus, the decrease in soil particle size down a slope may be in part the result of increased 

physical breakdown in lower slope positions where wetter soil conditions predominate. 

Similarly, higher organic matter contents at lower slope positions are not only due to soil 

redistribution. 

The translocation of clay within soil profiles results in the formation of horizons 

exhibiting depletion of clay (McKeague and St. Arnaud 1969). Clay movement occurs 

after the removal of soluble salts and carbonates has occurred. Huggett (1976) suggested 

that lateral translocation of clay may occur in conjuction with interflow. Eluviated 

horizons are commonly observed in lower slope positions in non-carbonated, non-saline 

soils in Saskatchewan (King et al. 1983; Miller et al. 1985). The presence of an eluviated 

horizon, however, need not be due to clay translocation (Oertel 1968) and is not always 

indicative of soil leaching. 

The accumulation of organic matter at the soil surface is related to the inherent soil· 

fertility, microclimate and availability of water for plant growth. Whitman et al. ( 1985) 

observed that the effect of gradient and aspect on incoming radiation strongly influenced 

crop growth. Plant nutrients and cation exchange capacity often increase down a slope 

(Kleiss 1970; Malo and Worcester 1975; Gregorich and Anderson 1985). The major 

factor limiting plant growth in the Interior Plains, however, is soil moisture (de Jong and 
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Steppuhn 1983). Thus, plant growth and organic matter accumulation should be greatest 

where the water content is high due to a concave surface form (Sinai et al. 1981 ). 

Gleying is the reduction of ferric compounds in the soil when soil oxygen is 

depleted by biological activity (Russel 1973). Gleying is generally associated with 

restricted drainage or a high water table. Troeh (1964) found that soil drainage classes 

were closely related to slope curvature. Landscapes with a closed drainage pattern tend to 

have a greater occurrence of gleysols than those with an open drainage pattern (Acton 

1965). 

Water flow results in a significant redistribution of soil minerals within a 

lar.dscape. Luken (1962) described two general types of soluble salts distribution, saline 

and non-saline, along transects from a depression to a knoll. The non-saline transect was 

well leached below the depression and the lower slope positions. A shallow surface zone 

of low soluble salt concentration in the upper slope positions was underlain by a uniform 

and high soluble salt concentration at depth. The saline transects differed from the non

saline transects in the lower slope positions where an accumulation of soluble salts was 

present at the surface. The accumulation of salts in the lower slope positions may appear 

as a ring around the depression. 

Moran et al. (1986) studied the changes in soluble salt distribution that occurred 

over a 12 year period in a till minespoil in Alberta. Loss of soluble salts was observed in 

the upper slope positions and accumulation of soluble salts was observed in the lower 

slope positions. Salt accumulation was attributed to local discharge of water as 

evaporation in the lower slope positions. Mills and Zwarich ( 198f) also attributed the 

development of a saline ring around a slough to local discharge. 

Diffuse accumulation zones of soluble salts have been observed at depths of 1.2 

to 3.4 m under upland areas in North Dakota and are normally greater than 1.2 m thick 

(Matzek 1955). Accumulations of soluble salts at depth in upland areas are commonly 

observed in Saskatchewan (St. Arnaud 1979; Eilers 1982). Soluble sa as were leached to 
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a depth below 1.5 min a mine spoil in Montana in less than 50 years (Schafer et al. 

1980). Anderson (1977) observed that leaching of soluble salts to a depth of 0.5 to 1.0 m 

had occurred in mine spoils, ranging in age from 28 to 40 years, in southern 

Saskatchewan. In contrast, the concentration of calcium carbonate had been slightly 

decreased in the top 50 mm of the spoil over the same time period. 

The depth to calcium carbonate increases downslope (St. Arnaud 1976). The 

depth of calcium carbonate depletion is often considered to reflect leaching by water but 

may also reflect decreasing partial pressure of carbon dioxide with depth (St. Arnaud 

1979). Rostad and St. Arnaud ( 1970) suggested that periodic removal and accumulation 

of carbonate minerals may occur in Bmk horizons. Horizons of calcium carbonate 

accumulation generally range from 0.45 to 0.60 min thickness (Matzek 1955) and are 

generally more diffuse in lower slope positions (St. Arnaud 1979). The depth of calcium 

carbonate leaching increases with increasing soil hydraulic conductivity (Matzek 1955) 

and decreasing calcium carbonate concentration in the parent material (Matzek 1955; 

Acton and Fehrenbacher 1976). The depth of leaching of calcium carbonate is greater for 

coarse textured soils than for fine textured soils (Matzek 1955). 

Miller et al. ( 1985) observed that non-saline, carbonated soils may form adjacent 

to depressions in recharge areas due to local discharge in response to evaporation. Thus, 

a carbonated ring, similar to a salt ring, may be formed. 

2.3.3.2 Soil Distribution 

The characteristic sequence of soil types in a hummocky landscape in southern 

Saskatchewan, from a knoll to a depression, is Rego Chemozem, Calcareous 

Chernozem, Orthic Chernozem, Eluviated Chemozem and Humic Luvic Gleysol (St. 

Arnaud 1976; King et al. 1983). In general, depth to calcium carbonate, thickness of A 

horizon and solum depth increase and soluble salt content decreases downslope. 

Eluviation-illuviation increases and horizons of carbonate accumulation become more 
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diffuse in the downslope direction. King et al. (1983) found soil type to be closely related 

to slope profile form. 

The relationship between the groundwater flow regime and soil morphology in the 

Interior Plains is outlined in Table 2.1. Sodium concentrations are generally low in 

Saskatchewan and slow discharge areas commonly contain saline chemozemic soils 

(Henry et al. 1985) rather than solonetzic soils as reported by Leskiw (1971, from Eilers 

1973). Similar results have been presented by Eilers (1973), MacLean and Pawluk 

(1975), Eilers (1982) and Miller et al. (1985). 

Table 2.1. Summary of the influence of the groundwater regime on soil type (Leskiw 

1971, from Eilers 1973; Henry et al. 1985). 

Flow Direction Flow Rate Dominant Soil Type 

Recharge Fast Humic and Humic Luvic Gleysols 

Recharge Slow Eluviated Chernozems 

Discharge Fast Carbonated and Saline Gleysols 

Discharge Slow Saline Chernozems 

2.4 METHOOOLOGY 

2.4.1 Water Flow 

Water flow can be estimated from the Darcy or Richard's equations or, indirectly, 

from changes in water content. Preferential flow through macropores or fractures may 

occur under saturated or near saturated conditions (Thomas and Phillips 1979). Such 

preferential water flow is difficult to predict through application of the Darcy equation and 

is diffkult to detect as a change in water content. A high degree of spatial variability in 

soil hy trologic properties also makes prediction of water flow difficult (Nielsen et al. 
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1973). The spatial distribution of the rate of deep drainage, however, appears to be 

relatively uniform in level terrain (Peck et al. 1977; Rice et al. 1986). 

2.4.1.1 Direct Calculation using the Darcy Equation 

Water flow can be calculated using the Darcy equation: 

aH 
V=-K-

az 
[2.1] 

where vis the Darcy velocity (L T-1), K is hydraulic conductivity (L T-1), His hydraulic 

head potential (L) and z is distance (L). Calculation of changes in water content under 

transient, unsaturated flow conditions requires application of the Richard's equation 

which combines the Darcy equation and the equation for conservation of mass: 

ae av 
-=---S [2.2] 
at az 

where e is volumetric water content, t is time and S is a sink term which can be used to 

account for extraction of water by plant roots or evaporation. Application of the Darcy 

equation and the Richard's equation requires an estimate of hydraulic conductivity and an 

estimate of the hydraulic head gradient. Hydraulic conductivity for unsaturated flow can 

be treated as a function of water content or matric potential. 

The Darcy equation is commonly used to estimate groundwater recharge 

(Meyboom 1966; Rehm et al. 1982; Keller 1985) and deep drainage (LaRue et al. 1968; 

van Bavel et al. 1968b; Stone et al. 1973). Steady state flow is normally assumed to 

occur over discrete time intervals. 

Wind and van Doome (1975) developed an analytical solution to the Darcy 

equation for steady state vertical flow in a uniform soil when the hydraulic conductivity 

function is of the form: 
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K = Ks exp( <l'tf m) [2.3] 

where K is hydraulic conductivity, Ks is saturated hydraulic conductivity, a is a constant 

and 'I'm is matric potential. The Darcy velocity can then be expressed as: 

K2- Kl 
V= - Kl 

exp(ad)- 1 
[2.4] 

where K1 and K2 are the values of hydraulic conductivity predicted by Equation 2.3 for 

two depths in the soil profile at different matric potentials and d is the distance between 

the two depths. The approach can be applied to a wide range of soil moisture conditions 

by developing a series of hydraulic conductivity functions in the form of Equation 2.3 for 

different ranges of soil matric potential (Kirby 1985). 

Transient and steady state models dealing with saturated and/or unsaturated flow 

in one, two or three dimensions have been developed by a variety of authors (Freeze and 

Witherspoon 1967; Freeze and Banner 1970b; Freeze 1971; McBride and Pfannkuch 

1975; Winter 1983; Mills and Zwarich 1986). The models have been used in conjunction 

with field measurements and as a tool to study the effect of changes in stratigraphy, water 

table geometry and surface topography on water flow patterns. 

2.4.1.2 Estimation from Water Balance Calculations 

Well hydrographs have been used to obtain estimates of groundwater recharge 

(Freeze and Banner 1970a; Stephenson and Zuzel 1981; Rehm et al. 1982; Trudell et al. 

1986). The height of rise of the water table in response to a precipitation event or over a 

season is used as an estimate of the groundwater recharge. Interpretation of well 

hydrograph data must take into consideration the influence of atmospheric pressure on the 

water table (Peck 1960), the change in the water table depth associated with the freez:ng 

and thawing of water over the winter (Meyboom 1967b) and the fact that a relatively 
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small change in water content may be associated with a significant rise in the water table 

(Trudell et al. 1986). Freeze and Banner (1970b) used changes in the soil moisture profile 

to identify water table rise due to drainage of water through the soil profile. 

A mass transfer or mass balance approach is often used to characterize the water 

balance of a slough (Meyboom 1967a; Shjeflo 1968; Lakshman 1971). Slough seepage is 

estimated from the rate of water level drop overnight in the absence of evapotranspiration. 

Rehm et al. (1982) estimated groundwater recharge by monitoring the change in water 

stored in an aquifer below the study area. 

Unsaturated flow is commonly estimated using a water balance approach. The 

water balance equation can be expressed as: 

ilW =P-ET-R-I-D [2.5] 

where A W is the change in soil moisture storage within the soil profile, P is precipitation, 

ET is evapotranspiration, R is net runoff, I is net interflow and D is deep drainage. The 

water budget is usually simplified by assuming net runoff and net interflow to be 

negligible: 

ilW =P-ET-D [2.6] 

The precipitation and storage terms are relatively easy to determine. The estimation of 

deep drainage, therefore, requires a separation of the change in soil moisture storage into 

drainage and evapotranspiration. 

One of the most common techniques for estimating deep drainage is the zero flux 

plane method (McGowan and Williams 1980). The zero flux plane is the depth at which 

no flow occurs. Water flow is normally upward above the zero flux plane in response to 

evapotranspiration and is downward below the zero flux plane in response to gravity. 

Thus, any water loss occurring below the zero flux plane can be attributed to drainage. 

M. :Gowan and Williams (1980) located the zero flux plane from plots of water content 
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over time for different depths in the soil profile. The point in time at which the rate of 

water loss at a particular depth was observed to increase markedly was taken as the time 

at which the zero flux plane had passed that depth in the soil profile. The method assumes 

that root extraction below the zero flux plane is negligible. The location of the zero flux 

plane can also be obtained from plots of soil matric potential with depth obtained from 

tensiometer readings. The method works best when starting with a uniformly wet soil 

profile and can be complicated by the presence of more than one zero flux plane within 

the soil profile. Maule and Chanasyk (1987) successfully applied the zero flux plane 

method in the Interior Plains. 

Drainage can also be estimated by applying the concept of field capacity. Field 

capacity is the water content at which drainage becomes negligible. A decrease in soil 

water storage is attributed to evapotranspiration only when the soil is below field capacity 

and attributed to both evapotranspiration and drainage when the soil is above field 

capacity. The concept of field capacity, however, is somewhat arbitrary in that drainage 

does continue at low matric potentials (Hilgeman 1948). 

Field capacity is commonly taken to be the water content at a matric potential of 

-3.33 m for a disturbt:.d sample although -1.00 m may be used for sandy soils. Ratliff et 

al. (1983) found that the use of a ma.tric potential of -3.33 m to determine field capacity 

tended to overestimate in .si.tl! field capacity in fine textured soils, underestimate field 

capacity in coarse textured soils and estimated field capacity well in medium textured 

soils. Hall and Heaven (1979) used the soil moisture content in the spring when no 

significant rainfall had occurred in the preceding few days as an estimate for field 

capacity. Maule and Chanasyk (1987) used the water content at a matric potential of -0.40 

m, determined in situ, as field capacity. 

A third approach to estimating drainage is to develop a relationship between the 

drainage rate and the runount of water stored in the soil. Richards et al. (1956) found that 

the amount of water in t draining soil profile could be expressed as: 
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[2.7] 

where W0 is the depth of water in the soil between the soil surface and depth D, and a 

and b are empirical constants. The relationship between drainage and time must be 

corrected for water loss by evaporation (Richards et al. 195 6) or the soil surface may be 

sealed to prevent evaporation (Ogata and Richards 1957; Wilcox 1959). Black et al. 

(1969) found the rate of drainage to have an exponential relationship with soil water 

storage of the form: 

dW 
-=a exp( b (W-e)) 

dt 

where dW I dt is the drainage rate, and a, b and c are empirical constants. 

2.4.2 Hydraulic Head Potential 

HydrauHc head potential under saturated conditions is calculated as: 

'l'h = 'l'p + 'l'g 

[2.8] 

[2.9] 

where 'l'h is hydraulic head potential, 'l'p is pressure potential and 'l'g is gravitational 

potential. Pressure potential is most commonly determined using the piezometer (Reeve 

1965). Piezometers may be installed in nests at different depths to obtain vertical 

hydraulic head gradients and as paired nests to obtain horizontal hydraulic head gradients 

(Meyboom 1966). 

Hydraulic head potential under unsaturated conditions is calculated as: 

'l'h ='I'm+ 'l'g [2.10] 

where 'If m is matric potential. The most common instrument for the measurement of 

matric potential in soils is the tensiometer (Richards 1965a). The tensiometer is limited to 
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a minimum matric potential of approximately -8.0 m. Matric potential can also be 

estimated from soil moisture content when used in conjunction with a moisture retention 

curve (Rose et al. 1965). Relatively small changes in moisture content, however, may be 

associated with large changes in matric potential. Water flow rates under dry soil 

conditions are often so low that the error in the prediction of the matric potential from 

water content is of little significance (Hanks and Bowers 1963). 

2.4.3 Hydraulic Conductivity 

A wide variety of methods for the determination of hydraulic conductivity .of 

saturated soils under field conditions have been described by various authors (Bouwer 

and Jackson 1974; Freeze and Cherry 1979). The most widely used methods in 

groundwater recharge studies, where saturated hydraulic conductivity below a water table 

is required, are the "slug", auger-hole and pump tests. Most pump and auger-hole tests, 

however, rely on a specific geometry for either the stratigraphy or the well installations. 

Pump tests are more suitable for high permeability deposits. In a slug test, the water level 

in a piezometer is displaced by the addition or removal of water or a metal slug and the 

subsequent recovery of the water level is measured over time. Slug tests measure 

hydraulic conductivity predominantly in the horizontal direction. 

Two main methods of analyses have been developed for slug tests. The Hvorslev 

( 1951, from Freeze and Cherry 1979) analysis assumes the piezometer acts as a point 

source, and does not account for storage effects within the deposits. Hydraulic 

conductivity is determined as: 

r
2 

L 
K=---ln-

2LT R 
L 

for R > 8 [2.11] 
0 

where r is the radius of the piezometer standpipe, L is the length of the piezometer screen 

and R is the radius of the piezometer screen. The value of ( -1 I T 0 ) represents the slope 
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of the In I h0 - h I vs t curve where h0 is the water level in the piezometer at time t < 0 

and h is the water level in the piezometer at time t. 

The Cooper et al. ( 1967) analysis assumes a well of finite diameter and allows for 

storage, but also assumes that all flow from the piezometer is horizontal. Hydraulic 

conductivity is determined by fitting a plot of log I h0 - h I vs log t to dimensionless 

curves as presented by van der Kamp (1975).The Cooper et al. analysis tends to predict 

higher values for the hydraulic conductivity of till deposits than the Hvorslev analysis 

because vertical flow is not accounted for in the Cooper et al. analysis (Keller et al. 

1986). 

The most common field methods for determining saturated hydraulic conductivity 

in the absence of a water table are the air-entry permeameter (Topp and Binns 1976) and 

the constant head well permeameter (Reynolds and Elrick 1986). Both the air-entry 

permeameter and the constant head well permeameter yield similar estimates of saturated 

hydraulic conductivity (Lee et al. 1985). An approximate estimate of the saturated 

hydraulic conductivity can also be obtained by flooding the soil surface until a constant 

infiltration rate is reached. 

The most common methods for determining saturated hydraulic conductivity in 

the laboratory are the constant head and falling head methods (Klute 1965a). The constant 

head method determines hydraulic conductivity as: 

K= QL 
A Llli t 

[2.12] 

where Q is the volume of water passing through a sample with cross-sectional area A and 

length Lover timet when a constant hydraulic head t1.H is applied. The falling head 

method determines hydraulic conductivity as: 

K= aLs 
A 

[2.13] 
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where a is the cross-sectional area of the standpipe and -s is the slope of the ln H vs t 

curve. The constant head method is best suited to soils with a hydraulic conductivity of 

approximately 10-6m s-1 or higher (Klute 1965a). The falling head method is best suited 

to soils with a lower hydraulic conductivity because of the more accurate measurement of 

the volume of water flow, the lower potential for evaporation, and the higher applied 

hydraulic head relative to the constant head method. 

The instantaneous profile method is considered to be the best technique for 

determining unsaturated hydraulic conductivity in the field (Klute 1972). The method 

requires the variation in the moisture content and hydraulic head profiles over time and 

one known value for the flux at some depth in the soil profile. The known flux can be 

obtained by identifying the depth of the zero flux plane (Richards et al. 1956; Arya et al. 

1975), by creating a zero flux plane by sealing the soil surface (Ogata and Richards 1957; 

van Bavel et al. 1968a; Davidson et al. 1969; Hillel et al. 1972; Matzdorf et al. 1975), by 

estimating the evaporation loss from the surface in the absence of vegetation (Rose et al. 

1965; van Bavel et al. 1968a) or by applying water at a known rate with a rainfall 

simulator (Hillel and Benyamini 197 4 ). 

The calculation for the velocity of flow for the instantaneous profile method is 

given by (Klute 1972): 

[2.14] 

where zt and z2 are two depths in the soil profile. Hydraulic conductivity can then be 

calculated using the Darcy equation: 

v(z,t) (z2 - z1) 
K=----- [2.15] 

AH 
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where K and~ Hare averaged over a discrete time step and·the velocity is taken midway 

between z1 and z2. 

The assumption of unit hydraulic head gradient can be made for a uniform, 

draining profile in the absence of a water table and sealed at the soil surface. The equation 

for the calculation of hydraulic conductivity can then be simplified to (Klute 1972): 

where L is distance from the surface. 

K= Ld9 
dt 

[2.16] 

Unsaturated hydraulic conductivity in the field can be determined by creating a 

surface crust of reduced hydraulic conductivity and obtaining steady state infiltration 

through the soil profile (Hillel and Gardner 1970). Hydraulic conductivity can then be 

determined at a series of water contents by using crusts of differing hydraulic 

conductivity. Unsaturated hydraulic conductivity can also be determined with the constant 

head well permeameter (Reynolds and Elrick 1986). Given a hydraulic conductivity 

function in the form of Equation 2.3, then the value of a can be determined from two or 

more determinations of Ks done in the same hole at different water levels. 

A common method for determining unsaturated hydraulic conductivity in the 

laboratory is the steady state method (Klute 1965b ). Hydraulic conductivity is calculated 

as in Equation 2.12. The method can be used for rnatric potentials down to approximately 

-1.0 rn. The outflow method can be used to determine soil water diffusivity or hydraulic 

conductivity for rnatric potentials below -1.0 m by analyzing the rate of water flow for a 

soil sample subjected to a sudden decrease in matric potential (Towner 1982). A wide 

variety of experimental procedures and analyses have been developed for the outflow 

method. In general, the analysis is both sophisticated and time consuming. 
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The relationship between hydraulic conductivity and moisture content can be 

predicted from the moisture retention characteristics of the soil. The hydraulic 

conductivity function can be calculated as (Kunze et al. 1968): 

2 K n 
K(e) . = 30 1 e s L 2j + 1 - 2i for i = 1, 2 ... n 

t 2 K 2 
p g Tt n sc j=1 '~'m,j 

[2.17] 

where K(S)i is the calculated hydraulic conductivity for a specified moisture content or 

matric potential class, y is the surface tension of water, p is the density of water, g is the 

gravitational constant, 11 is the viscosity of water, n is.the number of pore size classes, the 

ratio of Ks to Ksc is a matching factor determined by dividing the measured saturated 

hydraulic conductivity by the calculated saturated hydraulic conductivity and 'I'm is matric 

potential. 

A simplified relationship for hydraulic conductivity as a function of matric 

potential can be determined for a moisture retention t;urve of the form: 

[2.18] 

where 'time is the matric potential at the air entry value, as is the saturated soil moisture 

content and b is a constant. The hydraulic conductivity can then be expressed as 

(Campbell1974): 

[2.19] 

or as 
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[2.20] 

The calculated hydraulic conductivity is matched against one experimentally obtained 

hydraulic conductivity. The experimental value is obtained at saturation {Campbell1974) 

or at a matric potential in the range of interest (Roulier et al. 1972). 

Hanks and Bowers (1963) stated that the accuracy of the estimate of hydraulic 

conductivity is less critical at low moisture contents than at high moisture contents due to 

the rapid decrease in hydraulic conductivity with decreasing water content. Bouwer and 

Jackson (1974) stated that hydraulic conductivity is a log-normally distributed variable. 

2.4.4 Water Content 

The most common methods for the determination of soil water content are 

gravimetry by oven drying, neutron thermalization, gamma attenuation (Gardner 1965) 

and time-domain reflectometry (Topp et al. 1984 ). Soil electrical conductivity has also 

been used to estimate bulk soil water content (Kirkham and Taylor 1949). 

In the neutron thermalization method, high energy neutrons are emitted into the 

soil and the neutrons are slowed or thermalized primarily by collisions with hydrogen 

nuclei. Thus, the rate of neutron thermalization is proportional to the volumetric water 

content of the soil. The soil volume measured is in the order of 0.15 min diameter but 

increases for low soil water contents. In gamma attenuation, the attenuation of a beam of 

gamma rays in the soil between a source and detector is determined. The attenuation of 

the gamma rays is proportional to the density of the soil and thus, for a stable soil matrix, 

to the volumetric water content of the soil. Narrow bands of soil, in the order of 20 to 30 

nim in thickness, are measured at one time. The time domain reflectometry (TDR) method 

determines soil capacitance by measuring the time taken for an electrical pulse to travel 
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down a pair of parallel electrodes buried within the soil. The soil capacitance is 

proportional to the soil water content and can be determined independently of salt content. 

Neutron thermalization and gamma attenuation are preferable to gravimetry for 

determining changes in soil moisture content because repeated measurements can be taken 

on the same soil volume. Neutron thermalization is a more rapid technique than gamma 

attenuation, however, care must be taken with respect to calibration and the presence of 

stones. The TDR method requires paired electrodes at each depth increment for which a 

reading is desired. 

Soil electrical conductivity allows rapid estimation of soil water content, but only 

a bulk estimate is obtained and the measurement is influenced by a wide variety of factors 

in addition to water content, particularly soluble salt concentration. Bulk soil electrical 

conductivity can be e~pressed as: 

ECa = ECw 9 T + ECs [2.21] 

where ECa is bulk soil electrical conductivity, ECw is electrical conductivity of the soil 

solution, e is volumetric water content, Tis a transmission coefficient and ECs is the 

electrical conductivity associated with the exchangeable ions at the solid-liquid interface 

(Rhoades et al. 1976). The transmission factor accounts for the tortuosity of the current 

lines in the soil solution and is generally considered to be a linear function of volumetric 

water content (Rhoades et al. 1976). 

Bulk soil electrical conductivity can be measured by the Wenner four-probe 

method (Rhoades and Ingvalson 1971) and by electt omagnetic induction instruments 

including the EM38 (Rhoades and Corwin 1981) and EM31 (de Jong et al. 1979). The 

electromagnetic induction instruments do not require soil contact and provide more rapid 

measurements than the four-probe method. 

The factors influencing bulk soil electrical conductivity include concentration and 

species of soluble salts, soil particle size distribution, n .oisture content and temperature 
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(Rhoades et al. 1976; McNeill 1980). Increasing concentrations of soluble salts will 

increase the value of ECw for any salt species. Similar concentrations of different salt 

species result in slightly different values of ECw due to the different relative mobility of 

the ion species (McNeill 1980). In practical terms, differences in salt species have a 

relatively minor effect on the measured bulk soil electrical conductivity. 

The influence of soil particle size is primarily due to the concentration of 

exchangeable ions on colloid surfaces and has a strong positive correlation with clay 

content (McNeill 1980). Presumably, increasing soil organic matter content would also 

increase soil electrical conductivity. 

Bulk soil electrical conductivity increases with increasing water content due to an 

increase in the cross-sectional area and a decrease in the path length of the electrical flow 

lines in the soil. In general, ECa should increase proportional to the square of the 

volumetric water content of the soil (McNeill 1980). The increase in electrical 

conductivity due to increasing water content :tm'.y be partially offset by dilution of the soil 

solution. 

Bulk soil electrical conductivity increases with increasing temperature primarily 

due to decreasing viscosity of the soil solution. The temperature coefficient is 0.022 oc-1 

for aqueous N aCl solutions and is similar for other salt species (McNeill 1980). 

The measurement of soil electrical conductivity by an electromagnetic induction 

instrument is further complicated by a non-uniform response of the instrument with depth 

(Rhoades and Corwin 1981 ). Approximately 75% of the response of the EM38 for a 

uniform profile is determined by the top 1.9 m for a vertical orientation and the top 0.9 m 

for a horizontal orientation. Most soil profiles are non-uniform with respect to either soil 

texture or soil moisture content and the response of the EM38 with depth is not known 

for non-uniform soil profiles. 

Kachanoski et al. (1988) tested the ability of bulk electrical conductivity, 

measured with an EM38 in the horizontal orientation, to predict the depth of water in the 
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top 0.5 m of the soil profile. The site had low soil solution electrical conductivity and had 

clay content ranging from 5 to 45%. A second order polynomial relationship between the 

depth of soil water electrical conductivity was obtained which explained over 95% of the 

variation in soil water. 

2.4.5 Soluble Salts 

A variety of soil extracts and soil suspensions have been used for determining soil 

electrical conductivity, in addition to sampling of groundwater from piezometers and 

observation wells and sampling of soil solution using porous cera:rnlc cups (Hansen and 

· Harris 1975). Extract and water sample results are often not comparable because 

solubilization of salts occurs during the extraction process. The standard technique for 

soil salinity studies is the saturation extract (Rhoades 1982) while studies of glacial 

deposits have used 1:5 soil:water extracts (Grisak et al. 1976). Conversion from one 

extract or suspension type to another can be done in some cases (Hogg and. Henry 1984), 

however, most extraction or suspension methods are adequate lf relative values of 

electrical conductivity or ion concentration are sufficient. A low soil:water ratio may be 

desirable for samples with high soluble salt content to avoid incomplete dissolution of the 

salts. 

Eilers (1973) found that electrical conductivity of groundwater samples from 

piezometers was lower than soil electrical conductivity of saturation extracts in recharge 

areas and higher than soil electrical conductivity in discharge areas. 
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3. MATERIALS AND METHODS 

3.1 SITE DESCRIPTION 

The experimental sites were located within three quarter-sections approximately 10 

km north of Hafford, Saskatchewan and are referred to as the Kurysh, Kyliuk and 

Rebeyka sites (Table 3.1, Fig. 3.1). The sites consisted of the drainage basins surrounding 

single, temporary sloughs. The sites were chosen such that they had well-defined, closed 

drainage areas, in the order of 80 to 150m across, and represented the range of sloughs 

and basins in the region. The surface relief was stronger at the Kurysh (Fig. 3.2) and 

Kyliuk (Fig. 3.3) sites than at the Rebeyka site (Fig. 3.4). The range of elevation within 

the basins was approximately 5.8, 6.3 and 3.4 m for the Kurysh, Kyliuk and Rebeyka 

sites, respectively. The sites were selected in the spring of 1985. Instrument installation 

and data collection began in the summer of 1985 and continued until the summer of 1987. 

Table 3.1. Description of the soils and legal locations of the sites. 

Site Legal Location Land Use Slope Class* Map Unit* Stoniness* 

Kurysh ~-35-44-10-VV3 Cultivated 6-9% Mf5 very stony 

Kyliuk SE-27-44-10-VV3 Cultivated 10-15% Mf2 very stony 

Rebeyka SE-29-44-10-VV3 Native 6-9% Mf2 very stony 

*Acton and Ellis ( 1978). 

The sites were located near a local topographic high in the Thickwood Hills at an 

elevation of approximately 680 m above sea level (Acton and Ellis 1978). The region 

containing the sites has hummocky terrain with a gf'nerally closed drainage pattern and 

contains numerous sloughs. The sloughs, as estimated from aerial photographs, cover 
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CANADA 

Figure 3.1. Location of the experimental sites (50ft elevation contour interval; W denotes 

water-well log location). 
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Figure 3.2. Elevation contour map of the major Kurysh basin (0.5 m contour interval). 
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Figure 3.3. Elevation contour map of the major Kyliuk basin (0.5 m contour interval). 
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Figure 3.4. Elevation contour map of the Rebeyka basin (0.25 m contour interval). 
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approximately 5% of the landscape surface in the Kyliuk and Kurysh quarters. The soils of 

the sites are mapped as belonging to the Mayfair association (Table 3.1): soils in the Black 

soil zone developed on moderately fine textured, weakly to moderately calcareous, 

unsorted glacial till (Acton and Ellis 1978). 

The long term monthly precipitation and temperature means recorded at the Hafford 

meteorological station are summarized in Figure 3.5. The mean annual precipitation is 368 

mm, including 272 mm as rain, of which 60% occurs during the May to August growing 

season. The mean annual potential and actual evapotranspiration for the area are 

approximately 510 and 360 mm, respectively (Chapman and Brown 1966). Hafford, 

however, is not in the Thickwood Hills and is almost 100m lower in elevation than the 

experimental sites, thus, the meteorological information from Hafford must be applied to 

the sites with care. 
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Figure 3.5. Long term mean monthly precipitation and air temperature at Hafford, 

Saskatchewan (Environment Canada 1982). 

The Rebeyka site has native vegetation including marsh grasses within the sloughs, 

rings of aspen and willow surrounding the sloughs, buckbrush in low lying areas and 
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native prairie grasses, including Spear grass and wheat grass, on the remainder of the area. 

The Kurysh and Kyliuk sites were broken in 1978 and all trees have been removed around 

the sloughs. Aerial photographs taken prior to breaking indicate that the vegetation was 

predominantly trees at the Kurysh site and grassland with trees around the sloughs at the 

Kyliuk site, however, the soils presumably developed primarily under grassland 

vegetation. The recent cropping histories for the Kurysh and Kyliuk sites are given in Table 

3.2. 

Table 3.2. Recent cropping histories of the Kurysh and Kyliuk sites. 

Year Kurysh Kyliuk 

1987 Spring Wheat Summer-Fallow 

1986 Canola Spring Wheat 

1985 Summer-Fallow Spring Wheat 

1984 Spring Wheat Canola 

3.2 SITE INSTRillviENTATION 

3.2 . .1 Location 

The Kurysh and Kyliuk quarters each contain a "major" or fully instrumented site 

and a "minor" or partially instrumented site whereas the Rebeyka quarter contains a major 

site only. The instrumentation for both the major and minor sites was arranged in two 

transects, A and B. Transect A ran from the edge of the slough to the top of a knoll and 

Transect B ran from the edge of the slough to the middle of a saddle. Saddles are the 

elevated area between two adjacent knolls. The edge of the slough was taken as the lowest 

cultivated point on the slope for the cultivated sites and at the point where the trees started 

for the . {ebeyka site. 
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The locations of the transects for the major sites are shown in Figures 3.2 to 3.4. At 

the Kurysh and Kyliuk sites the A transects were longer than the B transects, 40 to 45 m 

versus 15 to 25 m, whereas the B transect was longer than the A transect ·at the Rebeyka 

site, 35m versus 20m. The B transect had a less concave plan curvature at the Rebeyka 

site than did the B transects at the other two sites. The slough was considerably larger at the 

Kyliuk major site than at the Kurysh and Rebeyka major sites. 

The major sites had six evenly spaced neutron access tubes in each transect 

numbered consecutively beginning at the edge of the slough. Locations of the instruments 

within the study sites are given relative to the neutron access tubes, for example, 3A is the 

third tube from the slough in Transect A. The depth of the neutron access tubes varied with 

the stoniness of the site and ranged from 1.0 to 3.1 m. Tensiometers at depths of 1.0, 1.4, 

1.8 and 2.2 m were located at even numbered neutron access tubes. Seven temperature 

probes, each consisting of thermocouples at depths of 0.6, 1.0, 1.4, 1.8 and 2.2 m, were 

installed at each major cultivated site. One probe was installed at each of the even numbered 

neutron access tubes and one was in the middle of the slough. The Rebeyka site had six 

temperature probes, each consisting of thermocouples at depths of 0.1, 0.2, 0.4, 0.8 and 

1.5 m, located in a patterri similar to the cultivated sites except that no temperature probe 

was located at 6A. 

The minor sites had three neutron access tubes in each transect spaced to 

correspond to the even tubes in the major sites. Tensiometer nests consisting of 

tensiometers at depths of 1.0 and 1.4 m were located at each access tube. No temperature 

probes were installed. 

Piezometer nests and observation wells were installed in the major cultivated sites. 

In general, each nest consisted of piezometers at depths of approximately 2.5, 5, 10 and 15 

m. The nests were located at midslope (MSP) and in the middle of the slough (MSL), and 

paired nests 5.5 m apart we:."e located at the edge of the slough (ESLI for the inner nest and 

ESLO for the outer nest) >imilar to Meyboom (1966). A 15 m depth piezometer was 
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installed in the top of the knoll (KNL) at the Kyliuk site; however, the presence of stones 

prevented installation of a piezometer at the top of the knoll in the Kurysh site. The 

piezometer nest positions ESLO, MSP and KNL correspond to the lA, 3A and 6A access 

tube positions. Observation wells were located at the edge of the slough. The water level in 

the Kurysh and Kyliuk major sloughs was monitored for selected time periods using a 

Stevens Type F monthly water level recorder. The locations and depths of the tensiometers 

and piezometers for the major sites are given in Figures 4.1.5 to 4.1. 7 in the Results and 

Discussion section. 

Meteorological equipment was located at the Kyliuk major site during the growing 

season and at the Rebeyka site over the winter. 

3.2.2 Construction and Installation 

The neutron access tube was 41 mm diameter aluminum tube with a wall thickness 

of 1.6 mm. Access holes 41 mm in diameter were formed using a Giddings hydraulic 

punch mounted on the back -of a truck. During the installation, soil samples were collected 

by horizon or in 0.20 m increments. Brass couplers were located approximately 0.25 m 

below the soil surface to allow the top of the neutron access tube to be removed during 

cultivation and harvesting. Metal plates buried above the tubes permitted relocation of the 

neutron access tubes by means of a metal detector. 

The tensiometers were constructed from 13 mm inner diameter, schedule 80, PVC 

pipe with a 25.4 mm diameter porous ceramic cupa at the bottom. The top of the 

tensiometer was sealed with a serum stopper. A 32 mm diameter hole was puncherl with 

the Giddings hydraulic punch, a small amount of paste formed from A horizon material 

dropped down the hole, and the tip of the tensiometer was then rotated into the paste to 

ensure good soil-porous cup contact. The holes were backfilled with dry A horizon 

a Soilmoisture Equipment Corp., Santa Barbara, CF. 
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material. The tops of the tensiometers were approximately 0.3 m below the soil surface and 

were housed in plywood boxes. The boxes were constructed such that the tensiometers 

were protected from sunlight and runoff, but were accessible for taking measurements and 

could be buried during cultivation or over the winter. The tensiometers were drained, had 

20 m1 of antifreeze added, and were buried over the winter to prevent freezing of the 

porous cups. 

The temperature probes for the Kurysh and Kyliuk sites were constructed of 16 mm 

diameter, schedule 40, PVC pipe and A WG 26, type T thermocouple wire. The 

temperature probes for the Rebeyka site were constructed of 34 mm diameter, sched~le 40, 

PVC pipe an~ A WG 20 type T thermocouple wire. 

Piezometer and observation well installations were done according to the method of 

Henry et al. (1985). Holes were drilled with a 0.15 m diameter solid stem auger. The 

piezometers were constructed from 51 mm diameter, schedule 40, PVC pipe. The 

piezometer screen was 42 mm outer diameter, PVC well screen and ranged from 0.35 to 

0.40 m in length. The sandpack around the piezometer screen was approximately 0.5 to 1.0 

m thick and the barite seal above the sandpack was approximately 0. 75 to 1.0 m thick. The 

holes were then backfilled with drill cuttings. Two additional piezometers with the barite 

seal extended to the soil surface were installed at 10m depth in the inner nest at the edge of 

the slough and in the middle of the slough at the Kurysh site. Observation wells were 

constructed of 51 or 102 mm diameter PVC pipe with intermittent slots. Drill samples were 

collected during the installation of the 15 m piezometer in each nest. Samples were collected 

in 0.3 m increments from the surface to 1.2 m depth and then in 1.5 m increments or by 

stratigraphic layer below 1.2 m. The location and elevation of the tensiometers and 

piezometers were obtained by surveying with a theodolite and rod. 

3.2.3 Instrument Measurements 

Monitoring of the sites was carried out from the summer of 1985 to June of 1987. 
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Time will be referred to as the number of consecutive days beginning with July 1, 1985 as 

day 1. 

Soil moisture content was determined using the neutron thermalization method. 

Several different neutron probes were used including Troxlerb series 3200 and series 3300 

and Nuclear-Chicagoc model 5810 probes. The maximum frequency of water content 

measurements was every two weeks for the major sites and every month for the minor sites 

from March to November. Occasional measurements were taken during the winter for the 

major sites. Moisture content determinations were done at 0.25 m, 0.40 m and then in 0.20 

m ~ncrements to the bottom of the tube. Soil samples were taken for gravimetric moisture 

determination of the 0 to 0.10 m depth increment at the major cultivated sites on selected 

dates. 

Snow cover was estimated once in late winter in 1986 and 1987 using a 70 mm 

diameter snow sampler. Four replicates of snow depth and water equivalent were 

determined at each neutron access tube and in the middle of the slough at the major sites. 

The tensiometers were read using a Soil Measurement Systemsd Tensimeter 

(Marthaler et al. 1983). Readings were taken weekly over the growing season when 

possible. The loss of water from each tensiometer was determined by adding water with a 

50 m1 syringe. Correction was made for the height of the water column in the tensiometer 

using the volume of water added with the syringe and the cross-sectional area of the 

tensiometer. When tensiometers had lost excessive water, greater than 10 rnl for measured 

tensions greater than -5.0 m and greater than 20 ml for measured tensions of -5.0 m or 

less, the serum stoppers were replaced and the readings were not used. 

The temperature probes were read approximately monthly during the growing 

b Troxler Electronic Laboratories Inc., Research Triangle Park, NC. 

c Nuclear-Chicago Corp., Des Plaines, IL. 

d Soil Measurement Syrtems, Las Cruces, NM. 
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season at the Kurysh and Kyliuk sites using an Atkinse model 49700-T -C digital 

thermometer and daily at the Rebeyka site using a Campbell Scientificf model CR5 data 

logger. 

The water level in the piezometers was measured at least monthly during the 

growing season and usually on a monthly basis during the winter using a Geotechnical 

Instruments Ltd.g electric tape. 

Meteorological equipment included a tipping bucket for precipitation, an 

anemometer for mean daily wind speed, and a thermistor for maximum and minimum daily 

air temperature. Meteorological data was recorded with a Campbell Scientific model CR21 

data logger. Meteorological data was also obtained frotn the meteorological station in 

Hafford, Saskatchewan. 

3.2.4 Instrument Calibration 

The calibration curve for temperature measured with the CR5 data logger was: 

Ta = 1.00 x Tm- 0.32 [3.1] 

where T a is the actual temperature in oc and T m is the measured temperature in oc 
(Patterson 1985). The Atkins digital thermometer was calibrated against a glass 

thermometer and the CR5 data logger in a constant temperature bath over the range of-20 

to 30 °C. The calibration curve was: 

Ta = 1.027 x Tm- .3.331 [3.2] 

The calibration of the tensimeter was checked over the range of 0 to -2.00 m matric 

potential against a hanging water column. The tensimeter was found to be accurate to better 

e Atkins Technical Inc., Gainesville, FL. 

f Campbell Scientific Canada Corp., Edmonton, Alta. 

g Geotechnical Instruments Ltd., Leamington Spa, England. 
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than 0.01 m of measured tension and no calibration curve was required. 

The neutron probes were cross-calibrated in the field to ensure consistent results. 

The Troxler #4703 was taken as the standard neutron probe. Calibration curves were 

developed relating the count ratios of the other neutron probes to the moisture content 

predicted by the Troxler #4703 using the calibration curve reported by Patterson (1985). 

The calibration curve coefficients for the various neutron probes are summarized in Table 

3.3. 

Table 3.3. Relationship between volumetric moisture content (8) and count ratio (CR) for 

various neutron probes (8 = slope x CR + intercept). 

Neutron probe Slope Intercept 

Troxler #4703 0.5844 -O.O-l26 

Troxler #4701 0.5722 -0.0435 

Troxler #4922 0.5588 -0.0335 

Troxler #1006 0.5665 -0.0294 

Troxler #1 045 0.5412 -0.0236 

Troxler #1 086 0.4977 -0.0199 

Nuclear Chicago 0.4767 -0.0443 

Calibration of the relationship between the EM38h and soil water was done on all 

major sites. Measurements were taken on 5 dates at the Rebeyka and Kyliuk sites and on 3 

dates at the Kurysh site. Triplicate-measurements were taken with the EM38, in both the 

vertical and horizontal orientations, approximately 1 to 2 m away from each neutron access 

tube. The EM38 readings were related to the depth of water in the root zone, taken as 1.20 

m, as determined with the neutron probe. 

h Gt"'onics-Ltd., Mississauga, Ont. 
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3.3 SITE CHARACTERIZATION 

3.3.1 Physical Properties 

Soil bulk density was determined from cores obtained using a Giddings hydraulic 

punch. Samples were taken in 0.15 m increments to 0.30 m depth and then in 0.30 m 

increments to 1.80 m depth. A 67 mm diameter core was used to 0.60 m depth and a 54 

mm diameter core was used below 0.60 m. The bulk density determinations were corrected 

for the presence of stones assuming a density of 2.65 Mg m-3 for the stones. Cores were 

taken at one upper slope and one lower slope position at each major site. Soil bulk density 

of the Ap horizon was determined using 75 mm diameter, 78 mm high, PVC cores. One 

replicate was taken at each neutron access tube at the main Kurysh and Kyliuk sites on two 

dates. 

Soil particle size distribution was determined using a method similar to the pipette 

method of Kilmer and Alexander ( 1949). The total organic-free sample weight was 

determined using the weight of sand plus a pipette fraction taken immediately after stirring. 

Carbonates and soluble salts were not removed. 

Soil particle density was determined on selected samples taken during installation of 

the 6A and 2A access tubes at the Kurysh site and the 6A access tube at the Kyliuk site. 

Particle density was determined using pycnometers. The method used boiled, cooled 

distilled water and was similar to that of Blake ( 1965) except that the samples were brought 

to 60 oc rather than to 100 °C. 

3.3.2 Hydraulic Properties 

For ease of presentation, hydraulic head potentials, matric potentials and pressures 

will be presented in units of meters of water (m). The Pa, the standard unit of pressure, is 

equivalent to 10-4m. 

Saturated hydraulic conductivity of the deposits below 2 m was determined using 
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slug tests. The slugs were constructed of either hollow copper or solid steel and displaced 

the water in the piezometer between 0.45 and 0.60 m. Analysis of the results was done 

using the method ofHvorslev (1951, from Freeze and Cherry 1979). 

Saturated hydraulic conductivity at depths less than 2 m was determined on 

undisturbed cores obtained from the field at the same locations as the bulk density cores. 

The cores were obtained by pressing a 190 rnm length of 76.2 nun diameter, 16 gauge steel 

pipe approximately 100 rnm into the bottom of a prepunched 77 nun diameter hole using a 

Giddings hydraulic punch. Samples were taken at depths of 0.6, 1.0, 1.4 and 1.8 m, 

where possible. In locations where the Giddings hydraulic punch could not take cores of 

that size, cores were obtained by pressing a 190 rnm length of 41 nun diameter, aluminum 

pipe into the bottom of a prepunched 66 mm diameter hole. The cores were saturated from 

the bottom and saturated hydraulic conductivity determined using either the constant head 

method or the falling head method as described by Klute (1965a). The falling head 

standpipe was a glass tube with a cross-sectional area of either 12 or 49 mm2 and was 

mounted in the top of a rubber stopper which just fit inside the top of the pipe. The water 

used for the determination of hydraulic conductivity was obtained from a well in the 

vicinity of the sites and had an electrical conductivity of 100 mS m-1. 

Unsaturated hydraulic conductivity was determined in the laboratory using the 76.2 

nun diameter cores used for saturated hydraulic conductivity. The steady state method of 

Klute (1965b) was used with some modifications. No tensiometers were used and the 

samples were placed in a horizontal position. The outflow tube ran to a 10 ml pipette which 

was used to measure the outflow rate and a constant-head burette was used to measure the 

inflow rate. The samples were wrapped in plastic film to reduce evaporation from the 

system. Hydraulic conductivity was calculated using the outflow rate for samples with high 

hydraulic conductivity. For samples with a low hydraulic conductivity, the average of the 

inflow and outflow rates was used to calculate the hydraulic conductivity in order to correct 

for evaporation from the system. Unsaturated hydraulic conductivity was determined at 
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matric potentials of approximately -0.20 and -0.50 m. 

Unsaturated hydraulic conductivity was determined in situ using the instantaneous 

profile method (Hillel et al. 1972) for covered plots located on Orthic Chemozem profiles 

in one upper slope position at each of the major sites. Each plot was 3. 7 m by 3. 7 m in size 

and was surrounded by a sheet metal dike approximately 0.15 m high. Each plot contained 

three neutron access tubes to a depth of 1.6 m and triplicate tensiometers at 0.20 m depth 

increments to a depth of 1.20 m. The backfill around the tensiometers was sealed at the soil 

surface with either barite or bentonite powder. The plots were flooded until the 

tensiorneters at 1.20 m indicated near zero matric potential and the plots were then covered 

with black plastic. Neutron probe and tensiometer readings were taken daily, when 

possible, for approximately 1 week after covering the plots and then on an irregular basis. 

Moisture retention determinations in the laboratory were done on undisturbed soil 

cores, 21 mm thick and 51 mm in diameter, taken at depths of 0.6, 1.0, 1.4 and 1.8 m 

where possible, with the Giddings hydraulic punch in the same locations as the bulk 

densh-y samples. Moisture retention at matric potentials of approximately -0.01, -0.10, 

-0.20, -0.40 and -0.80 m was determined using the fritted glass funnel method of Vomocil 

( 1965). Corrections were made for evaporation and for collapse of the connecting plastic 

tubing as the imposed matric potential increased. Moisture retention at low matric potentials 

was determined using pressure chamber apparatus as described by Richards ( 1965b ). 

Determinations were made at matric potentials of approximately -3.4, -10.2 and -30.6 m. 

Moisture retention at approximately -150 m matric potential was determined on 

disturbed samples, 10 mm high and 51 mm in diameter, using pressure chamber apparatus. 

Soil samples obtained at depths of 0.3, 0.8, 1.2, 1.6 and 2.2 m during the installation of 

the even-numbered neutron access tubes were used. 

Field estimates of soil moisture retention at matric potentials near saturation were 

obtained from simultaneous tensiometer and neutron probe measure1nents during the 

determination of in &11! unsaturated hydraulic conductivity. 
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3.3.3 Soil Morphological Properties 

The soil morphology was described on a 10 m grid basis for the major sites as well 

as at the neutron access tube locations for all sites. Soil profile descriptions were not made 

for those grid points which lay within the sloughs. The soil profiles were described using a 

combination of soil pits, soil cores obtained with a Giddings hydraulic punch and disturbed 

samples obtained with a Dutch auger. The soil profiles were described in accordance with 

standard methods (Canada Soil Survey Committee 1978). The soil morphological variables 

of interest were thickness of the A, Ae and B horizons, depth to calcium carbonate and the 

presence of gleying. A horizon thickness includes the total thickness of the Ap and/or Ah, 

and Ae horizons. 

3.3 .4 Chemical Properties 

Bulk soil electrical conductivity was determined with the EM38 and EM31 

electromagnetic induction instruments in both the vertical and horizontal orientations at the 

same grid points as for thl! soil profile descriptions. Readings were taken in the fall of 1986 

and the spring of 1987 for all three major sites, and in the summer of 1986 for the Rebeyka 

site. 

Soil electrical conductivity was determined on 1: 1 soil:water suspensions for the 

drill samples and for soil samples taken during installation of the even-numbered neutron 

access tubes. Electrical conductivity was determined using a YSii model 32 conductance 

meter calibrated daily against standard KCl solutions. 

Ion composition was determined on 1: 1 soil:water extracts from the drill samples. 

The concentrations of Ca2+ and Mg2+ were determined by atomic absorption spectrometry 

using a lanthanum solution (Lanyon and Heald 1982) and K+ and Na+ concentrations were 

determined by flame photometry using Li as the internal standard (Rich 1965). The 

i Yell ow Springs Instrument Co., Yellow Springs, OH. 

56 



concentrations of S as S04 2-, Cl-, and N as N03- were determined using ion 

chromatography (Tabatabai and Dick 1983). Extract pH was also determined. 

Inorganic carbon content of the drill samples was determined according to the 

method ofTiessen et al. (1983). 

3.3.5 Landscape Topography 

Topographic data were collected by surveying with a theodolite and rod on 

approximately a 10m grid for the Kyliuk major and minor sites and for the Rebeyka site. 

The Kurysh major and minor sites were adjacent basins and were surveyed as a single area 

using a level and rod on a 5 m grid. Extra survey points were made where the topography 

was complex. The survey extended approximately 10 m beyond the outside limits of the 

basins. 

The survey data were converted to x, y and z co-ordinates using standard 

techniques. The lowest elevation in each basin was set to zero. The Surface II computer 

program (Sampson 1978) was then used to estimate elevation at 5 m grid points using an 

inverse weighted distance function. The relative elevation matrix or DTM was used to 

calculate topographic variables using the method of Young and Evans (1978). The 

variables calculated at each grid point were ·aspect (the azimuthal bearing of the direction of 

maximum slope) in degrees, gradient or maximum slope in degrees, profile or down-slope 

curvature in degrees per meter and plan or across-slope curvature in degrees per meter. The 

calculations for gradient, profile curvature and plan curvature were done over a distance of 

20 m. Both profile and plan curvatures were assigned negative values for concave slope 

surfaces and positive values for convex slope surfaces. To avoid the circular nature of the 

aspect variable, two additional variables were calculated: degrees from north and degrees 

from west. Local catchment area was calculated for each grid point using a computer 

program developed by Martz and de Jong (1988). Local catchment area, expressed in m2, 

was calculated from the number of upslope grid points which could contribute overland 
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flow to a grid point. Each grid point represented an area of 25 m2. 

The calculated topographic variables corresponded to a grid with an exact 5 m 

spacing whereas the soil profile descriptions were made on an approximate 10m grid 

spacing. The values of the topographic variables at the soil profile sites were interpolated 

from the nearest 16 values in the topographic variable grid using a weighted inverse 

distance function. The interpolated variables included degrees from north, degrees from 

west, local catchment area, gradient, profile curvature, plan curvature and relative 

elevation. 

The landform elements described by Pennock et al. ( 1987) were used to improve 

the characterization of the soil morphological and soil water variables in space. Based upon 

the values of profile curvature, gradient and plan curvature, each grid point was placed into 

one of seven landform elements: Divergent Shoulder, Convergent Shoulder, Divergent 

Backslope, Convergent Backslope, Divergent Footslope, Convergent Footslope and Level 

elements (Table 3.4). 

3.4 STATISTICAL ANALYSES 

All statistical analyses were done with the Statworks statistical package (Data 

Metrics Inc. 1985). The various statistical methods used are outlined in the appropriate 

sections in the results and discussion, except for the analysis of variance (ANOV A) and 

contrasts which are discussed below. 

Differences in the values of the soil morphological variab:.es between the landform 

elements and sites were tested using either a two-way ANOV A with an unequal number of 

samples per cell or a one-way, Kruskal-Wallis, non-parametric ANOV A for each site (Steel 

and Torrie 1980). Differences in the bulk electrical soil conductivity between landform 

elements were tested using a one-way ANOV A with an unequal number of samples per 

cell. 
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Table 3.4. Classification of landform elements (Pennock et al. 1987). 

Profile Slope Plan Landform 

Curvature Gradient Curvature Element 

( o m-1) ( 0 ) ( o m-1) 

Concave Concave Convergent Footslope 

=:;; -0.10 < 0.0 (CFS) 

Convex Divergent Footslope 

~ 0.0 (DFS) 

Convex Concave Convergent Shoulder 

~ 0.10 < 0.0 (CSH) 

Convex Divergent Shoulder 

~ 0.0 (DSH) 

Linear High Concave Convergent Backslope 

> -0.10, < 0.10 > 3.0 < 0.0 (CBS) 

Convex Divergent Backslope 

~ 0.0 (DBS) 

Low Level 

=:;; 3.0 (L) 

The differences between the mean values of the landscape variables for the different 

landform elements were further tested by a series of six orthogonal contrasts. A contrast is 

a planned companson of a series of mean values from the ANOV A. The value, D, of a 

contrast is calculated as (Snedecor and Cochran 1980): 

[3.3] 

where Jli is the ith mean and Ai is the ith contrast coefficient. The contrast coefficients are 
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constructed to test a desired combination of means and the sum of the contrast coefficients 

must be equal to zero. For example, in a contrast comparing the upper slope positions to 

the footslope positions, the means compared are Divergent Shoulder, Convergent 

Shoulder, Divergent Backslope and Convergent Backslope vs Convergent Footslope and 

Divergent Footslope. If a contrast coefficient of -1 is arbitrarily assigned to the means 

Divergent Shoulder, Convergent Shoulder, Divergent Backslope and Convergent 

Backslope, then the contrast coefficient for the Convergent Footslope and Divergent 

Footslope means must be +2 for the sum of the contrast coefficients to equal zero. The 

choice of the contrast coefficients will influence the value, but not the statistical 

significance, of the contrast. 

The statistical significance of the contrasts was determined using a Student's t test 

where the standard error for a contrast was calculated as (Snedecor and Cochran 1980): 

SE= [3.4] 

where s2 has the value and degrees of freedom of the error mean square from the ANOV A 

and ni is the number of observations used in calculating the mean Jli· Thus, the sample size 

used to calculate the standard error is the harmonic mean of the number of samples in the 

means with non-zero contrast coefficients. Because the contrasts are orthogonal, the result 

of each comparison of means is independent of all the other comparisons. The contrast 

coefficients used to test for differences in the mean values of the landscape variables for 

different landform elements are suiil11l&ized in Table 3.5. 
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Table 3.5. Contrast coefficients for testing differences in the mean values of the landscape 

variables for different landform elements. 

Landform Element* 

Contrast DSH CSH DBS CBS DFS CFS L 

Upper Slope Position [A] -1 -1 +1 +1 0 0 0 

Slope Position [B] -1 -1 -1 -1 +2 +2 0 

Convergent vs Divergent [C] -1 . +1 -1 +1 -1 +1 0 

AXC -1 +1 +1 -1 0 0 0 

BXC +1 -1 +1 -1 -2 +2 0 

Level vs All Others +1 +1 +1 +1 +1 +1 -6 

*Abbreviations defined in Table 3.4. 



4. RESULTS AND DISCUSSION 

4.1 SITE CHARACTERIZATION 

4.1.1 Climate 

Precipitation during the April to October period was similar to the long term average 

in 1985 and 1987 and 30% higher than the long term average in 1986 (Fig. 4.1.1 ). Over

winter precipitation (November to March) was 71 and 45 mm for 1985/1986 and 

1986/1987, respectively, in comparison to the 81 mm long term average (Environment 

Canada 1982). Air temperature was similar to ~e long term average for most of the study 

period, however, air temperature was slightly higher than normal during the December to 

February period for both winters (Fig. 4.1.2). Meteorological data collected at the 

experimental sites was similar to that recorded at the Hafford meteorological station. 

Soil temperature did not vary markedly with slope position. Soil temperatures at 0.6 

m depth along the A transect and in the middle of the slough at the Kurysh site were 

generally within 2 °C (Fig. 4.1.3). Soil temperature at 6A (see section 3.2.1) was, 

however, consistently lower than all other slope positions for most of the study period, 

especially during the winter. The middle of the slough tended to be somewhat warmer than 

the other slope positions over the winter but had a similar temperature in the summer. Soil 

temperature at the 2A position generally increased with depth in winter and decreased with 

depth in the summer. Soil temperature along the Kurysh B transect was similar to that 

observed along the A transect but lower soil temperatures were not observed at 6B, 

presumably due to a thicker snowpack at 6B than at 6A. Soil temperature at the Kyliuk site 

was similar to that observed at the Kurysh site. Soil temperature also followed a similar 

pattern at the Rebeyka site except that thawing of the soil in spring at all slope positions 

was delayed b~r approximately two weeks; presumably due to the trees. The trees tended to 
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Figure 4.1.1. Cumulative precipitation at the Hafford meteorological station from Aprill to 

October 31 during the study period in relation to the long term average 

(Environment Canada 1982). 

trap snow around the slough and to reduce the amount of radiation and wind reaching the 

snowpack. 

4.1.2 Glacial Stratigraphy and Soil Morphology 

Over 250 m of glacial deposits are present over bedrock in the Thickwood Hills, 

approximately 3 km northeast of the Kurysh site (Fig. 4.1.4). The major stratigraphic units 
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Figure 4.1.2. Mean monthly air temperature at the Hafford meteorological station during 

the study period in relation to the long term average (Environment Canada 1982). 

in ascending order are the Empress, Sutherland and Saskatoon groups. Christiansen 

( 1968a) stated that the Battleford formation is commonly underlain by extensive deposits of 

stratified sand and till. Several water-well logs within 5 km of the experimental sites also 

indicate the presence of sand deposits near the surface; however, the depth from the soil 

surface and the thickness of the sand deposits varies considerably. Two water-well logs 

approximately 1 km south of the Kyliuk major site (W1 and W2 in Figure 3.1) show 

deposits of bedded sand, gravel, clay and silt at a depth of approximately 15 to 55 m. 

Water-well logs 2.5 km south and 1.5 km west of the Kyliuk major site (W3 and W4 in 

Figure 3.1) indicate that the sand or silt deposits are less than 5 m thick and are within 15m 

of the surface. Bedded sand and gravel deposits appear to be common within the area, 
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Figure 4.1.3. Soil temperature by depth and slope position at the Kurysh site for the winter 

of 1985/1986 and the summer of 1986. 
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8 pale yellow 

Till, unoxidized, calcareous, 
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42 
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and boulders, grey 

65 Till, oxidized, calcareous, 
olive grey 

75 Till, unoxidized, calcareous, 
83 olive · 

Figure 4.1.4 Regional geology of the Thickwood Hills (Gordon Lake test hole, see Figure 

3.1 for location; E. A. Christiansen Consulting Ltd. 1986). 

however, the variation in depth anc'. thickness of the sand deposits, plus the location of the 

sand deposits in a superglacial till in which water-sorted sediments are normally fractured 

or redeposited during the ablation process (Paul 1983), suggest that the sand deposits are 

less extensive than, for example, the Dalmeny aquifer (Keller 1985). The sand deposits do 

have sufficient continuity to result in well drained conditions within the region, as indicated 

by a regional groundwater table at a depth of approximately 30 m (from water-welllog W3 

in Figure 3.1). 

The near-surface stratigraphy of the Kurysh and Kyliuk sites (Fig. 4.1.5) was 

determined from test hole logs made during the installation of the 15 m piezometers, field 

observations, and bulk density and particle size information. The test hole logs are given in 

Appendix A. 

Five shallow stratigraphic units were observed at the Kurysh site (Fig. 4.1.5). The 

surficial unit under the slough was composed of slope-wash material, organic matter 
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· Figure 4.1.5. Stratigraphy of the surficial glacial deposits at the Kurysh and Kyliuk sites 

along transect A (Sandy till is unoxidized at the Kurysh site and oxidized at the 

Kyliuk site; MSL- middle of slough, ESL - edge of slough, MSP - midslope, KNL 

-knoll). 

deposited by the slough vegetation and possibly loess. The slope-wash unit was 

approximately 1.5 rn thick in the middle of the slough 2-nd extended laterally to just beyond 

the edge of the slough. The slope-wash unit was underlain by an oxidized till which was 

the surface deposit outside of the slough. The oxidized till was approximately 4 rn thick 

underneath the slough and 2.5 rn thick on the knoll. Under the slough, the oxidized till was 

underlain by 7 rn of unoxidized till and an undetermined depth of sandy, unoxidized till. 
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The oxidized till was underlain by stratified sand, gravel, stones, silt and till under the 

knoll. The depths given for the stratified material and unoxidized till under the knoll are an 

estimate because the stratified material was too stony to penetrate beyond 8 m. No drilling 

was done along transect B and the stratigraphy below 3 m depth is not known. The 

stratigraphy to 3 m depth was similar for both the A and B transects. 

The shallow stratigraphic units at the Kyliuk site included the same five units 

observed at the Kurysh site plus an additional unit composed of clean sand and gravel (Fig. 

4.1.5). The deposits under the slough consisted of 1 to 1.5 m of slope-wash overlying 4 m 

of oxidiz~d till, 3 to 6 m of ul)oxidized till, 2 to 4 m of sandy, oxidized till and an 

undeterndned depth of clean sand and gravel. The oxidized till at the knoJl position was 

approximately 1.2 m thick and was present over 9 m of stratified sand, gravel, till and silt, 

an additional 3 m of oxidized till containing numerous streaks of unoxidized material, and 

an undetermined depth of sandy, oxidized till. Similarly, the top 3 m of the sandy till at the 

midslope. position was primarily unoxidized but had some oxidized streaks. The stratified 

deposit extended laterally to the edge of the slough, whereas the stratified deposit extended 

to the midslope position at the Kurysh site. A similar unit of stratified material was found 

throughout the Kyliuk site under varying depths of oxidized till. The stratified deposit was 

at a depth of approximately 1.3 m along the B transect. A detailed test hole log was not 

made at the middle of the slough and the depths reported are approximate. 

Large, vertical fractures were observed within the solum at both the Kurysh and 

Kyliuk sites. Fractures located in horizons of calcium carbonate accumulation were often 

lined with precipitated calcium carbonate and fractures lined with sand were observed in the 

knoll positions. No fractures were observed in the unoxidized till, however, fractures need 

not be visible in order to be hydrologically significant (Keller 1985). Some staining of the 

oxidized till was observed. The location and appearance of the staining was indicative of 

mottling rather than oxidation as is commonly observed in the Floral formation 
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(Christiansen 1968b ). The boulder pavement which commonly lies between the Battleford 

and Floral formations (Christiansen 1968a) was not observed. 

The general appearance of the till, the lack of strong oxidation, the massive 

structure of the unoxidized till, the absence of a boulder pavement, and the physical and 

chemical properties to be presented later, all indicate that the near-surface till at the 

experimental sites belongs to the Battleford formation. 

Thickness of the A and B horizons was at a maximum in the footslope position and 

at a minimum in the shoulder position for the A transect (from the edge of the slough to the 

top of the knoll) at both the Kurysh and Kyliuk sites (Fig. 4.1.6). Such a pattern of 

increasing soil horizon thickness down a slope has commonly been observed (Acton and 

Fehrenbacher 1976; St. Arnaud 1976). The soil morphology observed in the B transects 

(from the edge of the slough to the saddle) differed markedly between the Kurysh and 

Kyliuk sites. The solum depth was shallow at the Kurysh site and was thicker at the saddle 

than at the footslope. In contrast, a thick solum, increasing in depth in the down-slope 

direction, was observed at the Kyliuk site. Solum depth was greater in transect B than in 

transect A for corresponding slope positions at the Kyliuk site. Solum depth in lower slope 

positions was greater in transect A than in transect B at the Kurysh site, however, the 

reverse was true in upper slope positions. A higher organic matter concentration in the A 

horizon was observed at the Kurysh site than at the Kyliuk site. 

The greater than 2 m thick solum at 1A of the Kurysh site may be due in part to the 

filling-in of a local hollow with non-carbonated soil by slope-wash processes. Acton and 

Fehrenbacher ( 1976) indic~ted that lower slope positions in the area of the sites had 

significant accretion of slope-wash material.· Slope-wash processes were probably most 

active following the original deposition of the till, but significant slope-wash can also occur 

during periods of climatic extremes (Acton and Fehrenbacher 1976; Hall 1983). A shallow 

solum depth, similar to that at the 1B and 2B positions, was observed around much of the 

slough at the Kurysh site. The samples taken during the installation of piezometers at the 
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Figure 4.1.6 Soil morphology along the transects at the Kurysh and Kyliuk major sites. 

edge of the slough, approximately 5 m away from 1A but at a similar slope position, had 

calcium carbonate within 0.5 m of the soil surface. The presence of calcium carbonate at 

shallow depths adjacent to a slough is indicative of its precipitation within the soil profile 

because of the discharge of water as evaporation (Miller et al. 1985). The thick solum at 1B 

and 2B at the Kyliuk site may be due in part to the presence of the slope-wash unit and the 

shallow depth to the stratified sand, silt and till deposit. Carbonate minerals would be 

leached more readily from the stratified material than the till because of the coarser texture 

of the former (Matzek 1955). 
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Distinct eluviated horizons were observed in the lower slope positions in transect A 

and in the saddle in transect B at the Kurysh site, and in the lower slope positions for both 

transects at the Kyliuk site. Eluviated horizons were absent or poorly developed, however, 

at the lA and lB positions at the Ky liuk site and at the lA position at the Kurysh site, 

presumably because of the presence of the slope-wash. The periodic deposition of slope

wash material during climatic extremes would interrupt soil horizon development and 

prevent formation of thick Ae horizons. 

Solum depth increased in the downslope direction for both transects at the Rebeyka 

site (Fig. 4.1. 7). The thickness of the Ae horizon generally increased in the down-slope 

direction and the Ae horizon was absent in the upper slope positions. Ah hori;~on thickness 

decreased in the downslope direction and the Ah horizon was absent in the lower slope 

positions. An increase in LFH thickness occurred in the down-slope direction such that the 

sum of Ah and LFH thickness was relatively constant. Solum depth was generally thicker 

in transect B than in transect A. 

A shallow stratigraphic break was observed at the Rebeyka site (Fig. 4.1. 7). The 

upper stratigraphic unit had a finer texture and lower bulk density than the underlying till. 

The break between units was not readily visible in the field and was inferred primarily from 

a change in bulk density. The deep solum in the lower slope positions of both transects 

may be due in part to the intersection of the bottom of the solum with the underlying, 

coarser till. 

Horizon thicknesses for the soil profiles at all sites are presented in Appendix B. 

4.1.3 Physical Properties 

4.1.3.1 Particle Size Distribution 

The till at both cultivated sites contained approximately 25 to 40% sand and 30 to 

35 ~clay (Fig. 4.1.8). The sandy till at both sites contained approximately 40 to 55% sand 
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Figure 4.1.7. Soil morphology along the transects at the Rebeyka site. 

and 25 to 30% clay and the slope-wash unit in the middle of the slough at·the Kurysh site 

contained approximately 20% sand and 40% clay. The stratified deposits had a variable soil 

particle size but generally had a high sand and silt content. 

The Battleford formation is variously reported to contain 50% sand and 20% clay 

(Christiansen 1968a), 50 to 55% sand and 15 to 20% clay (Christiansen 1968b), and 40% 

sand and 25 to 30% clay (Eilers 1982). The Floral formation has been reported to contain 

40% sand and 30% clay (Christiansen 1968a), 30% sand and 40% clay (Christiansen 

1968b ), and 40% sand and 25 to 30% clay (Eilers 1982). The particle size reported here is 

similar to that observ(d by Christiansen (1968a; b) for the Floral formation and similar to 

the particle size observed by Eilers (1982) for both the Floral and Battleford formations. At 

a given site, the Battleford formation is commonly differentiated from the Floral formation 

by the higher sand content of the former (Christiansen 1968a) and not on the basis of the 

absolute sand content. 
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The particle size distribution of the A horizon had no distinct down-slope trends for 

either transect at the Kyliuk site (Fig. 4.1.9). An increase in silt and a decrease in sand 

content were observed, however, at 1A and 1B indicating the finer texture of the slope

wash deposit. Similarly, no distinct trends were apparent for either transect at the Kurysh 

site, however, silt content increased in the down-slope direction for both transects at the 

Rebeyka site. The commonly reported down-slope increase in clay content (Walker et al. 

1968; Walker and Ruhe 1968; Kleiss 1970; Malo and Worcester 1975; Huggett 1976) was 

not apparent at these sites. 

At the Rebeyka site the thickness of the Ae horizon increased in the downslope 

direction (Fig. 4.1.7) and, as eluviated horizons generally have a highe1 sand content than 

Ah horizons due to clay eluviation from the former, sand content would be expected to 

increase in the downslope direction rather than decrease as was observed (Fig. 4.1. 9). The 

increasing silt content in the down-slope direction may be the result of physical weathering 

of sand to silt by freeze-thaw processes in the Ae horizon (St. Arnaud and Whiteside 1963) 

or may suggest a loessial origin of the surface deposit (St Arnaud 1976). The much thicker 

Ae horizons at the Rebeyka than at the Kurysh and Kyliuk sites might also indicate that the 

upper stratigraphic unit was partly loessial in origin, however, the lack of thick Ae horizons 

at the cultivated sites may also be a result of deep cultivation during breaking. 

No distinct trends in down-slope soil particle size of the C horizon were apparent 

for any of the three sites except for a high silt content at the 1A position at the Kyliuk site 

(Fig. 4.1.9). The A horizon was generally coarser at the Kurysh site (41% sand and 22% 

clay) than at the Kyliuk (35% sand andi30% clay) and Rebeyka (29% sand and 23% clay) 

sites. Soil particle size in the C horizon, however, was more uniform between sites than for 

the A horizon with 38, 31 and 36% sand and 31, 33 and 32% clay at the Kurysh, Kyliuk 

and Rebeyka sites, respectively. The C horizon had a lower sand content and higher clay 

content than the A horizon at all three sites. 
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4.1.3.2 Bulk Density and Particle Density 

An average soil bulk density of 1.6 Mg m-3 was determined for the oxidized till at 

the Kurysh site between 0.6 and 1.8 m depth in the upper slope position and between 0.15 

and 1.8 m depth in the lower slope position (Table 4.1.1). The bulk density of the oxidized 

till in the upper slope position at the Kyliuk site, 1.5 to 1.6 Mg m-3, was similar to that 

observed at the Kurysh site, but less than for the underlying stratified deposit (starting at 

1.2 m depth) which had a bulk density of 1.8 Mg m-3. Bulk density of the oxidized till in 

the lower slope position at the Kyliuk site ranged from 1.5 to 1.7 Mg m-3. The high bulk 

density, 1. 9 Mg m-3, between 1.5 and 1.8 m depth in the lower slope position at the 

Kyliuk site may reflect the presence of the ~tratified deposit or may be the result of soil 

compaction during sampling. 

An increase in bulk density was evident at a depth of approximately 1.2 m in the 

upper slope position at the Rebeyka site, reflecting the change in stratigraphic units. Bulk 

density samples could not be obtained below 1.2 m in the lower slope position because of 

the high density and somewhat higher sand content of the lower stratigraphic unit. The bulk 

density samples for the lower slope position were not taken adjacent to either transect due 

to problems with access of the Giddings punch. The greater depth to the lower stratigraphic 

unit at the bulk density sampling site, 1.2 m, as opposed to 0.5 to 0.9 min the lower slope 

positions of the transects (Fig. 4.1. 7), indicates that the thickness of the upper stratigraphic 

unit is variable around the slough. 

The bulk density of the oxidized till was similar to the 1.55 to 1.70 Mg m-3 range 

reported by' Eilers (1982) for the Battleford formation and in the low end of the range of 

1.6 to 2.0 Mg m-3 reported by Grisak et al. (1976) for tills of the Interior Plains. The 

density of a superglacial till would be expected to be lower than for most tills because of the 

absence of glacial loading. 

The bulk density of the Ap horizon was relatively uniform for the Kurysh site 

(Table 4.1.2), except for the lA position which was not cultivated. The density of the Ap 
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Table 4.1.1. Soil bulk density at the major sites (Mean of three replicates). 

Kurysh Kyliuk Rebeyka 

Depth Mean SD Mean SD Mean SD 

(m) --------------------------- (1vlg Ill-3) ---------------------------

Upper Slope Positions 

0.00 - 0.15 1.24 0.13 1.37 0.03 1.12 0.02 

0.15 - 0.30 1.47 0.19 1.45 0.10 1.50 0.06 

0.30- 0.60 1.38* 0.15 1.30 0.08 1.52 0.03 

0.60 - 0.90 1.62 0.04 1.52 0.14 1.69 0.04 

0.90 - 1.20 1.63 0.18 1.59 0.02 1.51 0.09 

1.20 - 1.50 1.71 0.03 1.79 0.03 1.82 0.10 

1.50 - 1.80 1.57* 0.03 1.85* 0.07 1.84 0.12 

Lower Slope Positions 

0.00 - 0.15 1.19 0.03 1.56** 0.10 1.19 0.12 

0.15 - 0.30 1.60 0.06 1.53 0.08 1.63 0.08 

0.30- 0.60 1.58 0.04 1.58 0.09 1.49 0.10 

0.60 - 0.90 1.60 0.03 1.71 0.01 1.67 0.02 

0.90 - 1.20 1.50 0.02 1.70 0.04 1.59 0.01 

1.20 - 1.50 1.46 0.12 1.61 0.23 

1.50 - 1.80 1.50* 0.09 1.91 0.30 

* Two replications. 

** Compaction at soil surface. 



Table 4.1.2. Soil bulk density of the Ap horizon at the Kurysh and Kyliuk major sites 

(Mean of two replicates). 

Tube 

1 

2 

3 

4 

5 

6 

* Ah horizon. 

Kurysh Kyliuk 

Transect A Transect B Transect A Transect B 

--------------------- (M~ rn-3) ---------------------

1.32* 1.07 1.02 1.02 

1.09 1.00 1.30 1.22 

0.87 1.07 1.34 1.16 

1.07 1.02 1.30 1.13 

1.01 1.04 1.35 1.33 

0.87 1.09 1.16 1.28 

horizon was less than the avera~e density determined over the 0 to 0.15 m depth (Table 

4.1.1). A wide ran~e of Ap horizon bulk densities was observed at the Kyliuk site. The 

increased bulk densities at the 2A to 5A positions at the Kyliuk site were primarily the 

result of poor soil structure and were similar to the bulk density determined for the 0 to 

0.15 m depth in the upper slope position (Table 4.1.1). The differences between Ap 

horizon density and density of the 0 to 0.15 rn depth for both sites reflect the shallow depth 

of cultivation, 0.07 to 0.10 rn, at the two sites. Ap horizon density was ~enerally lower at 

the Kurysh site than at the Kyliuk: site because of the or~anic-rich A horizon at the former. 

Particle density was similar at the 2A and 6A access tubes at the Kurysh site and at 

the 6A access tube at the Kyliuk site. The mean particle density for 10 determinations was 

2.629 Mg m-3 with a standard deviation of 0.017 Mg rn-3. 
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4.1.4 Hydraulic Properties 

4.1.4.1 Moisture Retention 

Moisture retention information was obtained from laboratory determinations and 

from simultaneous moisture content and tensiometer readings taken during site monitoring 

and in .s.i1Y. measurement of hydraulic conductivity by the instantaneous profile method. A 

comparison of the moisture retention values predicted by the different methods is presented 

in Figure 4.1.10 for 1 m depth in the upper slope positions at the Kurysh site. The 0.41 

m3 m-3 saturated volumetric moisture content estimated from the soil bulk density and 

using a particle density of 2.63 Mg m-3 was lower than the 0.47 m3 m-3 value determined 

from laboratory samples, and higher than the 0.30 m3 m-3 value obtained from the 

instantaneous profile method. The high value observed in the laboratory was the result of 

sample swelling. The 20 mm thick samples increased between 1 and 2 mm in thickness, 

representing a 5 to 10% increase in soil volume. The degree of swelling varied between 

samples and was not measured. The discrepancy between the saturated water content 

estimated from the bulk density and determined from laboratory samples was generally 

greater than is shown in Figure 4.1.10. 

The discrepancy between saturated moisture content as predicted from soil bulk 

density and as determined from the instantaneous profile measurements is believed to be the 

result of entrapped air. Payer and Hillel (1986) estimated that between 1 and 6% of the bulk 

soil volume in a field soil contained entrapped air. The volume of entrapped air would be 

expected to be high for the instantane•)US profile method because of the rapid flooding of a 

relatively dry, fractured soil. The volume of entrapped air indicated in Figure 4.1.10, 12% 

of the bulk soil volume, was higher than was observed for the other sites. Saturated 

moisture contents as predicted from the tensiometer and neutron probe readings taken 

during site monitoring were generall) 3 to 8% lower than predicted from the soil bulk 

density (data not presented). 
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Figure 4.1.10. Comparison of moisture retention values obtained from different methods 

for the soil at 1 m depth.on the upper slope positions at the Kurysh site (Saturation 

plotted at -0.01 m matric potential). 

Moisture retention values obtained from the tensiometer nests and neutron access 

tubes were generally similar to the laboratory data for the 4A position at the Kurysh site for 

matric potentials less than -1 m, but had a somewhat lc wer moisture content than the 

laboratory data for a given tension for the 6A position (Figure 4.1.1 0). 

The moisture retention curves for the upper and lower slope positions at the three 

sites were constructed using laboratory determined values for matric potentials of -0.8 m or 

lower and using the saturated moisture content predicted from the soil bulk density (Fig. 

4.1.11 ). The volumetric moisture contents at -150 m matric . >Otential were calculated from 
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Figure 4.1.11. Moisture retention curves for the three major sites determined in the 

laboratory (Saturation plotted at -0.01 m matric potential). 
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gravimetric moisture contents and using the bulk densities obtained from the undisturbed 

cores. 

The moisture retention curves were-generally similar between sites and for the four 

depths sampled (Fig. 4.1.11). The 0.6 m depth at the Kyliuk site, however, tended to be 

wetter at most matric potentials than the lower depths. The laboratory samples from the 

lower slope position at the Rebeyka site had a marked tendency to swell and to smear and 

the results are of questionable accuracy. 

The moisture retention curves presented here are similar to the curves presented by 

Eilers (1982) for the Battleford and Floral tills. The volumetric moisture content was 

approximately 0.4 m3 m-3 at saturation and 0.2 m3 m-3 at -150 m matric potential. At all 

three major sites in this study, the saturated moisture content generally ranged from 0.35 to 

0.45 m3 m-3 and the moisture content at -150 m matric potential ranged from 0.15 to 0.20 

m3 m-3. 

4.1.4.2 Hydraulic Conductivity 

Saturated hydraulic conductivity of the glacial deposits at the Kurysh site, as 

determined by slug tests, ranged over two orders of magnitude (Table 4.1.3). In many 

cases the piezometer tips were uear a stratigraphic break and were located in the lower of 

the two deposits named. In some cases the upper unit intersected the sandpack of the 

piezometer installation and would affect the slug test In other cases, given the variation in 

sand pack thickness and the error in defining the depth to a stratigraphic break, it was not 

clear whether or not the upper unit had a significant influence on the slug test. 

The standard piezometer installations, located at 11 m depth at the middle and edge 

of the Kurysh slough, were paired with modified piezometer installations which had the 

barite seal extended to the soil surface. The modified installations indicated values of 

hydraulic conductivity up to two orders of magnitude lower than the standard installations 

(Table 4.1.3). The lower hydrauH · conductivity measured with the modified installations 
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Table 4.1.3. Hydraulic conductivity of the glacial deposits at the Kurysh site as determined 

by slug tests. 

Slope Tip Hydraulic 

Positiont Elevation* :Deposit Conductivity 

(m) (m s-1) 

ESLO -1.9 Slope-Wash I Oxidized Till 2.5 X 1Q-6 

ESLO -5.0 Oxidized Till I Unoxidized Till 1.4 X 1Q-7 

ESLO -11.1 Unoxidized Till 2.7 X 1Q-8 

ESLI -2.3 Slope-Wash I Oxidized Till 1.4 X 1Q-6 

ESLI -5.4 Oxidized Till/ Unoxidized Till 1.5 X 1Q-8 

ESLI -11.5 Unoxidized Till 2.5 X 1Q-7 

ESLI -11.2# Unoxidized Till 1.1 X 1Q-8 

MSL -2.7 Slope-Wash I Oxidized Till 1.1 X 1Q-5 

MSL -5.6 Oxidized Till I Unoxidized Till 1.6 X 1Q-8 

MSL -11.6 Unoxidized Till 1.1 X 1Q-7 

MSL -11.3# Unoxidized Till 1.1 X 1Q-9 

t ESLO - edge of slough outer nest, ESLI - edge of slough inner nest, MSL - middle of 

slough. 

* Soil surface in the middle of the slough has zero elevation. 

# Installation with barite to soil surface. 

was consistent with the hydraulic conductivity determined from the other installations in the 

till. The two standard installations are considered to be faulty, presumably as a result of 

leakage of water from the slough to the top of the barite seal. Based on hydraulic head 

information (see section 4.4.1), it was assumed that the other standard installations 

functioned properly. 
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Hydraulic conductivity of the slope-wash and upper oxidized till at the Kurysh and 

Kyliuk sites was relatively high, 10-6 to lQ-5 m s-1, as determined from the piezometers 

with tips near the slope-wash unit (Tables 4.1.3, 4.1.4). The hydraulic conductivity of the 

oxidized and unoxidized till was lower than for the slope-wash and ranged from 10-9 to 

l0-7 m s-1. The hydraulic conductivity of the sandy till, determined from the one 

installation with a positive pressure head, was 5.7 x 10-8m s-1. 

The 11 m depth modified installation at the middle of the slough at the Kurysh site 

had a very low hydraulic conductivity, 10-9 m s-1, indicating the presence of a low 

hydraulic conductivity layer at that depth. The hydraulic conductivities determined from the 

5 m piezometer in the outer nest at the edge of the slough at the Kurysh site and the 5.4 m 

piezometer in the middle of the slough at the Kyliuk site were approximately an order of 

magnitude higher than for the remainder of the piezometers which were located in till only. 

The high measured hydraulic conductivities may be due to the intersection of a thin sand or 

silt layer with the sandpack. The geometric mean hydraulic conductivity of the oxidized and 

unoxidized tills, not including the three installations mentioned above, was 1.6 x 10-8 

m s-1 for the Kurysh site and 1.3 x 10-8m s-1 for the Kyliuk site. The previous estimates 

of the saturated hydraulic conductivity of the Battleford formation in Saskatchewan, 3 x 

10-8 to 3 x 10-7 m s-1 (Eilers 1982; Miller 1983), are comparable to the estimates obtained 

in this study. 

Saturated and unsaturated hydraulic conductivity of the surficial deposits was 

determined on soil cores taken at the three major sites (Table 4.1.5). Measured saturated 

hydr~.ulic conductivities ranged from 5 x l0-9 to 2 x 10-6m s-1. The former values were 

measured on samples that swelled during the tests and will be disregarded 

Saturated hydraulic conductivity of the surficial deposits at the Kurysh site as 

determined from the soil cores was greater than 10-7 m s-1 and was over an order of 

magnitude higher than the hydraulic conductivity estimated for the till from the slug tests, 

but sin ilar to the hydraulic conductivity estimated from the 5 m piezometer at the ESLO 
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Table 4.1.4. Hydraulic conductivity of the glacial deposits at the Ky liuk site as determined 

by slug tests. 

Slope 

Positiont 

MSP 

MSP 

MSP 

ESLO 

ESLO 

ESLI 

ESLI 

MSL 

MSL 

MSL 

Tip 

Elevation* 

(m) 

-2.1 

-8.1 

-12.5 

-1.6 

-5.0 

-2.2 

-5.1 

-2.3 

-5.4 

-9.8 

Deposit 

Oxidized Till 

Oxidized Till/ Unoxidized Till 

Sandy Till 

Slope-Wash I Oxidized Till 

Oxidized Till/ Unoxidized Till 

Oxidized Till 

Oxidized Till/ Unoxidized Till 

Slope-Wash I Oxidized Till 

O:xidized Till/ Unoxidized Till 

Unoxidized Till 

Hydraulic 

Conductivity 

(m s-1) 

6.4 X 10-9 

1.9 X 10-8 

5.7 X 10-8 

1.5 X 10-6 

1.7 X 10-8 

1.5 X 10-8 

6.3 X 10-9 

5.0 X 10-6 

8.9 X 10-7 

2.0 X 10-8 

t MSP - midslope, ESLO - edge of slough outer nest, ESLI - edge of slough inner nest, 

MSL - middle of slough. 

* Soil surface in the middle of the slough has zero elevation. 

position (Table 4.1.3). In comparison, the final infiltration rate during flooding of the 

instantaneous profile plot, used to measure unsaturated hydraulic conductivity in .rim, was 

1.5 x l0-6 m s-1. Saturated hydraulic conductivity at the Kyliuk site was over 10-6m s-1 

for the 0.6 and 1.0 m depths in the upper slope position, whereas the saturated hydraulic 

conductivity for the lower slope positions and the 1.4 and 1.8 m depths in the upper slope 

position were generally similar to the 10-8 m s-1 estimated from the slug tests for the 

oxidized and unoxidized till (Table 4.1.4). At the Rebeyka site, saturated hydraulic 

conductivity was generally in the range of lQ-8 m s-1. 
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Table 4.1.5. Hydraulic conductivity of the surficial deposits at the three major sites. 

Hydraulic Conductivity* 

Slope 

Site Position Depth Saturated 

-0.2 m Matric 

Potential 

-0.5 m Matric 

Potential 

(m) ---------------------- (m s-1) ----------------------

Kurysh Upper 0.6 2.6 x l0-7 (5.5,3)# 1.5 x 10-8 (2.9,3) 4.4 x I0-9 (2.6,3) 

1.0 6.6 X 10-7 (1.5,3) 1.2 X to-7 (0.6,3) 2.2 X 10-8 (0.3,3) 

Kury.sh Lower 0.6t 3.1 x I0-9 (2.4,5) 5.4 x 10-10 (0.7,4) 4.0 x 10-10 (0.5,4) 

1.0 2.1 X 10-7 (2.2,2) 8.7 X 10-9 (0.2,2) 5.6 X 10-9 (0.1,2) 

1.4 1.2 X 10-7 (3.8,3) 3.7 X 1Q-9 (0.8,3) 3.2 X 10-9 (0.7,3) 

1.8 2.4 X 10-6 (NA,1) 6.8 X 10-9 (NA,1) 4.8 X 10-9 (NA,1) 

Kyliuk Upper 0.6 2.4 x 10-6 (0.9,3) 3.9 x 10-9 (0.3,3) 2.5 x 10-9 (0.5,3) 

1.0 1.6 X 10-6{0.9,3) '3.3 X 10-9 (0.7,2) 2.3 X 10-9 (0.7,2) 

1.4 1.2 X 10-8 (0.1,3) ND ND 

1.8 7.5 X 10-9 (3.1,4) 1.5 X 10-9 (NA,1) 1.3 X 10-9 (NA,1) 

Kyliuk Lower 0.6t 1.3 x l0-9 (1.3,3) 4.5 x 10-10 (1.0,3) 3.7 x 10-10 (1.3,3) 

1.0 1.0 X 10-8 (0.5,3) 4.6 X 10-9 (1.0,3)" 1.6 X 10-9 (0.5,3) 

1.4 4.4 X 10-8 (0.5,3) 1.2 X 10-8 (0.5,2) 2.2 X 1Q-9 (0.6,3) 

1.8 6.1 X 10-9 (2.2,2) 2.4 X 10-9 (0.7,2) 1.5 X 10-9 (0.3,2) 

Rebeyka Upper 0.6 1.2 x 10-8 (1.3,3) 3.1 x I0-9 (1.2,3) 1.9 x I0-9 (1.2,3) 

1.0 1.9 X 10-8 (0.6,2) 2.5 X 10-9 (0.5,2) 1.7 X 10-9 (0.6,2) 

1.4 4.9 X 10-7 (2.9,3) 6.0 X 10-9 (0.8,3) 3.7 X 10-9 (0.9,3) 

1.8 1.2 X 10-8 (1.7,3) 1.4 X 10-9 (0.3,3) 1.0 X 10-9 (0.4,3) 

Rebeyka Lower 0.6t 4.6 x 10-10 (0.8,6) 1.3 x 10-10 (1.3,5) 1.0 x 10-10 (0.9,5) 

1.0t 3.3 X lQ-9 (1.0,6) 8.8 X 10-10 (1.2,5) 1.0 X 10-10 (0.9,5) 

1.4 7.1 X 10-8 (1.5,3) 6.5 X 10-9 (0.2,2) 2.7 X 10-9 (0.4,2) 

1.8 6.7 X 10-9 (2.7,2) ND ND 

* Geometric means. 

# Standard deviation in natural log units (2.3 units represent 1 order of magnitude) and 

number of samples. 

N A - not applicable, ND - not done. 

t Significant swelling. 
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Hydraulic conductivity decreased between 2- and 500-fold going from saturation to 

a matric potential of -0.2 mat all three sites. Hydraulic conductivity was only about 50% 

lower at a matric potential of -0.5 m than at -0.2 m for most sites. The degree of variability 

in the hydraulic conductivity decreased with decreasing matric potential. 

The marked decrease in hydraulic conductivity with decreasing matric potential 

from saturation to -0.2 or -0.5 m was probably as a result of air entry into the fractures and 

macropores of the soil. The fractures and macropores are important for the hydraulic 

conductivity at saturation but would be expected to drain at matric potentials below -0.1 m 

(Watson and Luxmoore 1986). The occurrence of macropores and fractures within the soil 

is expec·~ed to be more spatially variable than for the smaller pores, which would account 

for the greater variability observed in the saturated than in the unsaturated hydraulic 

conductivity. 

The higher hydraulic conductivity for the surficial materials relative to the 

underlying till was probably the result of soil weathering processes. Increased fracturing as 

a result of desiccation and freeze-thaw processes would occur near the soil surface. In 

addition, processes such as leaching of carbonate minerals and root growth may increase 

the porosity of the deposits. Such processes would be maximized near the soil surface. 

Unsaturated hydraulic conductivity of the top 1m was also determined using the 

instantaneous proftle method (Hillel et al. 1972) for one upper slope position at each major 

site. Analysis of the data was done by fitting curves of water content versus time similar to 

Ogata and Richards (1957): 

1n w0 = a+ b 1n t [4.1.1] 

where W0 is the depth of water in the soil above depth D, tis time, and a and b are 

regression coefficients (Fig. 4.1.12). Because evaporation was prevented, the flux of water 

(F) at depth D can then be calculated as: 
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Figure 4.1.12. Examples of fitted curves showing depth of water in the soil (Wn) and 

hydraulic heaci potential as a function of time during the measurement of 

unsaturated hydraulic conductivity with the instantaneous profile method at the 

Rebeyka site. 

dW0 a b-1 
F0 (t) =- = b e t 

dt 
[4.1.2] 

Hydraulic head potential over time was described using equations of the form: 

'l'hD (t) = c +dInt [ 4.1.3] 

where 'lfhD is the hydraulic head potential at depth D and c and d are regression coefficients 

(Fig. 4.1.12). Hydraulic conductivity was calculated, for example at 0.3 m depth, as: 

Ko.3 (t) = Fo.3 (t) + 
'~'h0.4 (t) - '~'h0.2 (t) 

0.2 
[ 4.1.4] 
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where K is hydraulic conductivity, determined at a matric potential of: 

'~'h0.4 (t) + '~'h0.2 (t) 
"' = ---......... --- - 0.3 m 2 [ 4.1.5] 

where 'I'm is matric potential. Values of hydraulic conductivity were calculated at 24, 48, 

96, 192 and 384 hours after covering of the plots. 

The main limitation to the accuracy of the instantaneous profile method was the 

quality of the tensiometer readings. The scatter in the tensiometer readings was least at the 

Rebeyka site and most at the Kurysh site. In addition, the hydraulic conductivity estimated 

at 0.3 m depth may have been influenced by thermal gradients (Roulier et al. 1972). The 

lower depths are at a similar depth to the shallowest tensiometers and are thus of the most 

interest for the calculation of unsaturated flow. 

Hydraulic conductivity as a function of matric potential, obtained for various depths 

from the in mu determination of unsaturated hydraulic conductivity using the instantaneous 

profile method, is presented in Figure 4.1.13 for the three major sites. In general, the 

slopes of the hydraulic conductivity functions were steeper at shallow depths at the Kurysh 

and Kyliuk sites and changed little with depth at the Rebeyka site. The variation in 

hydraulic conductivity with depth at a given value of matric potential was up to two orders 

of magnitude at the Kurysh site and up to one order of magnitude at the Kyliuk and 

Rebeyka sites. The hydraulic conductivity functions for 0. 7 m depth at the Kurysh site, 0.9 

and 1.1 m depth at the Kyliuk site, and 0.5, 0.7 and 0.9 m depth at the Rebeyka site are all 

similar. Thus, the variation in the hydraulic cortductivity functions was greater with depth 

than between sites. 

The hydraulic conductivity measured at -0.5 m matric potential was generally 1 to 2 

orders of magnitude lower for the soil cores (Table 4.1.5) than for the instantaneous profile 

method (Fig. 4.1.13). The presence of fewer large pores and fractures in the cores may 

explain the lower hydraulic conductivity relative .o the instantaneous profile method. 
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Figure 4.1.13. Hydraulic conductivity as a function of matric potential for one upper slope 

position at each major site as determined by the instantaneous proflle method. 
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Extrapolation of the hydraulic conductivity functions presented in Figure 4.1.13 

would predict hydraulic conductivities of IQ-10 m s-1 or less below matric potentials of -2 

m. Extrapolation of the hydraulic conductivity functions to lower values of matric potential 

may yield questionable results. 

Hydraulic conductivity of the upper slope position at the Kurysh site was estimated 

from the moisture retention data for the 0.6, 1.0 and 1.4 m depths by fitting Equation 2.18 

(Campbe111974). The fitted moisture retention curve (Fig. 4.1.14) was: 

[ 4.1.6] 

where 'If is the absolute value of the matric potential. The equation suggests an air entry 

value of -0.172 m matric potential. A hydraulic conductivity function in the form of 

Equation 2.20 was obtained using the estimated 6.6 x 10-7 m s-1 saturated hydraulic 

conductivity obtained from the soil cores at 1.0 m depth: 

K('lfm) = 6.6 x 10 

2.48 
-7 (0.172) 

'I'm 
[ 4.1. 7] 

A comparison between the hydraulic conductivity predicted by Equation 4.1.7, and 

estimates of the hydraulic conductivity at 0. 7 m depth by the instantaneous profile method 

and from the soil cores is presented in Figure 4.1.15. Equation 4.1. 7 represents a 

reasonable comprom-i.se between the various estimates of hydraulic conductivity. Because 

of the similarity in the moisture retention curves between sites (Fig. 4.1.11 ), and the 

similarity between Equation 4.1. 7 and the hydraulic conductivities obtained from the 

instantaneous profile method at the Kyliuk: and Rebeyka sites (Fig. 4.1.16), Equation 4.1.7 

was also applied to the Kyliuk and Rebeyka sites. 
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Figure 4.1.14. Moisture retention curve for the upper slope position at the Kurysh site 

fitted with the method of Campbell (1974). 
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Figure 4.1.15. Comparison of hydraulic conductivity estimated by three methods for the 

upper slope position at the Kurysh site. 
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Figure 4.1.16. Comparison of the hydraulic conductivity function f:.:>r the upper slope 

position at the Kurysh site to hydraulic conductivity of the upper slope positions at 

the Kyliuk and Rebeyka sites determined using the instantaneous profile method. 

-7 
"'~ -0.17, K = 6.6 X 10 6 

-0.17 ~ 'Jf~ -0.49, K = 2.4 x 10-
7
exp(7.5'1') 

-0.49 ~ 'Jf~ -1.13, K = 3.5 x 10-
8
exp(3.6 'tl) 

-1.13 S 'JfS -2.50, K = 3.1 x 10~9exp(1.4 'I') -2.50 ~, K = 4.9 x 10 exp(0.70'1') 

- 10-6 -lei.) 

e -7 - 10 
~ .... ·-> ...... 

-8 .... 
(.) 
::s 10 

"'t:S 
Fitted K{\V) Functions 

§ 
u 

a Campbell (1974) Method 
(.) 10-9 ...... -
~ 
£ 10-10 

0 -1 -2 -3 -4 -5 
Mattie Potential (m) 

Figure 4.1.17. Approximation of the Campbell (1974) hydraulic conductivity function for 

the upper slope position at the Kurysh site with a series of functions suitable for the 

Wind and van Doome (1975) equation ('Jf is 'Jim)· 
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Equation 4.1.7 was approximated with a series of hydraulic conductivity functions 

in the form of Equation 2.3 (Fig. 4.1.17) such that the Wind and van Doome (1975) 

equation (Equation 2.4) could be used to calculate unsaturated flow. 

4.2 SOIL CHEMICAL PROPERTIES 

The relative magnitude of the water flow which has occurred in different locations 

within a landscape can be inferred from the soil chemical properties of that landscape. The 

soil chemical properties commonly used as indicators of water flow include electrical 

conductivity, ion concentration and inorganic carbon concentration, and are presented in 

Figures 4.2.1 and 4.2.2 for the Kurysh and Kyliuk sites, respectively. 

4.2.1 Electrical Conductivity 

The electrical conductivity of a 1:1 soil:water suspension was used as an index for 

the concentration of soluble salts. Soluble salts are readily leached and are a sensitive 

indicator of water flow (St. Arnaud 1979). Assuming that the salts were initially uniformly 

distributed, the relative amount of past water flow in the landscape can be inferred from the 

present distribution of salts. 

Electrical conductivity at the Kurysh site increased at the middle and edge of the 

slough and at the midslope position below 6 m depth; corresponding to the break between 

the oxidized and the unoxidized tills (Fig. 4.2.1a). Electrical conductivity of the unoxidized 

till was relativ~ly uniform with depth and had values of 90 mS m-1 at the middle of the 

slough, 100 mS m-1 at the edge of the slough and 160 mS m-1 at the midslope position. 

An accumulation of soluble salts was observed at 1 m depth in the oxidized till at 

the midslope position (Fig. 4.2.1a). Electrical conductivity was not measured to sufficient 

depth beneath the knoll to determine if a distinct peak in electrical conductivity was present 

at depth. Electri.;al conductivity of the oxidized till at the knoll was relatively low, 50 to 60 
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Figure 4.2.2b. Soil chemical properties as a furtction of depth and slope position at the Kyliuk site. 
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mS m-1, in the top 1 m and increased to 100 mS m-1 at 1.8 m depth. Electrical 

conductivity of the slope-wash was about 50 mS m-1, with a slight increase near the 

surface at the edge of the slough. The sandy till had an electrical conductivity similar to the 

overlying unoxidized till. The stratified unit found at the knoll had an electrical conductivity 

of 75 mS m-1, however, the deepest sample taken in the knoll position (from the top of a 

sand layer) had a an electrical conductivity of 220 mS m-1. 

Soil electrical conductivity was also determined on samples taken during the 

installation of the neutron access tubes in order to better define the soluble salt distribution 

near the soil surface. The soil was generally well leached of soluble salts to 3 m depth at all 

slope positions at the Kurysh site (Fig. 4.2.3). The highest salt concentrations were found 

in the knoll (6A) position. At the 6A position the electrical conductivity increased with 

depth below 0.6 m to a maximum of 95 mS m-1. The accumulation of soluble salts 

observed at 1m depth in the midslope position from the drill samples (Fig~ 4.2.1a) was not 

apparent at the 4A position although a diffuse accumulation of soluble salts was present at 

2.2 m depth, suggesting that the shallow accumulations of soluble salts were variable in 

space, and/or possibly in time, near the midslope position. 

The increase in electrical conductivity at 6 m depth seen at all but the knoll position 

at the Kurysh site (Fig. 4.2.1a) appears to reflect a difference in the properties of the 

oxidized and unoxidized tills rather than past leaching of salts. The increase in electrical 

conductivity of the unoxidized till from 90 mS m-1 at the middle of the slough to 100 

mS m-1 at the edge of the slough to 160 mS m-1 at the midslope position indicates 

decreased leaching of soluble salts. The variable soluble salt accumulations near the soil 

surface make conclusions regarding water flow difficult, however, the large accumulation 

of soluble salts at 1 m depth at the midslope position (Fig. 4.2.1a) would suggest that 

water flow there has been limited to shallow depths. 

Electrical conductivity at the Kyliuk site also increased at the break between the 

oxidized and unoxidized tills at the edge of the slough an. 1 at the midslope position (Fig. 
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4.2.2a). Electrical conductivity of the oxidized and unoxidized tills was ·generally low at the 

edge of the slough and midslope positions and high at the knoll position. Electrical 

conductivity of the slope-wash, oxidized till and stratified deposits at the edge of the slough 

and midslope positions ranged from 40 to 50 mS m-1, in contrast to the underlying 

unoxidized till where electrical conductivity ranged from 60 to 100 mS m-1. 

The sandy till at the Kyliuk site tended to have a lower electrical conductivity than 

the till above it. The lower electrical conductivity of the sandy till in comparison to the 

overlying till may be due in part to the coarser texture of the former which leads to a 

greater dilution of soluble salts in 1:1 soil:water suspensions (Hogg and Henry 1984). 

Electrical conductivity of the top 3m of soil at the Kyliuk site was relatively low, 

ranging from 30 to 50 mS m-1, at all positions in transect B and at the 1A position (Fig. 

4.2.3). Low electrical conductivity to 1.5 m depth followed by increasing electrical 

conductivity with depth was observed at 4A and 6A. The increase in electrical conductivity 

at 1.5 m depth was not apparent, however, at the midslope position for the drill samples 

(Fig. 4.2.2a). 

Electrical conductivity was low and uniform from the surface to the top of the 

unoxidized till at both the edge of the slough and at midslope at the Kyliuk site, indicating 

that the deposits were well leached. A distinct accumulation of soluble salts was present at 

the knoll with the peak electrical conductivity occurring at 5 m depth, indicating a lack of 

water flow to significant depths. 

The results for the Kurysh and Kyliuk sites indicate well leached deposits at the 

middle and edge of the slough and poorly leached deposits at the knoll. The upper slope 

positions in the B transect, the saddles between the knolls, were better leached than the 

upper slope positions in the A transect at both sites (Fig. 4.2.3). The midslope position at 

the Kyliuk site, however, was well leached at depth whereas the midslope position at the 

Kurysh site was poorly leached ,)f soluble salts. 
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Soil electrical conductivity at the Rebeyka site was low, 20 to 40 mS m-1, and was 

relatively uniform with depth at the 2B, 4A and 6A positions (Fig. 4.2.3). At the 2A, 4B 

and 6B positions, electrical conductivity was low to a depth of 0.5 to 1.0 m, followed by a 

sharp increase in electrical conductivity to over 200 mS m-1 below this depth. The increase 

in electrical conductivity was associated with the change in stratigraphic units. 

4.2.2 Ion Species 

The ion concentrations within the deposits followed a pattern similar to the 

distribution of electrical conductivity except for chloride and nitrate. The dominant cation 

and anion were Ca2+ and S042-, respectively, and their distribution with depth was similar 

for all slope positions at both the Kurysh and Kyliuk sites (Figs. 4.2.la, 4.2.2a). The 

similarity in calcium and sulphate-sulphur concentration indicates that the dominant soluble 

salt was gypsum (CaSO 4·2 ~0). Sulphate-sulphur concentration was higher than calcium 

concentration, however, at the midslope position at the Kurysh site and under the knoll 

position at the Kyliuk site where electrical conductivity was at a maximum. The 

discrepancy in the concentration of sulphate and calcium was matched by a high 

concentration of magnesium (Figs. 4.2.la, 4.2.2a), thus, magnesium sulphates are of 

importance in some locations. 

The concentrations of potassium and sodium followed the same pattern with depth 

as calcium, magnesium and sulphate, however, the actual values were about one-tenth as 

great (Figs. 4.2.la, 4.2.2a). The concentration of sodium was generally similar to that of 

potassium in the lower slope positions and higher than the potassium concentration in the 

upper slope positions. 

The ion concentrations of, for example, the unoxidized till at the middle of the 

slough at the Kurysh site were 8.5 meq 1-1 Ca2+, 3.3 meq 1-1 Mg2+, 0.8 meq 1-1 K+, 0.6 

meq 1-1 Na+ and 10.6 meq 1-1 S042-. Ion concen.:rations of the unoxidized till at the 

midslope position at the Kurysh site were 11.2 11eq I-1 Ca2+, 7.4 meq I-1 Mg2+, 0.9 
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meq 1-1 K+, 2.2 meq 1-1 Na+ and 18.7 meq 1-1 S042-. Comparison of these ion 

concentrations with published results is difficult because most studies used a 1:5 soil:water 

ratio rather than the 1: 1 soil: water ratio used here. The predominance of Ca2+ and SQ42-

ions, the relatively high concentrations of Mg2+, and the relatively low concentrations of 

K+ and Na+ are typical of groundwater in recharge areas in the Interior Plains (Grisak et al. 

1976). 

Chloride and nitrate-nitrogen concentrations were relatively uniform with depth 

below the solum and decreased in the down-slope direction at both cultivated sites (Figs. 

4.2.1b, 4.2.2b). The concentration of chloride ranged from approximately 0.22 ineq 1-1 at 

the knoll to 0.08 meq 1-1 at the edge of the slough at the Kyliuk site and from 0.~5 meq 1-1 

at the knoll to 0.08 meq 1-1 in the middle of the slough at the Kurysh site. The 

concentration of nitrate-nitrogen ranged from approximately 0.15 meq 1-1 at the knoll to 

0.06 meq 1-1 at the edge of the slough at the Kyliuk site and from 0.15 meq I-1 at the knoll 

to 0.07 meq 1-1 in the middle of the slough at the Kurysh site. A small increase in nitrate

nitrogen concentration with depth, up to 0.8 meq 1-1, was observed at the Kurysh site, but 

discrete accumulations of nitrate were not apparent Nitrate-nitrogen concentrations in the 0 

to 0.3 m depth increment were up to 0.3 meq 1-1 at the Kyliuk site and over 3 meq 1-1 at 

the Kurysh site; the nitrate concentrations at the edge of the slough and the midslope 

position at the Kurysh site were greater than 2 meq I-1 and are not plotted in Figure 4.2.lb. 

The high nitrate levels at the Kurysh site are a result of the high organic-matter 

concentrations at the soil surface and summer-fallowing in 1985 when the samples were 

taken. 

Nitrate-nitrogen accumulation below the root zone has been used as an indicator of 

past leaching (Campbell et al. 1975). The accumulation of nitrate-nitrogen observed at the 

Kurysh site was relatively small and occurred at approximately the same depth regardless 

of slope position (Fig. 4.2.1 b). It is believed that this accumulation of nitrate-nitrogen is 

in dice. Jve of nitrate released by the oxidation of organic materials occurring within the 
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deposits (Power et al. 1974, from Doering and Sandoval 1976) or from the oxidation of 

ammonium released from the clays during weathering (Hendry et al. 1984) rather than from 

the leaching of nitrate from the soil surface after breaking (Campbell et al. 1975). No 

measurements of organic carbon were made, but (Keller 1987) found from 0.1 to 0.6% 

organic carbon in the Floral formation in central Saskatchewan. There is, therefore, a 

small, significant source of organic carbon in Saskatchewan tills from which nitrate could 

be released. The first fallow period after the breaking in 1978 of the Kurysh and Kyliuk 

sites occurred in 1985 and 1982, respectively, and the small amount of time following 

breaking also suggests that no significant leaching of nitrate below the root zone has 

occurred prior to the sampling. 

A ratio of soluble Mg2+ /Ca2+ greater than 1 has been used as an indicator of an 

accumulation of soluble salts (St. Arnaud 1979). The Mg2+fCa2+ ratio was relatively 

uniform with depth and slope position below 8 m depth at both the Kurysh and Kyliuk 

sites with a value of 0.5 to 0.8 (Figs. 4.2.1 b, 4.2.2b ). In the lower slope positions, the 

Mg2+fCa2+ ratios in the upper 8 m were less than, or equal to, those below 8 m depth. The 

Mg2+fCa2+ ratio in the top 8 m was greater than that below 8 m in the knoll and midslope 

positions, and was greater than 1 between 1 and 5 m depth at the knoll and midslope 

positions at both sites. 

A Mg2+ /Ca2+ ratio of less than 1 was observed for the entire depth of sampling at 

the middle and edge of the slough at the Kurysh site, indicating that no soluble salt 

accumulation had occurred (Fig. 4.2.1b). The Mg2+fCa2+ ratio was slightly lower in the 

oxidized till in the midcUe than at the edge of the slough, 0.3 vs 0.6, which is consistent 

with increased leaching in the middle of the slough. The entire depth of oxidized till at the 

midslope and knoll positions, with the exception of the solum, had a Mg2+ /Ca 2+ ratio 

greater than 1. The Mg2+fCa2+ ratio peaked at about the same depth as the maximum 

soluble salt accumulation (Fig. 4.2.1a) and decreased slowly with depth until the 
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Mg2+JCa2+ the ratio was similar at the bottom of the unoxidized till at the midslope position 

as for the unoxidized till at both the edge and middle of the slough. 

The Mg+2JCa+2 ratio was below 1 for the entire depth sampled at the edge of the 

slough at the Kyliuk site (Fig. 4.2.2b) and is consistent with the leaching inferred from the 

low electrical conductivity. At the midslope position, however, the Mg2+JCa2+ ratio was 

greater than 1 between the bottom of the solum and the top of the unoxidized till, well 

above the peak in electrical conductivity. A high Mg2+JCa2+ ratio was observed at the knoll 

with the peak Mg2+JCa2+ ratio occurring at a more shallow depth and having a higher value 

than at the midslope position. St. Arnaud (1979) noted that the peak Mg2+JCa2+ ratio 

generally occurred just below the zone of maximum carbonate accumulation and did not 

necessarily correspond to the location of the peak electrical conductivity. 

The conflicting electrical conductivity and Mg2+JCa2+ ratio information at the 

midslope (roughly 3A) position may be a result of the variable nature of the soluble salt 

accumulations in time and space, as was suggested for the Kurysh site. 

4.2.3 Inorganic Carbon 

Inorganic carbon content was used to indicate the concentration of carbonate 

minerals in the glacial deposits. The carbonates are a much less sensitive indicator of water 

flow than the soluble salts because of their lower solubility. 

Inorganic carbon content was relatively constant at 1.3 to 1.6% in the sandy till, 

unoxidized till and stratified deposits at the Kurysh site (Fig. 4.2.1 b). Inorganic carbon 

content of the oxidized till was similar to the underlying deposit at the knoll and midslope 

positions, higher than the underlying deposit at the edge of the slough, and lower than the 

underlying deposit at the middle of the slough. Distinct accumulations of inorganic carbon 

as Cca horizons were observed at all slope positions except in the middle of the slough 

(Appendix A). Inorganic carbon content of the solum was very low. The slope-wash had a 

105 



very low inorganic carbon content at the middle of the slough, less than 0.2%, but up to 

2.7% inorganic carbon at the edge of the slough. 

The concentration of inorganic carbon in the units below the oxidized till was more 

variable at the Kyliuk site (Fig. 4.2.2b) than at the Kurysh site (Fig. 4.2.1b) and ranged 

from 0.9 to 2.0%. The sandy till and the sand and gravel had lower inorganic carbon 

contents than the overlying unoxidized till at the edge of the slough and at the midslope 

position, but had an inorganic carbon content similar to the overlying oxidized till at the 

knoll position. The inorganic carbon content of the oxidized till below the sol urn ranged 

from 1.1 to 1.6% and the inorganic carbon content of the slope-wash at the edge of the 

slough was less than 0.1 %. High inorganic carbon concentrations were observed in the 

Cca horizons (as indicated in the test hole logs in Appendix A), at 9 m depth in the 

unoxidized till at the midslope position, and at 8 m depth in the stratified sand, silt and till at 

the knoll position. 

Inorganic carbon content of the Battleford formation has been reported at 1.2% to 

1.4% (Christiansen 1968a; b) and inorganic carbon content of the Floral formation has 

been reported at 1.1% (Christiansen 1968a). The tills at the Kurysh and the Kyliuk sites 

had a wide range of inorganic carbon content, from 1.1 to 2.0%, but generally had an 

inorganic carbon content similar to, or higher than, the inorganic carbon contents reported 

for the Battleford formation. 

Depletion of carbonate minerals to a depth of almost 2 m was observed in the 

middle of the slough at the Kurysh site (Fig. 4.2.1 b). Although the depth to carbonates 

may have been increased by the accretion of non-carbonated soil, the depth to which 

carbonate depletion has occurred is consistent with the significant leaching indicated by the 

low electrical conductivity and the low Mg2+fCa2+ ratio (Figs. 4.2.1a, b). An accumulation 

of carbonate minerals was observed at the edge of the slough indicating discharge of water 

_as evaporation. Only a very small concurrent accumulation of soluble salts was observed 

.vhich is consistent with the leaching predicted at the edge of the slough. It is probable that 
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the water flow pattern at the edge of the slough changes over time with recharge occurring 

during the spring and fall and discharge occurring during the summer. It is also probable 

that any soluble salt accun1ulation is periodically leached from the soil surface. The 

transient nature of water flow around sloughs has been documented by Meyboom (1966) 

and Winter (1983). The comparatively shallow depth of carbonate depletion at the midslope 

and knoll positions is consistent with minimal leaching at these positions. 

Inorganic carbon depletion also decreased in the upslope direction at the Kyliuk site 

(Fig. 4.2.2b ). No accumulation of carbonates, similar to the one at the Kurysh site (Fig. 

4.2.1b), was observed at the edge of the slough, indicating that discharge adjacent to the 

slough is less common at the Kyliuk site than at the Kurysh site. 

4.2.4 Soil pH 

The deposits at the Kurysh and Kyliuk sites can be divided into three groups on the 

basis of soil pH (Figs. 4.2.1 b, 4.2.2b ). The ftrst group includes the slope-wash unit and 

upper solum which have a low inorganic carbon and soluble salt content. Soil pH in this 

group was reduced to less than 7.6 by the leaching of bases. The second group includes 

deposits which contain significant inorganic carbon and have low soluble salt 

concentration: the Cca horizons in the upper slope positions and the oxidized and 

unoxidized tills at the middle of the slough. The group has a relatively high pH, in the 

range of 8.1 to 8.5, because pH is controlled by the dissolution of the carbonate minerals. 

The third group includes deposits which contain significant concentrations of both 

inorganic carbon and soluble salts and includes the unoxidized and sandy tills below the 

upper slope positions. This group has pH's ranging from 7.6 to 8.1, because pH is 

controlled by dissolution of other precipitates in addition to calcium carbonate. The pH of a 

soil:water suspension decreases with increasing concentration of neutral soluble salts 

(Peech 1965). 
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4.2.5 Discussion 

The landscape can be broken into three groups on the basis of past water flow as 

inferred from the soil chemical properties: strong leaching was present in the middle and at 

the edge of the slough, intermediate leaching was present at the upper slope positions in the 

saddle and limited leaching was present at the upper slope positions on the knoll. The 

midslope position at the Kyliuk site, however, had conflicting results with respect to the 

inference of past water flow. 

The results presented here are consistent with the concept of slough-focused 

recharge (Lissey 1968) because the strongest leaching was associated with the slough. 

Conclusions regarding water flow for the B transect, leading from the slough to the saddle, 

are limited because electrical conductivity below 3 m was not determined (Fig. 4.2.3); 

however, the generally well leached profiles to this depth indicate that significant recharge 

has occurred. The high Mg2+fCa2+ ratio, accumulation of soluble salts and shallow depth 

of inorganic carbon depletion indicate that minimal recharge occurred at the upper slope 

positions along the A transect. The diffuse nature of the peak in the Mg2+ /Ca2+ ratio, 

however, suggests that some water flow below the root zone has occurred in the past at the 

midslope and knoll positions. 

The water flow indicated by the soil chemistry has occurred over a long time period 

and presumably under a variety of vegetative and climatic conditions. It is unlikely that any 

changes in the water flow system in the 7 years following breaking would have resulted in 

large changes in the soil chemistry, with the exception of some movement of soluble salts. 

Thus, the water flow inferred from the soil chemistry is primarily that which occurred 

under the long term native vegetation. 
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4.3 LANDSCAPE ANALYSES 

The purpose of the landscape analysis was to relate the distribution of soil 

tnorphology and soil water in the landscape to topography. The topographic variables 

included degrees from north (DN), degrees from west (DW), local catchment area (LCAT) 

in m2, gradient (GRAD) in degrees, profile curvature (PROF) in degrees per meter, plan 

curvature (PLAN) in degrees per meter, and relative elevation (ELEV) in m. The soil 

morphological variables included thickness of A horizon (TIIA), thickness of Ae horizon 

(THAE), thickness ofB horizon (THB), and depth to calcium carbonate (DPCB); all had 

cnits of em. A bulk value for soil water was estimated from in ll1ll soil electrical 

conductivity, in mS m-1, de-termined in April, 1987 using the EM38 in the vertical 

(EM38V) and horizontal (EM38H) orientations and the EM31 in the vertical (EM31V) and 

horizontal (EM31H) orientations. The analysis used data from the soil profile grids at the 

major sites and from the transects at all sites; except for the soil water variables which had 

data from the grids only. 

4.3.1 Characterization of Landscape Variables 

The landscape variables (Table 4.3.1) were tested for skew and kurtosis (Snedecor 

and Cochran 1980) and for normality using the Kolmogorov-Smirnov one-sample test 

(Steel and Torrie 1980). Only PROF had a clearly normal distribution. The distribution of 

DN and DW would not be expected to have a normal distribution due to the nature of the 

variable and was not normalized by any standard transformation. 

The variables ELEV, GRAD, THA, THB, DPCB, EM38V, EM38H, EM31 V and 

EM31H all had significant skew (Table 4.3.1 ). The distribution of all but THA were 

normalized by a square-root transformation. The distribution of THA was normalized by a 

natural log transformation (Fig. 4.3.1 ). 

The distributions of LCA T, THAE and PLAN were essenfally log-normal and a 
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Table 4.3.1. Test of normality, skew and kurtosis for the landscape variables (n = 304 

except for the EM variables where n = 256). 

Variablet Normality Skew Kurtosis 

DN 0.105* 0.356* -1.10* 

DW 0.069 0.003 -1.06* 

ELEV 0.105* 0.715* -0.29* 

(ELEV)0.5 0.066 0.220 -0.78* 

GRAD 0.068 0.369* -0.77* 

(GRAD)0.5 0.039 -0.143 -0.74* 

LCAT 0.258* 3.895* 21.30* 

ln (LCAT+1) 0.095* -0.353* -0.53 

PLAN 0.176* -3.220* 57.65* 

PLAN Transformed 0.070 -0.084 -0.66* 

PROF 0.033 0.124 -0.09 

TIIA 0.150* 1.578* 2.76* 

(THA)0.5 0.114* 0.862* 0.30 

InTRA 0.083 0.207 -0.57 

1HAE 0.418* 2.294* 5.25* 

ln (TIIAE+ 1) 0.449 1.241 * -0.18 

THB 0.160* 2.046* 5.20* 

(THB)0.5 0.072 0.292* 0.51* 

DPCB 0.137* 1.715* 3.76* 

(DPCB)0.5 0.062 0.151 0.69* 

EM38V 0.082 0.650* 1.01* 

(EM38V)0.5 0.065 0.313* 0.28 

EM38H 0.078 0.376* 0.39 

(EM38H)0.5 0.070 0.060 0.05 

EM31V 0.094 0.185 -0.69* 

(EM31V)0.5 0.086 -0.017 -0.88* 

EM31H 0.107* 0.293 -0.45 

(EM31H)0.5 0.104* 0.063 -0.73* 

t Abbreviations defined in text. 

* Indicates significant non-normality, skew or kurtosis (a = 0.05). 



natural log transformation was used. LCAT was still not normally distributed after 

transformation, however, the skew and kurtosis of the distribution were considerably 

reduced (Table 4.3.1, Fig. 4.3.1). Transformation of THAE made the non-zero values of 

THAE normally distributed but the high number of profiles with no Ae horizon, i.e. THAE 

= 0, resulted in significant skew (Fig. 4.3.1 ). PLAN contained negative numbers and a 

modified natural log transformation was required: 

In (PLAN + 1) for PLAN ~ 0 

-In((- 1 x PLAN)+ 1) for PLAN< 0 

[ 4.3.1] 

[4.3.2]. 

All future references in this section will be to the transformed variables, for 

example, THA now refers to ln THA. Hereafter, all variables will be considered to be 

normally distributed with the exception of DN, DW, LCA T and THAE. All statistical 

analysis will be done on the transformed variables and all tables of means will have the 

means converted back to the original scale. 

The correlations between variables, with the exception of the electrical conductivity 

variables, were similar for the combined data and for the individual sites, hence, the 

correlations for the combined data are presented in Table 4.3.2. Correlation between soil 

electrical conductivity and the other landscape variables was strongly site dependent (Table 

4.3.3). 

The variables TIIB, EM38H and EM31H will not be discussed further at this point 

because of the high correlations between TIIB and DPCB (r = 0.93), EM38H and EM38V 

(r = 0.92), and EM31H and EM31V (r = 0.92). No significant correlation was obtained 

between DW and the soil morphology variables and DN had a significant correlation with 

THB and DPCB. However, DN was more strongly correlated with ELEV, GRAD and 

LCAT than with the soil morphology variables. Thus, DN and DW contribute little to the 

understanding of the distribution of soil properties and will be excluded from further 
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Figure 4.3.1 Probability distribution of local catchment area (LCAT), A horizon thickness 

(THA) and Ae horizon thickness (THAE) after transformation. 

analyses. ELEV was eliminated from further analyses because of the strong correlation 

between ELEV and PROF, PLAN and LCAT (Table 4.3.2). 

LCAT had a strong negative correlation to both PROF and PLAN indicating higher 

local catchment area for concave than for convex surfaces (Table 4.3.2). The soil 

morphology variables had a significant negative correlation with PROF and PLAN and a 

significant positive correlation with LCAT. Thus, A and Ae horizon thickness and depth to 

calcium carbonate increased where the slope form was concave and with increasing local 

catchment area. The similarity of the correlations between sdl horizon thickness and the 

topography variables between sites (data not presented) indicates that the general 
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Table 4.3.2. Correlation matrix for the topography and soil morphology variables for the combined data. 

Variable* DN DW ELEV GRAD LCAT PLAN PROF THA THAE 

DN# 1.00 0.19 -0.23 -0.25 -0.16 -0.05 0.05 0.00 0.01 

DW# 0.19 1.00 0.00 -0.01 0.08 0.01 -0.09 0.10 0.04 

ELEV -0.23 0.00 1.00 0.18 -0.43 0.40 0.57 -0.21 -0.42 

GRAD -0.25 -0.01 0.18 1.00 0.34 -0.20 -0.04 0.30 -0.06 

LCATI -0.16 0.08 -0.43 0.34 1.00 -0.69 -0.57 0.55 0.42 

PLAN -0.05 0.01 0.40 -0.20 -0.69 1.00 0.28 -0.44 -0.41 

PROF 0.05 -0.09 0.57 -0.04 -0.57 0.28 1.00 -0.50 -0.38 

THA 0.00 0.10 -0.21 0.30 0.55 -0.44 -0.50 1.00 0.48 

THAE# 0.01 0.04 -0.42 -0.06 0.42 -0.41 -0.38 0.48 1.00 

THB -0.18 -0.02 -0.42 -0.05 0.54 -0.40 -0.44 0.38 . 0.58 

DPCB -0.12 -0.01 -0.46 0.05 0.64 -0.49 -0.54 0.60 0.63 

* Abbreviations defined in text; n = 304, critical values are 0.11 for a = 0.05 and 0.15 for a = 0.0 1. 

# Spearman rank correlation. 
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Table 4.3.3. Correlation of in .aim electrical conductivity with the topography and soil morphology variables by site*. 

Variablet Site DN# DW# EIEV GRAD LCA lit PLAN PROF 1HA TifAE# THB DPCB 

EM38V Kurysh 0.08 0.12 -0.57 0.46 0.58 -0.56 -0.48 0.41 0.10 -0.11 0.22 

Kyliuk 0.15 0.23 -0.31 0.10 0.07 -0.08 -0.14 -0.11 -0.25 -0.09 -0.13 

Rebeyka 0.03 -0.08 -0.46 0.16 0.34 -0.46 -0.22 0.24 0.49 0.66 0.65 

All 0.04 0.15 -0.23 0.22 0.33 -0.31 -0.30 0.05 0.04 -0.04 0.01 

EM38H Kurysh 0.11 0.19 -0.54 0.42 0.54 -0.54 -0.45 0.39 0.04 -0.19 0.13 

Kyliuk 0.12 0.17 -0.20 0.10 0.04 -0.04 0.00 -0.30 -0.32 -0.16 -0.18 

Rebeyka 0.08 -0.01 -0.24 0.24 0.18 -0.27 -0.01 0.08 0.33 0.51 0.49 

All 0.04 0.14 -0.24 0.13 0.26 -0.22 -0.24 -0.12 -0.04 -0.08 -0.07 

EM31V Kurysh -0.11 0.21 -0.42 0.51 0.65 -0.50 -0.50 0.46 0.20 0.05 0.26 

Kyliuk 0.05 0.21 -0.16 0.14 0.22 -0.09 -0.17 0.20 0.16 0.04 0.05 

Rebeyka 0.02 0.00 -0.50 -0.07 0.52 -0.54 -0.31 0.21 0.41 0.57 0.56 

All -0.05 0.19 0.22 0.43 0.31 -0.24 -0.18 0.26 -0.05 -0.15 -0.07 

EM31H Kurysh -0.02 0.13 -0.53 0.55 0.59 -0.59 -0.52 0.45 0.11 -0.07 0.23 

Kyliuk 0.16 0.23 -0.31 0.18 0.16 -0.15 -0.18 0.00 -0.11 -0.02 -0.03 

Rebeyka 0.13 0.00 -0.58 0.01 0.38 -0.47 -0.25 0.26 0.39 0.64 0.64 

All 0.02 0.18 0.06 0.40 0.34 -0.28 -0.23 0.19 -0.10 -0.14 -0.06 

* Kurysh: n = 73, critical values are 0.23 for a= 0.05 and 0.30 for a= 0.01. 

Kyliuk: n = 115, critical values are 0.20 for a= 0.05 and 0.25 for a= 0.01. 

Rebeyka: n = 68, critical values are 0.23 for a= 0.05 and 0.30 for a= 0.01. 

t Abbreviations defined in text; #Spearman rank correlation. __... 
__... 
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relationships between soil horizon thickness and topography have not been radically altered 

by cultivation. 

EM38V and EM31 V had a negative correlation with PROF and PLAN and a 

positive correlation with LCAT (Table 4.3.3). In general, the correlations were strong for 

the Kurysh and Rebeyka sites and not significant for the Kyliuk site. Correlation between 

soil electrical conductivity and soil horizon thickness was variable, however, the 

correlations were generally strong and positive for the Rebeyka and Kurysh sites. 

Although the correlations between the topographic variables and either the soil 

water (as expressed by the EM ree:~.dings, see section 4.3.4) or soil morphology variables 

were strong, the coefficients of determination were relatively low. Multiple linear 

regression analysis was used, therefore, to relate the soil morphological variables to 

topography using PROF, PLAN and GRAD as independent variables. LCAT could not be 

used because of the non-normal distribution of LCAT. The best fit regression equations for 

THA and DPCB, taken. such that each term of the regression equation is significant at the a 

= 0.05 level, are: 

THA = 0.201 GRAD- 0.828 PROF- 0.130 PLAN+ 2.284 2 R =0.37 [4.3.3] 

DPCB = -4.18 PROF- 0.745 PLAN 2 R = 0.46 [4.3.4] 

The regression equations accounted for less than 50% of the variability in the soil 

morphological variables. In addition, the regression equations can not easily be used to 

determine the distribution of soil horizon thickness in a landscape. To improve the 

prediction of the soil morphological variables in space, a landform element classification 

system was developed in co-operation with Dr. D. Pennock which placed each grid point 

was placed into one of seven landform elements: Divergent Shoulder (DSH), Convergent 

Shoulder (CSH), Divergent Backslope (DBS), Convergent Backslope (CBS), Divergent 

Footslope (DFS), Convergent Footslope (CFS) and Level (L) elements. The details of the 
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development of the system are reported in Pennock et al. (1987) and will not be discussed 

here. The GT3 and GT4 sites of Pennock et al. (1987) correspond to the Kurysh and 

Kyliuk major sites, respectively. 

4.3.2 Use of Landform Elements to Characterize Topography 

The relative proportions of the landform elements for the three major sites and for 

the-combined data are presented in Figure 4.3.2. The most common landform elements 

were the Divergent Shoulder and Convergent Footslope elements. Inclusion of the points 

within the slough would have resulted in the Divergent Shoulder and Convergent Footslope 

elements representing approximately the same proportion of the total area of the· basins 

because the sloughs were primarily composed of Convergent Footslope elements. The high 

proportion of both Divergent Shoulder and Convergent Footslope elements reflects the 

tendency toward circular sloughs and circular knolls in a hummocky landscape (Gravenor 

and Kupsch 1959). The low proportion of backslope elements reflects the highly curved 

nature of the landscape. Most of the Convergent Shoulder elements were located in 

saddles. All level elements were located in upper slope positions. 

The relative proportion of landform elements was similar between sites except for a 

high oc~,;urrence of the level element at the Rebeyka site. The large proportion of level 

elements reflects the lower relief at the Rebeyka site compared to the cultivated sites (Figs. 

3.2 to 3.4). 

The value of local catchment area for the different landform elements followed the 

expecteri pattern: convergent> divergent, footslope > backslope >shoulder (Table 4.3.4). 

The generally higher values of local catchment area at the Kyliuk site as compared to the 

Kurysh and Rebeyka sites are a reflection of the larger basin size at the Kyliuk site (Figs. 

3.2 to 3.4). The differences in local catchment area between the landform elements were 

found to be highly significant at all three sites (Appendix Table C.l ), thus, the landform 

elements ~ouped points in the landscape with similar values of local catchment area

116 



40 [I All Sites n = 256 
,...__ ~ Kurysh n = 73 
~ .._.. 

ll Kyliuk n = 115 
~ 

~ 30 ~ Rebeyka n = 68 
cu ..... 
~ 
........ 
0 
~ 20 0 ·e 
8. 
8 
~ 

10 

DSH CSH DBS CBS DFS CFS L 

Landform Element 

Figure 4.3.2. Proportion of the total area (excluding the slough) of the major sites which 

fell into each of the different landform elements (Abbreviations defined in Table 

3.4). 

Speight (1980) and Pennock et al. (1987) suggested that landscape surface form 

acts as a surrogate variable for local catchment area. Here, landscape surface form is 

expressed through the use of landform elements. The highly significant differences in local 

catchment area between landform elements confirm that for this hummocky landscape, 

surface form is an effective surrogate for local catchment area. Classification of a landscape 

on the basis of local catchment area is less desirable than classification on the basis of 

surface form in a hummocky landscape because local catchment area is more difficult to 

estimate visually than profile or plan curvature and is limited statistically by a non-normal 

distribution. 
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Table 4.3.4. Mean value of local catchment area by landform element and site. 

Element Rebeyka Kurysh Kyliuk 

-------------- (m2) --------------

Divergent Shoulder 

Convergent Shoulder 

Divergent Backslope 

Convergent Backslope 

Divergent Footslope 

Convergent Footslope 

Level 

4.3.3 Soil Morphology 

4.3.3.1 Thickness of A Horizon 

6 

25 

9 

44 

16 

172 

32 

7 8 

12 34 

7 25 

107 83 

27 54 

127 170 

14 27 

Mean A horizon thickness for the landform elements followed the same pattern as 

for local catchment area: convergent> divergent, footslope > backslope >shoulder (Table 

4.3.5). The native grassland (Rebeyka) site had a somewhat larger difference in A horizon 

thickness between the corresponding convergent and divergent.elements than for the two 

cultivated sites. The difference between sites may be due to cultivation. Cultivation would 

reduce differences in A horizon thickness over small distances by the redistribution of soil 

and by the formation of an Ap horizon of relatively uniform depth. 

The mean A horizon thickness at the Kurysh site was almost twice as great as at the 

other two sites; the difference was most pronounced in the shoulder and backslope 

elements. The difference between sites was readily noticeable in the field because calcium 

carbonate was exposed at the surface of the knolls on the Kyliuk site whereas well 
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Table 4.3.5. Mean value of A horizon thickness by landform element and site. 

Element Rebeyka Kurysh Kyliuk Mean 

----------------------- (em) -----------------------

Divergent Shoulder 6.6 12.4 8.8 9.0 

Convergent Shoulder 10.7 15.8 9.8 11.8 

Divergent Backslope 8.6 19.4 11.4 13.3 

Convergent Backslope 13.3 22.5 11.0 14.8 

Divergent Footslope 7.8 20.4 19.8 14.7 

Conve:tgent Footslope 20.0 29.0 26.3 24.8 

Level 9.9 17.2 12.1 12.7 

Mean 10.3 18.9 13.2 13.7 

developed A horizons were present on the knolls at the Kurysh site. The thicker A horizons 

at the Kurysh site as compared to the Kyliuk site was presumably due to the difference in 

vegetation prior to breaking. The Kurysh site was predominantly covered with trees prior 

to breaking whereas the Kyliuk site had primarily grassland vegetation. The incorJ,oration 

of leaf litter into the soil surface resulted in the formation of a thick, organic-rich A horizon 

at the Kurysh site. In addition, the Kyliuk site has a steeper slope class (Table 3.1) and 

increased erosion is likely to have occurred on the upper slope positions at the Kyliuk site. 

A horizon thicknesses were significantly different between landform elements and 

between sites but no significant interaction between the landform elements and sites was 

detected (Appendix Table C.2). The contrasts comparing the different elements were 

calculated using the mean values determined across the three sites because of the lack of a 

significant interaction between site and landform element. The contrasts indicated that A 

horizon thickness was significantly greater for the convergent than for the divergent 

elements, greater on the backslope than on the shoulder elements, and g1eater on the 
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footslope than on the backslope and shoulder elements (Appendix Table C.3). Thus, the 

Divergent Shoulder, Convergent Shoulder, Divergent Backslope, Convergent Backslope, 

Divergent Footslope and Convergent Footslope elements can all be considered to be distinct 

with respect to A horizon thickness. The Level element, however, was not significantly 

different from all the other elements combined. No significant interaction between 

convergence and slope position was observed, therefore, the influence of convergence on 

A horizon thickness was not statistically different at the shoulder, backslope and footslope 

positions. 

4.3.3.2 Ae Horizon Thickness 

Mean Ae horizon thickness for the landform elements at the Rebeyka site followed 

the same pattern as for A horizon thickness: convergent> divergent, footslope > backslope 

>shoulder (Table 4.3.6). A similar pattern was observed at the Kyliuk site except that the 

Ae horizons were poorly developed in the Convergent Footslope elements. Ae horizon 

thicknesses were significantly different between landform elements at the Rebeyka and 

Kyliuk sites but not at the Kurysh site (Appendix Table C.4). 

The Rebeyka site had much thicker Ae horizons than the other two sites, 

particularly in the Convergent Backslope and Convergent Footslope elements. Ae horizon 

thickness would be expected to be d~ased through cultivation by the incorporation of the 

Ae horizon into the Ap horizon. In addition, the thick Ae horizons at the Rebeyka site may 

be due in part to the deposition of loess in the lower slope positions (see section 4.1.2). 

Such a deposition of loess would be expected to occur primarily where slope form is 

concave and is consistent with the thick Ae horizons observed in the Convergent Backslope 

and Convergent Footslope elements. The relatively shallow Ae horizon thickness for the 

Convergent Footslope elements at the Kurysh and Kyliuk sites may be due in part to 

accretion of slope-wash material. 
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Table 4.3.6. Mean value of Ae horizon thickness by landform element and site. 

Element Rebeyka Kurysh Kyliuk 

----------------------- (em) -----------------------

Divergent Shoulder 0.0 0.1 0.1 

Convergent Shoulder 3.0 0.5 0.2 

Divergent Backslope 1.7 2.0 0.2 

Convergent Backslope 11.0 0.7 0.5 

Divergent Footslope 2.7 1.0 2.5 

Convergent Footslope 17.3 1.3 0.9 

Level 1.7 0.0 0.4 

4.3.3.3 Depth to Calcium Carbonate 

Mean depth to calcium carbonate for the landform elements followed the same 

pattern as for A horizon thickness: convergent > divergent, footslope > backslope > 

shoulder (Table 4.3.7). The differences between the divergent and the corresponding 

convergent elements were most pronounced at the Rebeyka site and least pronounced at the 

Kurysh site. 

The mean depth to calcium carbonate at the Kyliuk site was shallower than for the 

Kurysh site and reflects the presence of calcium carbonate at the soil surface in the upper 

slope positions at the former but not at th~ latter. The high mean depth to calcium carbonate 

at the Rebeyka site is a result of the lower relief of the Rebeyka site and of the native 

vegetation acting to prevent soil erosion. The similarity in the depth to calcium carbonate 

for the Convergent Footslope and Divergent Foots lope elements at the Kurysh site may be 

the result of calcium carbonate accumulation around much of the slough (see section 

4.2.3). The depth to calcium carbonate was found to be significantly different between 
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Table 4.3.7. Mean value of depth to calcium carbonate by landform element and site. 

Element Rebeyka Kurysh Kyliuk Mean 

----------~------------ (em) -----------------------

Divergent Shoulder 27.8 29.9 11.7 22.3 

Convergent Shoulder 60.5 39.4 26.3 40.9 

Divergent Backslope 41.1 46.9 20.6 35.2 

Convergent Backslope 70.8 46.7 31.6 48.4 

Divergent Footslope 67.1 69.9 59.5 65.4 

Convergent Footslope 107.2 68.7 76.6 83.4 

Level 46.9 52.9 31.0 43.1 

Mean 57.9 49.7 33.9 46.6 

landform elements and between sites but the interaction of landform element with site was 

not significant (Appendix Table C.5). 

The contrasts comparing the different elements were calculated using the mean 

values determined across the three sites because of the lack of a significant interaction 

between site and landform element. The results of the contrasts for depth to calcium 

carbon~te were similar to that observed for A horizon thickness: the depth to calcium 

carbonate was significantly shallower on the shoulders than on the backslopes, shallower 

on the shoulders and backslopes than on the footslopes, and shallower for the divergent 

elements than for the convergent elements (Appendix Table C.6). The depth to calcium 

carbonate for the level elements was not significantly different than for all other elements 

combined and no interaction between convergence and slope position was observed. 
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4.3.3.4 Gleying 

Over 80% of the gleyed profiles at the Kurysh and Kyliuk sites were found in the 

Convergent Footslope elements, with the remainder occurring in the Divergent Footslope 

and Convergent Backslope elements (Fig. 4.3.3). Gley at the Rebeyka site was restricted to 

the slough and was not present at the soil profile grid points. The predominance of the 

gleyed profiles in the Convergent Footslope elements reflects the tendency for the 

Convergent Footslope elements to be located adjacent to the slough. 

The presence of a high water table will result in changes in soil development that 

need not be directly related to surface form. The presence of the shallow water table in the 

lower slope positions, however, resulted in a wider range in the soil morphological 

variables within the study sites than would be expected in the absence of the shallow water 

table, thereby making the differences in the variables between landform elements more 

statistically significant. 

4.3.4 Soil Water Variables 

4.3.4.1 Calibration of In Sin! Electrical Conductivity to Soil Water 

Electrical conductivity as determined by the EM38 was regressed against soil water 

to determine the ability of an electromagnetic induction instrument to predict soil water. Soil 

water was defined as the depth of water in m in the top 1.20 m of the soil profile. For a 

uniform profile approximately 75% of the response of the EM38 is determined by the top 

1. 9 m for a vertical orientation, and the top 0. 9 m for a horizontal orientation (Rhoades and 

.Corwin 1981). EM38V and EM38H explained 74 and 52% of the variability in soil water, 

respectively, for 5 measurement dates at the Rebeyka site (Table 4.3.8). The amount of 

variability in soil water explained by EM38V and EM38H was 84 and 85%, respectively, 

for the two dates on which moisture content was relatively uniform with depth (equations 

not presented). The incr!ase in the amount of variability explained when non-uniform soil 
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DSH CSH DBS CBS DFS CFS L 

Landform Element 

Figure 4.3.3. Proportion of the total number of gleyed profiles occurring in each landform 

element at the Kurysh and Kyliuk major sites (n = 21; Abbreviations defined in 

Table 3.4). 

Table 4.3.8. Calibration curves for soil water as a function ofEM38V and EM38H for the 

three major sites (W 1.20 = a + b EM380.5). 

Site Orientation n Slope Intercept SEE* r2 

Rebeyka v 58 4.800 3.966 2.701 0.74 

H 58 4.152 8.971 3.666 0.52 

Kurysh v 31 4.684 4.549 4.015 0.31 

H 31 7.510 -6.808 2.704 0.69 

Kyliuk v 59 6.446 -5.972 5.741 0.44 

H 59 5.390 2.931 6.524 0.28 

* Standard Error of Estimate. 

124 



water profiles were excluded suggests that a major source of variation in the prediction of 

soil water by electrical conductivity was the non-uniformity of the soil moisture distribution 

with depth. The better accuracy in the prediction of soil water by electrical conductivity 

determined in the vertical orientation was the result of a decreased sensitivity of the 

instrument to water content near the soil surface. Use of depth-weighting functions, similar 

to those used by W ollenhaupt et al. ( 1986), did not improve the accuracy of the prediction 

of soil water (equations not presented). Similarly, correction of electrical conductivity for 

soil temperature using the correction factor of McNeill (1980) did not improve the accuracy 

of the prediction of soil water. 

In order to test whether the variation in soil electrical conductivity was related to soil 

water and not to another variable, for example depth to calcium carbonate, which varied in 

the landscape in a similar pattern to water, soil water was correlated to EM38V over time 

for individual neutron access tubes. A high correlation was observed between soil water 

and EM38V, for example r = 0.94 and 0.99 for the 3A and 3B neutron probe access tubes 

at the Rebeyka site, respectively. Thus, the temporal changes in soil electrical conductivity 

were primarily the result of changes in soil water. 

The amount of variability in soil water explained by electrical conductivity was 31 

and 69% for the vertical and horizontal orientations, respectively, for 3 dates at the Kurysh 

site and 44 and 28% for the vertical and horizontal orientations, respectively, for 5 dates at 

the Kyliuk site (Table 4.3.8). Soil water was more accurately predicted by EM38H than 

EM38V at the Kurysh site whereas the reverse was true at the Kyliuk site. 

EM38V was a poor predictor of soil water at both the Kurysh and Kyliuk sites and 

EM38H was a poor predictor of soil water at the Kyliuk site (Table 4.3.8). The primary 

reason for the poor accuracy provided by EM38V at the Kurysh site was a much higher 

predicted than actual soil water for- the lA access tube. The slope-wash appeared to have a 

markedly different relationship between electrical conductivity and water content than did 

the till. The influence of the slope-wash on the relationship between soil water and electrical 
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conductivity was much less for EM38H than EM38V as indicated by the substantial 

increase in the amount of variability explained by EM38H (Table 4.3.9). 

The relationship between soil water and electrical conductivity appeared to vary 

over time. The slope of the regression equation was relatively similar for the three dates at 

the Kurysh site, given the small sample sizes used (Table 4.3.9). The intercept, however, 

varied strongly between dates. Changes in the relationship between soil water and electrical 

conductivity, in addition to possible variation in instrument adjustment between 

measurement dates, would explain the much lower proportion of the variability explained 

for the combined data (Table 4.3.8) than for the individual dates (Table 4.3.9). Similarly, 

the amount of variability in soil water explained by EM38V was never less than 73% for 

the individual dates at the Kyliuk site (data not presented) in contrast to the 44% of the 

variability explained for the combined data (Table 4.3.8). The variation in the relationship 

between electrical conductivity and soil water over time suggests that the comparison of soil 

water estimates over time requires matching of electrical conductivity to several measured 

values of soil water on each measurement date. Unfortunately, soil water-EM38 calibration 

was not done on the dates that the EM38 readings were taken on the soil grids and, as a 

result, no comparisons between soil water estimates can be made over time. 

4.3.4.2 Soil Water at the Rebeyka Site 

The mean value of EM38V for each landform element in July, 1986 and April, 

1987 at the Rebeyka site generally followed the same pattern observed for local catchment 

area, A horizon . thickness and depth to calcium carbonate: convergent > divergent, 

footslope > backslope >shoulder (Table 4.3.10). However, EM38V was similar for all 

landform elements in October, 1986. The similar values of electrical conductivity for all 

landform elements suggests that uniform wetting of the landscape had occurred as a result 

of 38 mm of precipitation during the 2 weeks prior to the October, 1986 determinations 

(Fig. 4.1.1). The lower values of electrical conductivity determined in July, 1986 were the 
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Table 4.3.9. Calibration curves for soil water as a function of EM38V and EM38H for 

three dates at the Kurysh site (W 1.20 = a + b EM380.5). 

Date Orientation n Slope Intercept SEE* r2 

-------- (mS m-1 )0.5 --------

June, 1986 v 11 7.19 -10.09 3.29 0.58 

June, 1986 H 11 6.84 -3.37 2.42 0.77 

April, 1987 v 11 7.32 -6.27 3.95 0.55 

April, 1987 H 11 9.13 -13.91 3.36 0.67 

May, 1987 v 9 7.21 -13.03 1.50 0.83 

May, 1987 H 9 6.29 -2.13 1.69 0.79 

* Standard Error of Estimate. 

result of dry soil conditions. The value of EM31 V by landform element followed a similar 

pattern to EM38V for all three measurement dates indicating uniformity of the pattern of 

electrical conductivity distribution with depth. 

Electrical conductivity as determined by EM38V and EM31V was significantly 

different between landform elements in July, 1986 and April, 1987 but not in October, 

1986 (Table 4.3.10). EM38V was significantly higher for the footslopes than the shoulders 

and backslopes and significantly higher for the convergent than for the divergent elements 

for the July, 1986 measurements (Appendix Table C.13). Both EM31V and EM38V were 

slightly lower for the Divergent Backslope elements than for the Divergent Shoulder 

elements, however, the shoulder and backslopes did not have significantly different values 

of EM38V. The level elements were not significantly different than all other elements 

combined and no significant interaction between slope position and convergence was 

observed. The results of the contrasts for the April, 1987 measurement ofEM38V was 

127 



Table 4.3.10. Electrical conductivity determined as EM38V and EM31V by landform 

element for three dates at the Rebeyka site. 

EM38V EM31V 

July October April July October April 

Element# 1986 1986 1987 Mean 1986 1986 1987 Mean 

-------------------------------- (m~ m-1) --------------------------------

D~H 12.2 20.9 25.8 19.2 31.2 38.3 34.2 34.5 

C~H 15.5 20.5 28.0 21.0 31.9 40.9 39.0 37.1 

DB~ 10.5 18.5 25.0 17.4 30.0 37.2 33.7 33.6 

CB~ 18.1 20.5 33.9 23.7 37.4 41.0 42.0 40.1 

DF~ 15.5 19.8 29.6 21.3 35.9 41.0 38.6 38.5 

CF~ 22.6 20.0 32.4 24.7 37.5 39.4 41.0 39.3 

L 14.7 20.3 26.8 20.3 35.5 40.2 38.1 37.9 

Mean 15.4 20.1 28.7 21.0 34.1 39.7 38.0 37.3 

P* 0.002 0.881 0.004 0.002 0.595 0.010 

# Abbreviations defined in Table 3.4. 

* ANOVA presented in Appendix Tables C.7 to C.12. 

similar to that of the July, 1986 measurement and will not be presented here. 

4.3.4.3 ~oil Water at the Kurysh Site 

The mean value of EM38H by landform element for all three measurement dates 

generally followed the same pattern as observed for local catchment area, A horizon 

thickness and depth to calcium carbonate: convergent > divergent, footslope > backslope > 

shoulder (Table 4.3.11 ). The value of EM38H was similar for the Divergent ~boulder and 

Divergent Backslope elements and for the Convergent Backslope and Convergent 
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Table 4.3.11. Soil electrical conductivity by landform element as determined by EM38H 

for three dates and by EM31 V for two dates at the Kurysh site. 

EM38H EM31V 

September October April October April 

Element# 1986 1986 1987 Mean 1986 1987 Mean 

--------------------------------- (mS rn-1) ---------------------------------

DSH 20.0 25.8 20.2 21.9 51.0 42.2 46.5 

CSH 20.5 28.3 22.8 23.8 53.4 46.6 49.9 

DBS 19.0 23.5 21.4 21.3 54.9 46.9 50.8 

CBS 25.8 32.8 25.7 28.0 62.3 51.7 56.9 

DFS 21.0 25.9 22.5 23.1 54.3 47.1 50.7 

CFS 26.6 31.8 27.4 28.6 62.0 53.9 57.9 

L 21.0 29.0 19.0 22.8 49.5 40.0 44.6 

Mean 21.9 28.1 22.6 24.1 55.3 46.8 . 50.9 

P* 0.001 0.001 < 0.001 0.001 < 0.001 

# Abbreviations defined in Table 3.4. 

* ANOV A presented in Appendix Tables C.14 to C.18. 

Footslope elements, indicating a stronger influence of convergence than slope position on 

electrical conductivity. The value of EM31V (Table 4.3.11) and EM38V (data not 

presented) followed a pattern similar to that of EM38H, indicating that the measured pattern 

of electrical conductivity was relatively uniform with depth. 

The pattern of soil water distribution indicated by EM38H and EM31 V was 

persistent over time. The greater persistence of the pattern of soil water distribution at the 

Kurysh site relative to the Rebeyka site was due to wetter soil conditions at the former as a 

result of a shallow water table and recent summer-fallowing. In October, 1986 the w;:tter 
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table was below 3 m depth in the middle of the Rebeyka slough and within 1 m of the soil 

surface at the edge of the Kurysh slough. Because the differences in water accumulation 

occur to greater depth at the Kucysh site, the differences in soil water between the landform 

elements are less likely to be removed by uniform wetting of the soil surface. 

The differences in EM38H between elements were relatively small, in the order of 3 

to 6 mS m-1, but were significant statistically for all three measurement dates (Table 

4.3.11). The significance level of the contrasts for EM38H for the April, 1987 

measurements tended to be low (Appendix Table C.19) despite the high significance level 

observed in the ANOV A. The convergent elements had higher values of EM38H than the 

divergent elements at the a = 0.05 significance level. The value of EM38H was lower for 

the shoulders than for the backslopes and lower for the shoulders and backslopes than 

footslopes at the a = 0.10 significance level. The level elements were. not significantly 

different from all other elements combined and no significant interaction between slope 

position and convergence was observed. 

The differences between the shoulder and backslope elements was statistically 

stronger for the morphologic variables than for soil water. The greater significance level for 

the soil morphology variables may reflect the influence of processes such as erosion, which 

can influence soil formation more or less independently of soil water. Alternatively, the 

greater significance level for the soil morphology variables may reflect inaccuracies in the 

prediction of soil water by electrical conductivity or decreased accuracy in the prediction of 

soil water as a result of reduced sample size; 73 and 68 for soil water at the Kucysh and 

Rebeyka sites, respectively, as opposed to 256 for the soil morphology variables. 

4.3.4.4 Soil Water at the Kyliuk Site 

Electrical conductivity by landform element at the Kyliuk site followed a pattern 

similar to that observed for the other sites except that high values of in .s.i1Y. electrical 

conductivity were measured in the Divergent Backslope elements (Table 4.3.12). Electrical 
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Table 4.3.12. Electrical conductivity determined as EM38V and EM31 V by landform 

element for two dates at the Kyliuk site. 

EM38V EM31V 

October April October April 

Element# 1986 1987 Mean 1986 1987 Mean 

--------------------------- (m!S m-1) ---------------------------

DSH 34.6 30.4 32.4 67.3 57.1 62.1 

C!SH 34.7 30.8 32.8 68.8 60.0 64.2 

DB!S 43.0 34.4 38.6 71.3 61.0 66.0 

CBS 35.6 32.2 33.9 67.0 58.4 62.6 

DF!S 35.0 33.2 34.1 72.6 63.0 67.7 

CF!S 40.6 34.7 37.6 69.9 61.6 65.7 

L 31.9 29.0 30.4 61.9 55.0 58.4 

Mean 36.4 32.1 34.2 68.4 59.4 63.4 

P* 0.027 0.018 0.103 0.015 

# Abbreviations defined in Table 3.4. 

* ANOV A presented in Appendix Tables C.20 to C.23. 

conductivity measured by EM38V followed a similar pattern in October, 1986 and April, 

1987. Electrical conductivity measured by EM31V, however, was highest in the Divergent 

Footslope elements followed by the Divergent Backslope elements whereas electrical 

conductivity measured by EM38V was highest the the Divergent Backslope elements 

followed by the Convergent Footslope elements. 

The value ofEM38V was significantly different between elements (Table 4.3.12) 

for both measurement dates but the differences probably represent variation in both 

stratigraphy and soil water. Isolated spots, in the order of ?O to 30m in diameter, were 
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observed to have considerably higher electrical conductivity than the surrounding area. 

There was no apparent reason for the areas of high electrical conductivity in terms of 

topography. The most likely cause for the variation in electrical conductivity was the 

presence of the stratified deposits. The depth to the stratified deposits was relatively 

uniform along the transects and as a result EM38V was closely related to soil water (r2 

greater than 0.7 on each calibration date, data not presented). Varying depth to the stratified 

deposit was observed, however, across the slopes. The variable depth to the stratified 

deposit would change the electrical conductivity either as a result of a textural change (Fig. 

4.1.8) or as a result of increased soluble salts below 1.5 m depth in the stratified deposits 

(Fig. 4.2.3). TI1e non-uniformity of the distribution of electrical conductivity with depth, as 

indicated by the difference in the pattern of electrical conductivity as determined by EM38V 

and EM31 V, and the low correlations observed between EM38V and EM31 V and the 

topography and soil morphology variables (Table 4.3.3), indicate that in sill! electrical 

conductivity was a poor predictor of soil water at the Kyliuk site. 

4.3.5 Temporal Changes in Soil Water 

Changes in soil water over time will be considered using soil water measured with 

the neutron probe at spring, seeding, harvest and fall. Values of soil water, defined as the 

depth of water between 0.10 and 1.20 m depths, for the selected dates are presented in 

Tables 4.3.13 to 4.3.15 for the Kurysh, Kyliuk and Rebeyka sites, respectively. The top 

0.10 m was omitted because gravimetric determinations of soil moisture were not taken at 

all of the dates presented. The spring readings were taken just after soil tha,ving when 

maximum values of soil water were observed and the fall readings were the last readings 

taken prior to significant soil freezing. Soil thawing occurred later at the Rebeyka site than 

at the cultivated sites due to slower melting of the snowpack, and as a result the spring 

readings were 2 to 3 weeks later than for the cultivated sites. The moisture content of some 

layers had to be estimated by assuming either that the moisture content was eqaal to the 
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Table 4.3.13. Soil water by neutron access tube at the Kurysh site for selected dates (mm 

of water between 0.10 and 1.20 m depth). 

1985 1986 1987 

Access Harvest Fall Spring Seeding Harvest Fall Spring Seeding 
Tube (9/02)t (11106) (4/07) (5/28) (9/01) (10/26) (4/08) (5/22) Mean 

------------------------------------ (rrunl) ------------------------------------

1A 390* 407* 469** 435 367* 375* 447 411* 413* 

2A 300 298 336 314 291 314 326 306 311 

3A 254 251 267 266 241 235 269 240 253 

4A 277 270 285 284 230 242 280 250 265 

5A 245 247 262 268 231 226 241 231 244 

6A 242 237 258 256 196 220 222 216 231 

1B 349 328 385 386 337 345 398** 362** 361 

2B 308 . 307 336 332 286 299 336 309** 314 

3B 304 292 315 325 280 282 355 290 305 

4B 289 287 301 293 262 268 294 267 283 

5B 295 279 310 293 269 277 305 271 287 

6B 308 312 332 327 294 290 324 303 311 

Mean 297 293 321 315 274 281 316 288 

t Date as (Month/Day). 
* Estimated value from incomplete data 
** Estimated value using regression against soil water on previous measurement date. 
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Table 4.3.14. Soil water by neutron access tube at the Kyliuk site for selected dates (mm of 

water between 0.10 and 1.20 m depth). 

1985 1986 1987 

Access Harvest# Fall Spring Seeding Harvest Fall Spring Seeding 
Tube (9/17)t (11106) (4/07) (5/28) (9/01) (10/26) (4/08) (5/22) Mean 

---------------------------------- (rrunl) --------------~-------------------

1A 422 429 419 439 405 411 416 417 420 

2A 216 222 238 325 259## 261 294* 292 263 

3A 178 175 240 262 244## 242 266** 253 232 

4A 154 157 179 215 181## 200 225 222 192 

5A 182 186 189 234 18Q## 174 201 202 194 

6A 177 182 189 222 191## 215 211 212 200 

1B 388 403 393 417 377 378 •370 399 391 

2B 325 329 336 385 314 355 381 351 347 

3B 259 272 337 349 312 328 347 333 317 

4B 228 240 281 308 252 270 300 296 272 

5B 234 233 331 307 262 270 311 290 280 

6B 258 274 308 308 273 290 325 308 293 

Mean 252 258 287 314 271 283 304 298 

#Measured two weeks after harvest 
t Date as (Month/Day). 
## Measured August 24. 
* Estimated value from incomplete data. 
** Estimated value using regression against soil water on previous measurement date. 
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Table 4.3.15. Soil water by neutron access tube at the Rebeyka site for selected dates (mm 

of water between 0.10 and 1.20 m depth). 

1985 1986 1987 

Access Harvest Fall Spring Seeding Harvest Fall Spring Seeding 
Tube (9/02)t (11106) (4/18) (5/28) (9/01) (10/22) (4/26) (5/25) Mean 

------------------------------------ (rr:unl) ------------------------------------

1A 261 256 384 376 251 244 389 319 310 

2A 253 259 297 316 251 243 299 285 275 

3A 234 233 280 305 219 222 274 246 252 

4A 188 188 188 221 220 221 215 208 206 

5A 188* 192* 187* 220* 197* 213* 225* 213* 204 

6A 187 184 219 234 213 225 236 215 214 

1B 266 255 308** 372 247 240 383 344 302 

2B 279 270 289 "340 254 269 316 299 290 

3B 275 267 329 353 300 299 321 315 307 

4B 222 223 236 275 235 233 243 223 236 

5B 176 180 175 207 214 215 217 200 198 

6B 188 184 207 230 204 216 229 197 207 

Mean 226 224 258 287 234 237 279 255 

t Date as (Month/Day). 
* Estin tated value from incomplete data 

** Estimated value using regression against soil water on previous measurement date. 



moisture content for the soil layer immediately above it or that the moisture content was 

equal to the mean in situ saturated moisture content, whichever was most appropriate. Soil 

water was estimated from a linear regression against soil water at the previous date when 

measured values were obtained for one-half or less of the soil layers (equations not 

presented). 

The change in soil water was small, generally less than 10 mm, during the harvest 

to fall period for both years at all sites: Spring rainfall events (Fig. 4.1.1) increased soil 

water by approximately 30 mm between spring and seeding in 1986 at the Rebeyka and 

Kyliuk sites, but had little effect on soil water at the Kurysh site due to high initial soil 

moisture contents. In contrast, soil water decreased approximately 25 mm between spring 

and seeding in 1987 at the Rebeyka and Kurysh sites, but changed little at the Kyiiuk site 

due to summer-fallowing. All three sites lost between 40 and 50 mm of soil water between 

seeding and harvest in 1986; the loss of soil water would presumably have been much 

higher if rainfall had not been above average over the summer of 1986 (Fig. 4.1.1). Soil 

water increased between 20 and 40 mm between fall and spring for both years at all sites. 

Soil water was generally higher at the Kurysh site than at the other two sites due to 

the Kurysh site being summer-fallowed in 1985. The upper slope positions of the B 

transects, leading to the saddle, had generally higher values of soil water than did the upper 

slope positions of the A transects, leading to the knoll. 

The degree to which the distribution of water in a landscape persists over time has 

been referred to as temporal stability. Temporal stability has been characterized by the 

tendency for various point'i in the landscape to maintain a similar rank order for the values 

of soil water over time (Vachaud et al. 1985). 

Strong Spearman correlations, generally greater than 0.9, were obtained when the 

rank of the value of soil water at one date was correlated to the rank of the value of soil 

water at a subsequent date: (Table 4.3.16). Estimated values were not included in the 

statistical analysis. The lowt st Spearman correlation was observed for the seeding to 
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Table 4.3.16. Spearman rank correlations for soil water between consecutive dates at the 

three major sites (All correlations significant at a== 0.01). 

Time Period Kurysh Kyliuk Rebeyka 

Harvest, 1985 - Fall, 1985 0.98 0.98 0.96 

Fall, 1985 - Spring, 1986 0.96 0.91 0.85 

Spring, 1986 - Seeding, 1986 0.95 0.90 0.99 

Seeding, 1986 - Harvest, 1986 0.92 0.94 0.76 

Harvest, 1986 - Fall, 1986 0.94 0.99 0.92 

Fall, 1986 - Spring, 1987 0.92 0.97 0.84 

Spring, 1987 - Seeding, 1987 0.95 0.98 0.96 

harvest period in 1986 at the Rebeyka site, when the smallest range in soil water between 

access tubes was observed (Table 4.3.15). The generally lower values of the Spearman 

correlations at the Rebeyka site were presumably due to the lower relief (Figs. 3.2 to 3.4) 

and the smaller influence of the water table on soil water at this site relative to the cultivated 

sites. 

The Spearman correlations were of a similar magnitude to those reported by 

V achaud et al. ( 1985) and indicate that the distribution of soil water in the landscape 

persisted over time. The standard deviation of the mean values of soil water by access tube 

(51.1, 75.1 and 44.6 mm for the Kurysh, Kyliuk and Rebeyka sites, respectively) was two 

to three times greater than the standard deviation of the mean values of soil water by 

sampling date (17.5, 21.9 and 23.8 mm for the Kurysh, Kyliuk and Rebeyka sites, 

respectively), providing further evidence of temporal stability of the soil water distribution. 

V achaud et al. ( 1985) attributed the temporal stability in soil water primarily to 

variation in soil texture, but the temporal stability observed here was probably the result of 

topography, as was reported by Kachanoski and de Jong (1988). The presence of a 
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shallow water table in the lower slope positions enhanced the effect of topography. 

Topography tends to maintain temporal stability of water distribution within the landscape 

by the redistribution of water as snow, runoff and interflow. Runoff was observed during 

snowmelt, and on at least one occasion after a major rainfall event. The cllstribution of 

snow in the landscape in late winter was the only one of these three parameters measured in 

this study. 

The density of the snow was relatively constant at a value of 0.20 m3 m-3 in 1986 

and 0.23 m3 m-3 in 1987. The water equivalent of snow was more variable than the depth 

of snow because some soil was included in the snow sample on the cultivated sites. Snow 

depth increased downslope along both the A and B transects at all sites except for the B 

transect at the Kurysh site which did not have a well defined pattern of snow distribution 

(Fig. 4.3.4). The pattern of snow depth was similar to the pattern of soil water distribution 

(Tables 4.3.13 to 4.3.15). 

The depth and water equivalent' of snow were well correlated to the topographic 

variables, and in particular to local catchment area (Table 4.3.17). Snow depth increased 

with increasing local catchment area and with increasing concavity of the surface in both 

profile and plan. The strong correlation between snow and the topographic variables 

indicates that the distribution of snow in the landscape was controlled primarily by the 

topography and confrrms that the topography was responsible for the temporal stability of 

the soil water distribution. 

·t3.6 Discussion 

Soil development can be considered an indicator of past moisture conditions: A 

horizon thickness and depth to calcium carbonate both generally increase with increasing 

soil moisture. Both soil morphology and soil water estimated at specific dates were found 

to be closely related to the surface topography. The presence of significant temporal 

stability indicates that the observed distribution of soil water in the landscape tends to 
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Table 4.3.17. Correlation between snow depth and snow water equivalent at the three 

major sites and selected slope parameters for 1986 and 1987 (n=36). 

February 26, 1986 

Variablet Depth Water Equivalent 

LCAT# 0.71 ** 

PROF -0.52 ** 

PLAN -0.34 * 

GRAD 0.27 

t Abbreviations defmed in text 

# Spearman rank correlation. 

* Significant at P < 0.05. 

**Significant at P < 0.01. 

0.66 **, 

-0.43 ** 

-0.35 * 

0.37 * 

March 5, 1987 

Depth Water Equivalent 

0.74 ** 0.67 ** 

-0.65 ** -0.59 ** 

-0.50 ** -0.42 ** 

0.26 0.52 ** 

persist over time. Thus, classification of the 3urface form allows prediction of the 

distribution of soil moisture conditions within the landscape. 

The landform element classification system allows a quantitative analysis of the 

relationship between topography and the distribution of soil and water variables. The 

proportion and location of different landform elements within a landscape can be 

determined and mean values of soil and water variables can be assigned to the landform 

elements. Such an analysis has not been possible using previous classification methods. 

For general discussion, the landform elements can be divided into three groups: 

lower slope positions, saddle positions and upper slope positions. The lower slope 

positions consist of the Convergent Footslope elements and the Divergent Footslope 

elements which are located adjacent to the slough. The lower slope positions account for 

approximately 30% of the cultivated portion of the basins (Fig. 4.3.2) and are located next 

to the sloughs. The soils are characterized by thick A horizons, the presence of gleying 
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and/or Ae horizons, and thick depths to calcium carbonate. 

The saddle positions include the convergent portion of the upper slope positions 

and consist of the Divergent Footslope elements in the saddles in addition to the 

Convergent Shoulder and Convergent Backslope elements. The saddle positions account 

for approximately 20% of the landscape. The soils are well leached at the Kurysh and 

Kyliuk sites, may have Ae horizons and have intermediate depths to calcium carbonate. 

The upper slope positions consists of the Divergent Shoulder, Divergent Backslope 

and Level elements and account for 50% of the landscape. The soils have thin A horizons, 

lack Ae horizons, and calcium carbonate is present either at shallow depths or at the soil 

surface. 

The grouping of soils is consistent with the past water flow inferred from the soil 

chemical properties. Leaching would be expected to be at a maximum in the lower slope 

positions, intermediate in the saddle positions and the soil conditions are driest in the upper 

slope positions. Thus, aside from the slough area, approximately 30% of the cultivated 

portion of the basins has a high potential for groundwater recharge, 20% has a significant 

potential for recharge and 50% has a minimal potential for recharge. This is consistent with 

the results of St. Arnaud (1979) and Eilers (1982) which indicated that in Saskatchewan, 

accumulations of soluble salts are present under most slope positions in a landscape. The 

sloughs have the greatest potential for groundwater recharge and have an area equivalent to 

10% of the cultivated area of the basins for the Kurysh and Rebeyka sites, and 30% of the 

cultivated area of the basin at the Kyliuk site. The sloughs occupy approximately 5% of the 

total area in the Kurysh and Kyliuk quarter sections because not eve1y depression contains 

a slough. 
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4.4 SA TIJRA TED WATER FLOW 

Saturated and unsaturated flow will be discussed separately. The discussion on 

saturated flow refers to the water flow occurring below the shallow phreatic surfaces 

associated with the sloughs. The movement of water through the sandy till to the regional 

groundwater table is included in the discussion on saturated flow even though the water in 

this till is under tension. The discussion on unsaturated flow refers to the water flow 

occurring within 3 m of the soil surface outside of the sloughs. Thus, the distinction 

between saturated and unsaturated flow refers as much to the landscape position as to the 

location of the phreatic surface. 

4.4.1 Characterization of the Saturated Flow System 

The hydrographs for observation wells located at the edge of the Kurysh and 

Kyliuk sloughs followed a relatively simple pattern over time (Fig. 4.4.1). A water table 

rise of over 1.5 m was measured at both sloughs on days 281 (April 7, 1986) and 647 

(April 8, 1987) when the soil thawed and snowmelt water was added to the water table. 

The water table rise during the spring thaw may also be due to the melting of the frost 

wedge, an accumulation of water in the unsaturated zone as ice (Meyboom 1967b ). 

A water table rise was also observed on days 386 (July 21, 1986), 453 (Sept. 26, 

1986) and 774 (Aug. 13, 1987). The rise in the water table on these three dates 

corresponded to 108 mm of precipitation between days 375 and 382, 66 mm of 

precipitation in the two week period ending on day 454, and over 70 mm of precipitatio 1 

between days 744 and 774. Between the above dates, the water table dropped in a relatively 

linear manner. Thus, the study period can be broken into five time periods as indicated in 

Figure 4.4.1. 

The hydraulic head potential measured in the piezometers (Fig. 4.4.2), taken 

relative to the elevation of the soil surface in the middle of the slough, tended to follow a 
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Figure 4.4.1. Hydrographs for observation. wells located at the edge of the slough at the 

Kurysh and Kyliuk sites (Elevation relative to the soil surface in ~e middle of the 

slough; ESLI - edge of slough inner nest, ESLO - edge of slough outer nest). 

pattern similar to the observation well hydrographs. Some hydraulic head data before day 

200 are omitted because not all piezometers were stabilized before this time. The peak 

hydraulic head potential for the piezometers which were located below 5 m depth and 

within the lower hydraulic conductivity unoxidized till occurred up to a month or more after 

the peak hydraulic head in the observation "'ells. In some cases, for example at 10 m depth 

in the middle of the slough at the Kyliuk site, the piezometers responded prior to the 
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Figure 4.4.2. Hydraulic head potential for selected piezometers at the Kyliuk site (Arrow 

indicates start of a slug test; MSP - midslope, MSL - middle of slough). 

observation wells in the spring; presumably because of thawing of the bottom of the frost 

wedge. Several studies (Willis et al. 1964; Meyboom 1967b; Freeze and Banner 1970a) 

report that thawing of frozen soil in the spring occurs simultaneously from the top and 

bottom. The similarity of the changes in hydraulic head at various depths over time resulted 

in a relatively constant downward gradient below 5 m depth (Fig. 4.4.3). 

In contrast to the relatively steady downward gradient below 5 m ·depth, the 

hydraulic head gradient above 5 m depth varied considerably over time in both magnitude 

and direction (Fig. 4.4.4). A positive gradient (flow downward) ceveloped at the start of 
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of slough). 

each time period in response to the addition of water to the slough, followed by a decrease 

in the gradient ar d a subsequent reversal of the direction of the gradient over time. 

The horizontal hydraulic head gradient at or above 5 m depth at the edge of the 

slough also reversed direction over time (Fig. 4.4.5). A negative (toward the slough) 

gradient developed at the start of each time period, which rapidly changed to a positive 

gradient. The gradient then slowly approached zero or a small negative gradient until the 
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beginning of the next time period. For both pairs of piezometers used to determine the 

horizontal hydraulic head gradienti~.t the edge of the slough in Figure 4.4.5, the hydraulic 

conductivity at the tip of the piezometer in the outer nest was one or more orders of 

magnitude higher than for the piezometer in the inner nest (Tables 4.1.3, 4.1.4). The 

negative gradient which developed at the start of each time period is believed to be an 
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artifact of the faster response time of the outer nest piezometers relative to the inner nest 

piezometers. 

The direction of shallow horizontal flow at the edge of the slough can also be 

inferred from the observation wells in the inner and outer nests at the edge of the slough at 

the Kurysh ~ite (Fig. 4.4.1). The water table depths indicate a positive gradient (away from 

the slough) after each major recharge event, which then decreases to zero over time. 
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The wells, which have openings to both the slough and the slope-wash deposit, 

respond faster than the piezometers and presumably better reflect the change in gradient 

over time. A negative gradient was maintained throughout much of the first time period 

(October 22, 1985 to April 7, 1986) at the Kurysh site as indicated by the observation well 

hydrographs (Fig. 4.4.1) and the piezometers at 5 m depth (Fig. 4.4.5). The reason for the 

gradient toward the slough was not clear, however, the gradient may reflect water flow 

toward the slough in response to the development of the frost wedge during colder than 

normal temperatures in November, 1985 (Fig. 4.1.2). A frost wedge would be expected to 

develop in the middle of the slough where the water table was close to the surface and 

where there was less snow cover than at the edge of the slough. The soil temperature at 0.6 

m depth in the middle of the slough remained near the freezing point for much of the winter 

(Fig. 4.1.3). Presumably, the higher heat capacity of water relative to soil, and the release 

of energy during formation of the frost wedge, were responsible for the buffering of the 

soil temperature. 

A comparison between the hydraulic head potentials obtained from the standard and 

modified piezometer installations at 11 m depth in the middle of the slough at the Kurysh 

site showed a difference in the order of 2 m of hydraulic head, indicating that the standard 

installation was faulty (data not presented). Similar hydraulic head values were obtained 

from the standard and modified installations in the inner nest at the edge of the slough (data 

not presented), however, the standard installation indicated a sharp increase in hydraulic 

head potential around day 200 and a sharp decrease around day 650 (Fig. 4.4.6). The 

increase ar.d decrease in hydraulic head were not observed in the 11 m depth piezometer in 

the outer nest at the edge of the slough, thus, the standard installation at 11 m depth in the 

inner nest also yields questionable results. There was no indication of any problem, 

however, with the standard installation in the outer nest and therefore not all the standard 

installations need to be questioned. 
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Figure 4.4.6. Comparison of hydraulic head potentials for the standard installations at the 

edge of the slough at the Kurysh site (ESLI - edge of slough inner nest, ESLO -
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The deposits overlying the barite seal for the 2 m depth piezometers had a relatively 

high hydraulic conductivity and the method of installation should not influence the 

measured hydraulic head. Some problem may be encountered for the 5 m depth 

piezometers if a sharp decrease in the hydraulic conductivity of the till with depth occurs 

between the soil surface and the seal. The hydraulic head potentials measured from the 5 m 
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depth piezometers, however, appeared to be internally consistent and will be assumed to be 

valid. 

The relative stability of the vertical hydraulic head gradients at depth, and the simple 

manner in which the water table decreased over time, indicates that the saturated water flow 

can be approximated as a steady state system. The only exception to this was the transient 

nature of the shallow vertical and horizontal hydraulic head gradients at the edge of the 

slough. The system was analogous, therefore, to the case of a reservoir with a low 

hydraulic conductivity clay liner overlying a high hydraulic conductivity substrat~m. The 

clay liner corresponds to the low hydraulic conductivity oxidized and unoxidized till and the 

higher hydraulic conductivity sandy till corresponds to the substratum (see section 

4.1.4.2). The pressure head potentials which develop at different flow rates for such a 

system in one dimension have been described by Kisch ( 1959) and are summarized in 

Figure 4.4.7 for flux rates equal to 0.5, 1 and 2 times the hydraulic conductivity of the clay 

liner. 

The pressure heads developed in the system shown in Figure 4.4.7 are relatively 

insensitive to the properties of the substratum, provided the substratum has a significantly 

higher saturated hydraulic conductivity than the liner, and the flux rate is less than the 

saturated hydraulic conductivity of the substratum. The liner will· be unsaturated for flux 

rates less than the saturated hydraulic conductivity of the liner and no ponding of water will 

occur above the liner. The liner will be at a uniform pressure head equal to the air entry 

value for a flux rate equal to the saturated hydraulic conductivity of the liner. For a flux rate 

greater than the saturated hydraulic conductivity of the liner, ponding of water occurs on 

top of the liner and an almost linear decrease in pressure head occurs across the liner except 

for a thin, approximately 0.1 m thick, unsaturated zone at the bottom of the liner. The 

hydraulic head gradient across the liner has a value of + 1 when the downward flux rate is 

less than or equal to the saturated hydraulic conductivity of the liner and increases with 

increasing flux rate. 
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The pressure head distribution in any material overlying the liner, provided the 

saturated hydraulic conductivity of the material is significantly greater than that of the liner, 

will approach a static condition. Under static or zero flow conditions, the relationship 

between elevation and pressure head has· a slope of -1 and the hydraulic head is constant 

with depth. 

The measured pressure heads on day 704 (June 4, 1987) for the Kurysh and 

Kyliuk sites are presented in Figure 4.4.8. At the midslope position at the Kyliuk site the 

13 m depth piezometer showed a positive pressure head for the sandy till; all other 

piezometers in the sandy till were dry and were arbitrarily assigned a pressure head of -0.3 

m. The pressure head distribution approximated static conditions in the slope-wash and 

oxidized till deposits and increased slightly with depth between the 5 and 11 m depth 

piezometers in the unoxidized till below the middle and edge of the slough at the Kurysh 

site and in the middle of the slough at the Kyliuk site. Presumably, a similar distribution of 

pressure head was present at the edge of the Kyliuk slough, however due to the placement 

of the piezometers, the pressure head distribution within the unoxidized till was not known. 

The pressure head increased in the unoxidized till and decreased in the sandy till at the 

midslope position at the Kyliuk site. All piezometers at the midslope position at the Kurysh 

site were dry. 

The distribution of pressure potential below and adjacent to the slough at both sites 

confmns that the hydraulic conductivity of the upper portion of the oxidized till was greater 

than that of the unoxidized till, and that the hydraulic conductivity of the unoxidized till was 

non-uniform with depth. The hydraulic head gradient was approximately +0.6 throughout 

most of the unoxidized till and greater than + 1 at the bottom of the unoxidized till, 

indicating that water flow was limited by a relatively thin layer with low saturated hydraulic 

conductivity at the bottom of the unoxidized till. No discrete changes in the stratigraphy 

were observed near the bottom of the unoxidized till (Appendix A). The 11 m depth 

piezometer in the middle of the slough was closest to the bottom of the unoxidized till and 
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the slug test indicated a hydraulic conductivity an order of magnitude lower than all other 

tills at the Kurysh site (Table 4.1.3), confirming the presence of the low hydraulic 

conductivity layer. The low hydraulic conductivity layer may represent a discrete 

stratigraphic unit that was overlooked in the test hole descriptions or may be the result of a 

rapid decrease in the hydraulic conductivity with depth near the bottom of the unoxidized 

till. Kisch ( 1959) developed curves of pressure head as a function of depth similar to the 

one observed in the middle of the slough at the Kurysh site (Fig. 4.4.8) when swelling, 

with a subsequent increase in saturated hydraulic conductivity, occurred within the upper 

portion of the clay liner. The low hydraulic conductivity layer at the base of the unoxidized 

till will hereafter be referred to as the impeding layer. 

The impeding layer at the Kurysh site appeared to be relatively thin, in the order of 

1 to 2m, and the deposits were saturated for approximately 10m above this layer. Thus, 

the system is analogous to a reservoir with a clay liner containing approximately 10 m of 

water. The large amount of water storage would tend to buffer changes in the flow system 

and explains why the system tends to approximate steady state flow through the unoxidized 

till. 

The distribution of positive pressure head conditions at the Kurysh and Kyliuk sites 

is presented in Figure 4.4. 9, based upon the measured hydraulic head potentials (Fig. 

4.4.8), the stratigraphy (see section 4.1.2) and the hydraulic conductivity information (see 

section 4.1.4.2). A perched water table exists over the sandy till as a result of the difference 

in hydraulic conductivity of the sandy till and the impeding layer. At the midslope position 

at the Kyliuk site the upper portion of the sandy till has a positive pressure head. The 

saturated part of the sandy till was the portion of the sandy till which was unoxidized (see 

section 4~ 1.2). The saturated zone does not extend laterally to the midslope position at the 

Kurysh site unless the midslope position is tension-saturated. The zone of positive pressure 

head at the Kyliuk site extends past the midslope position but not to the knoll position. 
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Figure 4.4.9. Approximate distribution of positive pressure head conditions along the A 

transect at the Kurysh and Kyliuk sites (MSL - middle of slough, ESL - edge of 

slough, MSP - midslope, KNL - knoll). 

The water table at the Kurysh site was almost flat from the middle of the slough to 

the tensiometer nest at the 2A position, roughly midway between the edge of the slough 

and the midslope piezometers. The oxidized till had decreasing hydraulic conductivity with 

depth and the lateral extent of the saturated zone was controlled by the intersection of the 

water table with the zone of decreased hydraulic conductivity. The greater lateral extension 

of the saturated zone at the Kyliuk site may be due to a lack of a significant decrea~,e in 
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hydraulic conductivity with depth in the oxidized till or may be a result of the stratified 

deposits extending to the edge of the slough. 

4.4.2 Quantification of the Saturated Flow System 

Water flow was calculated by applying the Darcy equation. The hydraulic head 

gradient was calculated for selected pairs of piezometers and a linear change in hydraulic 

head gradient between measurement dates was assumed, similar to Meyboom ( 1966). For 

calculations below 5 m depth, the geometric mean value of hydraulic conductivity for the 

till (1.6 x 10-8 m s·l and 1.3 x 10-8 m s·l for the Kurysh and Kyliuk sites, respectively) 

was used (see section 4.1.4.2). Above 5 m depth, the geometric mean of the hydraulic 

conductivity, calculated from the slug tests for the two piezometers involved (Tables 4.1.3, 

4.1.4), was utilized. Flow for time period 1 (Oct. 22, 1985 to April 7, 1986) was not 

calculated because not all the piezometers had stabilized. 

The recharge rate for the Kurysh slough was obtained from the 5 m and 11 m depth 

piezometers in the outer nest at the edge of the slough; the modified piezometer installations 

were installed in the spring of 1987 and, hence, not available for most of the study period. 

The vertical hydraulic head gradient in the middle of the slough at the Kurysh site was 

similar between time periods and in the order of +0.6 m m·l (Table 4.4.1). Tne mean 

vertical flux and annual recharge rate beneath the slough, calculated using time periods 2 to 

4 (April 7, 1986 to April 8, 1987), were -9.4 x 10-9 m s·l and -300 mm yr-1, 

respectively. 

The recharge rate at the Kurysh slough was also calculated using the equation for 

ponding depth in a reservoir with a clay liner (Kisch 1959): 

[4.4.1] 
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Table 4.4.1. Calculated vertical flow below 5 m depth for selected pairs of piezometers. 

Time Mean Hydraulic Mean Cumulative 

Piezometers* Period Gradient Conductivity Flux Flow 

(mm-1) ----- (m s-1) ----- (mm) 

Kurysh, ESLO 2 +0.62 1.6 X 10-8 -9.9 X 10-9 -90 

(-5.0 /-11.1 m) 3 +0.58 1.6 X 10-8 -9.3 X 10-9 -58 

4 +0.58 1.6 X 10-8 -9.3 X 10-9 -152 

5 +0.63 1.6 X 10-8 -1.0 X 10-8 -85 

Kyliuk, MSL 2 +0.56 1.3 X 10-8 -6.3 X 10-9 -66 

( -5.4 I -9.8 m) 3 +0.64 1.3 X 10-8 -8.3 X 10-9 -53 

4 +0.64 1.3 X 10-8 -8.3 X 10-9 -134 

5 +0.71 l.3 X 10-8 -9.2 X 10-9 -78 

Kyliuk, MSP 2 +0.35 1.3 X 10-8 -4.6 X 10-9 -42 

(-2.1/ -8.1 m) 3 +0.29 1.3 X 10-8 -3.8 X 10-9 -25 

4 +0.27 1.3 X 10-8 -3.5 X 10-9 -56 

5 +0.33 1.3 X 10-8 -4.3 X 10-9 -36 

Kyliuk, MSP 2 +1.2 1.3 X 10-8 -1.6 X 10-8 -139 

(-8.1/-12.5 m) 3 +1.1 1.3 X 10-8 -1.4x 10-8 -120 

4 +1.6 1.3 X: 10-8 -2.1 X 10-8 -335 

5 +1.4 1.3 X 10-8 -1.8 X 10-8 -159 

* ESLO - edge of slough outer nest, MSL - middle of slough, MSP - midslope. 



where p is the ponding depth in m, d is the thickness of the clay liner in m, q is the steady 

state flux (positive upward) in m s-1 and K0 is the saturated hydraulic conductivity of the 

liner in m s-1. The impeding layer was assumed to begin at the interface between the sandy 

till and the unoxidized till, to have uniform saturated hydraulic conductivity, and to have 

constant thickness. Upper and lower limits for the thickness of the impeding layer were 

estimated by taking the 11 m depth piezometer in the middle of the slough to be located 

within the impeding layer and the 11 m depth piezometers at the edge of the slough to be 

above the impeding layer. The thickness of the impeding layer, d, would then have a lower 

limit equal to the difference in elevation between the top of the sandy till and the piezometer 

at 11 m depth in the middle of the slough, and an upper limit equal to the the differenc~ in 

elevation between the top of the sandy till and the piezometer at 11 m depth at the edge of 

the slough. This gave estimates for d from 1.2 to 2.5 m. The average water table elevation 

over the study period was approximately -0.25 m (Fig. 4.4.1) and the base of the 

unoxidized till was taken to be at -13.25 m (Fig. 4.1.5). Thus, the ponding depth, p, 

ranged from 10.5 to 11.8 m, depending on the value of d. The saturated hydraulic 

conductivity of the impeding layer was taken to be equal to the hydraulic conductivity 

determined from the slug test for the 11 m depth piezometer in the middle of the slough, 

1.1 x 1Q-9 m s-1 (Table 4.1.3). Using these data, the calculated flux ranges from -1.2 x 

10-8 to -5.7 x 10-9 m s-1 which agrees well with the -9.4 x lQ-9 m s-1 flux calculated from 

the 5 and 11 m depth piezometers at the edge of the slough, and confirms the calculated 

recharge rate. 

The cross-sectional area of the saturated zone, as indicated in Figure 4.4.9, was 

assumed to include the area of the slough plus the area of the lower slope positions (see 

section 4.3.6). The lower slope positions extend outward from the slough until the slope 

profile curvature is no longer significantly concave. A rapid drop in the elevation of the 

water table at the upper edge of the lower slope positions is consistent with the pressure 

heads obtained from the piezometers and tensiomete :s at various landscape positions 
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measured in this study. Several reports indicate that the shallow water table associated with 

a slough is a "mirror image" of the landscape surface for a significant part of the year 

(Meyboom 1966; Lissey 1968; Miller et al. 1985; Mills and Zwarich 1986). The rapid 

increase in elevation at the upper edge of the lower slope positions is expected to be 

matched to the drop in the water table. In addition, the horizontal extent of the saturated 

zone is presumably related to the horizontal extent of the slope-wash unit, because of the 

rapid horizontal fluxes that can develop following snowmelt runoff. The maximum depth 

of the slope-wash occurred at the edge of the slough and the slope-wash pinched out at the 

break between the footslope and backslope positions. Thus, the lateral extent of the slope

wash unit is similar to that of the lower slope positions. 

The area of the saturated zone at the Kurysh site was calculated to be 3190 m2; 

approximately three times larger than the slough which had an area of 1000 m2. Thus, the 

calculated volume of recharge was in the order of 960 m3 yr-1 assuming the vertical 

recharge rate to be constant throughout the cross-sectional area of the saturated zone. 

Water flow calculated from the 5 m and 11 m depth piezometers in the middle of the 

slough at the Kyliuk site was also relatively constant over time with a vertical hydraulic 

head gradient in the order of +0.6 m m-1 (Table 4.4.1 ), similar to the gradient at the edge 

of the slough at the Kurysh site. The mean annual flux and recharge rate, calculated using 

time periods 2 to 4 (April 7, 1986 to April 8, 1987), was -8.1 x 10-9 m s-1 and -253 

mm yr1, respectively, and was 15% lower than for the Kurysh site. 

The flow rates calculated at different depths at the midslope position differed from 

each other and from the flow t:ate in the middle of the slough at the Kyliuk site (Table 

4.4.1 ). The mean vertical hydraulic head gradient, flux and recharge rate for time periods 2 

to 4 (April 7, 1986 to April 8, 1987), as calculated from the 2 and 8 m depth piezometers at 

the midslope position, were +0.3 m m-1, -4 x 10-9m s-1 and -123 mm yr1, respectively. 

In comparison, the mean vertical hydraulic head gradient, flux and the recharge rate, 

calculated for the 8 and 12 m depth piezometers at the midslope position, were +1.4 
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m m-1, -1.8 x lQ-8 m s-1 and -594 mm yrl, respectively. The difference in the calculated 

flow rates was presumably the result of heterogeneity of the deposits between the pairs of 

piezometers. The heterogeneity was evident at the midslope position from changes in the 

stratigraphy between the piezometers (Fig. 4.1.5) and from the variation in the 

concentration of inorganic carbon with depth (Fig. 4.2.2b ). The heterogeneity of the 

deposits with depth would alter the effective hydraulic conductivity between the 

piezometers. Less heterogeneity with depth was observed between the piezometers in the 

middle of the slough and therefore the vertical flux in the middle of the slough is the most 

reliable. 

The cross-sectional area of the saturated zone at_ the Kyliuk site, using similar 

assumptions as for the Kurysh site, was· approximately 6800 m2, or approximately twice 

the 3300 m2 area of the slough. Assuming a vertical flux equal to that calculated for the 

middle of the slough, the volume of recharge was 1700 m3 yrl, approximately twice the 

volume for the Kurysh site. The greater volume of recharge at the Kyliuk site than at the 

Kurysh site was the result of the greater cross-sectional area of the saturated zone at the 

former. 

Vertical flow rates calculated above 5 m depth at the edge of the Kurysh and Kyliuk 

sloughs are presented in Table 4.4.2. The accuracy of the estimated flow rates is low due to 

the low values of hydraulic head gradient, the large changes in hydraulic conductivity with 

depth near the soil surface, and the rapid changes in hydraulic head over time relative to the 

response time of the piezometers (see section 4.4.1 ). The mean hydraulic head gradient, 

flux and recharge rate, calc~lated using time periods 2 to 4 (April 7, 1986 to April 8, 

1987), were +0.063 m m-1, -8.9 x l0-9 m s-1, and -279 mm yrl, respectively, in the 

inner nest at the Kurysh site and +0.008 m m-1, -8.5 x lQ-10 m s-1 and -43 mm yrl, 

respectively, in the outer nest at the Kyliuk site. Net flow was downward in time period 2 

(April 7, 1986 to July 17, 19:56) at the Kyliuk site and for all time periods at the Kurysh 

site. The mean annual vertical rlux above 5 m depth at the edge of the slough 

160 



Table 4.4.2. Calculated vertical flow above 5 m depth for selected pairs of piezometers. 

Cumulative Flow 

Time Mean Hydraulic Mean Into Outof Net# 

Piezometers* Period Gradient Conductivity Flux Slough Slough Flow 

(mm-1) ----- (m s-1) ----- ---- (rrunl) ----

Kurysh, ESLI 2 +0.098 1.4 X 10-7 -1.4 X 10-8 0 127 -127 

( -2.3 I -5.4 m) 3 +0.024 1.4 X 10-7 -3.4 X 10-9 16 36 -20 

4 +0.054 1.4 X 10-7 -7.7 X 10-9 0 132 -132 

5 +0.044 1.4 X 1Q-7 -6.3 X 10-9 9 62 -53 

Kyliuk, ESLO 2 +0.045 1.6 X 10-7 -7.2 X 10-9 3 68 -65 

(-1.6 I -5.0 m) 3 -0.002 1.6 X 10-7 +3.7 X 10-10 10 8 +2 

4 -0.008 1.6 X 10-7 +1.3 X 10-9 58 38 +20 

5 +0.008 1.6 X 10-7 -1.1 X 10-9 20 29 -9 

* ESLO - edge of slough outer nest, ESLI - edge of slough inner nest. 

#Negative value denotes net flow away from slough. 

was similar to the annual recharge rate for the Kurysh site, but was only one-tenth as great 

as the annual recharge rate at the Kyliuk site. The discrepancy between the vertical flux 

above and below 5 m depth at the Kyliuk site was presumably the result of inaccuracies in 

the calculation of the the flux above 5 m depth. 

Horizontal flow at the edge of the slough was calculated in a similar manner to 

vertical flow (Table 4.4.3). The mean horizontal hydraulic head gradient, flux and recharge 

rate, for time periods 2 to 4 (April 7, 1986 to AprilS, 1987), were +0.002 m m-1, -1.1 x 

10-10 m s-1 and -3 mm yr1, respectively, at 5 m depth at the Kurysh site. The mean 

gradient, flux and recharge rate, for time periods 2 to 4 (April 7, 1986 to April 8, 1987), 

were +0.007 m m-1, -1.1 x l0-9 m s-1 and -34 rrun1 yr1, respectively, at 2m depth at the 

Kyliuk site. In both cases, net water flow was away from the slough in time periods 2 
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Table 4.4.3. Calculated horizontal flow above 5 m depth for selected pairs of piezometers 

and observation wells. 

Cumulative Flow 

Time Mean Hydraulic Mean Into Outof Net# 

Piezometers* Period Gradient Conductivity Flux Slough Slough Flow 

(mm-1) ----- (m s-1) ----- ----- (mm) -----

Kurysh, -5 m 2 +0.021 4.6 X 10-8 -9.6 X 10-10 1 10 -9 

(ESLO I ESLI) 3 +0.034 4.6 X 10-8 -1.6 X 10-9 0 9 -9 

4 -0.018 4.6 X 10-8 +7.2 X 10-10 15 1 +14 

5 +0.022 4.6 X 10-8 -9.9 X 10-10 3 11 -8 

Kyliuk, -2m 2 +0.017 1.5 X 10-7 -2.5 X 10-9 0 23 -23 

(ESLO I ESLI) 3 +0.023 1.5 X 10-7 -3.4 X 10-9 0 18 -18 

4 -0.003 1.5 X 10-7 +4.0 X 10-10 15 8 +7 

5 +0.008 1.5 X 10-7 -1.2 X 10-9 4 14 -10 

Kurysh, Wells 1 -0.003 1.9 X 10-6 +4.4 X 10-9 405 335 +70 

(ESLO I ESLI) 2 +0.045 1.9 X 10-6 -8.6 X 10-8 0 782 -782 

3 +0.003 1.9 X 10-6 -6.0 X 1Q-9 24 111 -88 

4 -0.001 1.9 X 10-6 +2.3 X 10-9 297 257 +39 

5 +0.026 1.9 X 10-6 -4.9 X 10-8 0 413 -413 

* ESLO - edge of slough outer nest, ESLI - edge of slough inner nest. 

#Negative value denotes net flow away from slough. 

and 3 (April 7, 1986 to Sept. 26, 1986) and toward the slough in time period 4 (Sept. 26, 

19-36 to AprilS, 1987). 

Comparison of the hydraulic head potentials at the edge of the slough, measured in 

the spring of 1987 at the Kurysh site with the 11 m depth, modified piezometer in the inner 

nest and the 11 m depth piezometer in the outer nest, indicated that the horizontal gradient 

was relatively low, in the order of 0.03 or less. The horizontal gradient was therefore 
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approximately 5% of the vertical gradient below 5 m depth, indicating that water flow at 

depth was primarily in the vertical direction. 

The hydraulic head potential was almost constant with depth near the surface as 

indicated by the near-static pressure head distribution (Fig. 4.4.8). Thus, the hydraulic 

head at some point near the soil surface, but below the water table, can be estimated from 

the height of the water table. The horizontal hydraulic head gradient can therefore be 

approximated from the observation wells located at the edge of the slough at the Kurysh 

site. The observation wells would be expected have a faster response time than the 

piezometers thereby minimizing the error associated with the slower response times of the 

piezometers. 

The water flow calculated from the observation wells at the Kurysh site is presented 

in Table 4.4.3. The depth used for the calculation of flow was 2 m because the water table 

was always above the screen of the 2m depth piezometers and the hydraulic conductivity 

could be estimated from the 2m depth piezometers (Table 4.1.3). The mean horizontal 

hydraulic head gradient, flux and recharge rate, for time periods 2 to 4 (April 7, 1986 to 

April 8, 1987), were +0.015 m m-1, -3.5 x 1Q-8 m s-1 and -831 mm yrl, respectively. 

Net water flow predicted from the observation wells was away from the slough during 

spring and most of the summer and fall, and toward the slough over the winter. The 

hydraulic head gradient was generally lower for periods of water flow toward the slough 

than for periods of flow away from the slough. 

The rate of water table drop in the observation wells was relatively constant within a 

given time period, except over the winter (Fig. 4.4.1 ), but varied between the different time 

periods due to varying amounts of precipitation and evapotranspiration. The drop in the 

water level of the slough (Table 4.4.4) represents seepage away from the slough and water 

loss through evapotranspiration. The latter is negligible during night time (Keller et al. 

1986). The seepage rate represented approximately 30% and 10 to 20% of the total water 
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Table 4.4.4. Night- and day-time rate of water loss measured by water level recorders 

located in the middle of the slough at the Kurysh and Kyliuk major sites 

(Measurements made during periods of high potential evaporation). 

Site Month n 

Kurysh May, 1987 6 

Kyliuk August, 1986 3 

Kyliuk June, 1987 2 

* n= 5. 

Night-Time Day-Time 

Mean SD Mean SD 

-------------------- (m s-1) --------------------

5.2 X 10-8 0.8 X 10-8 1.7 X 10-7* 0.42 X 10-7* 

4.1 X 10-8 0.6 X 10-8 2.1 X 10·7 0.01 X 10-7 

3.2 X 10-8 0.1 X 10-8 2.7 X 10-7 0.57 X 10-7 

loss during the day during periods of high potential evaporation at the Kurysh and Kyliuk 

sites, respectively (Table 4.4.4 ). 

A comparison of the ratio of total water flow to vertical flow out of the slough, 

calculated by three different methods, is made in Table 4.4.5. The ratio of the seepage rate 

(Table 4.4.4) to the vertical groundwater recharge rate (Table 4.4.1) was 5.5 and 4.6 at the 

Kurysh and Kyliuk sites, respectively. If a uniform vertical flux is assumed throughout the 

saturated zone, then the ratio of total to vertical flow from the slough can be obtained from 

the ratio of the area of the saturated zone to the area of the slough. The ratio of total to 

vertical flow based on the relative areas has a value of 3.2 and 2.0 for the Kurysh and 

Kyliuk sites, respectively (Table 4.4.5). The ratio of total to vertical flow from the Kurysh 

slough was also estimated using the calculated flux values presented previously. The 

horizontal flux at the Kurysh site was calculated using the average horizontal flux in the 

slope-wash during time period 2 obtained from the observation wells (Table 4.4.3), and 

assuming a thickness of 2 m of the slope-wash and a slough perimeter of 110 m. The 
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Table 4.4.5. Estimation of the ratio of total to vertical flow out of the Kurysh and Kyliuk 

sloughs by three methods. 

Estimate* Units Kurysh Kyliuk 

Seepage Rate 5.2 X 10-8 3.7 X 10-8 
(m s-1) = 5.5 = 4.6 

Recharge Rate 9.4 X 10-9 8.1 X 10-9 

Area of Saturated Zone 3190 6780 
(m2) = 3.2 = 2.0 

Area of Slough 1000 3300 

Horizontal + Vertical Flux 2.41 
(m3 day-1) = 3.0 NA 

Vertical Flux 0.81 

* Method of calculation d<:scribed in text. 

N A - Insufficient data for calculation. 

vertical flux was obtained from the groundwater recharge rate and the area of the slough. 

The ratio of total to vertical flow was 3.0. A similar value for the flux in the slope-wash at 

the Kyliuk site was not available. 

The ratios of total to vertical flow calculated from the seepage and recharge rates 

were similar for the two sites, but larger than for the other two estimates of total to vertical 

flow. Very similar values for the ratio of total to vertical flow from the slough were 

obtained at the Kurysh site using the relative values of area and the calculated flux values. 

The calculations confirm the significance of lateral flow near the soil surface. The 

volume of horizontal flow at the Kurysh site was at least twice as large, and occurred 

through one-fifth of the area, 220 versus 1000 m2, as the volume of vertical flow. 

165 



4.4.3 Discussion 

Meyboom separated the groundwater flow system surrounding a recharge slough 

into three periods: an overwinter period of downward flow, a spring period with 

downward and lateral flow acting to dissipate the groundwater mound caused by the 

accumulation of snowmelt runoff in the slough, and a summer and fall period of water flow 

toward the slough in response to evapotranspiration. The water flow system at the Kurysh 

site was similar to that described by Meyboom with two exceptions. 

First, the pattern of water flow was more variable with depth at the Kurysh site than 

at the Meyboom ( 1966) site. Meyboom ( 19~) found the vertical and horizontal flux to be 

of similar magnitude. The horizontal flux at the edge of the Kurysh slough decreased two 

orders of magnitude between 2 and 5 m depth (Table 4.4.3) and water flow below 5 m 

depth was predominantly vertical, indicating a stratification of the water flow system with 

depth. 

Second, Meyboom ( 1966) reported that significant groundwater recharge occurred 

during the periods of overwinter flow and groundwater mound dissipation, but that net 

discharge occurred during the period of flow toward the slough. In contrast, recharge at the 

Kurysh site occurred at a similar rate all year. The more efficient recharge at the Kurysh site 

was the result of the presence of the unsaturated sandy till at depth, which provided a 

strong vertical hydraulic head gradient, and of the large amount of water storage above the 

impeding layer. As a result, the rate of recharge was relatively insensitive to short term 

changes in the supply of water to the slough. 

The saturated water flow systems were similar at the Kurysh and Kyliuk sites. The 

Kurysh site, however, had a less extensive zone of positive pressure head and a thicker 

slope-wash deposit at the edge of the slough than the Kyliuk site. The thicker slope-wash 

deposit at the Kurysh site resulted in more rapid horizontal flow near the soil surface and a 

flatter water table. The relatively flat water table at the Kurysh site, in combination with the 

more gentle slopes next to the slough, would enhance discharge as evaporation at the edge 
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of the slough and explain the accumulation of calcium carbonate observed around the edge 

of the Kurysh slough but not around the Kyliuk slough (Figs. 4.2.lb, 4.2.2b). 

The actual rate of groundwater recharge was relatively slow despite the high 

efficiency of recharge because of the low hydraulic conductivity, in the order of 10-9 

m s-1, of the impeding layer. The recharge rates of 300 and 253 mm yr1 reported here for 

the Kurysh and Kyliuk sites, respectively, are smaller than the recharge rates of 400 

mm yr1 reported by Keller (1985) and 600 mm yr1 reported by Rehm et al. (1982), but 

much higher than the recharge rate of 67 mm yrl reported by Meyboom (1966). 

The rate of seepage from the bottom of the sloughs was approximately one-half the 

se.!page rate of 8.1 x 10-8m s-1 measured by Keller et al. (1986) for a recharge slough 

located over till. Lakshman (1971) reported that 16% of the water loss from a sparsely 

vegetated slough was due to seepage. The seepage rate was found to range from 10 to 30% 

of the rate of total daytime water loss, however, seepage occurs all day whereas significant 

evapotranspiration occurs only during the daytime. Seepage therefore accounted for 

approximately 20 to 60% of the daily water loss from the sloughs. 

The high ratio of total to vertical flow out of the sloughs confirms the importance of 

lateral flow from sloughs as reported by McBride and Pfannkuch (1975). The large volume 

of horizontal flow is responsible for maintaining the significant lateral extent of the 

saturated zone. 

4.5 UNSATURATED WATER FLOW 

4.5.1 Characterization of the Unsaturated Flow System 

The unsaturated flow system varied with landscape position. The landscape was 

divided into three groups with respect to unsaturated flow: lower slope positions, upper 

slope positions and saddle positions (see section 4.3.6). The lower slope positions 

included access tubes lA, 2A, 3A, lB and 2B at the Kurysh site, lA, 2A, lB and 2B at the 
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at the Kurysh site (Day 1 -July 1, 1985, day 262- March 19, 1986, day 406- August 10, 1986). 
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Kyliuk site, and 1A, 2A and 1B at the Rebeyka site. The upper slope positions included 

access tubes 4A to 6A at the Kurysh site, 3A to 6A at the Kyliuk site, and 3A to 6A, 5B 

and 6B at the Rebeyka site. The saddle positions included access tubes 3B to 6B at the 

Kurysh site, 3B to 6B at the Kyliuk site, and 2B to 4B at the Rebeyka site. The results 

obtained from the minor sites were similar to those obtained from the major sites and will 

not be presented here. 

Increases in soil moisture content between 0.1 and 0. 7 m depth in 1986 at the 

Kurysh (Fig. 4.5.1) and Kyliuk (Fig. 4.5.2) sites were measured on day 281 (April 7), in 

response to snowmelt, and on days 309 or 332 (May 5 or May 28) and on day 389 (July 

21), in response to significant rainfall events (Fig. 4.1.1). The changes in soil moisture 

content were generally lower in the 0.7 to 1.3 m depth increment than in the 0.1 to 0.7 m 

depth increment. Changes in soil moisture content in the 0.1 to 0. 7 m depth increment 

following. snowmelt tended to be greater in the lower slope and saddle positions, for 

example at 2A and 4B at the Kurysh site and at 1B and 6B at the Kyliuk site, than in·the 

upper slope positions, for example at 6A at the Kurysh site and at 5A at the Kyliuk site 

(Figs. 4.5.1, 4.5.2). The increases in moisture content in the 0.1 to 0.7 m depth increment 

following rainfall events were most noticeable where soil conditions were dry: at the upper 

slope positions at the Kyliuk site. 

Water flow penetrated to significant depth during the period of soil moisture gain in 

1986. A comparison of the soil moisture content profile prior to soil thawing on day 262 

(March 19), and at the end of the period of soil moisture gain on day 406 (August 10), for 

the 2A, lower slope, and 6A, upper s1.>pe, positions at the.Kurysh site indicates that flow 

occurred well below the bottom of the root zone (Fig. 4.5.3). The moisture content at the 

2A position increased an average of 0.022 m3 m-3 between 1.1 and 2.5 m depth. In 

comparison, an average increase in moisture content of 0.009 m3 m-3 was measured 

between 1.3 and 2. 7 m depth at the 6A position. Although the magnitude of recharge was 
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Figure 4.5.3. Deep drainage as indicated by an increase in soil moisture content below the 

root zone for two soil profiles at the Kurysh site in 1986. 

considerably less in the upper slope position, the depth to which recharge occurred was 

more than 2.5 m in both cases. 

Moisture content below the root zone (1.3 to 1.9 m and 1.9 to 2.5 m depths) in the 

lower slope positions, for example the 2A position at the Kurysh site and the 1B position at 

the Kyliuk site (Figs. 4.5.1, 4.5.2) increased by approximately 0.02 m3 m-3 following 

snowmelt in 1986 and remained high throughout· the rest of the summer and fall. The 

increase in moisture content in the spring was presumably due to vertical infiltration of 

water from snowmelt and precipitation, and to a rise in the water table resulting from 

development of the groundwater mound following snowmelt The small change in moisture 

content throughout the summer and fall indicates that in these wet soil conditions, any 

further movement of water through the root zone resulted in water flow rather than a 

change in moisture storage at depth. 

In some saddle positions, for example the 4B position at the Kurysh site (Fig. 

4.5.1), a steady increase in soil moisture content below the root zone occurred throughout 
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the study period. This increase in soil moisture content at the 4B position, in combination 

with the lower moisture contents between 1. 9 and 2.5 m depth than between 1.3 and 1. 9 m 

depth, indicates that significant vertical infiltration from the soil surface occurred. In other 

saddle positions, for example the 6B position at the Kyliuk site (Fig. 4.5 .2), moisture 

content was relatively high and changed little over time. Because of the higher soil moisture 

contents, infiltration at the 6B position may have penetrated to a greater depth and resulted 

in little change in soil moisture content between 1.3 and 2.5 m depth. 

Moisture content between 1.9 and 2.5 m depth at the upper slope positions at the 

Kurysh site, for example the 6A position (Fig. 4.5.1), increased slowly over time in 1986 

between snowmelt and the end of the soil moisture recharge period. Although ~~he 

magnitude of the increase in moisture content between 1.9 and 2.5 m depths was small, 

0.006 m3 m-3, it represents an additional 3.5 mm depth of water. Soil moisture content 

between 1.3 and 1.9 m depth appeared to decrease following spring snowmelt, apparently 

due to redistribution of water to greater depth, and to inerease following the large July 

precipitation event (Fig. 4.1.1 ). In contrast to the Kurysh site, moisture content below the 

root zone in the upper slope positions at the Kyliuk site, for example the 5A position in 

Figure 4.5.2, changed little during 1986. Presumably, the low moisture content (0.2 

m3 m-3 or less over much of 1986) between 0.1 and 1.3 m depth at the 5A position at the 

Kyliuk site prevented significant inftltration of water below the root zone. 

Changes in moisture content over time at the Rebeyka site (Fig. 4.5.4) were 

different than at the cultivated sites (Figs. 4.5.1, 4.5.2). Although large increases in soil 

moisture content occurred after precipitation events in the 0.1 to 0. 7 m depth increment, 

often over 0.10 m3 m-3, only small increases occurred below 0.7 m depth. No significant 

change in moisture content occurred below the root zone in the upper slope and some 

saddle positions, for example the 6B position (Fig. 4.5.4). Below 1.3 m depth at the 2B 

saddle position and 2A lower slope position, discrete moisture content increases were 

superimposed on a general decline in soil moisture content during the growing season (Fig. 
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4.5.4). Whereas decreases in soil moisture content below the root zone at the cultivated 

sites indicate the occurrence of water flow, either upward or downward, the decrease in 

moisture content below the root zone at the 2A position was presumably due to root 

extraction because the moisture contents were too low to permit measurable flow. Deep 

rooted perennial grasses and trees have roots which extend well below 1.2 m depth. Sander 

(1970) found various species of trees in wind breaks in Nebraska to have active extraction 

of water by roots below 3.3 m depth. In addition, transpiration occurs over a longer period 

of time for perennial vegetation than for annual crop species, resulting in drier soil 

conditions under native vegetation. In particular, aspen was found to begin transpiration 

very early in the year in Utah (Johnston 1970) and moisture extraction by roots early in the 

growing season occurs to a depth of 1.2 to 1.8 m (Johnston 1970; Sander 1970). At the lB 

lower slope position, marked changes in soil water content below the root zone occurred 

during 1986 corresponding to water table rise and fall (data not presented). 

Tensiometers were usod to measure matric potential. The use of tensiometers is 

limited by soil dryness to a lower limit of approximately -8.0 m measured potential 

(Richards 1965a). The use of tensiometers is also limited by soil temperature. Tensiometers 

cannot be used until the soil has completely thawed and until the air temperature remains 

above 0 °C, otherwise ice forms within the tensiometers. As a result, matric potential 

measurements were limited to the late spring to early fall period. 

The recharge events which resulted in water table rise (Fig. 4.4.1) also increased 

matric potential at the Kurysh site (Fig. 4.5 .5). Recharge due to snowmelt could not be 

measured by the tensiometers because they did not become operative until all the frost had 

gone from the soil. The shallow water table in the lower slope positions, 2A and 2B, 

resulted in saturated or near-saturated conditions at 1.0 and 2.2 m depth and matric 

potential varied over a range of 1 m or less with time. In contrast, the ·upper slope and 

saddle positions had relatively large, 3 to 5 m, changes in matric potential over time at 1.0 

m depth. Matric potential changed slowly over time at 2.2 m depth at the upper slope 
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Figure 4.5.5. Mattie potential measured by tensiometer at 1.0 and 2.2 m depth for selected 

slope positions at the Kurysh site (Day 100- Oct. 8, 1985, day 350- June 5, 1986, 

day 650- April11, 1987). 
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positions, 4A and 6A, and the occurrence of a recharge event in the saturated flow system 

(Fig. 4.4.1) did not necessarily re~.ult in an observable change in matric potential. The 

response of the matric potential at 1.8 or 2.2 m depth in the saddle positions, 4B and 6B, to 

recharge events was intermediate between that observed for the lower slope and upper 

slope positions. 

The pattern of matric potential within the landscape at the Kyliuk site (Fig. 4.5.6) 

was similar to that of the Kurysh site (Fig. 4.5.5). Matric potential was generally lower, 

particularly prior to day 400, at 1.0 m depth in the upper slope positions at the Kyliuk site 

than at the Kurysh site; presumably as a result of the more recent summer-fallowing at the 

Kurysh site, 1985 versus 1982. Tne moisture content data (Figs. 4.5.1, 4.5.2) confirmed 

the accuracy of the matric potential data (Figs. 4.5.5, 4.5.6) at the Kurysh and Kyliuk 

sites. 

The slough dried up earlier and the water table dropped more rapidly at the Rebey ka 

site than at the cultivated sites, and. moisture content readings from the neutron access tubes 

in the 1A and 1B positions at all three sites indicated a smaller lateral extent of the saturated 

zone at the Rebeyka site (data not presented). As a result, the saturated flow system had 

less influence on the unsaturated flow system at the Rebeyka site than at the cultivated sites. 

At the Rebeyka site, moisture content was generally very low (Fig. 4.5.4) and for 

most tensiometers no reliable readings could be obtained. Only in the 2B saddle position 

were valid measurements obtained at 1.4, 1.8 and 2.2 m depths. Soil matric potential 

followed a similar pattern over time at the 2B position at the Rebeyka site (Fig. 4.5.7) as at 

the saddle positions at the Kurysh and Kyliuk sites (Figs. 4.5.5, 4.5.6). 

The hydraulic head gradient varied with time and slope position. The hydraulic head 

gradients in the lower slope positions varied over a small range relative to the upper slope 

positions (Fig. 4.5.8). In addition, the direction of the hydraulic head gradient changed 

more frequently in the lower slope positions than in the upper slope positions. The 

hydraulic head gradients in the saddle positions were intermediate between those in the 
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Figure 4.5.8. Vertical hydraulic head gradient between 1.0 and 1.4 m depth for two slope 

positions at the Kurysh site (Day 100 -Oct. 8, 1985, day 350 - June 5, 1986, day 

650 - April 11, 1987). 
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upper and lower slope positions. Water flow was downward for most upper slope 

positions until the first week of August (approximately day 400) in 1986 and until the end 

of June (day 730) in 1987 (Fig. 4.5.8). Presumably, the length of the time period over 

which recharge occurred in 1986 was increased as a result of the above average rainfall 

(Fig. 4.1.1). 

The different landscape groups had hydrologic processes of differing magnitude. 

The small hydraulic head gradients in the lower slope positions were the result of the 

shallow depth to the water table and the near-static conditions in the saturated flow system 

near the soil surface (Fig. 4.4.8). The frequent reversal of the direction of the hydraulic 

head gradient over time (Fig. 4.5.8) was the result of two concurrent flow processes. 

Vertical flow occurred in response to precipitation and evapotranspiration, similar to the 

remainder of the landscape. In addition, rapid horizontal flow occurred below the water 

table in the lower slope positions (Table 4.4.3). A significant upward hydraulic head 

gradient after a recharge event was observed on some occasions, for example after day 400 

in Figure 4.5.8. The development of an upward hydraulic head gradient indicates that the 

lateral flow of water from the slough had a greater influence on soil moisture conditions on 

those occasions than did vertical infiltration through the soil profJ.le. Winter (1983) reported 

that complex flow patterns, with frequent reversals in the direction of flow, are common at 

the edge of sloughs. 

Downward flow below the root zone occurred at the upper slope positions at the 

Kurysh site. Water which penetrates into dry soil below the root zone tends to contribute 

more to an increase in soil moisture storage than f.o flow through the dry zone, and may 

flow back toward the root zone when the root zone diies out (Campbell et al. 1984; de Jong 

and Zentner 1985). The rate of groundwater recharge also tends to decrease as the distance 

between the soil surface and the water table increases (Winter 1983). Because of the dry 

soil conditions below the root zone (Figs. 4.5.1, 4.5.2, 4.5.4) and the large distance to the 

water table (Fig. 4.4.9), the potential for deep dr1inage to contribute to groundwater 
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recharge in the upper slope positions is minimal at both cultivated sites. The deeper rooting 

and the longer period of transpiration of perennial native vegetation, relative to annual field 

crops, further reduces the potential for deep drain·age to contribute to significant 

groundwater recharge at the Rebeyka site. The higher moisture content below the root zone 

(Figs. 4.5.1, 4.5.2) and the shallower depth to the water table at the saddle positions than 

at the upper slope positions, will result in a greater potential for both deep drainage and 

groundwater recharge in the saddle positions than in the upper slope positions. 

4.5.2 Quantification of the Unsaturated Flow System 

Water flow was calculated between selected pairs of tensiometers using the Darcy 

equation. Mattie potential was assumed to change linearly over time between measurement 

dates. The matric potential for a given day was taken to be constant throughout that day, 

thus, steady state flow was assumed to occur in discrete, 24 hour increments. Hydraulic 

conductivity was calculated from the series of K('lf) functions indicated in Figure 4.1.17. 

The flux of water was calculated using Equation 2.4 (Wind and van Doome 1975) 

when both matric potential values were less than or equal to the air entry value. If the two 

matric potential values related to different K('lf) functions, then the function which applied 

to the higher range of matric potentials was used and an apparent value of hydraulic 

conductivity was calculated for the other matric potential value. The calculation of an 

apparent hydraulic conductivity yields reliable estimates of the flux, particularly when the 

flux is close to zero (Kirby 1985). Use of the K(\11) function which applied to the higher 

range of matric potentials will give an apparent hydraulic conductivity which 

underestimates the actual hydraulic conductivity because of the steeper slope of the 

hydraulic conductivity functions with increasing matric potential (Fig. 4.1.17), and will 

yield a conservative estimate of the flux. 

Water flow was calculated using the saturated hydraulic conductivity when both 

tensiometers had a matric potential greater than ,he air entry value. When only one of the 
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matric potentials was greater than the air entry value the hydraulic conductivity was taken to 

be the geometric mean of the saturated hydraulic conductivity and the hydraulic 

conductivity predicted from the K('tf) function. A geometric mean yields reliable estimates 

of hydraulic conductivity provided the hydraulic head gradient is small (Wind and van 

Doome 1975), which was generally the case near saturation. 

The vertical flux for selected times at the three major sites are presented in Tables 

4.5.1 and 4.5.2. The flux in the 4A, 6A and 4B positions was calculated between 1.0 and 

1.4 m depths to determine the flux across the bottom of the root zone, and between 1.4 m 

and either 1.8 or 2.2 m depths to determine the flux below the root zone. At the 2A, 2B and 

6B positions; the hydraulic head gradient was small (Fig. 4.5.8) and the flux was 

calculated between 1.0 and 1.8 or 2.2 m depths, instead of between 1.0 and 1.4 m depths, 

in order to increase the accuracy of the estimate of the gradient In all cases, water flow was 

taken to be positive upward. Fluxes less than 1 o-11 m s-1 are negligible for all practical 

purposes, and only the direction of the flux is indicated in Tables 4.5.1 and 4.5.2. 

The vertical fluxes in the lower slope positions at the Kurysh and Kyliuk sites were 

often greater than 10-8m s-1 (Tables 4.5.1, 4.5.2). The direction of flow had a complex 

pattern over time. In 1986, the flux at the 2A position at the Kurysh site was downward on 

June 13 (day 348) and upward on July 21 (day 386), August 7 (day 403) and September 

23 (day 450). At the 2B position at the Kurysh site, the flux was downward on June 13 

and July 21 and upward on August 7 and September 23. The flux at the 2A and 2B 

positions was downward on April27 (day 669) and upward on July 21 (day 751) in 1987. 

The direction of the fluxe;s was the same at the 2A and 2B positions at the Kyliuk site for all 

dates: upward on June f3, August 7 and September 13 and downward on July 21 in 1986, 

and downward on April27 and June 4 (day 703) in 1987. 

The presence of a large upward flux at the 2A and 2B positions at the Kurysh site 

on July 21, 1986, following a large rainfall event (Fig. 4.1.1), was presumably the result 

of rapid horizontal flow away from the slough below the water table (Table 4.4.3) 
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Table 4.5.1. Calculated vertical fluxes at the Kurysh site for selected dates. 

Location Depth 

(m) 

Lower Slope 

2A 1.0 - 2.2 

2B 1.0 - 2.2 

Upper Slope 

4A 1.0 - 1.4 

1.4 - 2.2 

6A 1.0 - 1.4 

1.4 - 2.2 

Saddle 

4B 1.0 - 1.4 

1.4 - 1.8 

6B 1.0 - 1.8 

*May 6, 1987. 

NA - not available. 

1986 1987 

June 13 July 21 August 7 September 23 April 27 June4 July 21 

----------------------------------------------- (m s·l) -----------------------------------------------

-1.1 X 10-8 +1.3 X 10-8 +1.4 X 10-8 

+3.9 X 10-8 +1.7 X 10-8 -2.8 X 10-8 

-8.5 x to-9 -3.6 X 10-9 

-2.3 X 10-9 -1.0 X 10-9 

-1.2 X 10-9 -3.0 X 10-9 

-1.9 X 10-9 -2.1 X 10-9 

-7.9 x to-9 -8.6 X 10-9 

-3.7 x to-9 -5.5 X 10-9 

-2.4 X 10-9 

-3.8 X 10-10 

-6.1 X lO-ll 

-1.1 X 10-9 

+ < 10-11 

-2.4 X 10-9 

+5.5 X 10-9 

-4.4 x to-9 

+7.6 X 10-10 

+2.6 X lQ-10 

-3.6 x to-8 

-1.1 x to-8 

-2.0 X 10·9. 

-2.2 X 10-10 

+ ( < to-ll) +5.0 x to-9 

-2.2 X 10-8 +2.0 X 10-9 

-1.8 X 10-9 +1.3 X 10-10 

-2.4 x to-to +6.9 X lO-ll 

+4.3 X 10-10 -5.7 x 10-10* +1.1 X 10-11 +1.1 X 10-9 

-1.8 X 10-10 NA 

+2.2 X lQ-10 -2.4 X 10-9 

-4.0 X l0-10 NA 

-7.3 X 10-10 

-1.3 x to-9 

NA 

-7.1 X 10-10 

+1.3 X 10-9 

NA 

-1.2 X 10-9 -1.5 X lQ-8 +8.7 X 10-10 +7.6 X lQ-10 -4.1 X 10-9 -2.8 X to-to +1.3 X I0-9 

--A. 

00 
f\) 



Table 4.5.2. Calculated vertical fluxes at the Kyliuk and Rebeyka sites for selected dates. 

1986 1987 

Location Depth June 13 July 21 August7 September 19 April27 June4 July 21 

(m) ----------------------------------------------- (m s-1) -----------------------------------------------

Kyliuk Lower Slope 

2A 1.0 - 2.2 +1.9 X 10-9 -9.6 X 10-9 +5.2 X 10-9 +1.1 X 10-9 

2B 1.0 - 1.8 +4.3 X 10-8 -3.5 X 10-8 + (<lO-ll) + (<lO-ll) 

Kyliuk Upper Slope 

4A 1.0 - 1.4 +9.7 X 10-10 -2.0 X 10-10 -4.4 X 10-10 

1.4 - 2.2 +1.6 X 10-10 +3.3 X 10-10 +2.2 X 10-10 

6A 1.0 - 1.4 +4.2 X 10-10 +2.8 X lQ-ll +3.6 X 10-10 

Kyliuk Saddle 

4B 1.0 - 1.4 -9.9 X 10-9 NA +3.5 X l0-9t 

1.4 - 2.2 -1.8 X 10-9 NA -1.7 X l0-9t 

6B 1.0 - 2.2 -4.9 X 10-9 +1.6 X 10-~ +1.0 X 10-9 

Rebeyka Saddle 

2B 1.4 - 2.2 -6.9 X 10-9 -6.5 X 10-9 -3.2 X 10-9 

# 1.0 to 2.2 m depth;* April24, 1987; t August 15, 1986. 

NA - not available. 

+1.0 X 10-9 

+6.4 X lO-ll 

+2.3 X 10-10 

+1.6 X 10-9 

+3.5 X 10-10 

+3.4 X 10-10 

+1.3 X 10-10 

-3.1 X 10-9 -2.4 X 10-8 NA 

-2.0 X 10-8# - ( < lO-ll)# NA 

+1.3 X 10-9 -1.1 X 10-9 NA 

-1.7 X 10-9 -7.8 X 10-10 NA 

+1.5 X 10-10* +4.1 X 10-10 NA 

-1.1 X 10-8 +2.2 X 10-9 NA 

+1.3 X 10-9 -2.9 X 10-9 NA 

-3.0 X 10-8 -4.8 X 10-9 NA 

-1.6 X 10-8 -1.0 X 1Q-9 +4.4 X 10-10 

....... 
OJ 
c.u 



extending the groundwater mound. In contrast, the fluxes were downward at the 2A and 

2B positions at the Kyliuk site on the same date, indicating that lateral flo\v below the water 

table was of less importance at the Kyliuk site than at the Kurysh site. 

The fluxes across the bottom of the root zone (1.0 to 1.4 m depth) in the upper 

slope and saddle positions at the Kurysh site in 1986 were downward on June 13 and July 

21, reversed direction around August 7, and were upward on September 23 (Table 4.5.1). 

Water flow at the same slope positions was downward or negligible on April 27 and June 4 

and upward on July 21 in 1987. The fluxes in the saddle positions were similar to, or up to 

an order of magnitude higher, than in the upper slope positions. 

A downward flux was calculated below the root zone (below 1.4 m depth) at the 6A 

and 4B positions for all dates and at the 4A position for three dates in 1986 at the Kurysh 

site (Table 4.5.1 ). The long period of downward flow· was presumably due to the dry soil 

conditions at depth and relatively wet surface conditions because of summer-fallowing in 

1985 (Fig. 4.5.1). The fluxes below the root zone were generally sitnilar to, or slightly 

lower than, the fluxes across the bOttom of the root zone. 

Water flow across the bottom of the root zone at the 4A position at the Kyliuk site 

was upward on June 13 and September 19 in 1986 and on April27 in 1987 (Table 4.5.2). 

Below the root zone, water flow was upward for all four dates in 1986 and downward for 

April 27 and June 4 in 1987. Water flow across the bottom of the root zone at the 6A 

position was upward for all dates in 1986 and 1987. The minimal changes in soil moisture 

content below 1.3 m depth at the 5A position (Fig. 4.5.2) confmn the small magnitude of 

flow which occurred at depth in 1986. In the saddle positions water flow was downward 

on June 13, 1986 and April27, 1987 for the 4B and 6B positions and on June 4, 1987 for 

the 6B position. Data is not available for the 4B position on July 21, 1986. Below the root 

zone at the 4B position, water flow was downward except on September 19, 1986 and 

April 27, 1987. 
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Upward flow was slower and occurred over a longer time period in the upper slope 

positions than in the saddle positions at the Kyliuk site, reflecting the drier soil conditions 

at the former (Fig. 4.5.2). Similarly, upward flow was more predominant in the upper 

slope and saddle position at the Kyliuk site (Table 4.5.2) than at the wetter Kurysh site 

(Table 4.5.1). The reason for the upward flux at the 6B position at the Kyliuk site on July 

21, after a significant rainfall event (Fig. 4.1.1) is not clear. 

The magnitude of the vertical fluxes in the lower slope positions at the Kurysh and 

Kyliuk sites was generally similar to, or higher than, in the saddle positions and up to two 

orders of magnitude higher than in the upper. slope positions. The low hydraulic head 

gradients observed in the lower slope positions, relative to the upper slope positions (Fig. 

4.5.8), were more than offset by the substantially higher values of hydraulic conductivity at 

matric potentials near saturation (Fig. 4.1.15). 

The upward and downward fluxes were of similar magnitude in the lower slope 

positions at the Kurysh and Kyliuk sites, whereas in the upper slope and saddle positions 

the downward fluxes were often an order of magnitude higher than the upward fluxes. A 

downward flux in the upper slope and saddle positions usually followed a recharge event, 

such that a large matric potential gradient ·was present and/or flow occurred when soil 

conditions were relatively wet. Upward flow generally occurred under drier and more 

uniform soil moisture conditions, resulting in slower upward than downward flow. 

At the Rebeyka site, the soil moisture content below 1.3 m depth was never more 

than 0.2 m3 m-3 except at the lA, 2A, 1B and 2B positions. The soil matric potential was 

below the operating range of the tensiometers at 1.4 to 2.2 m depth at the 2A position. The 

hydraulic conductivity at soil moisture contents below 0.22 m3 m-3, or matric potentials 

below -8 m, is approximately 10-11 m s-1 or less. Assuming a maximum hydraulic head 

gradient of 5, the flux would be 0.02 mm day-1 or less and result in a maximum of 2 mm 

of flow in a 100 day period. Thus, it can be assumed that negligible water flow occurred at 

all slope positions with tensiometer nests except the 2B position. Water flow below the root 
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zone at the 2B position was downward except on September 19 in 1986 and on July 21 in 

1987 (Table 4.5.2). The direction and magnitude of the fluxes were similar to that observed 

below the root zone at the 4B position at the Kurysh site (Table 4.5.1). 

Cumulative water flow over time could not be calculated for the entire frost-free 

period because tensiometers cannot be used until the soil has completely thawed and until 

the air temperature remains above 0 °C. As a result, significant water flow can occur in 

both in the spring and fall for which estimates of flow cannot be obtained. Soil thawing 

began in the fll'St week of April in both 1986 and 1987 as indicated by a water table rise in 

the observation wells (Fig. 4.4.1). A water table rise may occur before flow occurs 

through the soil proftle because the frozen soil thaws from both the top and bottom (Willis 

et al. 1964 ). Complete soil thawing did not occur until around day 300 (April 26, 1986) 

(Fig. 4.1.3) and near zero soil temperatures, in combination with low air temperatures, 

lasted until around day 330 (May 26, 1986). In 1987, soil thawing occurred rapidly 

between days 650 and 660 (April11 to 21). Tensiometer readings were fust taken in the 

last week in May in 1986 and in the last week in April in 1987. Thus, the soil was thawed 

for a month prior to the first tensiometer readings in 1986 and for one to two weeks prior to 

the first tensiometer readings in 1987. 

Cumulative water flow was calculated for two recharge periods, from the first 

tensiometer readings until the end of the recharge period in 1986 (Fig. 4.5.8) and from the 

first tensiometer readings until the end of site monitoring in 1987, and for one discharge 

period, from the end of the recharge period until soil freezing in 1986. 

The periodic reversal of the direction of the hydraulic head gradient in the lower 

slope positions resulted in significant upward and downward flow within most flow 

periods at the Kurysh and Kyliuk sites (Tables 4.5.3, 4.5.4). Net flow at the Kurysh site 

was upward for all three flow periods at the 2A position but upward only during the 1986 

recharge period at the 2B position. At the Kyliuk site, net flow at the 2A and 2B positions 

186 



Table 4.5.3. Calculated cumulative flow at the Kurysh site for selected time periods. 

June 5 to Aug. 7, 1986 Aug. 8 to Nov. 17, 1986 Apr. 27 to June 4, 1987 

-

Location Depth Up Down Net Up Down Net Up Down Net 

(m) ---------------------------------------------------- (mm) ----------------------------------------------------

Lower Slope 

2A 1.0 - 2.2 +10 -9· +1 +19 -2 +16 +28 -13 +15 

2B 1.0 - 2.2 +72 -29 +42 +17 -40 -23 +5 -46 -41 

Upper Slope 

4A 1.0 - 1.4 0 -33 -33 +4 -1 +3 0 -7 -7 

1.4 - 2.2 0 -8 -8 +1 0 +1 0 0 0 

6A 1.0 - 1.4 0 -6 -6 +3 0 +3 0* -1 * -1 * 

1.4 - 2.2 0 -10 -10 0 -2 -2 NA NA NA 

Saddle 

4B 1.0 - 1.4 0 -28 -28 +2 0 +2 0 -4 -4 

1.4 - 1.8 0 -25 -25 0 -5 -5 NA NA NA 

6B 1.0 - 1.8 0 -11 -11 +6 0 +6 0 -11 -11 

*May 6 to June 4, 1987. 

NA- not available. 
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Table 4.5.4. Calculated cumulative flow at the Kyliuk and Rebeyka sites for selected time periods. 

May 28 to Aug. 7, 1986 Aug. 8 to Nov. 17, 1986 Apr. 27 to June 4, 1987 

-

Location Depth Up Down Net Up Down Net Up Down Net 

(m) -------------------------------------~-------------- (mm) ----------------------------------------------------

Kyliuk Lower Slope 

2A 1.0 - 2.2 +11 -36 -25 +15 0 +15 +8 -14 -6 

2B 1.0 - 1.8 +41 -51 -10 +52 -33 +20 +6* -40* -34* 

Kyliuk Upper Slope 

4A 1.0 - 1.4 +4 -1 +3 +3 -1 +2 +1 -3 -2 

1.4 - 2.2 +1 -1 +0 +1 0 +1 0 -2 -2 

6A 1.0 - 1.4 +2 0 +2 +2 0 +2 0 -2 -2 

Kyliuk Saddle 

4B 1.0 - 1.4 NA NA NA +26 0 +26 +1 -10 -9 

1.4 - 2.2 NA NA NA +6 -4 +2 +1 -22 -21 

6B 1.0 - 2.2 +15 -20 -5 +2 0 +2 NA NA NA 

Rebeyka Saddle 

2B 1.4 - 2.2 0# -30# -30# +1 -2 -1 0 -16 -16 

NA- not available. 

* 1.0 to 2.2 m depth;# June 5 to August 7, 1986. 
~ 
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was downward during the recharge periods and upward during the discharge period. The 

amount of flow within a given period ranged from -45 to + 70 mm. 

Net flow in the lower slope positions was upward at the Kurysh site and downward 

at the Kyliuk site during the 1986 recharge period, confirming the greater importance of 

horizontal saturated flow at the Kurysh site. The large upward fluxes observed at the 

Kurysh site are consistent with the accumulation of carbonates at the edge of the Kurysh 

slough (Fig. 4.2.lb). 

Net flow across the bottom of the root zone (1.0 to 1.4 m depth) was downward 

during the recharge periods and upward during the discharge period in the upper slope and 

saddle positions at the Kurysh site (Table 4.5.3) and the saddle positi9ns at the Kyliuk site 

(Table 4.5.4). At the upper slope positions at the Kyliuk site, net flow was upward for 

both flow periods in 1986 and downward for the 1987 recharge period. Net flow below the 

root zone was generally of similar direction and magnitude as flow across the bottom of the 

root zone, however, a net downward flow of -2 to -5 mm occurred during the discharge 

period in the 4B and 6A positions at the Kurysh site. The continued deep drainage at the 4B 

and 6A positions was presumably in response to the dry soil conditions at depth (Fig. 

4.5.1). 

The net flow at the upper slope and saddle positions at the Kurysh site ranged from 

-30 to +5 mm (Table 4.5.3). The large downward flow of -33 mm at the 4A position in the 

1986 recharge period is probably an overestimate of the actual flow because soil moisture 

content below 1.3 m depth followed a similar pattern over time at the 4A, 5A and 6A 

positions (data not presented). The cumulative flow waS"" higher for the wetter saddle 

positions than for the drier upper slope positions, and higher during the wetter 1986 

recharge period than during the 1987 recharge period. In 1986, net downward flow in the 

recharge period was 2 to 5 fold larger than the net upward flow in the discharge period at 

the upper slope and saddle positions. 
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Less than 5 nun of net flow occurred in the three flow periods in the upper slope 

positions at the Kyliuk site (Table 4.5.4). The occurrence of downward flow in 1987 was 

the result of wetter root zone conditions following the wetter than average year in 1986 

(Fig. 4.1.1 ). In comparison, up to 25 mm of flow in both the upward and downward 

directions occurred in the saddle positions. The upward flow across the bottom of the root 

zone, even during a recharge period, confirms previous reports of upward flow toward a 

dry root zone (Campbell et al. 1984; de Jong and Zentner 1985). 

The 2B position at the Rebeyka site had net downward flow in all three flow 

periods. Downward flow ranged from -15 to -30 mm in the recharge periods and was near 

zero in the discharge period. The downward flow during the discharge period was in 

response to the September, 1986 recharge event (Figs. 4.1.1, 4.4.1). Rapid soil drying 

occurred as a result of the native vegetation and the upward flow was very small. 

To confirm that significant flow did occur below the root zone, especially in the 

upper slope positions, the soil moisture content data was tested for significant increases 

during the 1986 recharge period. A Spearman rank correlation was performed between 

sampling date, for measurements taken from March 19 to August 10, and average 

volumetric moisture content in the 1.3 to 1.9 and 1.9 to 2.5 m depth increments. A 

significant positive correlation would indicate a tendency for moisture content to increase 

during the recharge period while making no assumptions as to the form of the increase, i.e. 

linear or non-linear. 

The Spearman correlations for the lower slope positions varied from +0.9 to -0.9 

(Table 4.5.5). High positive correlations, for example in the 2A position at the Kurysh and 

Kyliuk site, indicated a significant increase in moisture content below the root zone as a 

result of water table rise. The high negative correlation at the 2A position at the Rebeyka 

site indicated soil drying as a result of root extraction and/or upward water movement into 

the root zone. Low correlations were observed in the 1 B positions at the Kurysh and 
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Table 4.5.5. Spearman rank correlations between sampling date and volumetric moisture 

content for two depth increments below the root zone at the three major sites 

between March 19 and August 10, 1986 (n = 9). 

Kurysh Kyliuk Rebeyka 

Location 1.3 - 1.9t 1.9- 2.5 1.3 - 1.9 1.9- 2.5 1.3 - 1.9 1.9 - 2.5 

1A NA NA NA NA NA NA 

2A 0.88** 0.78* 0.57 0.85** -0.90** -0.60 

3A -0.06 0.01 0.73* 0.17 -0.60 -0.54 

4A 0.39 NA -0.23 0.39 0.36 NA 

5A 0.85** 0.81 ** 0.29 0.26 NA NA 

6A 0.47# 0.71 *# 0.27 0.62 NA NA 

1B 0.58 NA 0.67* 0.13 0.32# NA 

2B NA NA NA NA -0.32 -0.08 

3B -0.14 NA NA NA 0.08 0.12 

4B 0.80* 0.85** -0.35 0.74* 0.40 0.11 

5B 0.70* 0.89** 0.59 NA 0.15 NA 

6B 0.02 0.66 -0.16 -0.07 0.04 0.36 

t Depth increment in m. 

* Significant at P < 0.05. 

** Significant at P < 0.01. 

#n = 8. 

N A - Insufficient data for calculation. 
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Rebeyka sites, indicating constant moisture content in the former case and periodic 

fluctuations in moisture content over time in the latter case. 

Significant positive correlations were observed between time and moisture content 

for the 1. 9 to 2.5 m depth increment at the 5A and 6A upper slope positions at the Kurysh 

site but were not available for the 4A position. The low correlation for the 1.3 to 1. 9 m 

depth increment at the 6A position was the result of a moisture increase after snowmelt 

(Fig. 4.5.1). No significant correlations were obtained for the upper slope positions at the 

Kyliuk site. The results confrrm the presence of significant deep drainage in the upper slope 

positions at the Kurysh site and minimal deep drainage at the Kyliuk site, most likely due to 

differences in cropping history (Table 3.2). 

Significant positive correlations between soil moisture content at depth and time 

were observed for the 4B and 5B positions at the Kurysh site and for the 4B position at the 

Kyliuk site. Low correlations, however, were observed at the 6B positions at both sites. At 

the start of the recharge period the soil below the root zone at the 6B position was relatively 

wet in comparison to the 4B positions, thus, steady state flow may have occurred at former 

whereas moisture accumulation occurred at the latter. The low correlations were the result 

of consistently wet soil conditions below the root zone at the 6B positions (Fig. 4.5.2), 

whereas the drier soil conditions at depth at the 4B positions resulted in a significant 

increase in soil moisture content 

The rate of increase in soil moisture content below the root zone was used to obtain 

estimates of the downward flux in order to confirm the fluxes calculated from the 

tensiometer data. Linear regression of the depth of water in the 1.9 to 2.5 m depth 

increment against time between March 19 and August 10 was performed for the upper 

slope and saddle positions where a significant positive Spearman correlation was obtained: 

the 5A, 6A, 4B and 5B positions at the Kurysh site and the 4B position at the Kyliuk site 

(Table 4.5.5). Examples of the regression are presented in Figure 4.5.9 and indicate that 

the increase in soil moisture cont!nt over time could be approximated as a linear function. 

192 



-~ .._. 

~ ca 
~ 
~ 
.:; 

8 

170 

160 

150 

140 

130 

120 

110 
250 

• 

300 350 

Day 
400 

la6Al 
~ 

450 

Figure 4.5. 9. Linear regression of the depth of water between 1. 9 and 2.5 m depth at the 

6A and 5B slope positions at the Kurysh site against time between days 262 (March 

19, 1986) and 406 (August 10, 1986). 

For several sites, water content in the 1.3 to 1.9 m depth increment decreased briefly as a 

result of water redistribution to greater depth. Thus, inclusion of the 1.3 to 1.9 m d.epth in 

the regression would result in a poor linear fit for the regression analysis. The slope of the 

regression line provides an estimate of the downward flux of water into that depth 

increment. Because water flow may occur to greater depth than 2.5 m (Fig. 4.5. 3), the 

estimate represents a lower limit for the actual flux. 

The regressions were all significant at ex= 0.05 and in each case the regression 

accounted for over 50% of the variability in the depth of water (Table 4.5.6). The flux was 

approximately -3 x 10-10 m s-1 in the upper slope positions and -7 x 10-10 m s-1 in the 

saddle positions at the Kurysh site. The flux at the 4B position at the Kyliuk. site, was 

intermediate between the fluxes in the upper slope and saddle positions at the Kurysh site. 

A large, rapid increase in soil moisture content between 1.9 and 2.5 m depth at the 4B 

position at the Kurysh site at the end of the recharge period (Fig. 4.5.1), was not included 

in the regression. 
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Table 4.5.6. Regression of depth of water between 1.9 and 2.5 m depth against time 

between days 262 (March 19, 1986) and 406 (August 10, 1986) for selected access 

tubes at the Kurysh and Kyliuk sites. 

Location n Slope Intercept SEE* r2 p Flux 

----- (mrn day-1) ----- (m s·l) 

Kurysh 

5A 9 0.0320 101 1.38 0.60 0.014 -3.7 X 10-10 

6.A 8 0.0251 109 0.88 0.68 0.016 -2.9 X 1Q-10 

4B 8 0.0573 139 1.61 0.73 0.007 -6.6 x io-to 

5B 9 0.0590 115 1.98 0.71 0.004 -6.8 X 10-10 

Kyliuk 

4B 9 0.0463 167 2.29 0.53 0.026 -5.4 X 10-10 

* Standard Error of Estimate. 

The fluxes were calculated for the 1.9 to 2.5 m depth increment. By assuming that a 

similar increase in moisture content occurred in the 1.3 to 1.9 m depth increment, the 

magnitude of the fluxes across the bottom of the root zone are obtained by multiplying the 

fluxes in Table 4.5.6 by 2. This assumption is reasonable if the water content in the 1.3 to 

1.9 m depth increment was low prior to the recharge period, which was generally the case 

for the locations in Table 4.5.6 (Figs. 4.5.1, 4.5.2). Thus, the lower limits for the 

cumulative flow during the 1986 recharge period were 9 mm at 5A, 7 mm at 6A, 16 mm at 

4B and 17 mm at 5B at the Kurysh site and 13 mm at the 5B position at the Kyliuk site. 

The accuracy of the calculation is greater for the upper slope positions where the amount of 

flow past 2.5 m depth appeared to be small (Fig. 4.5.3), while in the saddle positions the 

estimate would be low due to deep drainage. In comparison, the increase in moisture 

content below the root zone, calculated from the change in moisture content between days 
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262 and 406 as indicated in Figure 4.5.3, was 12 mm at 5A, 7 mm at 6A, 50 mm at 4B and 

15 mm at 5B at the Kurysh site and 18 mm at the 5B position at the Kyliuk site. The large 

increase at the 4B position was primarily due to the rapid increase in soil moisture content 

at the end of the recharge period which was ignored in the regression analysis. The 

similarity of the two estimates confirms the validity of multiplying the fluxes in Table 4.5.6 

by a factor of 2. 

The estimate of the cumulative flow in the upper slope positions (Table 4.5.6) is 

similar to that obtained from the tensiometers (Table 4.5.3) for the 6A position and 

suggests that the large flow calculated from the tensiometers at the 4A position is probably 

an overestimate. The cumulative flow at the 4B position at the Kurysh site was only about 

60% of the flow calculated from the tensiom~ter data, however, the rapid increase in 

moisture content at the end of the recharge period was not included and the flow calculated 

from the tensiometers is probably a reasonable estimate of the actual flux. No flow estimate 

was obtained from the tensiometers (Table 4.5.4) duringthe recharge period in 1986 at the 

4B position at the Kyliuk site and comparison with the estimates from the changes in 

moisture content (Table 4.5.6) is not possible. Overall, the results in Table 4.5.6 confirm 

the accuracy of the deep drainage estimates from the tensiometer data. 

4.5.3 Discussion 

Separation of the landscape into lower, saddle and upper slope positions, based on 

the landscape surface form, delineated areas with distinct hydrologic proPerties. The lower 

slope positions had shallow water tables, hydraulic head gradients of 0.4 m. m-1 or less, 

and upward and downward fluxes in the order of 10-8m s-1. The upper slope positions 

had a deep water table, hydraulic gradients up to 4 m m-1 and had fluxes of 10-10 to 1Q-9 m 

s-1 under wet soil conditions, for example at the Kurysh site, and of 10-10 m s-1 or less 

under dry soil conditions, for example at the Kyliuk site. The saddle positions also lacked a 

shallow water table but had wet soil conditions below the root zone and had fluxes in the 
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order of lQ-10 to l0-9 m s-1. The lower slope positions experienced periodic reversal of the 

direction of flow and, at the Kurysh site, had significant discharge occurring following 

recharge events in the saturated flow system. The upper slope and saddle positions had a 

simpler pattern of water flow during the study period with downward flow occurring after 

snowmelt until the end of the significant summer rainfall events, followed by upward flow 

in the drier part of the summer and fall. Downward flow was of similar magnitude to 

upward flow in the lower slope positions, but was generally 2 to 5 fold higher than upward 

flow in the upper slope and saddle positions. 

The amount of deep drainage, downward unsaturated flow below the root zone, 

varied with slope position and land use. The saddle positions at the Kurysh site had deep 

drainage in the order of 10 to 25 mm in 1986 and 5 to 10 mm in 1987 whereas the upper 

slope positions had deep drainage of up to 10 mm in 1986 and up to 7 mm in 1987. Wet 

soil conditions at the Kurysh site, as a result of summer-fallowing in 1985 and 30% above 

average precipitation in the April to November, 1986 period, contributed to the occurrence 

of deep drainage. The Kyliuk site had up to 15 mm of deep drainage in 1986 and up to 10 

mm of deep drainage in 1987 in the saddle positions while the upper slope positions had 

negligible deep drainage in 1986 and 2 to 3 mm of deep drainage in 1987. The Kyliuk site 

was in the fourth year of cropping in 1986 and had much drier soil conditions than the 

Kurysh site. The dry soil conditions limited deep drainage in the upper slope but not the 

saddle positions. The Rebeyka site had significant deep drainage at only one instrumented 

slope position. The lower relief at the Rebeyka site resulted in less accumulation of water in 

the saddle positions and the native vegetation resulted in drier soil conditions than at the 

cultivated sites. Thus, flow across the bottom of the root zone occurred in only a small 

proportion of the landscape at the Rebeyka site even in a wetter than average year. 

The occurrence of deep drainage, therefore, is dependent on wet soil conditions, for 

example following summer-fallowing or during periods of above average precipitation. 

Deep drainage would be expected to be small in periods of average or below average 
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precipitation and under native vegetation, however, the probability of deep drainage 

occurring in the post-glacial period is sufficiently large to explain the leaching of soluble 

salts to several meters depth (Fig. 4.2.3), particularly in the saddle positions. Cultivation, 

and in particular summer-fallowing, increased the occurrence and magnitude of deep 

drainage by limiting the period of active transpiration and the depth of plant rooting. 

Significant upward flow into the root zone in the upper slope positions, up to about 

5 mm, was also observed at the Kurysh and Kyliuk sites. The results confirm previous 

reports of upward flow of water into a dry root zone by Campbell et al. (1984) and de Jong 

and Zentner ( 1985). 

Despite numerous repo11S of indirect evidence of deep drainage in the Interior Plains 

(Lehane and Staple. 1953; Doughty et al. 1954; Michalyna and Redlin 1961; Ferguson 

1963; Lehane et al. 1964; Meyboom 1967b; Campbell et al. 1975; Custer 1978; Halvorson 

and Reule 1980; Lindwall and Anderson 1981; Ferguson and Bateridge 1982), few 

previous studies have presented quantitative estimates of deep drainage. Freeze and Banner 

(1970b) presented in ilill unsaturated hydraulic head gradients ranging from +10 to -3 

m m-1 between 0.3 and 0. 9 m depths for a soil developed on glacial till in the Good Spirit 

Lake basin in Saskatchewan. Values of the unsaturated flux were not presented, however, 

the groundwater recharge rate, as determined by water table rise, was estimated to be less 

than -3 mm yr-1. Doering and Sandoval (1976) estimated deep drainage of -14 mm yr-
1 

for an upland area in North Dakota. Estimates of deep drainage obtained from computer 

modeling range from + 12 to -75 mm y{
1 (de Jong and MacDonald 1975; Van Schaik et al. 

1976; de Jong and Hayhoe 1984; de Jong and Zentner 1985). No studies relating 

unsaturated flow rates to topographic position in a landscape have been reported. The 

results presented here, therefore, make a significant contribution to the understanding of the 

magnitude and distribution of unsaturated flow occurring in a hummocky landscape in the 

Interior Plains. 
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4.6 IMPLICATIONS OF THE RESEARCH 

The results of the research can be considered in terms of groundwater recharge, 

with implications to water supply, and in terms of deep drainage, with implications to soil 

development and crop production. 

A rough water balance for the Kurysh and Kyliuk sites for 1986 is presented in 

Table 4.6.1. Deep drainage was less than 2% of the groundwater recharge at the Kurysh 

site and resulted in net discharge at the Kyliuk site. The contribution of deep drainage to 

recharge was underestimated because water flow in early spring and late fall are not 

included, however, not all deep drainage contributes to groundwater recharge. The 

potential contribution of unsaturated flow to groundwater recharge was very small and the 

results clearly support the concept of "slough-focused" recharge (Lissey 1968). There are 

four main reasons for the relatively small contribution of unsaturated flow to groundwater 

recharge. First, unsaturated flow at shallow depth normally occurs only from early April to 

the middle of November whereas saturated recharge at depth occurs year-round. Second, 

although the flow rates in the lower slope positions are of comparable magnitude to the 

saturated recharge rate, net flow in the lower slope positions was often upward whereas 

flow was downward in the saturated flow system year-round. Third, although the sloughs 

are relatively small in size, representing approximately 10 and 30% of the cultivated areas 

of the Kurysh and Kyliuk basins, respectively, the cross-sectional areas of the saturated 

zones underneath them were much larger. The high hydraulic conductivity of the shallow 

deposits allowed rapid horizontal flow at shallow depth, and vertical saturated flow 

occurred through a cross-sectional area approximately three times larger than the slough at 

the Kurysh site and two times larger than the slough at the K y liuk site. Finally, comparison 

of the cumulative flow at the Kurysh and Kyliuk sites (Tables 4.5.3, 4.5.4) would suggest 

that in most landscape positions, the potential for groundwater recharge through 
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Table 4.6.1. Water balance for the Kurysh and Kyliuk sites in 1986. 

Site Component Net Flow Area Volume 

(mm) (m2) (m3) 

Kurysh 

Unsaturated Flow 

Lower Slope Positions +18 2200 +40 

Saddle Positions -16 1500 -24 

Upper Slope Positions -8 3600 -29 

Total 7300 -13 

Saturated Flow -300 3190 -960 

Kyliuk 

Unsaturated Flow 

Lower Slope Positions 0 3500 0 

Saddle Positions -9 2300 -21 

Upper Slope Positions +5 5800 +29 

Total 11600 +8 

Saturated Flow -250 6800 -1700 

unsaturated flow to the water table only occurs when soil conditions are wetter than 

normal. 

The contribution of unsaturated flow to groundwater recharge ·was estimated at 57% 

for a mine spoil containing sloughs in central Alberta (Trudell et al. 1986) and at 7% for an 

upland area containing sloughs in North Dakota (Rehm et al. 1982). In the North Dakota 

study, unsaturated recharge occurring through exposed and shallow sandy bedrock 

deposits was not included in the 7% estimate. The much lower contribution of unsaturated 

flow to groundwater recharge in this study was due in part to the the ltrger proportion of 
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the landscape surface which contained sloughs, 5% versus 2% for Rehm et al. (1982), and 

the large lateral extent of the saturated zone below the sloughs. The proportion of the area 

occupied by sloughs at the Kurysh and Kyliuk sites is not uncommon in Saskatchewan 

(Burton 1978). 

The estimated contribution of unsaturated flow to groundwater recharge was less 

than the error in the estimate of the saturated recharge rate, thus, unsaturated flow can be 

ignored in the estimation of a regional groundwater recharge rate. As indicated, sloughs in 

the Kurysh and Kyliuk quarter sections accounted for 5% of the area of the landscape 

surface and the cross-sectional areas of the saturated zones were approximately 2.6 times 

hrrger than the areas of the sloughs (Table 4.4.5). Assuming an average recharge rate of 

275 mm yr1 for the saturated zone (Table 4.4.1), the regional groundwater recharge rate 

was 35 mm yr 1 or approximately 10% of the mean annual precipitation. This recharge rate 

is within the 10 to 120 mm yrl rate reported by Rehm et al. (1982) for an upland area 

containing sloughs in North Dakota, and is higher than other reported regional groundwater 

recharge rates for basins or upland areas containing sloughs in the Interior Plains. The latter 

reports range from 2 mm yr-1 for an upland region in central Alberta (MacLean and 

Pawluk 1975), 2 mm yr-1 for the Good Spirit Lake basin in eastern Saskatchewan (Shiau 

1978), 2 to 3 mm yr-1 for the Arm River basin in south-central Saskatchewan (Meyboom 

1967b ), 18 to 22 mm y{ 1 for a minespoil in central Alberta (Trudell et al. 1986) and 24 

mm yr-1 for a lacustrine plain with sloughs in southern Alberta (Freeze and Banner 

1970a). The high regional recharge rate reported here was the result of the presence of a 

significant number of sloughs in combination with a persistf;nt, strong, downward 

hydraulic head gradient. The results conflrm that hummocky upland areas in the Interior 

Plains act as regions of significant groundwater recharge. 

The magnitude of the deep drainage was influenced by the climatic conditions, the 

topographic position and the land use. Deep drainage of up to 25 mn1 occurred to depths in 

excess of 2.5 m at the Kurysh site in 1986 when rainfall was 30 ~ above average and 
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following a fallow year. Significant deep drainage also occurred in the saddle positions at 

the Kyliuk site despite the relatively dry soil conditions there as a result of three consecutive 

years of cropping. Deep drainage occurred at only one instrumented slope position at the 

Rebeyka site under native vegetation. The results confmn that the potential for deep 

drainage is clearly greater following summer-fallowing than following a previous crop and 

the potential for deep drainage is greater under cultivation than under native vegetation. 

Although the contribution of unsaturated flow to groundwater recharge was small, 

the flow across the bottom of the root zone was significant in terms of soil development 

and crop production. The periodic occurrence of deep drainage will leach soluble minerals 

from the soil profile and thereby enhance soil development and the leaching of plant 

nutrients. It is difficult to relate the deep drainage to soil development in quantitative terms, 

however, the distribution of soil morphological properties, including thickness of A and Ae 

horizons and depth to calcium carbonate, was closely related to the distribution of soil 

water within the landscape. The water use efficiency of wheat in Saskatchewan is 

commonly 10 kg ha-l mm-1 (Kachanoski et al. 1985). Thus, the loss of 25 mm of water 

as deep drainage is significant in terms of crop production. Some of this water accumulates 

below the root zone and may flow back toward the root zone when it dries out. 
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5. CONCLUSIONS 

The study was conducted in a hummocky landscape with a closed drainage pattern 

in an upland area in central Saskatchewan. The soils were developed on unsorted glacial till 

and were located in the Black soil zone. The study sites consisted of three closed drainage 

basins surrounding individual temporary sloughs and the sites were instrumented with 

tensiometers, piezometers, neutron access tubes and temperature probes. The sites were 

monitored from the summer of 1985 to the summer of 1987. The Rebeyka site had native 

vegetation and the Kurysh and Kyliuk sites were broken in 1978. The purpose of the study 

was to obtain quantitative estimates of saturated and unsaturated flow within the landscape 

and to relate the water flow system to topography, soil morphology and the distribution of 

soluble salts. 

Past water flow at different landscape positions was inferred from the distribution 

of soil chemical properties, including electrical conductivity, ion species concentrations and 

inorganic carbon concentration. The results indicated that minimal groundwater recharge 

had occurred under the knolls, significant groundwater recharge had occurred below and 

surrounding the sloughs, and intermediate groundwater recharge had occurred below the 

saddles. Accumulation of carbonates at the edge of the slough at the Kurysh site provided 

evidence of local discharge as evaporation. 

The area outside of the sloughs was divided into three groups based on the 

landscape surface form. The groups included lower slope, upper slope and saddle positions 

and accounted for 30,50 and 20% of the cultivated portion of the basins, respectively. The 

three landscape groups were shown to be hydrologically distinct on the basis of soil 

chemical properties, soil morphological properties, soil water content and water flux 

information. The soils were characterized by thick A horizons, the presence of gleying 

and/or Ae horizons, and significant depths to calcium carbonate in the lower slope 

positions; characterized as well leachec, commonly having Ae horizons, and having 
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intermediate depths to calcium carbonate in the saddle positions; and characterized by thin A 

horizons, an absence of Ae horizons, and calcium carbonate present either at shallow 

depths or at the soil surface in the upper slope positions. The depth of water within the root 

zone was highest in the lower slope positions, lowest in the upper slope positions, and 

intermediate in the saddle positions. The differences in the depth of water within the root 

zone between the landscape groups persisted over time as a result of the redistribution of 

water by topography. Thus, classification of the landscape surface form can act as a useful 

tool in the investigation of hydrologic processes occurring in a hummocky landscape. 
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The groundwater recharge rates through the saturated zones beneath the sloughs 

were approximately 300 nun yr 1 at the Kurysh site and 250 nun yr 1 at the Ky liuk site. 

Two main factors controlled the saturated flow regime. The frrst factor was the occurrence 

of high hydraulic conductivity deposits at the soil surface which resulted in rapid horizontal 

flow at shallow depth. The second factor was the presence of the low hydraulic 

conductivity impeding layer overlying the higher hydraulic conductivity sandy till at 12m 

depth, resulting in considerable storage of water and a slow but uniform recharge rate. The 

regional groundwater recharge rate was estimated at 35 mm yr1 or 10% of the annual 

precipitation. Less than 2% of the groundwater recharge could be attributed to unsaturated 

flow. 

The magnitude of the unsaturated flux was commonly 10-8m s-1 in the lower slope 

positions, similar to the saturated recharge rate, 10-9 to 10-8m s-1 in the saddle positions, 

10-10 to 10-9m s-1 for wet soil conditions in the upper slope positions and 10-10 m s-1 or 

less for dry soil conditions in the upper slope positions. Downward flow was of similar 

magnitude to upward flow in the lower slope positions and 2 to 5 fold higher than upward 

flow in the upper slope and saddle positions. The magnitude of water flow across the 

bottom of the root zone, up to 25 mm downward flow and 5 mm upward flow, was 

sufficiently large tQ be of importance to soil development and crop growth and penetrated to 

greater than 2.5 m depth. Deep drainage was greater in saddle than upper slope positions, 



greater following summer-fallow than following three years of cropping, and greater in 

cultivated fields than under native vegetation. 
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Figure A.l. Test hole log for the knoll position at the Kurysh site. 
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Figure A.2. Test hole log for the midslope position at the Kurysh site. 
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Figure A.4. Test hole log for the middle of the slough at the Kurysh site. 
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Figure A.5. Test hole log for the knoll position at the Kyliuk site. 
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Figure A.6. Test hole log for the midslope position at the Kyliuk site. 
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Figure A. 7. Test hole log for the inner piezometer nest at the edge of the slough at the 

Kyliuk site. 
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Table B.l. Soil horizon depths for the Kurysh grid. 

Location THA TIIAE THB DPCB Depth to Gleying* 

------------------------- (ern) -------------------------

A4 15 0 8 23 N 

A5 18 0 47 65 N 

B2 15 0 11 26 N 

B3 17 0 43 60 N 

B4 10 0 16 26 N 

B5 22 0 38 22 N 

B6 12 0 32 21 N 

B7 17 0 26 32 N 

C2 13 0 2 15 N 

C3 13 0 9 13 N 

C4 19 0 31 50 N 

C5 28 0 8 36 N 

C6 20 0 13 33 N 

C7 11 0 17 28 N 

C8 9 0 10 19 N 

D3 23 0 33 56 N 

D4 32 12 48 80 N 

D5 19 0 93 112 112 
D6 34 11 40 74 N 

D7 48 21 23 71 N 

D8 25 8 27 52 N 

E3 18 0 55 73 N 

E4 21 0 30 51 N 

E5 56 0 80 136 56 
E6** 23 0 5 28 23 
E7 17 0 7 17 24 
E8 19 0 26 45 N 

E9 20 0 22 42 N 

F3 17 0 31 48 -N 

F4 12 0 9 15 N 
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Table B.l continued. 

Location THA TIIAE THB DPCB Depth to Gleying* 

------------------------- (ern) -------------------------
F5# Not Sampled 

F6# 62 0 113 175 53 
F7# 37 0 72 109 37 

F8 23 0 0 23 N 

F9 12 0 0 12 N 

03 15 0 27 42 N 

04 12 0 30 42 N 

05# Not Sampled 

06# 66 0 209 275 66 
07# Not Sampled 

G8 26 0 4 30 26 

09 13 0 23 36 N 

010 17 0 28 45 N 

H3 8 0 20 28 N 

H4 21 0 48 69 N 

H5 42 0 0 42 N 

H6# 52 52 109 161 0 
H7# Not Sampled 

H8 17 0 16 102 33 
H9 10 0 8 18 N 

H10 18 0 44 62 N 

I3 8 0 16 24 N 

I4 12 0 31 43 N 

I5 12 0 20 32 N 

I6# 30 7 188 218 80 
I7# Not Sampled 

IS 26 0 11 37 37 
I9 28 9 44 72 N 

110 21 0 37 58 N 

J4 32 13 73 105 N 
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Table B.l continued. 

Location THA THAE THB DPCB Depth to Gleying* 

------------------------- (ern) -------------------------

J5 7 0 14 21 N 

J6 13 0 81 130 94 

J7 23 4 31 54 N 
J8 9 0 12 21 N 
J9 10 0 25 35 N 
J10 14 0 34 48 N 
K5 12 0 0 12 N 
K6 20 8 55 75 N 
K7 21 0 28 49 N 
K8 12 0 22 34 N 
15 12 0 9 21 N 
L6 30 6 78 108 N 
L7 19 0 79 98 N 

M5 8 0 6 14 N 
M6 11 0 30 41 N 
M7 70 0 28 98 N 
M8 23 5 28 51 N 
N5 7 0 12 19 N 
N6 18 4 66 84 N 
N7 26 8 37 63 N 
05 6 0 14 20 N 
06 6 0 11 17 N 
P6 8 0 13 21 N 

* N indicates no gleying observed to sampling depth. 
** Reference point, located at ESLO well. 
# Located within slough. 
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Table B.2. Soil horizon depths for the Kyliuk grid. 

Location 1HA TIIAE THB DPCB Depth to Gleying* 

------------------------- (ern) -------------------------

B2 11 0 0 11 N 

B3 10 0 21 31 N 

B4 14 0 37 51 N 

B5 14 0 42 56 N 

B6 15· 0 46 61 N 

B7 8 0 12 20 N 

B8 7 0 9 16 N 

C2 7 0 12 19 N 

C3 6 0 4 10 N 

C4 6 0 4 10 N 

C5 10 0 41 51 N 

C6 6 0 37 43 N 

C7 8 0 19 27 N 

C8 10 0 14 24 N 

D1 19 0 17 36 N 

D2 8 0 23 31 N 

D3 14 0 37 54 N 

D4 7 0 36 43 N 

D5 4 0 11 15 N 

D6 5 0 34 39 N 

D7 7 0 4 11 N 

D8 4 0 9 13 N 

D9 8 0 39 47 N 

010 6 0 20 26 N 

EO 35 12 56 91 N 

E1 39 11 99 138 N 

E2 38 20 42 80 N 

E3 21 0 62 83 N 

E4 12 0 40 52 N 

E5 10 0 42 52 N 
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Table B.2 continued. 

Location TIIA 1HAE THB DPCB Depth to Gleying* 

------------------------- (ern) -------------------------

E6 10 0 64 74 N 

E7 25 0 73 98 N 

E8 23 0 39 62 N 

E9 13 0 55 68 N 

ElO 9 0 14 23 N 

Ell 9 0 0 9 N 

FO 36 11 79 105 N 

Fl 50 15 69 119 N 

F2 32 10 72 104 N 

F3 58 29 65 123 N 

F4 35 24 49 84 N 

F5 23 6 41 64 N 

F6 31 13 37 68 N 

F7 37 0 29 66 N 

F8 22 0 46 68 N 

F9 39 0 4 43 N 

FlO 16 0 45 61 N 

Fl1 8 0 21 29 N 

F12 8 0 9 17 N 

Fl3 6 0 0 0 N 

Gl 9 0 0 0 N 

G2 9 0 32 41 N 

G3 7 0 25 32 N 

G4 32 10 83 115 32 
G5 39 0 134 173 39 
G6# 35 0 176 201 35 
G7# ** 30 0 154 184 30 
G8# 35 0 57 92 35 
G9# 67 0 75 142 67 
GlO# 45 0 95 140 45 
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Table B.2 continued. 

Location TIIA THAE THB DPCB Depth to Gleying* 

------------------------- (clll) -------------------------
011 41 0 20 61 41 
012 Paleosol, not included in analysis 

013 7 0 0 0 N 

014 27 0 0 0 N 

H1 13 0 0 0 N 

H2 15 0 0 0 N 

H3 40 12 53 93 N 

H4 40 0 60 100 40 

H5# Not Salllpled 

H6# Not Salllpled 

H7# 40 0 80 120 40 

H8# Not Salllpled 

H9# Not Salllpled 

H10# Not Salllpled 

H11 44 0 190 234 44 

H12 34 0 11 45 34 
H13 9 0 0 0 N 

11 8 0 0 0 N 

12 5 0 0 0 N 

13 45 27 41 86 N 

14 11 0 26 37 11 
15# Not Salllpled 

16# Not Salllpled 

17# Not Satnpled 

18# Not Salllpled 

19# Not Salllpled 

110# Not Salllpled 

Ill# Not Salllpled 

112 22 0 23 45 22 
113 7 0 0 0 N 
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Table B.2 continued. 

Location THA THAE THB DPCB Depth to Gleying* 

------------------------- (ern) -------------------------

J1 8 0 25 33 N 

J2 5 0 0 0 N 

J3 17 0 16 33 N 

J4 21 0 0 21 N 

J5# Not Sampled 

J6# Not Sampled 

J7# Not Sampled 

J8# Not Sampled 

J9# Not Sampled 

J10# Not Sampled 

J11# Not Sampled 

J12 6 0 0 0 N 

J13 8 0 0 0 N 

K1 7 0 0 7 N 

K2 18 0 29 47 N 

K3 13 0 39 52 N 

K4 31 16 19 50 N 

K5 9 0 11 20 9 

K6# Not Sampled 

K7# Not Sampled 

K8# Not Sampled 

K9# Not Sampled 

K10# Not Sampled 

K11 7 0 3 10 N 

K12 10 0 0 10 N 

L1 9 0 0 0 N 

L2 8 0 10 18 N 

L3 26 6 43 69 N 

lA 5 0 10 15 N 

L5 8 0 5 13 N 
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Table B.2 continued. 

Location THA THAE THB DPCB Depth to Gleying* 

------------------------- (ern) -------------------------
L6# 15 0 115 130 15 

L7# Not Sampled 

L8# Not Sampled 

L9 20 0 11 31 20 

L10 21 0 11 32 N 

L11 5 0 5 10 N 

M1 8 0 0 0 N 

M2 6 0 0 0 N 

M3 10 0 14 24 N 

M4 8 0 10 18 N 

M5 7 0 8 15 N 

M6 39 0 164 203 39 

M7 20 0 18 38 20 

M8 17 0 21 38 N 

M9 25 7 20 45 N 

M10 11 0 7 18 N 

N3 5 0 19 24 N 

N4 8 0 24 32 N 

N5 Use 4B Access Tube 

N6 7 0 16 23 N 

N7 14 0 30 44 N 

N8 17 0 18 35 N 

N9 10 0 8 18 N 

N10 8 0 0 0 N 

05 10 0 9 19 N 

06 8 0 0 8 N 

07 13 0 18 31 N 

08 9 0 8 17 N 

* N indicates no gleying observed to sampling depth. 

**Reference point, located in the middle of the ESLI piezometer nest. 

# Located within slough. 
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Table B.3. Soil horizon depths for the Rebeyka grid. 

Location LFH THA THAE THB DPCB Depth to Gleying* 

------------------------------ (ern)------------------------------
A2 0 7 0 23 30 N 

A3 4 11 2 63 78 N 

A4 0 5 0 31 36 N 

A5 0 5 0 17 22 N 

A6 0 7 0 12 19 N 

A7 0 10 0 12 22 N 

B1 0 6 0· 28 34 N 

B2 0 7 0 19 26 N 

B3 3 13 7 46 62 N 

B4 0 7 0 25 32 N 

B5 0 4 0 23 27 N 

B6 0 8 0 18 26 N 

B7 0 5 0 15 20 N 

C1 0 7 0 32 39 N 

C2 0 10 3 63 73 N 

C3 4 16 11 30 50 N 

C4 0 14 1 39 53 N 

C5 3 14 9 38 55 N 

C6 3 11 4 35 49 N 

C7 4 13 9 57 74 N 

C8 0 6 0 38 44 N 

01 0 6 0 52 58 N 

D2 4 25 20 59 88 N 

03 4 44 35 53 101 N 

D4 6 6 6 77 89 N 

D5 10 10 10 69 89 N 

D6 5 18 18 80 103 N 

D7 7 26 26 44 77 N 

D8 0 12 2 40 52 N 

D9 3 5 0 41 49 N 
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Table B.3 continued. 

Location LFH THA THAE THB DPCB Depth to Gleying* 

------------------------------ (ern) ------------------------------

El 3 6 0 24 30 N 

E2 6 10 7 32 48 N 

E3 7 11 11 90 108 N 

E4# 4 14 8 
E5# 7 15 9 
E6# 6 12 8 
E7 9 27 27 109 145 N 

E8 0 15 12 43 58 N 

E9 0 8 0 10 18 N 

Fl 0 6 0 18 24 N 

F2 4 5 0 34 43 N 

F3 6 5 5 117 128 N 

F4# 7 13 8 
F5# 6 13 6 
F6# 5 21 16 
F7 6 16 8 95 117 N 

F8 0 7 0 29 36 N 

F9 0 5 0 4 9 N 

Gl 0 6 0 28 34 N 

02 0 23 15 44 77 N 

03 3 23 20 147 173 N 

04 4 11 11 90 105 N 

05 3 12 12 78 93 N 

06 3 10 10 38 51 N 

07 0 14 '8 25 39 N 

08 0 7 0 35 42 N 

Hl 0 10 0 7 17 N 

H2 0 18 0 14 32 N 

H3 4 6 4 51 61 N 

H4 6 15 15 126 147 t<l 
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Table B.3 continued. 

Location LFH THA THAE THB DPCB Depth to Gleying* 

------------------------------ (ern)------------------------------
H5 5 14 8 43 62 N 

H6 4 2 0 36 42 N 

H7 0 15 0 16 31 N 

H8 0 5 0 14 19 N 

12 0 7 0 16 23 N 

13 0 9 0 30 39 N 

14 3 20 17 59 82 N 

15 0 13 0 34 47 N 

16 0 8 0 26 36 N 

17 0 7 0 12 19 N 

13 3 10 0 32 45 N 

14 3 11 0 36 50 N 

15 0 7 0 32 39 N 

16 0 8 0 35 43 N 

* N indicates no gleying observed to sampling depth. 

# Located within slough. 
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Table B.4. Soil horizon depths for the neutron access tube locations. 

Location LFH 1HA THAE THB DPCB 

----------------------- (ern) -----------------------

Kurysh lA* 0 51 7 167 218 
Major 2A 0 23 3 48 71 

3A 0 28 10 57 85 
4A 0 9 0 16 25 
SA 0 8 0 27 24 
6A 0 11 0 25 43 
lB 0 12 0 8 20 
2B 0 17 0 8 25 
3B 0 17 0 18 35 
4B 0 20 5 27 47 
5B 0 23 0 35 58 
6B 0 19 9 31 50 

Kurysh 2A 0 12 0 34 46 

Minor 4A 0 7 0 35 32 
6A 0 6 0 22 28 
2B 0 13 0 45 58 
4B 0 23 8 49 72 
6B 0 19 5 51 70 

Kyliuk lA 0 35 0 93 128 
Major 2A 0 24 6 39 63 

3A 0 16 0 59 76 
4A 0 4 0 30 34 
SA 0 7 0 28 35 
6A 0 11 0 18 29 
lB 0 43 c 145 188 
2B * 0 52 19 155 207 
3B 0 30 6 50 80 
4B 0 37 18 58 95 
5B 0 30 2 29 59 
6B 0 9 0 2 11 
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Table B.4 continued. 

Location LFH THA THAE THB DPCB 

----------------------- (em) -----------------------

Kyliuk 2A 0 17 0 21 38 
Minor 4A 0 12 0 13 25 

6A 0 8 0 0 8 
2B 0 21 9 98 119 
4B 0 35 20 31 66 

6B 0 10 0 24 34 
Rebeyka 1A 5 18 13 177 195 
Major 2A 5 14 14 99 113 

3A 4 16 12 41 57 
4A 0 16 10 27 43 
SA 0 20 0 15 35 
6A 0 5 0 13 18 
1B 6 7 7 187 194 
2B 5 29 29 115 144 
3B 3 24 20 60 84 
4B 3 16 11 38 54 
5B 0 21 9 42 63 
6B 0 9 0 25 34 

*Evidence of buried A horizon. 
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Table C.l. Non-parametric ANOVA for local catchment area by landform element for the 

individual sites. 

Site Statistic p 

Kurysh 38.48 < 0.001 

Kyliuk 46.92 < 0.001 

Rebeyka 28.52 < 0.001 

Table C.2. ANOV A for A horizon thickness by landform element and site. 

Source DF ss MS F p 

Site 2 10.763 5.381 12.20 < 0.001 

Element 6 32.316 5.386 22.67 < 0.001 

Interaction 12 3.485 0.290 1.22 0.268 

Error 235 55.844 0.238 

Total 255 102.408 
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Table C.3. Contrasts for A horizon thickness by landform element. 

Contrast D SE It I p 

Upper Slope Position [A] 0.62 0.22 2.87 < 0.005 

Slope Position [B] 1.84 0.32 5.77 < 0.001 

Convergent vs Divergent [C] 0.91 0.25 3.71 < 0.001 

AXC 0.17 0.22 0.77 ns 

BXC 0.66 0.43 1.55 < 0.200 

L vs All Others 0.60 0.53 1.13 ns 

Table C.4. Non-parametric ANOVA for Ae horizon thickness by landform element for the 

individual sites. 

Site Statistic p 

Kurysh 11.33 0.079 

Kyliuk 19.31 0.004 

Rebeyka 27.69 < 0.001 



Table C.5. ANOV A for depth to calcium carbonate by landform element and site. 

Source DF ss MS F p 

Site 2 110.49 55.25 11.21 < 0.001 

Element 6 661.18 110.20 22.36 < 0.001 

Interaction 12 53.56 4.46 0.91 0.542 

Error 235 1158.23 4.93 

Total 255 1983.48 

Table C.6. Contrasts for depth to calcium carbonate by landform element 

Contrast D SE ltl p 

Upper Slope Position [A] 2.70 0.98 2.75 < 0.010 

Slope Position [B] 10 . .d.3 1.40 7.45 < 0.001 

Convergent vs Divergent [C] 3.74 1.12 3.35 < 0.001 

AXC 0.65 0.98 0.66 ns 

BXC -0.61 1.45 0.42 ns 

L vs All Others 1.85 2.41 0.77 ns 

Table C.7. ANOVA for EM38V by landform element in July, 1986 at the Rebeyka site. 

Source 

Element 

Error 

Total 

DF 

6 

61 

67 

ss 

9.648 

24.837 

34.485 

MS 

1.608 

0.407 

F 

3.95 

p 

0.002 
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Table C.8. ANOV A for EM38V by landform element in October, 1986 at the Rebeyka site. 

Source 

Element 

Error 

Total 

DF 

6 

61 

67 

ss 

0.282 

7.318 

7.601 

MS 

0.047 

0.120 

F 

0.39 

p 

0.881 

Table C.9. ANOV A for EM38V by landform element in April, 1987 at the Rebeyka site. 

Source 

Element 

Error 

Total 

DF 

6 

61 

67 

ss 

3.192 

9.133 

12.325 

MS 

0.532 

0.150 

F p 

3.55 0.004 

Table C.10. ANOVA for EM31 V by landform element in July, 1986 at the Rebeyka site. 

Source 

Element 

Error 

Total 

DF 

6 

61 

67 

ss 

2.937 

7.394 

10.331 

MS 

0.489 

0.121 

F 

4.04 

p 

0.002 
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Table C.11. ANOV A for EM31 V by landform element in October, 1986 at the Rebeyka 

site. 

Source 

Element 

Error 

Total 

DF 

6 

61 

67 

ss 

0.536 

7.059 

7.595 

MS 

0.089 

0.116 

F 

0.77 

p 

0.595 

Table C.12. ANOV A for EM31 V by landform element in April, 1987 at the Rebeyka site. 

Source DF ss MS F p 

Element 6 2.524 0.421 3.14 0.010 

Error 61 8.176 0.134 

Total 67 10.699 

Table C.13. Contrasts for EM38V by landform element in July, 1986 at the Rebeyka site. 

Contrast D SE ltl p 

Upper Slope Position [A] 0.06 0.73 0.08 ns 

Slope Position [B] 2.46 1.00 2.46 < 0.025 

Convergent vs Divergent [C] 2.28 0.81 2.81 < 0.010 

AXC -0.58 0.73 0.79 ns 

BXC 0.18 1.00 0.18 ns 

L vs All Others 0.62 1.07 0.58 ns 
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Table C.14. ANOVA for EM38H by landform element in September, 1986 at the Kurysh 

site. 

Source 

Element 

Error 

Total 

DF 

6 

66 

72 

ss 

5.638 

15.046 

20.684 

MS 

0.940 

0.228 

F 

4.12 

p 

0.001 

Table C.15. ANOVA for EM38H by landform element in October, 1986 at the.Kurysh site. 

Source 

Element 

Error 

Total 

DF 

6 

66 

72 

ss 

4.377 

11.293 

15.670 

MS 

0.729 

0.171 

F 

4.26 

p 

0.001 

Table C.16. ANOVA for EM38H by landform element in April, ·1987 at the Kurysh site. 

Source 

Element 

Error 

Total 

DF 

6 

66 

72 

ss 

6.183 

11.474 

15.670 

MS 

1.030 

0.174 

F 

5.93 

p 

< 0.001 
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Table C.17. ANOV A for EM31 V by landform element in October, 1986 at the Kurysh site. 

Source 

Element 

Error 

Total 

DF 

6 

66 

72 

ss 

6.481 

15.222 

21.703 

MS 

1.081 

0.231 

F 

4.68 

p 

0.001 

Table C.18. j\NOV A for EM31 V by landform element in April, 1987 at the Kurysh site. 

Source 

Element 

Error 

Total 

DF 

6 

66 

72 

ss 

8.236 

15.054 

23.290 

MS 

1.373 

0.228 

F 

. 6.02 

p 

< 0.001 

Table C.19. Contrasts for EM38H by landform element in April, 1987 at the Kurysh site. 

Contrast D SE ltl p 

Upper Slope Position [A] 0.72 0.41 1.76 < 0.100 

Slope Position [B] 0.99 0.56 1.77 < 0.100 

Convergent vs Divergent [C] 1.22 0.45 2.71 < 0.050 

AXC -0.15 0.41 0.37 ns 

BXC 0.27 0.56 0.48 ns 

L vs All Others 2.79 1.83 1.52 < 0.200 
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Table C.20. ANOV A for EM38V by landform element in October, 1986 at the Kyliuk site. 

Source 

Element 

Error 

Total 

DF 

6 

107 

113 

ss 

7.462 

53.521 

60.982 

MS 

1.244 

0.500 

F 

2.49 

p 

0.027 

Table C.21. ANOVA for EM38V by landform element in April, 1987 at the Kyliuk site. 

Source 

Element 

Error 

Total 

DF 

6 

108 

114 

ss 

3.225 

21.672 

24.897 

MS 

0.537 

0.201 

F 

2.68 

p 

0.018 

Table C.22. ANOV A for EM31 V by landform element in October, 1986 at the Kyliuk site. 

Source 

Element 

Error 

Total 

DF 

6 

107 

113 

ss. 

2.710 

26.633 

29.343 

MS 

0.452 

0.249 

F 

1.82 

p 

0.103 
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Table C.23. ANOV A for EM31 V by landform element in October, 1986 at the Kyliuk site. 

Source 

Element 

Error 

Total 

DF 

6 

108 

114 

ss 

2.838 

18.478 

21.316 

MS 

0.473 

0.171 

F 

2.76 

p 

0.015 
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