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ERRATUM 

- Second sentence of second paragraph on p . 152 should read : 

Although 14 of 15 profiles ... 

- Last sentence of second paragraph on p. 161 should be deleted. 

- Insert the following reference after Maclean, A.H . , 1974 on p. 194: 

Mac yk, T.M., Pawluk, S. and Lindsay, J.D. 
climate as related to soil properties . 
421-438. 

1978. Relief and micro
Can. J. So i 1 Sci . 58: 

- Insert the following reference on the bottom of p. 195: 

Michal yna, W. 1974. Influence of drainage regime on the chemistry 
and morphology of Chernozemic soils in Manitoba. Ph.D. Thesis. 
University of Minnesota, St . Paul . 

- Insert the following reference after St. Arnaud, R.J. and Herbillon, A.J. 
1973 on p. 197: 

St. Arnaud, R.J. and Mortland, M.M. 1963. Characteristics of the 
clay fraction in a Chernozemic to Podzolic sequence of soil profiles 
in Saskatchewan. Can. J. Soil Sci . 43: 336-349. 
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ABS'I'R1Cr 

The purpose of this study was to ascertain the relationship 

between groundwater flow, soil moisture regimes, and soil genesis and 

distribution in a hummocky morainal landscape. In addition, the color 

criteria used to classify soils affected by saturation and reduction 

were examined on soils that were monitored for soil moisture and redox 

potential. 

The results of this study indicate that the genesis of soils in 

a given landscape position can be related to certain groundwater flow 

conditions, as based on piezometers and observation wells. Non-saline 

and non-carbonated soils in upland depressions can be attributed to 

"depression-focused" recharge by snow and snCMmel t runoff in the 

spring, as evidenced by groundwater mounds and strong recharge 

conditions. The upper surface of the water table in the spring 

resembles a "mirror-image" of the ground surface and extensive 

leaching occurs under the upland sloughs. Non-saline and carbonated 

soils around upland depressional fringes, on lower slope positions, 

are found to be associated with local discharge in the spring via the 

adjacent groundwater mound, as well as upward flow in the surrmer when 

phreatophytic consumption by willows created a water table depression 

around the slough fringes. Normally, a shallow water table would be 

expected to dominate these soils in the spring, as evident by 

carbonates at the soil surface. However, the two dry years of this 

study resulted in a much deeper water table in ~l)e spring. Saline and 

carbonated soils at low elevations in the study area can be associated 

with a shallow and rather stable water table, and local discharge fran 

surrounding higher elevations. The relatively short length of the 
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local flow systems and high salinity of the soil extracts in this 

area, indicates that the soluble salt content of the glacial till is a 

factor in increasing soil salinity at discharge ends of local flow 

systems. Generally, carbonated or non-caroonated, and non-saline 

soils on mid and upper slope positions can be related to a deep water 

table with mainly recharge or lateral flow occurring in the saturated 

~ne. Highly permeable gravel and sand lenses in the till deposits 

channel flow laterally, and determine to a large extent flow 

direction, within the less permeable glacial till. Upland soil types 

are more dependent on slope position and infiltration than the depth 

to water table or groundwater flow. 

Electrical conductivity and soluble salt distribution of soil 

extracts reveal that upland depression infiltration of surface runoff 

water is the dominant factor in influencing distribution of soluble 

salts in this hummocky landscape. Low quantities of soluble salts 

under the upland depressions and higher values in adjacent upslope 

soils suggest lateral flow is not a major water redistribution 

process. The dominance of magnesium sulphate salts throughout the 

area indicates that relatively short local flow systems prevailed in 

this area. Soils in a given landscape position exhibit similar 

chemical characteristics as evident by dithionite-, oxalate- and 

pyrophosphate-extractable iron, electrical conductivity values, 

Mg++/ca++ ratios of water-soluble soil extracts, and the presence or 

absence of Mg-bearing calcites in the upper Ck or Cca horizons. 

Humic Luvic Gleysols exhibit the greatest reduction as 

exemplified by matrix chromas of 1 or less. Other Gleysols are less 

strongly gleyed, having moderately low matrix chramas and mottles. 
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Mottle contrast may be too specific at the present time to correctly 

classify soils affected by saturation and reduction. Most Cca 

horizons near the soil surface in Gleysolic soils have rusty mottles, 

indicating that these horizons were once reduced. 

Four soils in upland depressions and three soils on lower 

slopes were monitored for extent of saturation and redox potential. 

The two soils occupying the middle of the sloughs, which had the 

wettest moisture reg~e in the spring, exhibit reducing conditions. 

It is doubtful whether soil moisture and redox conditions recorded 

were representative of actual conditions during soil development, due 

to the two abnormally dry years of this study. Color criteria fail to 

satisfactorily identify some gleyed intergrades and well-drained soils 

on mid and upper slope po~itions. 
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1. INTJ.UXCTIGI 

Soils of the Gleysolic Order are affected by saturation and 

reducing conditions. The effects of reduction are visible in the soil 

profile by low matrix chramas and mottles. 

The area selected for this study is located in central 

Saskatchewan in an area of hummocky, knob and kettle topography, where 

a large variety of different soil types, including Gleysols, occur in 

the l_andscape. A preliminary reconnaissance of the inmediate area 

revealed that many Gleysols were present on lower slopes and in 

undrained depressions, and that groundwater flow direction, depth to 

water table, and temporary saturation above a relatively impermeable 

layer, were probably responsible for the saturation and reduction, as 

reflected by the color features in the soil profiles. Previous 

studies have related groundwater flow and soil moisture regimes to 

soil genesis. 

Color criteria are the easiest observable indicator of the 

overall redox status of the soil: however, few field studies have been 

undertaken to ascertain the relationship between specific color 

features and soil moisture and soil reduction regimes. The emphasis 

on color as criteria for soils of the Gleysolic Order ang Gleyed 

subgroups of other orders has resulted in some recurring problems in 

classification of these soils. 

The objective of this research was to examine the relationship 

between soil moisture regimes and the genesis of soils primarily 

affected by saturation and reduction, and to ascertain the relation

ship between the color features used to classify these soils, and the 

actual soil roisture and reduction regimes. 
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2. LITERATURE m.viEJl 

2.1 Hydrology 

2.1.1 Introduction 

About 600 years before Christ, a renowned scholar of the time, 

Thales of Miletos, stated the following: "The earth floats on the 

water" (Biswas 1970). Thales was describing what we term today as 

groundwater. 

Freeze and Cherry (1979) define groundwater as that subsurface 

water that occurs beneath the water table in soils and geologic 

formations. The importance of water to man initiated an early study 

of groundwater; accounts of well water and well construction occur 

frequently in ancient literature and are especially well known from 

the Biblical record of Genesis (Davis and DeWiest 1966). 

The Ranan philosopher, Vitruvius, ascribed considerable 

importance to the fact that soil types provide same idea about the 

presence of groundwater, and suggested that "the nature of ground 

should be studied carefully" • 

2.1.2 Occurrence of groundwater 

Subsurface water may be classified into categories of water. 

There are no distinct boundaries, however, between the various parts. 

Figure 1 depicts the classification commonly used and that suggested 

by Davis and DeWiest (1966). There is free water and that chemically 

combined with minerals. Two main zones are identifiable: the soil 

water zone and the groundwater or phreatic water zone. Davis and 

DeWiest (1966) suggest that soil water is only distinguished from 

water in deeper saturated zones by the fact that it is subject to 

large fluctuations of quantity and quality in response to trans-



e 
:::1 
u 
~ 
.:.: 
u 
e 
0 
Cll 
c 
Q 

N 

if 
0 
Cl) 

c: 
0 

N 

Common ciassification 

c 
.Q 
iU a; 
('0 

0 
Cl) 

I Soil water 

Cl) 

~ 
:it 
Cl) Gravitational 
on 

water Q 

" c ('0 
Q > 

N 

1 CapiHary water 

a; 
iU 
:it 

~ 
c 

..2 
iU 

= iU 

u; 
a; 
£ 

Ground 
"' 0 

water 

Cl) 

c: 
Q 

N 

Internal 
water 

3 

Suggested classification ., 
~· I Soil water 

.... 
Cl) 

"iU 

Vadose zone 
:it Intermediate 
Cl) vadose "' Q 

water "'0 
('0 

> 
l 

> 
It capillary 
.... water 
Cl) 

iU 
Water table 

:it 

~ 
u; 
a; 

Phreat1c ] water 
Phreatic zone (Ground water) 

a; 
iii 
3t 

' 
Cl) 
u 
~ 

= on 
D Water in :::1 
C/) unconnected 

pores 

Water only in 

I 
chemical 

combinat1on . 
w1th rock 

Figure 1. Classification of subsurface water (after Davis and 
DeWiest 1966). 

Absolute 
pressure 

in Pt 

Absolute 
pressure 

inP2 

Pore pressure 
in Pt 

Saturated zone 

Fixed datum 

Absolute pressure 
zero 

Soil surface 

Water table = 
Datum plane for gage 
pressures (positive gage 
pressures measured 
downwards) 

Figure 2. Water table position in relation to atrrospheric and gage 
pressure (after Davis and Dewiest 1966) • 



piration and evaporation. The water table is approximated by the 

elevation of water surfaces in wells which penetrate only a short 

distance into the saturated zone. Figure 2 illustrates a ~~eoretical 

definition of the water table, defined in terms of pore pressure: it 

is a phreatic surface at at:rrospheric pressure, or at zero gage 

pressure. 

Meyboam (1966a) states that groundwater in western Canada is 

obtained from surficial Pleistocene deposits and from the underlying 

bedrock. Water-bearing formations that yield significant amounts of 

water to wells are termed aquifers. Those formations capable of 

transmitting groundwater but unable to supply individual wells are 

called aquitards (Davis and Dewiest 1966). Figure 3 illustrates some 

aquifers commonly found in glaciated regions of the Great Plains. 

Gravel lenses in till, sandy ~d gravelly outwash deposits, and 

Surficial unconf ined aqu tfer5 

Outwash 

Figure 3. Schematic diagram of aquifer occurrence in the glaciated 
regions of the Midwest and Great Plains physiographic 
provinces (after Freeze and Cherry 1979). 



fluvial-glacial, stream-channel deposits may yield significant 

quantities of groundwater in the surficial deposits. Dense glacial 

till and glaciolacustrine silt and clay are common aquitards (Freeze 

and Cherry 1979). Deposits of sand and gravel in buried valleys 

constitute the largest aquifers. Lignitic coal seams and sandstone 

strata and lenses may also provide significant groundwater yield from 

bedrock formations. 

There are therefore essentially two types of materials: those 

of low permeability and those of relatively high permeability. 

Permeability is a parameter that can describe the conductive 

properties of a porous medium independently from the fluid flowing 

through it. Permeability, k, is a function of the mean grain diameter 

and a constant of proportionality, which for real soils must depend on 

grain size distribution, sphericity and roundness of grains, and the 

nature of their packing (Freeze and Cherry 1979). Therefore, gravels 

and sands, which have lower porosities than soils rich in clays and 

silts, but have larger pores, give much higher permeabilities than 

most lacustrine deposits or glacial till. Texture and pore size are 

therefore ~rtant in conducting groundwater. 

Water that is in direct vertical contact with the atnosphere in 

permeable material is called unconfined water. Confined water is 

separated from the atmosphere by ~rmeable material. Confined water 

is under pressure and therefore is known as artesian water (Davis and 

DeWiest 1966). A more or less isolated body of water whose position 

is controlled by structure or stratigraphy is called perched water and 

the upper surface is called a perched water table. Perched water could 

occur, for example, where a low permeability layer such as a clay 
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layer bccurs in more permeable material. Davis and DeWiest (1966) 

cauti9n, however, that in areas of more complex geology, the terms. 

perched, confined, and unconfined water are difficult or impossible to 

apply. 

2.1.3 Saturated flow 

Todd (1959) states that, more than any other contribution, 

Darcy's Law serves as the basis for present day knowledge of 

groundwater flow. Darcy, a French hydraulic engineer, in 1856 

reported his results on the study of saturated water flow through 

horizontal beds of sand used for water infiltration. Darcy concluded 

that the velocity of water flow through the sand was proportional to 

the difference in head between two points (headloss), and inversely 

proportional to the distance be~Neen two points: 

-Kdh 
v = --dl 

where v is the velocity of flow, dh the change in hydraulic head, dl 

the distance between two points, K the hydraulic conductivity, and 

dh/dl the hydraulic gradient. 

The hydraulic conductivity, K, is a function of both the medium 

and the fluid. The paramater K, like permeability, has high values 

for coarse-textured sands and gravels and low values for fine-textured 

clay and most rocks. Hydraulic conductivity is related to per.mea-

bili ty k, and the fluid properties, mass density, p, and viscosity u, 

by the relationship: 

K = ~ 
u 

Groundwater flow rates may therefore be slightly higher in summer than 

in winter due to this fluid effect. 
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Hydraulic conductivity may vary with respect to position. in 

space (heterCXJeneity) , and K may vary with respect to direction 

(anisotropy) • No variation in r< with respect to position and 

direction are known, respectively, as homogeneity and isotropy (Freeze 

and Cherry 1979). Figure 4 illustrates four possible combinations 

that may occur. 

Orientation of clay particles in soil and geological formations 

is the principle cause of anisotropy. Freeze (1969) claimed an 

anisotropy (Kh/Kv) value of 10 for glacial till; however, MacLean 

(197 4) proposed a degree of anisotropy closer to 5 rather than 10; a 

lack of stratified material tending to decrease anisotropy values. 

Anisotropy values of 50 were used for bedrock (Freeze 1969). 

Homogeneous, Isotropic 

L 
Kz (xz,Zz) 

z LKx 
~-:-·_z,_)----------~ 

L 
L 

Heterogeneous, Isotropic 

Homogeneous, Anisotropic 

t 

t 

t 
Heterogeneous, Anisotropic 

Figure 4. Four possible combinations of heterogeneity and anisotropy, 
where k and k are the vertical and horizontal hydraulic 
conductivity, ?espectively (after Freeze and Cherry 1979). 
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Water will flow in a direction according to potential energy. 

Hubbert (1940) defines potential as "a physical quantity, capable of 

measurement at every point in a flow system, whose properties are such 

that flow always occurs from regions in which the quantity has higher 

values to those in which it has lower, regardless of the direction in 

space". In saturated flow, potential is defined by the hydraulic 

head. 

In the field, a device called a piezometer measures hydraulic 

head. Figure 5 depicts a piezometer and how hydraulic head is 

measured. It has units of leng~~. The reference datum for elevation 

head is usually mean sea level; the reference datum for the pressure 

head is atmospheric pressure or zero gauge pressure. The algebraic 

sum of the elevation and the pressure head is the hydraulic head. The 

hydraulic head obtained is taken as occurring at the base of the 

piezometer. 

However, the water level in a piezometer may not represent the 

true hydraulic potential. Piezometer sensitivity is highest in 

materials of high hydraulic conductivity, and in p~ezometers of small 

diameter (Sloan 1972). These conditions facilitate the detection of 

short-term changes in head and calculation of quantitative ~echarge. 

Nests or groups of piezometers are installed to determine 

direction of groundwater flow. Figure 6 shows horizontal and vertical 

flow. Horizontal flow (Figure 6a and b) is fran the piezometer 

exhibiting a high hydraulic head (h = 610 m) to those piezometers 

exhibiting lower head values (h = 590 and 570 m) • Therefore, 

horizontal flow is to the left. Similarly, vertical flow (Figure 6c 

and d) is from the piezometer exhibiting the highest potential (h = 
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a field piezometer (after Freeze and Cherry 1979) • 
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630 m) to those piezometers exhibiting lower potentials (h = 610 and 

590 rn). Therefore, vertical flow is u:pwards. 

2.1.4 Unsaturated flow 

The fluid potential or hydraulic head, as in saturated flow, 

determines flow in the unsaturated phase. However, pore pressures or 

the pressure head is less than zero (gauge pressures) above the water 

table due to the attraction of solid surfaces for water and the 

sur£ace tension in the air-water interface (Baver et al. 1972) • The 

negative potential above the water table is more commonly known as the 

tension, suction or matric potential. Thus, soil solids are respon- · 

sible for a negative potential which can be expressed as a positive 

tension or suction. 

Brady (1974) states that water movement in the unsaturated 

phase is very .slow canpared to that occurring when the soil is 

saturated. As the water content decreases, the larger pores gradually 

fill with air, thereby regulating any water flow to occur in the 

smaller micropores (capillary pores), where the flow paths became more 

and more tortuous as the soil dries out. The hydraulic conductivity 

is often referred to as the capillary conductivity in unsaturated 

soils (Ward 1967) • 

Suction and hydraulic head forces are not always acting in the 

same direction. In upward flow gravitational force must be subtracted 

from· suction force in order to derive the total head; in horizontal 

flow the gravitational force is zero; and only in downward flow do the 

two forces act together (Ward 1967) • In the field, total head must be 

obtained indirectly from measurements of suction determined with 

tensianeters. 
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In the unsaturated zone the moisture content 9 and the 

hydraulic conductivity K are both functions of the suction head ~. 

The 9 - '¥ relationship is hysteretic; it has a different shape when 

soils are wetting than when they are drying. 

Ward (1967) describes hysteresis in terms of the "ink-oottle" 

effect which postulates pores having rather narrow necks or 

connections with neighbouring pores. Such pores may not empty readily 

during drying until high suctions, due to the attractive forces with 

which the water is held in the narrow neck of the pores. Likewise, 

these pores experience a delay in filling during wetting because the 

narrow necks of the pores will not fill until lower suction values 

associated with the widest pore diameters are attained. 

In coarse-grained soils the moisture content equals the 

porosity for pressure heads greater than zero. Figure 7 indicates 

that in fine-grained soils, this holds over a slightly larger range 

extending below ~ = 0 to ~A (Freeze and Cherry 1979) • In this zone 

the pores are saturated but the pressure heads are less than 

~--Unsaturated--~;- Saturated 
I 

Tension-saturated~ 

Saturated 
moisture 
content 30 
= porosity 

ofsoil, J 
n=30% 

120 

-400 -300 -200 -100 
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I 
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c:_ 
Q) -c 0 
0 > 
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.0 
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:; ;f. 
v;-
·o 
~ 

Figure 7. Characteristic curve relating moisture content to pressure 
head (sandy soil), illustrating the tension-saturated zone 
or capillary fringe (after Freeze and Cherry 1979). 
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atmospheric. The authors designate this zone as the tension-saturated 

zone, or as is rore camnonly known, the capillary fringe. Fine

grained soils capable of greater suction develop thicker tension

saturated zones than do coarse-grained soils. 

In the saturated zone the hydraulic conductivity, K, is a 

constant. However K is dependent on the moisture content in the 

unsaturated phase. The reason for this is that with decreasing 

moisture content there is a reduction in the effectiveness of the 

conducting system due to sane larger pores filling with air and 

reducing the effective cross-sectional area available for flow (Ward 

1967). 

At low suctions, the conductivity is higher in sand than clay 

but this relationship reverses at h~gher suctions. At high moisture 

levels conductivity is more or less directly related to soil texture, 

and increases as the latter becanes coarser. However in dry 

conditions, clay soils are likely to have higher capillary conduc

tivities than loamy or sandy soils since finer soils will have more 

water-filled pores at high suctions. 

2.1.5 Infiltration 

Horton (1933) defines infiltration as the process wh~reby water 

soaks into, or is adsorbed by, the surface layers of the soil. 

Infiltration divides precipitation or other surface water between 

overland flow and subsurface flow. Overland flow originates when 

water ponds on the soil surface. Pending occurs when the rainfall 

intensity exceeds the saturated hydraulic conductivity, and the 

rainfall duration exceeds the ttme required for the soil to become 

saturated at the surface (Freeze and Cherry 1979). 
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Water enters the soil by forces governing unsaturated flow. 

Horton (1933) termed the maximum rate at which rain can be absorbed by 

a soil in a given condition as the infiltration capacity. The 

infiltration rate is governed by three major processes: entry of 

water into the surface .layer or soil, downward movement (percolation) 

of water through the profile, and flow through deep cracks in the 

profile (Gray et al. 1970). 

Precipitation intensity and type will determine water storage 

in the soil. High intensity storms decrease water entry due to 

plugging of pores by finer soil particles. Soil surface texture, 

porosity and moisture content are also major factors. For example, 

larger and a greater number of pores will tend to increase the 

infiltration rate. Vegetation provides a "canopy effect" and protects 

the soil fran dispersion as well as improving porosity by root action. 

When water has percolated deeply into the soil, it's flow is 

principally due to gravity, and the infiltration rate will approach a 

constant value (Ward 1967). Initial infiltration is determined by the 

suction gradient and flow is rather high. However, as the soil 

profile gradually attains the same moisture content, the suction 

gradient decreases and the gravitational gradient becan~s more 

important; and under these conditions the rate of infiltration and 

downward flow will be much slower. 

During prolonged dry periods, soils high in colloidal clay 

shrink and crack. These soils can absorb greater quantities of water 

at a faster rate than under normal conditions. Infiltration rates 

tend to be high, near a constant value, until the cracks are filled 

with water. Important factors are the degree of cracking, continuity 
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of cracks, and extension of the cracks to subsoil layers. Severe 

cracking can develop over a very small range of soil moisture levels 

(4-5% by wt.) (Gray et al. 1970). 

Infiltration into frozen soils depends on the soil moisture 

content at the time of freezing. Freezing in the fall when soil 

moisture exceeds field capacity will result in low infiltration rates, 

which virtually reach zero if the soil is saturated. 

2.1.6 Flow nets 

If a meaningful two-dimensional cross-section can be chosen 

through the three-dimensional system, the set of equipotential lines 

and flow lines so exposed constitutes a flow net (Freeze and Cherry 

1979). Figure 8 depicts a simple flow net. Flow lines indicate the 
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instantaneous directions of flow throughout a system (at all times in 

a steady system, or at a given instant in time in a transient system) 

(Freeze and Cherry 1979). Equipotential lines are lines of equal 

head. Flowlines are orthogonal to equipotential lines when the 

section is plotted on a 1:1 scale (Richards 1954). Where vertical 

exaggeration is used the lines are no longer at right angles, 

distortion of the flow pattern occurs and an exaggeration factor must 

be taken into account (Van Everdingen 1963). 

In homogeneous but anisotropic media, flow net construction is 

complicated by the fact that flowlines and equipotential lines are not 

orthogonal (Freeze and Cherry 1979). Use of the "transformed section" 

(Maasland 1957) and "permeability ellipse" (Liakopoulos 1965) permit 

construction of the flow net. 

Analysis of regional groundwater flow involves application of 

steady-state flow conditions in which the magnitude and direction of 

flow velocity are steady or constant with time. The major theoretical 

steady-state flow systems will be briefly reviewed in the following 

section. 

2.1.7 Theoretical and mathematical steady-state flow nets 

Various theoretical and mathematical models have, been 

introduced to represent steady-state regional groundwater flow. 

Hubbert (1940) used graphical construction to depict groundwater flow 

in a homogeneous isotropic system. Figure 9 illustrates recharge or 

net saturated flow away from the water table on the topographic high 

(region ED) to lower discharge areas (region AE) where net saturated 

flow is upward toward the water table. 
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Figure 9. Groundwater flow net in a two-dimensional vertical cross
section through a h<m:>geneous, isotropic system bounded on 
the botton by an impermeable boundary (after Hubbert 1940). 

Hubbert assumes that the water table resembles a subdued form 

of the topography; that there is uniform permeability to an imper-

meable boundary; and, that the topography and water table are 

symmetrical about the divide between valley sinks. Groundwater 

divides or vertical impermeable boundaries occur beneath the valleys 

and ridges (dashed lines AB and OC, repectively) across which there is 

no flow. Hingelines (point E) separate recharge from discharge areas 

(Freeze and Cherry 1979). 

Meyboan (1962) proposes that "the most ccmnon geolCXJical situ-

ation in the Western Plains is a stratified succession of more or less 

permeable horizontal layers of bedrock sediments, overlain ~y slightly 

permeable till" • Because this -situation applies to conditions in 

western Canada the model is termed the "Prairie Profile" (Fig. 10). 

Meyboam assumes a central topographic high bounded by lows on either 

side and uniform permeability to an aquifer at depth. He realizes 

too, that only half of the profile may be more common due to insuffi-

cient lateral extent of the aquifer. Groundwater flow is essentially 

downward through the less permeable till and lateral in the aquifer. 
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Meyboom (1962) emphasizes that his model is basically a 

continental system, being up to sa miles in lateral extent. The 

author believes that regional flow may indeed occur across major 

valleys or rivers, a fact disputed by Toth (1962), who proposes that 

such large unconfined flow systems will certainly not occur in areas 

where topographic control is predaninant. Toth points out that low 

general slope and high local relief tend to increase the depths of the 

local systems and diminish the possibility of the formation of 

regional systems. 

Toth (1962) mathematically derived a set of flow patterns and 

concluded that three types of flow systems may occur in a small basin: 

local, intermediate, and regional (Fig. 11). Local flow occurs from a 

topographic high to an adjacent topographic low. In intermediate flow 

systems, one or more topographic highs and low may be located between 

the recharge and lowest discharge area. If the recharge area occupies 

the water divide and the discharge area the basin bottom, the flow 

system is considered regional. 

Figure 11. 
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Freeze and Witherspoon (1967) developed computer solutions of 

mathematical models for constructing flow diagrams. Their model can 

handle any water table - configuration, permeability variation 

(including partial lenses or layers), sloping stratigraphy and depth: 

lateral extent ratio. They found that in hummocky terrain, numerous 

sub-basins are superimposed on the regional system. Buried aquifers 

tend to act as a "highway" for flow toward the principal discharge 

~ea: the aquifer exerting a limiting effect on sub-basins in the 

system, and not having to outcrop to produce artesian conditions. 

Freeze and Witherspoon (1967) claim that geological heterogeneity can 

have a profound effect on regional groundwater flow (Fig. 12). The 

presence of a high-perrneabili ty layer in the basal portion of the 

basin (Fig. 12) results in more pronounced upward or downward flow 

through the overlying low-permeability layer. Also, the horizontal 

·gradient in the aquifer decreases, but the quantity of flow increases; 

and, the hinge-line moves upslope, creating larger discharge areas. 

In Figure 13 the existence of a hummocky water-table configuration 

results in numerous local flow systems within the major groundwater 
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Figure 12. Effect of continuous permeability contrast on regional 
groundwater flow patterns (after Freeze and Witherspoon 
1967). 
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Figure 13. Effect of topography on regional groundwater flow patterns 
(after Freeze and Witherspoon 1967). 

basin. Therefore, the water table configuration and subsurface 

geology will determine the occurrence and spatial distribution of 

recharge and discharge areas, whose occurrence must be known to 

understand groundwater flow. 

2.1.8 Transient groundwater flow in sloughs 

Prairie potholes, or sloughs, are water-holding depressions of 

glacial origin. AJ..nost all potholes are shallow; few have water 

depths greater than 5 ft, and most are less than 2ft (Sloan 1972). 

Landscapes of hummocky glacial till favour numerous sloughs. 

Transient effects in groundwater flow arise from variation in 

precipitation rates, evapotranspiration rates, and snowmelt events 

(Freeze and Cherry 1979) • These factors are strongly time-dependent. 

Sloughs act as focal points for recharge, discharge, or a combination 

of both (lateral flow) • 

Meyboam (1962) described willow-rings in hummocky morainal till 

as groundwater outcrops. Phreatophytic consumption of groundwater and 
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the resulting cone of depression created in the water table underneath 

the willow ring resulted in discharge via evapotranspiration. The 

willow-rings in Meyboam's study are situated in the Allan Hills of 

Saskatchewan, which is a regional recharge area due to it • s altitude. 

Meybcxm (1962) proposed that "many recharge areas are covered with 

thousands of little discharge areas, each one characterized by a ring 

of willows". 

Subsequent results fran this site {Meybcxm 1966b) shed new 

light on a more canplex flow regime than was .originally thought. He 

discovered three types of flow conditions: (1) normal downward· flow 

in winter (Fig. 14a); (2) groundwater mounds produced by infiltrating 

meltwater in spring (Fig. 14b), and (3) inverted water-table relief 

resulting from a cone of depression around the phreatophytic willows 

in summer (Fig. 14c). The recharge in spring, fall and winter was 

greater than the discharge in the summer, creating a net annual 

recharge to the flow system. 

In a study of the Oak River Basin in Manitoba, Lissey (1968) 

sought to "determine whether recharge and discharge ends of ground

water flow systems are distinguishable on the surface, and if so, to 

establish the basic criteria and procedures by which they can be 

quickly mapped". Lissey classified sloughs according to vegetation 

and hydrology. Ten types of sloughs were described, based on the rate 

of groundwater flow in the sloughs (fast or slow), the direction of 

groundwater flow (recharge, discharge or transitional), and slough 

water quality (fresh or saline). The author applied his hydroecolog

ical classification to map recharge and discharge regions and then 

checked the maps with test nests of piezometers and wells. A problem 
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that arose was that fresh water transitional sloughs could not be 

distinguished from true, fast fresh, discharge sloughs. 

Parry (1968), in a follow-up study of this same area, concluded 

that these sloughs were in fact fresh-water transitional sloughs, 

where a s~ultaneous inflow-outflow system existed around each slough. 

The pr~e requisite for this type of flow is a high regional water 

table. A deep regional water table below a slough bottom encourages 

creation of a groundwater mound and recharge to the flow system 

(Lissey 1968) • 

In an extensive report on prairie potholes in North Dakota, 

Sloan (1972) concluded that salinity of pothole water is a good 

indication of the seepage balance. Net seepage outflow, or flow away 

from the slough, results in fresh to brackish waters; the water table 

adjacent to the slough is lower than the slough water surface. Net 

seepage inflow to the pothole results when the adjacent water table is 

higher than the slough water surface; this results in brackish to 

saline water. 

MacLean {1974) examined soil genesis in relation to groundwater 

and soil moisture reg~es near Vegreville, Alberta. Sloughs in this 

area accumulated water, producing groundwater mounds within both 

recharge and discharge areas, which act as a source of water for local 

discharge around depression fringes. MacLean cla~ the main source 

of water for infiltration and·recharge is melting snow in spring. 

Vertical flow directions often show inconsistencies because of the 

effect of high permeability lenses within the low permeable till. 

The terms island recharge and island discharge were coined by 

Leskiw (1971). Figure 15 depicts recharge areas with island 
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Figure 15. Predicted groundwater flow paths illustrating "island" 
phenomena (after Leskiw 1971). 

discharge, and discharge areas with island recharge. Formation of 

local flow systems result in this island phenomena. Indefinite 

sloughs indicate both upward and downward moving water, and generally 

occur in areas of lateral flow. 

2.1.9 Hydrochemistry 

The chemistry of groundwater is determined by climate, land 

relief, lithology and activity of microorganisms (Rutherford 1967). 

A climate like that of the western prairies favours greater 

evapotranspiration than precipitation which results in an increase in 
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total solids in surface and shallow groundwater. Gordon (1979} summed 

it up best when he stated "Saskatchewan has little water and much 

salt". 

Relief, along with geol03Y and climate, determines the extent 

of local, intermediate, and regional flow systems, and consequently 

the length of time that groundwater is in contact with soil minerals. 

Therefore, groundwater flow patterns of different magnitude will have 

chemically different waters. 

Groundwater tends to evolve chemically toward seawater over 

ttme (Chebotarev 1955}. The anion evolutionary sequence is HC03- to 

2- -so4 to Cl • Bicarbonate is normally deri"Jed fran the aerated soil 

zone or the "acid-pump" zone and fran the dissolution of calcite and 

dolanite (Freeze and Cherry 1979). These authors conclude that 

bicarbonate is almost invariably the daninant anion in recharge areas. 

Sulfate doesn't became dominant for a considerable distance because it 

is rarely present in but trace amounts as gypsum or anhydrite. The 

chloride anion becanes daninant when groundwater encounters deep 

brines containing halite or sylvite. 

h 1 ' f ' ' C 2+ t Mg2+ t N + T e evo ut~onary sequence or cat~ons 1s a o o a . 

Cation availability is a function of cation exchange and ·"mineral 

solubilities. The order of increasing mineral solubility is: 

caco3 < MgC03 < CaS04 < NaHCD3 < Na2so4 < MgS04 < NaCl 

Thus the lithology controls the availability of elements in 

soil and rock as well as influencing the t~e the groundwater is in 

oontact with the minerals. R.Ozkowski (1967) stressed the importance 

of the low permeability of the glacial till (as well as evapotrans-

piration) in increasing groundwater salinity in the Moose Mountain 
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area of southeast Saskatchewan. 

Numerous authors, including Rozkowski (1967), Eilers (1973), 

Leskiw (1971), and MacLean (1974) have examined hydrochemistry in 

relation to flow regimes. 

2.2 Soils 

2.2.1 Soils in relation to groundwater 

Meyboam (1966a) recognized the relationship between groundwater 

and soil development in the application of his Prairie Profile. The 

discharge of regional flow into an artesian basin resulted in exten

sive saline soils near Last Mountain Lake, the Stalwart-Holdfast area, 

and the Darmody area of Saskatchewan. These saline soils were most 

easily recognized by their vegetation. Evaporation of ascending 

groundwater from a water table seldom more than 3 m below the surface 

resulted in extensive salinization. 

Saline soils originated also from local flow systems that arose 

in river valleys and knob-and-kettle topography. If the flow path 

intercepted the Bearpaw shale, discharge waters were rich in Na2so4, 

resulting in the formation of white alkali or Solonetz soil. 

In the southeast region of Saskatchewan, ROzkowski (1967) 

discovered that certain hydrochemical zones developed at ·"various 

distances along local flow paths in ht.liiiOOCky moraine. In the recharge 

zone (so4-ca~~g), downward vertical flow of water through the zone of 

aeration resulted in dissolution of soluble salts in the A horizon and 

partly in the B horizon, and precipitation in the more alkaline C 

horizons. Ionic concentration was more or less uniform in the zone of 

saturation. 

In the discharge zone (S04~-(Na) ), the zone of aeration is 
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in the sphere of groundwater fluctuation, and in the summer, within 

the capillary fringe. This results in dissolution and leaching in wet 

seasons and accumulation during evaporation periods. There is an 

UJ;Mard increase in salts in the zone of saturation due to evaporation 

and capillary rise of groundwater. In dry seasons a salt crust may 

form on the ground surface. 

Field mapping in the Vegreville area of Alberta indicated a 

definite link between soil formation and groundwater movement (Leskiw 

1971). Soil salinity was the main factor indicating groundwater 

discharge. Table 1 illustrates the formation of Chernozemic and 

non-saline, non-carlx>nated Gleysols in recharge areas, and solonetzic 

and saline carbonated Gleysolic soils in discharge areas. In a 

subsequent study of this site, MacLean (1974) found that the depth to 

water table and soil type were related. Chernozemic soils had a mean 

water table at least greater than 2 meters below the ground surface. 

Black Solonetzic soils were found in discharge areas where the mean 

water table was 0. 5 meters beneath the surface and the groundwater had 

a high Na/Ca ratio. 

MacLean (1974) further reported that in the upper recharge 
.( 

area, the soils ranged fran Eluviated Black Chernozemic through Humic 

Eluviated Gleysol to Orthic Humic Gleysol with increasing proximity of 

the water table to the surface. There was also sane local discharge 

around slough fringes brought about by vegetation consuming ground

water. Eilers (1982) also related this catenary sequence of soils 

just described to the anount of ponded water available for infil-

tration. Closed depressions were leached of most of their salts due 

to excess water infiltrating the profile. Where the well-fractured 
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Floral till was shallow, more rapid drainage of water occurred, 

resulting in more leaching, and development of Humic Luvic Gleysols. 

Three ttmes as much snowmelt recharge occurred on lower slope 

profiles than on upper slopes due to redistribution of snowmelt to 

lower elevations (Hastie 1976). Hastie calculated that the propor

tions of winter precipitation entering the soil on native pasture was 

0.2 for Rego, 0.3 for Orthic, 1.2 for Eluviated Chernozemic soils as 

canpared to 4. 0 for Humic Eluviated Gleysols. The mean depth of 

recharge from snowmelt was 30 em on upper slopes and 90 em on lower 

slopes; this could be directly related to the depth of soil profile 

developnent. 

Eilers (1973) stated that the daninant direction of water 

movement in each of the seven hydrological areas near Deloraine, 

Manitoba was reflected in the genetic and morphologic properties of 

the soil. Leached, eluviated and internally well drained soils 

occurred in recharge areas; carbonated, saline, and poor to 

~rfectly drained soils occurred in discharge areas. 

In the clayey soils of the Red River Association in Manitoba, 

Michalyna (1974) proposed that the main factor controlling the depth 

of solum, apart from the climate, was the surface drainage.~ Depth of 

solum increased as relative surface drainage improved. Gleysolic 

soils had thin solum development under periodic saturated conditions. 

Lack of carbonates in the solum indicated downward movement and a 

water-table deep enough not to effect the profile through capillary 

rise. These Gleysolic soils arose as a result of surface pending, 

rather than a combination of surface pending and high water table. 
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2.2.2 Gleying in soils 

Gleying is a term used to describe the pale grey or blue-grey 

soil colors, often with associated rusty or ochreous mottling, which 

are believed to arise fran permanent or seasonal waterlogging 

(Cranpton 1952) • Most authors agree that gleying is a biological 

phenanena caused by microbial reduction of ferric canpounds 

(Bloanfield 1950; McKeague 1965b; Daragan 1967; Nepcmilovyev and 

Kozyrev 1970; Ponnamperuma 1972; Russell 1973). Waterlogging a soil 

containing decomposable organic matter causes the onset of anaerobic 

or partially anaerobic conditions because· the soil microbes, in 

decomposing the organic matter, will use up any free oxygen dissolved 

in the soil water much faster than atmospheric oxygen can diffuse into 

the wet soil (Russell 1973). ~enny (1980) indicates that 0.2 ppm of 

oxygen in soil air is indicative of reducing conditions. The shortage 

of oxygen will cause sane species of bacteria to reduce certain 

chemical constituents in a thermodynamic sequence. 

Saturation with water may be due to impermeability of the soil 

material, the presence of an ~rvious layer, or a high water table. 

2.2.3 Redox potentials in soils 

The redox potential reveals whether a soil is aer?bic or 

anaerobic (Ponnamperuma 1972). It is one of the stmplest, quickest 

and most meaningful methods of characterizing soil reduction, even 

though there are intrinsic and extrinsic errors involved in it's 

precise measurement. Eh or redox potential is positive and high in 

strongly oxidizing systems; it is negative and low in strongly 

reducing systems. 

Ponnarnperuma (1972) gives ranges of 200 to -400 mv for a _
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reduced soil and 800 to 300 mv for oxidized aerobic media. Jackson 

(1979) cited Eh values of 800 mv as very well oxidized, 100 mv as 

poorly oxidized, and -500 mv as extremely reduced. Patrick and 

Mahaptra (1968) suggested that Eh values greater than 200 mv indicated 

oxidized conditions. 

In sandy soils of the Almasippi Association in Manitoba, 

Michalyna (1974) measured redox values in Gleysolic soils of -170 to 

-225 mv. In the clayey Red River Association soils, redox values, 

Ept' of greater than 300 mv indicated oxidized conditions and Ept of 

0 to -250 mv reduced conditions. Experiments with saturated soil 

cores also showed that Gleysolic and Gleyed Carbonated Rego Black 

soils reduced at a more rapid rate (45 to 65 mv/week) than the Gleyed 

Black (22 mv/week); the reserve of "oxidized" or "reducible" canpounds 

affected the rate of requction. 

The effects of temperature, organic matter, and drainage 

condition on the redox potential have been studied in laboratory 

expertments using columns of soil (McKeague and Bentley 1960; McKeague 

1965b; Meek et al. 1968). Low redox potentials developed at higher 

temperatures and in the presence of organic matter under waterlogged 

conditions. Without organic matter, the soil had little c~pacity for 

reduction. 

McKeague and Bentley (1960) proposed that since Eh apparently 

reflects the drainage condition of the soil in the presence of organic 

matter, field Eh measurements may be useful in distinguishing soils of 

different drainage states. 

In field measurement of Eh, McKeague (1965a, 1965c) noted that 

a high water table favoured low redox values and a low water table 



favoured high redox values. Where the water table fluctuated widely 

t.."le Eh values also fluctuated widely. In depressions the Eh values in 

the upper 2 ft fluctuated appreciably, below this depth, they remained 

low (0-150 mv). DeKirnpe, McKeague and Topp (1974) obtained relatively 

low redox potentials at all sites in the spring after snowmelt. It is 

more than likely that the major portion of the reduction process in 

depressions occurs in the spring when saturated conditions exist 

following snowmelt runoff. 

2. 2. 4 Extractable iron and aluminum in soils 

Dithionite, oxalate and pyrophosphate extraction of iron and 

aluminum provide a reasonable quantitative estimate of the "free" 

(non-silicate), amorphous inorganic, and organic-camplexed Fe and Al, 

respectively, in soils (McKeague and Day 1966; Blume and Schwertmann 

1969; Wang 1978). 

Dithionite and oxalate-soluble Fe reflect important pedogenic 

processes. McKeague and Day (1966) suggested that oxalate extraction 

of Fe and Al could identify and define the Bf (spodic) horizons in 

Podzols where amorphous products of recent weathering occurred. They 

also differentiated Podzols which had high Fee/Fed ratios fran 

Gleysols which had low Feo(Fed ratios. 

Blume and Schwertmann (1969) proposed that Feo(Fed ratio is a 

measure of the degree of aging or cyrstallinity in soils. They term 

the ratio the "activity ratio". These authors derronstrated that 

considerable Fe and less l\1 is associated with mottles and 

concretions. 

In a study of four soil Orders of Saskatchewan, Stonehouse and 

St. Arnaud (1971) found that in the Chernozemic Order, Fed maximum and 



·clay maximum occurred in the upper B horizon, reflecting comigration 

of clay and iron. Leached Gleysols showed variable Fed/clay ratios 

throughout the profile, reflecting the influence of a fluctuating 

water table. The FeofFed ratios were generally lower than 0.35 in 

well-drained soils, and greater than 0.35 in the surface horizons of 

Gleysols, but decreased in the subsoil. 

According to Macyk et al. (1978), there was only a slight 

increase in Fed in Gleysols exhibiting strong mottles and gleyed 

features. Michalyna (1974) also noticed this in Manitoba. He has 

shown that in sandy and clayey soils, there was no trend in FeofFed 

between Gleyed subgroups and Gleysols; the ratio was usually lower in 

subsoil than upper pedogenic-weathered horizons, where values were 

above 0.40. 

Eilers (1982) recognized distinct differences in extractable Fe 

between well-, imperfectly-, and poorly-drained soils in southeast 

Saskatchewan. The close association of clay and Fed in well-drained 

Chernozems indicated little in situ weathering. Fed concentrations 

near the surface of an imperfectly drained Saline Calcareous Black 

soil indicated general upward movement of groundwater. Gleysols had 

high Fe values, reflecting organic-canplexed forms of secondary Fe. p ~ 

2.2.5 Carbonates 

Freeze and Cherry (1979) state that "over 99% of the earth's 

carbon exists in carbonate minerals, the most important of which are 

calcite, caeo3, and dol ani te, CaMg (C03) 2" • Alrrost all soil parent 

materials in Saskatchewan contain carbonates. Carbonate mineralogy 

has been examined in this province by various authors (Rostad 1968; 

St. Arnaud and Herbillon 1973; St. Arnaud 1979; Ghebre-Egziabhier 



1982). 

Calcification or accumulation of caco3 occurs in arid regions 

when either H2o or co2 is removed from the system. Rostad (1968) 

found that secondary carbonate concentrations in Cca horizons resulted 

from precipitation of clay size calcites; St. Arnaud and Herbillon 

(1973) also reported that Mg-calcites were associated with the clay 

and fine silt fractions of same Cca horizons. 

It was long thought that the Cca horizon represented the 

average moisture penetration zone into the soil; however, St. Arnaud 

(1978) suggested that carbonate precipitation in this horizon was due 

to the lower partial pressure of co2 below the zone of maximum root 

and biological respiration, and also to the concentration effects of 

evapotranspiration. 

Decalification results when H2o and co2 are present in the soil 

system (Buol et al. 1980). Eluviation or loss of carbonates result. 

This dissolution process is followed by translocation in solution and 

reprecipitation in the Cca horizon. 

St. Arnaud and Herbillon (1973) have shown that the water

soluble Mg++/Ca++ ratio was a useful and first indication of possible 

occurrence of Mg-bearing calcites in soils. The presence of 
" 

Mg-bearing calcites was associated with soluble Mg++/Ca++ ratios of 

one or more in attendant or underlying layers (St. Arnaud 1979). 

I.I:Jw Mg-bear ing calcite values in upslope Chernozemic soils were 

due to the buffering effect of ca2+ on clays, periodic flushing of the 

soil profile, or lateral moisture flow. High Mg-bearing calcite 

values indicated impeded drainage, incoming lateral moisture flow, or 

a water table close to the ground surface. Saline depressions and 
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Solonetzic soils commonly exhibited high Mg++/Ca++ ratios. ++ ++ Mg /Ca 

ratios >30 have been reported for saline depressions (St. Arnaud and 

Herbillon 1973) • 

St. Arnaud (1979) proposed that the presence of Mg-bearing 

calcites reflects a long-term buildup of Mg ++ in solution. In fact, 

the nature of the carbonates can serve as an indicator of the long-

term drainage conditions of sites, as well as the transience or 

permanence of salinity. Low Mg ++ /Ca ++ ratios reflect good drainage to 

depth; high Mg ++ /Ca ++ ratios reflect poor drainage. Mg-free calcites 

but high Mg++ in solution indicates recent salinity, whereas Mg

bear ing calcites and Mg ++ in solution denote a more or less long-time 

buildup of Mg in solution. St. Arnaud also stated that snow and 

surface runoff waters are more important in water redistribution than 

lateral moisture flow. The "funnel-effect" in recharge depressions 

leaches all salts out to great depths; Cca's are less pronounced and 

calcites are Mg-free. 

2. 3 Gleysol Morphol03Y 

2.3.1 Matrix colors 

Color offers visual evidence of the effects of the moisture 

regime on oxidation-reduction and translocation of free oxi~es (mainly 

iron), and on organic matter accumulation and distribution in upper 

horizons (Simonson and Boersma 1972) • 

Waterlogged soils catmonly exhibit drab or "glei-like" colors 

of gray, green and blue, or a combination of these colors. The terms 

"glei", "gley" or "G-horizon", were originally used to define the 

compact and sticky gray or greenish, blue, gray horizons occurring, 

with or without mottles, in marshes or in soils with a high water 
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table. The term "Pseudogley" refers to gleyed soils arising from a 

perched water table. Today, as well as describing the permanently 

saturated zone (G-horizon), the term "gleyed" is also used to describe 

~~e mottled zone where oxidation and reduction alternate. 

Numerous authors have postulated as to the cause of glei-colors 

(Bloomfield 1950, 1951, 1952; McKeague and Bentley 1960; Ponnarnperuma 

1972; Russell 1973). Most agree that drab colors result from the 

removal of iron oxide coatings on soil particles and to the presence 

of various ferrous compounds. 

The intensity of gleying or development of dull colors is a 

function of organic matter quantity, temperature, duration of 

saturation, and the nature of the parent material involved. Increased 

duration of saturation, high organic matter levels, and relatively 

high temperatures, all favour a decrease in redox potential (Eh) and 

onset of drab colors (McKeague and Bentley 1960; McKeague 1965b). 

The effect of parent material and texture has been examined in 

regards to gleying (Crampton 1952; McKeague and Bentley 1960; McKeague 

1965b). Heavier textured clays may show pale coloring only a fraction 

of a millimeter thick on structure faces; more intense gleying and 

dull colors result in the upper horizons where the structural elements 
., 

are much smaller. Sandy soils exhibit little gley coloring because of 

a lack of structure faces and good permeability to water (Crompton 

1952) • Calcareous soils usually don't show drab grey colors as 

strongly as non-calcareous soils due to the masking effect of the lime 

(McKeague and Bentley 1960) • 

Soil color is defined in the field in terms of Hue (dominant 

spectral color), Value (relative lightness or darkness), and Chroma 
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(purity or strength of spectral color) (Buol et al.o 1980). McKeague 

(1965b) found lower chramas and a tendency towards yellower or greener 

hues in flooded soil columns. Michalyna (1974) and Eilers {1982} also 

reported low chromas in Gleysols, the former author noting hues of 

2.5Y to 5Y in the C horizons of clayey soils. Hues of lOYR have been 

suggested for well-drained soils and hues of 2.5Y-5Y for pcx:>rly

drained soils. 

van Wallenburg (1973) related the mean low water table to the 

depth of the G-horizon in alluvial polders in the Netherlands. The 

relationship, however, depends to a great extent on texture., 

structure, and organic matter content of the G-horizon. Intense gray 

to blue-colored G-horizons {matrix 5Y-10G) are only found when organic 

matter is in ample supply. 

2.3.2 Mottles 

Mottles are defined as the collection and arrangement of 

blotches or patches of different colors or shades (Webster Universal 

Dictionary 1968). Mottling in soil is described in terms of three 

characteristics: contrast, abundance, and size of area of each color 

(Buol et al. 1980). 

There are basically two types of mottles in soils: {1) gley 

mottles, and (2) rusty or ochreous mottles. Gley mottles are light 

gray to gray and usually precede developnent of the G-horizon. 

Daniels et al. (1971) stated that gley mottles developed at profile 

depths saturated for more than 50% of the time. van Wallenburg (1973) 

suggested that the depth to specific grey mottling gave a good 

est~te of the wet season mean high water table for certain soils. 

According to this same author, distinct grey mottles are always found 
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between the mean high water table and the mean low water table. The 

rrottling is dependent on texture, nature of the parent material, and 

structure. Pale grey mottling may cover the entire soil matrix in 

very poorly drained subsoils (G-horizons), and d~inishes in extent as 

drainage improves. The grey mottles left after a water table recedes 

represents anaerobic microsites, being either wetter or containing 

rrore organic matter than the surrounding matrix. If the water table 

fluctuates appreciably but the profile remains wet continuously for 

long periods, the deeper horizons will exhibit a grey background 

spotted or streaked with rusty or ochreous mottles. 

Rusty mottling occurs in the zone of the fluctuating water 

table and alternating oxidation-reduction (McKeague 1965b; 

Ponnamperuma 1972) • The former author also states that there must be 

a supply of readily reducible iron oxide or the m:>ttles will not form. 

Daniels et al. (1971) demoristrated that rusty mottles of a pale brown 

color were praninent at depths saturated 25% of the time. Brown 

rrottles can be seen both al:x>ve and below the mean high and mean low 

water table; the mottles are very scarce near the G-horizon (van 

Wallenburg 1973). This may be due to the fact that rusty mottles are 

often associated with cracks and roots and thus don't reflect the 

water table position. 

Considerable iron and much smaller am::>unts of aluminum are 

accumulated within mottles (Blume and Schwertmann 1969) • These 

workers saw considerably higher Fed and Fe
0 

values for the rusty 

mottles compared to the pale mottles. Bloomfield (1952) suggested 

that the iron content of the mottled gley soil is essentially that of 

the ochreous motttles. However, Michalyna (1974) didn't see any 
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relationship between the description of degree of mottling and the 

FeofFed ratios or the actual amount of Fed in the various horizons. 

Macyck et al. (1978) noticed only a slight increase in Fed in poorly 

drained horizons as compared to well-drained. 

Mottles may assume different shapes and patterns. Horizontal 

banding of mottles in horizons which had the highest frequency of 

water table fluctuation was thought to result from textural discon-

tinuities (Crown and Hoffman 1970). Diffuse mottle boundaries and an 

increase in mottle size and abundance occurred in permanently 

saturated soils; mottles were smaller (sp:>ts) with more distinct 

boundaries in horizons rarely saturated. Michalyna (1974) showed that 

diffusion of iron to loci of rusty mottle formation in clay soils was 

low and resulted in few, faint and fine mottles. 

2.3.3 Concretions 

Local concentrations of soil material constitute concretions 

and nodules in soils. Alternating oxidation-reduction brought about 

b¥ a fluctuating water table or surface water often.results in iron-

manganese· concretions. 

According to Bogdanov and Voropayeva (1963), and Michalyna 

(1974), concretions originate from anaerobic foci in soil where there . 
is an adequate supply of organic matter and moisture, such as near 

root channels and in structural aggregates. Bogdonov and Voropayeva 

(1963) reported max~um concentration of concretions in the A horizon 

of Chernozems, and in the B horizons of Meadow-Chernozerns. Arshad and 

St. Arnaud (1980) found the highest quantity of concretions in the Ae 

or Aeg horizons of Gleysols containing a slowly permeable B horizon.. 

Poorly drained soils generally have the largest and most concreti~. 



Concretion size is controlled by the size of soil voids and 

soil texture {Arshad and St. Arnaud 1980). Sizes range from <0.1 to 

>15 mm in diameter. The concretions are often rounded, black, dark 

brown, brown, and rust brown, with a metallic sheen. Concretions also 

contain much higher Fed, Fe
0

, and Al0, than either rusty or pale 

mottles. As the degree of hydraoorphism increases, iron content 

decreases and manganese content increases inside the concretions 

{Arshad and St. Arnaud 1980) • 

2.4 Classification of Gleysolic Soils 

In Canada, soils saturated for a sufficient time to produce a 

reducing regime are classified in the Gleysolic Order. They have 

"within 50 em of the mineral surface either matrix colors of low 

chroma or distinct to prominent mottles of high chroma, which are 

indicative of localized oxidation of ferrous iron and deposition of 

hydrated ferric oxides" {Canadian System of Soil Classification (CSSC) 

1978). Gleyed subgroups have faint or distinct mottles indicative of 

gleying within 50 am of the mineral surface. 

The moist color criteria applied to material within 50 em of 

the mineral surface are shown in Table 2. 

Other accessory criteria or features used to classify Gleysols 

include: saturation to the surface for >1 month, landscape position, 

vegetation, and Ept ~100 mv for a week or more. 

The historical development of the Gleysolic Order criteria.has 

more or less relied on soil morphology: mottles and dull-colored 

subsoils {McKeague personal communication). Ellis (1932) based the 

criteria for hydramorphic soils on the presence of a G-horizon, a 

mottled subsoil, and occurrence of reduction. The initiation of the 
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Table 2. Color criteria for soils of the Gleysolic Order (CSSC 1978). 

-----------------~---------------------------------------------------

Color (reflecting oxidation-reduction) 

Matrix 
Hues chroma Mottles 

lOYR or redder 

lOYR or yellower 

bluer than lOY 

<I 
<2 

<3 

Praninent 

Prominent 

prominent gray or brown mottles in 
materials of reddish color that persists 
in spite of periodic reduction 

-----------------------------------------------------------

Gleysolic Order in the taxonomic system further recognized the need 

for a peaty (<12") or mineral surface high in organic matter to effect 

reduction, and developnent of drab-colored subsoils (chromas less than 

or not higher than the parent material) , together with bright 

prominent mottles (McKeague personal communication). The presence of 

a high or strongly fluctuating water table was also a prerequisite for 

reduction. 

Those concerned with ~roving the classification criteria for 

the Gleysolic Order have pointed out specific problem areas (McKeague 

personal carmunication; R.G. Eilers personal cammunication; 

Proceedings Soil Moisture Regime Workshop 1978). Some of the major 

problem areas are listed below: 

1. Refining and improving color criteria, especially the ambiguities 

in esse, 1978, p. 69, tegarding chroma and mottle criteria. 

2. According accessory criteria more importance in defining Gleysols. 

3. Carbonated phases of Rego and other subgroups (low chroma of 

calcic horizons). 
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4. Distinguishing Gray Luvisols from Gleysols. 

5. Separating Pseudogleys fran Groundwater Gleys. 

6. Separating Gleysols fran Gleyed subgroups. 

7. Lack of field data (water table, redox, etc.) to substantiate 

criteria. 

Ambiguities exist in the color criterion of Gleysolic soils: 

chroma and distinct mottles. One criteria requires chramas less than 

2; another no chroma at all, but only distinct or prominent mottles. 

"Distinct" mottles defines both a Gleysol and Gleyed subgroup (a 

profile with distinct mottles within 50 em of the surface can be 

both). A tentative solution to the chroma dilemma is to insist on 

matrix chramas of less than 2 in addition to prominent mottles within 

50 em (McKeague personal communication). Perhaps also, the deletion 

of distinct mottles from the Gleysolic Order may overcome some of the 

overlap in classification. 

The current contrast classes for mottles are in need of 

revision. Barely visible differences in color in horizons can qualify 

as distinct mottles, especially Ae and Ah horizons which often exhibit 

non-uniform colors. In addition, the nature and extent of low chroma 

gley-mottles needs to be more accurately defined. 

Accessory features other than color are being regarded in 

greater detail to help better define the reducing reg~e. Saturation 

to the surface for a month or more in the presence of organic matter 

and soil temperatures greater than 5°C is a reliable indicator. 

Relief dictates that, generally, reduced soils occur in depressions or 

lower slope positions, particularly in hummocky till. In non

cultivated land, natural vegetation will indicate potential Gleysolic 
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soils, but usually on only a local scale (Nowland 1978) •. Measurement 

of Ept or redox in the field is probably the most direct indicator of 

reducing regimes (McKeague personal carmunication) • R.G. Eilers 

(personal communication) suggests that depth to water table, ponding 

persistence or probability of ponding, and the presence of lLme (lack 

of leaching), are increasingly being applied in the classification of 

soils. 

A calcic horizon such as a Cca horizon may have a chroma low 

enough to qualify the profile for classification in the Gleysolic 

Order. HCMever, the low chroma may be due to the color of the 

carbonates, and not to reduction. On the other hand, the Cca horizon 

may have resulted from a high water table and the present water table 

has declined: there may have been periodic reduction. 

The presence of ltme is thought to perhaps mask any mottles 

that might form. Work on Cca horizons subjected to alternating 

oxidation-reduction indicate that few, if any, rusty mottles formed; 

but that when an organic substrate was added, the mottles developed 

(R.G. Eilers, personal COllllunication) • Michalyna (197 4) reported that 

in thin sections of these horizons, iron was present, but distributed 

more uniformly around minerals and carbonates. 

Difficulties have been encountered in separating Gray Luvisols 

from Luvic Gleysols. Both Great Groups generally have an Ae and Bt 

horizon; the Gleysols in theory, having the lower chrana and prominent 

mottles reflecting stronger gleying than Gray Luvisols. The criteria 

at present are not specific enough to correctly distinguish these two 

Great Groups. McKeague (personal carmunication) proposes borrowing 

from the U.S.A. Classification System and requiring a mottled Bt in 



Luvic Gleysols and only mottled Ae's in Gray Luvisols. 

The separation of pseudogleys (having impeded internal 

drainage) from groundwater gleys is a controversial issue (St. Arnaud 

personal communication). Europeans have studied pseudogleys in great 

detail, and have separated these perched water regimes from ground-

water regimes (Blt.nne and Schwertmann 19-69). The existence of pseudo

gleys in Canada has still not been confirmed with any certainty. Many 

Luvic Gleysols in Saskatchewan contain highly impermeable Bt horizons 

that may play a major role in perching water in the spring, especially 

when the subsoil is frozen. More studies are required to examine 

whether surface water infiltrates and forms a continutnn with the 

groundwater zone (i.e., groundwater outcrop), or whether saturation 

and reduction are caused mainly by surface water that lies at:ove 

impermeable or semi-impermeable material. 

Distinguishing Gleysols from Gleyed subgroups is a continual 

challenge in the field to mappers. Sometimes prominent or distinct 

mottles occur in upper horizons of well-drained soils on upper slope 

positions: the morphology may not reflec~ the present drainage and 

moisture regime. Often relic mottles of geologic time may be 

impossible to distinguish from those formed in the present day 
.~ 

envirornnent. Also, the soil relief (micro-relief), may have been 

altered which may have modified the drainage state. 

Revised and Lmproved criteria (perhaps borrowing from U.S.A. 

and F.A.O. systems), and field studies to substantiate these criteria 

will, in the future, serve to differentiate Gleysol subgroups from 

each other as well as Gleysols fran Gleyed subgroups. 
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3. PHYSIOORAPHY 

3.1 Climate 

A continental climate dominates Saskatchewan: extreme changes 

in temperature, atmospheric pressure, wind and precipitation favour 

short-term changes in weather. Winters are cold. The coldest month 

(January) has a mean temperature of approximately -19.1°C (Table 3). 

Summers are generally warm; the warmest month (July) has a mean 

temperature of about 18. 4°C. 

According to Thornthwaite's 1948 classification the St. Denis 

study area lies in a dry subhumid moisture region. Mean annual 

precipitation averages around 243.0 mm, with snow contributing about 

Table 3. Mean monthly temperature and precipitation (Sask. Research 
Council Meteorological Station at Saskatoon fran the period 
1951-80). 

-----------------------------------------------* 
Mean Monthly

0
Temperature Mean Monthly Precipitation 
C - nun 

----------- ------ - ---------------------
January -19.1 0.10 

February -14.5 0.40 

March -8.5 1.1 

April 3.4 10.7 

May 11.2 37.7 

June 15.6 59.9 

July 18.4 56.2 

August 17.2 35.1 

September 11.5 30.8 

October 5.2 7.7 

November -5.5 2.5 

December -13.9 0.8 

-----------------------------------------------
* Fran Sask. Research Council Meteorological Station at Saskatoon for 
the period 1951-1980. 



25% of the total. Most precipitation occurs during the growing 

season, with the maximum am:::>unt, 59.9 rran, falling in June (Table 3). 

However, there is a paucity of moisture due to the combination of wind 

and high sunshine amounts; and much of the soil moisture recharge 

takes place during and subsequent to snowmelt in the spring. 

The mean annual soil temperature at 50 em is about 5.8°C and 

the mean summer soil temperature is approximately 15.3°C. Frost-free 

days generally average over 100. The mean dates for first and last 

occurrence of frost in the fall and spring are about September 10 and 

June 1, respectively. 

3.2 Topcgraphy 

The St. Denis study site is located in the Meacham Hills of the 
abou-f· 0 t'i (~rt~ ,:){ D ,' (tr::: /z)tc J?37.> Rjl;; W3?n) 

Minichinas uplands~(Figure 16). Topography of the area is strongly 

sloping or moderately rolling knob and kettle moraine. Slopes range 

generally from 10-15% (Class 5), with abundant depressions ponding 

water temporarily or permanently. Altitudes are in the range of 546 

to 558 m above mean sea level. A contour map of the study area is 

depicted on Figure 17. 

3.3 Vegetation 

Prior to cultivation, the study area was covered with 
,-< 

grassland-aspen grove vegetation. The dominant native grasses were 

spear grass (Stipa spartea ~ curtiseta), wheat grass (Agropyron 

dasystachyum), and fescue (Festuca scabrella). Aspen (Populus 

tremuloides) was the dominant deciduous species, generally growing in 

clumps. 

Wet sloughs, marshes or meadows are occupied by grasses, 
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1960) . 
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sedges, rushes and other plants adapted to excess moisture. The 

sloughs in the St. Denis Canadian Wildlife Service study area have 

been well-documented with regards to vegetation (Millar, personal 

carmunication) • These wetlands have been classified according to 

Millar's (1976) wetland classification system. Sloughs in the study 

area range fran Wet MeadON 1 ShallON Marsh, Emergent Deep Marsh, 

Shallow Open Water to Open Alkali. 

Daninant species found in the wetlands include: sedge (Car ex 

spp.) 1 spike rush (Elecx:haris pa1ustris) 1 Baltic-rush (Juncus 

balticus) 1 marsh reed grass (Calamagrostis canadensis) , northern reed 

grass (Calamogrostis inexpansa) 1 tall manna grass (Glyceria grandis), 

slough grass (Beckmannia syzigachne) , water milfoil (Myriophyllum 

exalbescens) 1 smartweed (Polygonum cocineum), white-top grass 

(Scolochloa festucacea) , and couchgrass (Agropyron repens) • Aspen and 

willows (Salix spp.) are also carm::>nly associated with depressions in 

the Dark BrONn soil zone. 

Vegetative cover in saline areas is characterized by alkali 

grass (Distizhlis stricta), nuttall' s salt-meadON grass (Puccinellia 

nuttalliana) 1 alkali cord grass (Spartina gracillis), and wild barley 

(hordeum jubatum) • Gum weed (Grindelia squarrosa) , seablight (Suaeda 

erecta) , samphire (Salicornia rubra) 1 and greaseweed (Sarcolatus 

vermiculatus) also occur in these areas. 

Herbaceous plants include everlastings (Antennaria spp.) and 

torchflowers or three-flowered avens (Geum triflorum). Cammon forbs 

are snowberry (Symphoricarpos occidentalis) and wolf-willow (Elaeagnus 

carmutata) , with rose (Rosa spp.) and buckbrush (Spirea spp.) . also 

prevalent. 
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3. 4 Bedrock Geology 

The uppermost bedrock formation under the study area is the 

thin Oldman Formation. These sediments consist of interbedded sand, 

silt, carbonaceous materials, and concretionary zones. Below this 

lies the thick Lea Park Formation, a member of the Upper Colorado 

Group. Sediments here are gray and silty clay (shale) , the upper part 

of which is noncalcareous. 

3.5 Surficial Geology 

The study area is covered predominantly by glacial till 

approximately 300 feet thick which was deposited in the last of four 

subsequent glaciations (Christiansen 1968a). There are also minor 

amounts of sandy and gravelly fluvial deposits, normally laid down on 

top of th~ till, or as lenses within the drift deposits. In addition, 

same glacio-lacustrine silts occur, being thickest in the bottom of 

upland depressions. 

Till in Saskatchewan can be divided into two units: Battleford 

and Floral till (Christiansen 1968b). The upper Battleford till is 

weakly structured (massive), friable when moist, with little or no 

iron and (or) manganese oxide staining. Below this unit is the Floral 

till. It has a strong subangular blocky structure, firm t~ very firm 

consistence, prominent iron and (or) manganese oxide staining, and 

well-developed continuous fractures. 

3.6 Soils 

The study area lies in the Dark Brown soil zone. Soils have 

been mapped as Weyburn 2: dominantly Orthic Dark Brown profiles with 

significant Calcareous Dark Brown, Orthic Regosol and Gleysolic soils. 

Surface textures are normally loam. 
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4. MATERIALS AND ME"llDS 

4.1 Field Instrumentation - Hydrological 

4.1.1 Piezometers and observation wells 

Piezometers and observation wells installed in the fall of 1980 

were constructed of 3.2 em (I.D.) po1yvinylchloride (P.V.C.) tubing. 

The intake screen was also P. V .c. , of 5 .1 em inside diameter, with a 

slot width of 2.5 x 10-4 em (Plate 1). Observation wells installed in 

the fall of 1982 (for future study) were constructed of 3.5 em (I.D.) 

A.B.S. pipe, slotted along its length beneath the ground surface by a 

hacksaw, and plugged at the bottom with a rubber stopper. 

All piezometers and wells were installed using a 15.2 em (6") 

continuous flight mobile auger (Plate 2). Once the desired depth was 

attained, the piezometer was inserted, extending about a meter above 

the ground surface (Plate 3). 

A thick gravel lens was encountered in one hole and 

consequently a "jet-ball" type attachment was fastened to ~"le bottom 

of the piezometer and inserted into the hole. A jet-ball is a steel 

probe containing a fiberglass ball that allows the "jetting" of gravel 

and sand out of the cavity with water under pressure, so as to allow 

the piezometer to be inserted at the desired depth (Plate 4). 

Silica sand was added to the holes containing the piezometer to 

prevent clogging of the intake screen. The sand layer was extended 

aoout 40 em aoove the screen. Then bentonite pellets mixed with water 

were added, followed by bentonite clay to just below the ground 

surface. Bentonite is a swelling clay and seals the intake zone upon 

wetting. Soil backfill completed the filling process. The piezo

meters were not flushed after installation. 



Plate l. Piezaneter type used at St. Denis study 
area. 

Plate 2. The 6-inch continuous flight rrobile auger 
used to install piezometers and obser
vation wells. 
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Plate 3. Piezometers established in the soil after 
sealing sand section of annulus with 
bentonite pellets and clay. 

Plate 4. "Jet-ball" type attachment on piezometer 
used to clean out sand and gravel fran an 
augered hole. 
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Observation wells were installed in a sL~ilar fashion to the 

piezometers, except that the annulus was completely backfilled with 

silica sand. Wells installed in the fall of 1982 (for future study) 

were slotted pipe inserted into the soil and backfilled completely 

with silica sand. 

The 51 piezometers and 5 wells were installed singly or in 

nests of 3, 4, or 5 for a total of 20 sites (Figure 18) at depths 

ranging from slightly over 1.0 meter to over 13.0 meters (Figure 19). 

The depth to the water level in the piezometers and observation 

wells was measured with a fiberglass-coated metric tape, with a 100.0 

g weight attached to the lower end. The diameter of the weight was 

just slightly smaller than the diameter of the pipe so that the top of 

the water level could be detected fairly easily (Plate 5). Water 

level depths were read every one to two weeks in the spring, summer 

and fall, and generally once a month in the winter. 

4.1.2 Soil moisture measurements 

Neutron access tubes of 3.8 em (I.D.) were installed with a 

truck-nounted Gidding' s drill. The core taken was just slightly 

larger than the outside diameter of the tube. The access tube was 

inserted by hand after plugging the bottom end of the tu~ with a 

rubber stopper (water entered the tube later in the study). In the 

sloughs, access tubes were inserted so as to protrude sufficiently 

high above the ground so that ponded water could not enter through the 

top of the tube. 

Soil moisture measurements at depths greater than 15 em were 
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I P - Piezometer nest site 

Single Piezometer 
(installed fall 1980) 

3W - Observation well site 

)( - Single observation well 
(installed fall 1980) 

o - Single observation well 
(installed fall 1982) 

Figure 18. IDeation of pieza.rreters and cbservation wells at the St. Denis sb.ldy 
area. 
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Plate 5. Measuring device used to ascertain 
pie~ter and observation well water 
levels. 

Plate 6. A Nuclear Chicago probe and scaler used 
to measure soil moisture. 
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obtained using a Nuclear Chicago probe (Model 5810) and Nuclear 

Chicago Scaler (Model 5920) (Plate 6) or Troxler Probe-Scaler (Models 

4701, 4703). Two minute counts were taken at the 20 different sites 

with the source at 30, 60, 90, 120 and 150 em. Readings were taken 

every week to two weeks throughout the early spring to late fall. The 

day that the readings were taken, four standard counts were taken with 

the source in the shield. Soil moisture determinations were derived 

fram~alibration curves, using local soils. Values of soil moisture 

were calculated from the following regression equations: 

Nuclear Chicago Probe- Matador- y = 47.67x- 4.43 

- Outlook - y = 51.2lx - 3.56 

Troxler Probe - #4701 -

- #4703 -

y = 59.64x - 4.85 

y = 51.2lx - 4.35 

where y = % moisture by volume and x = counts per minute at depth 

z/counts per minute in shield. 

4.2 Field Instrumentation - Pedological 

4.2.1 Thermocouples and soil temperature 

Soil temperatures were measured using polyvinyl-coated 26 or 24 

gauge copper-constantan thet11'0Couple wire (P-24T, P-26T) , and Standard 

Miniature Thermocouple jacks and plugs were used as sensors. The wire 

was run down slots in 4.1 em diameter wooden dowelling to depths of 

10, 20, 30, 40, 100 and 150 em. The copper-constantan wire ends were 

peeled back and bared, then joined. The joined wires were then 

soldered and covered in 5-t'-tinute Epoxy. The slots containing the wire 

were sealed with Silicone Sealant to keep the wires from corroding. 

Miniature Ther.mocouple plugs were attached to the upper end of the 

wires. 
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The probes were inserted to the desired depth using a truck-

rounted Giddings drill and the annulus was backfilled with soil. 

Probes were extended about 50 em above the ground surface in upland 

sites; and about 1.0 m in the sloughs, to facilitate readings when 

ponded water was present. 

In the fall of 1982, probes of somewhat different construction 

were installed (for future study), with sensors at depths of 2.5, 5, 

10, 20, 30, 40, 50, 100 and 150 em. These probes were constructed of 

3.2 em inside diameter A.B.S. plastic pipe. A small hole was drilled 

at the desired depth; the copper-constantan wire ran down inside the 

tube and brought out the hole to be joined, soldered, and sealed with 

epoxy. The hole was then also sealed with 5-Minute Epoxy. The t'WO 

open ends of the pipe were also sealed with rubber stoppers and epoxy. 

Finally, plugs were attached to the wires and the probes inserted as 

explained above. 

Soil temperature readings were taken at the 20 different sites 

with a Portable Digimite Potentiometer, with the jack lead from the 

Digimite connected to the sensor plug in the field (Plate 7). 

Readings were taken one to two weeks throughout the early spring to 

late fall. 

4.2.2 Redox probes and E t p 

Platinum electrodes used to measure soil potential were 

constructed generally according to the methodology used by Michalyna 

(1974}. Outside copper house-wiring was stripped of its outside 

insulation to obtain the single insulated copper-wire (12.3 gage). 

Next, 22 gage platinum wire was soldered with silver solder to one end 

of the copper wire, leaving about 1.0 em of platinum exposed. To 
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Plate 7. A soil temperature site depicting a sensor jack lead 
from a Portable Digbnite Potentiometer connected to 
one of the sensor plugs in the field. 

Plate 8. Platinum redox electrodes inserted into the soil in 
one of the upland depressions. 
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seal the copper-platinum joint, a short piece of plastic straw was 

inserted over the joint to form a mould, leaving the desired length of 

platinum exposed. Vestopal 150 ep:>xy was added to the straw mold, and 

left to harden. Subsequent sealing was done with s~~inute Epoxy and 

silicone sealant to ensure a waterproof seal. 

The longer probes were then taped to 0.64 em wooden dowelling 

to facilitate insertion into the soil. 

Before insertion into the soil, the probes were cleaned in 

hydrogen peroxide and detergent, then rinsed in distilled water. The 

electrode p:>tential for each probe was determined by placing the 

probes in a standard redox solution with Eh of +430 millivolts (mv) 

(1/300 M p:>tassium ferrocyanide, 1/300 M p:>tassium ferricyanide, 1/10 

M potassium chloride). The reading obtained in the standard redox 

solution was subtracted from +430 mv to get the electrode potential of 

that probe. 

The measurements in the field were also converted to relate to 

the normal hydrogen reference electrode by addition of +245 mv to each 

reading: redox probe readings (measured in millivolts) are referred 

to as Ept (Michalyna 1974). Thus the value of Ept consisted of the 

sum of the actual reading in the field, the electrode potential, and 

+245 mv. 

Duplicate electrodes were placed at 15 and 50 em depths below 

the ground surface at Sites 3P to 7P, and at 15, 25 and 50 em and 15, 

35 and 50 em at Sites lP and 2P, respectively (Plate 8). A steel rod 

was used to make a hole in the soil for the deeper probes whereas the 

shorter probes were forced in by hand. 

Soil potential measurements were made with a Portable Corning 
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pH meter using a saturated calomel electrode (porous ceramic tip) as a 

reference. If the soil was dry at the time of the reading, the soil 

near the calomel electrode was moistened with distilled water to 

ensure a better salt bridge for the calomel reference electrode. 

4.3 Analytical Methods - Physical Analysis 

4.3.1 Saturated hydraulic conductivity from piezometers 

The water level in each piezometer was raised about 1.0 m by 

adding water (slug test). Recovery rates for each piezometer varied: 

same were measurable in seconds, same in hours, and others in days. 

The interpretation of piezometer-recovery data for a point 

piezometer was derived according to Hvorslev (1951) • The ratio 

H-h/H-H
0 

(difference between the final level and the level at time t 

divided by the difference between the final level and the level 

immediately following water addition) was then plotted on a log scale 

against time on a linear scale. Piezometer sensi ti vi ty or the "basic 

time lag", which is the time that would be required for the canplete 

equalization of the head difference if the original rate of inflow 

were maintained, corresponds to a H-h/8-H ratio of 0.37. The time 
0 

lag T is measured graphically. 

Hydraulic conductivity is calculated from: 

2 
r 

K = -
ST 

[1] 

where r is the radius of pipe, T is the basic time lag, and S is the 

piezometer shape factor. 

The shape factor S varies with the dimensions of the piezometer 

cavity and the assumed degree of anisotropy of the material in which 

the piezometer terminates. Since the piezomei;er cavity length is much 
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longer than it is wide, flow rates are valid for horizontal flow only. 

The equation (Hvorslev 1951) used to derive the shape factor S 

is: 

2rrL 

s = --------------

in [ ~ + ~(~; + 1] 
[2] 

m = Kh/Kv, where Kh/Kv is the assumed degree of anisotropy, L 

is the cavity length, and D the cavity diameter, em. The degree of 

anisotropy of sand and gravel lenses, and undifferentiated till was 

assumed to be 1 and 5, respectively. MacLean (1974) obtained 

satisfactory results using these values. 

4.3.2 Field sampling procedures 

Samples for laboratory analyses were taken from 20 sites, from 

wet depressional sites to arid knolls. Soil samples beyond the reach 

of the Giddings drill were obtained from the 15.2 em mobile auger 

during the drilling of holes for piezometers. 

Two foot samples were taken from the auger and placed in 

plastic bags. The control section and subsoil was sampled according 

to horizon with a Giddings drill. All samples were bagged, tagged, 

and transported to the lab for morphological description qs samples 

were taken in late fall. 

4.3.2.1 Sample preparation 

Samples from the 20 sites were returned to the laboratory and 

air-dried. The samples were ground by hand with a wooden rolling pin 

to pass a 2 mm sieve. Particles coarser than 2 mm were collected and 

weighed using sieve sizes of 19. OS mm (~ inch) , 5 mm, and 2 mm. A 

small subsample of the < 2 mm soil was ground to <100-mesh size. 
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4.3.2.2 Particle size analysis 

Analysis was done on the <2 mm fraction of soil by the pipette 

method., after renoval of carbonates, soluble salts and organic matter 

(Canada Soil Survey Committee 1978). 

4.3.2.3 Moisture retention 

The moisture retention determinations at ~ and 15 atm on 

disturbed <2 mm soil samples were accomplished using a pressure plate 

extractor. 

4. 4 Analytical Methods - Soil Chemical Analysis 

4.4.1 Saturated paste 

A saturated paste of each sample was prepared. The pH of this 

paste was measured.and then the solution was extracted under suction. 

The electrical conductivity of this solution (in dS/m) was measured 

lth ond I I bl I c 2+ and M 2+ w~ a c uct~ v~ ty meter. Water-extr acta e cat~ons a r g , 

and Na + and K+, were measured by atonic absorption spectroscopy and 

atanic flame photanetry, respectively, and expressed in milli

equivalents per litre (meq/1). Cl- concentrations were measured using 

a silver-specific ion electrode, titrating with AgN03• HC03- was 

determined by titration with .05 N H
2
so4 and so4

2- by precipitation 

with BaCl2• All anion concentrations were reported in meq/~. 

4.4.2 Total carbon and organic carbon 

Total carbon was determined by dry combustion in a resistance 

furnace, absorption of co2 in NaQH, and back-titration. Organic 

carbon was measured by subtraction of inorganic carbon from total 

carbon (Canada Soil Survey Committee 1978). 

4.4.3 Total nitrogen 

The procedure used is a semi-micro-Kjeldahl method without 
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steps to include ND3- and N02- (Canada Soil Survey Committee 1978). 

4.4.4 Extractable H+, C.E.C. and exchangeable cations 

An extracting solution consisting of Bacl2-triethanolamine 

adjusted to pH 8 provides a direct measure of exchangeable acidity to 

pH 8 and a measure of the exchange capacity at pH 8 (Canada Soil 

Survey Committee 1978). . 2+ 2+ + + The cat1ons Ca , Mg , Na and K were also 

extracted with aac12 and concentrations found by atomic absorption; 

concentrations are reported in milli-equivalents per 100 g of soil. 

4.4.5 Nutrient analysis 

Soil samples (<2 rrm) were extracted with NaHC03• Inorganic 

available phosphorus and ni tr ate-nitrogen were determined color

metrically and available potassium by flame photometry. 

4. 5 Carbonate Analysis 

4.5.1 Calcium carbonate equivalent 

caoo3-equivalent was measured by a titrtmetric method involving 

dissolution of carbonate minerals in dilute HCl, absorption of evolved 

co2 gas in NaDH and back-titrating this with standard 0.5 N HCl to a 

colorless end-point using phenolphthalein indicator (Canada Soil 

Survey Committee 1978) • 

4.6 X-ray Diffraction Analysis of Calcite and Dolomite

4.6.1 % calcite and dolomite 

The soil samples used were selected fran representative, 

calcareous (Cca, Ck) horizons. x-ray diffraction patterns were 

obtained using a spinner roount on a Phillips x-ray spectrometer; Cu, k a 

radiation was used with a scanning rate of 0.125° per minute and a 

chart speed of 300 rnm/hr. The % calcite and % dolani te was estimated 

from a standard curve constructed from pure samples containing 3, 5, 
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6, 12.5 and 25% calcite and dolanite. The peaks for calcite and 

dolanite occur at .303 and .288 nm, respectively. The area under the 

peaks was determined using a planimeter, and the standard curve 

constructed. Peaks for the soil samples were then determined, the 

area underneath the peak measured, and the % calcite and % dolanite 

read fran the standard curve. 

4.6.2 Mg-bearing calcites 

X-ray diffraction patterns of representative calcareous 

horizons obtained as discussed above were selected to detect the 

presence of any Mg-bearing calcites. The presence of magnesium

bearing calcites could be approximated by a shift of the X-ray 

diffraction spacing (St. Arnaud and Herbillon 1973; St. Arnaud 1979). 

4. 7 Extractable Iron and Aluminum 

Three different extraction procedures give an estimate of the 

forms of iron, and to a lesser extent, of aluminum in soils. 

The dithionite-citrate-bicarbonate method of Mehra and Jackson 

(1960) was used to evaluate the anount of non-silicate iron and 

aluminum oxides in the soils. 

The acid ammonium oxalate method (Canada Soil Survey Committee 

1978) extracts the amorphous inorganic iron and aluminum qxides and 

organically canplexed iron and aluminum in the soils. 

The sodium pyrophosphate method (Canada Soil Survey Committee 

1978) reflects the amount of organically complexed iron and aluminum 

in the soils. 

Atanic absorption spectranetry was used to determine the 

concentrations of iron and aluminum in the extract solutions. 
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5. Rm1LTS AND DISCOSSI<E 

5.1 Stratigraphy, Groundwater and Soil Moisture Regimes 

The near-surface, glacial stratigraphy of the study site is 

extremely variable. Figure 20 illustrates a simplified schematic 

vertical cross-section derived from drill logs obtained during 

installation of the piezometers. 

Till and stratified drift of the Battleford Formation comprise 

the surface materials in this area. Surface deposits are mostly 

shallow silty lacustrine. They are prevalent in topography 

depressions but also occur in upland areas. Texture of these deposits 

is generally a silty clay loam: structure varies from massive when 

wet, to often platy when dry. These sed~ents are up to 4 m thick in 

same depressions~ In his description of the Pleistocene stratigraphy 

of Saskatchewan, Christiansen (1968a) noted that the upper Battleford 

Formation often contained a matrix of till with locally interbedded 

stratified lacustrine and fluvial deposits. Acton and Fehrenbacher 

(1976) reported that solifluction and accretion of sed~ent during and 

subsequent to final ice stagnation often gave rise to silty sed~ents 

in depressions of hummocky moraine. 

Discontinuous pockets of gravel and sand are inter~ded with 

the Pleistocene glacial till in a lenticular fashion, the latter 

forming the matrix. These lenses are thin, ranging in thickness from 

1 m to 3 m. They are variable in texture: coarse gravel through 

coarse sand to fine sand. 

Shale was discovered at a relatively shallow depth (10.5 m) at 

the highest surface elevation in the study area (Site llP). Texture 

of this thin deposit (3-4 m) was heavy clay and consistence was very 
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firm. The shale may just be an isolated lens or else it may perhaps 

extend further to the north of the area drilled. Further drilling 

would be required to estimate its lateral extent. 

Battleford till is the uppermost glacial till deposit. It is 

generally variable in texture, massive to weakly subangular blocky in 

structure, friable in consistence, and, typically lacks any frac

turing. The thickness varies from a meter or less in same areas (Site 

6P) to over 10 m at others (Site llP) • Iron and manganese concretions 

cccur randanly throughout the matrix whereas iron and manganese oxide 

staining is absent. 

Floral till lies beneath the Battleford formation. The 

uppermost boundary of this unit tends to resemble the topography of 

the ground surface. Eilers (1982) noted this in southeast Saskat

chewan and stated that the most important factor affecting the 

present-day topography of these areas was the surface relief of the 

Floral till as it was at the base of the glacier when glacial ice 

advancement ceased. Eilers also recOCJnized a transitional till unit 

between the Battleford and Floral which exhibited characteristics of 

both tills. 

Two distinct zones can be identified within the Floral till: 

the uppermost oxidized zone and the deeper unoxidized zone. As seen 

in Figure 20, the oxidized Floral ranges fran about 1 to 4 m in 

thickness. It is typically subangular blocky in structure, firm in 

consistence, and well-fractured·. Distinct iron and/or manganese oxide 

stains often cover the ped faces and fine sand often coats the inside 

of the fractures. The sand was sometimes moist or wet, while the 

matrix was dry, suggesting flow of groundwater in these channels. 
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The upper surface of the unoxidized Floral till can be 

generally correlated with the lowest level that the water table 

generally recedes to. The soil matrix colors reveal that this zone is 

permanently under saturated conditions and/or extremely low oxygen 

levels. Matrix hue colors merge from lOYR in the oxidized zone to 

more olive hues (2.5Y or 5Y) in the poorly oxidized zone. The deepest 

zone reveals gray colors of low chromas. The unoxidized Floral is 

basically massive and very firm in consistence, although fractures can 

extend into this zone. However, fractures are much fewer and not as 

well-developed. 

Stratigraphy is extremely helpful in analyzing groundwater 

flow. The materials that make up these sediments determine to some 

extent the nature of groundwater movement. Texture and the nature of 

the porosity of deposits determine permeability, which in turn affects 

hydraulic conductivity. The latter property will be examined in the 

next section. 

5.2 Hydraulic Conductivity 

There are basically two types of materials: those of low 

permeability and those of high permeability. Shallow groundwater flow 

in Pleistocene deposits of the Western Plains is deter.mine.d by the 

spatial arrangement of these two flow materials. 

5.2.1 Fluvial deposits 

-The degree of anisotropy (kh/kv) was assumed to be equal to one 

due to a complete lack of any stratification: these deposits can be 

considered isotropic and homogeneous. Hydraulic conductivity values 

for gravel and/or sand lenses, as determined by field tests on piezo

meters exhibit a narrow range in the order of 10-4 to 10-5 cm/s, with 
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an arithmetic mean in the order of 10-4 cm/s (Table 4). These values 

are in close agreement with MacLean (1974), who reported flow 

velocities of loose sandy materials based on piezometers, laboratory 

cores, and predicted from particle size analysis in the order of 10-4 

cm/s. They are slightly lower than values reported by Freeze and 

Cherry (1979), who reported hydraulic conductivity ranges for gravel 

and sand in the order of 102 - 10-l cm/sec and 10° - 10-4 cm/s, 

respectively. Velocities in the x direction are essentially 

horizontal due to· the large ratio of piezometer screen length to 

screen diameter. However, in these isotropic materials, conduc-

tivities are also valid for vertical directions. 

Table 4. Hydraulic conductivities of deposits at the St. Denis study 
site (cm/s), as derived from field tests on piezometers and 
Equations [ 1] and [ 2] • 

-------- ---------------.-...----------------
Range 

P.M. K sd K 
Maximum Minimum G.M. A.M. 

------ -----------·-- -------------------
Gravel and/or 9.32xl0-4 6.36xl0-5 2.30xl0-4 3.56xl0-4 3.79xl0-4 

sand lens* 

Battleford 5.48xl0-4 6.02x10-s 3.12xl0-6 1.64xl0-4 5.50xl0-5 

till** 

Floral till 9.39xl0-5 3.82x10-s 2.07xl0-6 3.51xl0-5 2.32xl0-5 

(oxidized)** 

Floral till 1.45xlo-6 2.90xl0-8 2.23xl0-7 6.66xlo-7 6.09xlo-7 

(unoxidized)** ____________ ..., ___ - --- . -------------------------
KG .M. = geanetr ic mean hydraulic conductivity 
sd = standard deviation from KA.M. 

K~.M. = arithmetic mean hydraulic conductivity 
Degree anisotropy (kh/kv) assumed was 1 

** Degree anisotropy (kg/kv) assumed was 5 
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5.2.2 Battleford till 

The generally massive to weakly subangular blocky Battleford 

till was variable in texture. A degree of anisotropy (kh/kv) of 5 was 

used in calculating hydraulic conductivity. MacLean (1974) found this 

value gave acceptable results in till deposits near Vegreville, 

Alberta. 

Horizontal velocities displayed a rather wide range, fran 10-4 

to 10-8 cm/s (Table 4) • Since fractures were absent fran this upper-

most till, variations in texture, structure and composition probably 

contributed to the wide range in permeability. 

Meyboam (1967) suggested that surficial till is 10 to 100 times 

rrore permeable than deeper till. This is because the surface till is 

subject to weathering and soil-forming processes: freezing and 

thawing, wetting and drying, biological activity, and soil moisture 

movement. These processes increase the permeability of surface and 

shallow deposits. As a result, the highest flow rates (notwith

standing fluvial deposits) and the most effective flow systems occur 

locally in shallow zones (Sloan 1~76) ; mainly via cracks and old root 

channels. 

Due to the large variability of hydraulic conductivity values 

in the Battleford till, the geanetric mean conductivity was calculated 

to reduce the over-influence by a few very high values. The geanetric 

mean obtained for this material was in the order of 10-6 cm/s; this 

agrees fairly well with 10-7 cm/s (piezaneter) found by MacLean (1974) 

and 10-s to 10-6 cm/s {laboratory cores) obtained by Eilers {1982). 



5.2.3 Oxidized Floral till 

The range for horizontal velocities in this deposit was in the 

order of 10-5 to 10-8 crnVS (Table 4). The geometric mean was in the 

order of 10-6 crnVS. The location of the piezometer screen probably 

accounts for same of the variability. If the intake screen intersects 

fractures in the Floral, higher velocities would result; whereas if no 

fractures were intersected, the permeability would essentially be that 

of the intergranular matrix, and velocities would be lower. Ground

water velocities in the fractures is many orders of magnitude greater 

than velocities in the granular matrix (Grisak et al. 1976). Moist to 

wet sand coating the fractures in the Floral till suggests water 

movement in these channels. The channels appear to have no preferred 

orientation, although the tills of the Interior Plains have ubiquitous 

fractures which are dominantly in the vertical direction (Grisak et 

al. 1976). These same authors also reported that the bulk hydraulic 

conductivities of the fractured tills in the field are generally one 

to three orders of magnitude larger than the intergranular 

conductivities obtained from laboratory tests on unfractured samples. 

Eilers (1982} pointed out that Floral till beneath the water 

table may have resulted in the continued flushing of the fractures, 

enhancing the permeability of this saturated zone, canpared to 

unflushed fractures containing precipitated salts above the water 

table, which tend to inhibit or slow down, groundwater movement. 

5.2.4 Unoxidized Floral till 

Hydraulic conductivity values for the unoxidized Floral till 

were the lowest of all the deposits examined; values ranged fran 10-6 

to 10-8 crnVS with a geometric mean in the order of 10-7 crnVS (Table 
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4). Since fractures are few and not well-developed in this zone, flow 

of water is primarily through the intergranular I,X)re spaces. However, 

flow through the matrix is very slow because of the firm consistence 

and heavy texture. Weathering and soil-forming processes are 

essentially absent from this zone. 

5.2.5 Shale 

No piezaneters terminated in this deposit. However, the heavy 

clay texture, small pore spaces, and lack of structure, suggest that 

extremely low hydraulic conductivities would result. Freeze and 

Cherry (1979) have reported velocities for bedrock shale in the ~ange 

of 10-7 to 10-ll cm/s; Meyooan et al. (1966) have found higher 

velocities for Riding Mountain shales, in the order of 10-5 cm/s. 

5. 3 Water Table Fluctuations and Vertical Flow at Shallow Depths 

This section will examine water table levels at three sites 

(Sites 3W, 4W and SW) with single observation wells, and then water 

table levels and hydraulic potentials in piezaneters at 11 sites 

(Sites lP to 7P, and 9P to 12P) , in relation to time and 

precipitation. 

Seasonal water levels in observation wells at Sites 3W, 4W and 

5W are shown in Figure 21. All three sites are in uncultivated, 

upland depressions and contain hydrophytic vegetation; Site 4W is 

surrounded by willows, a single willow is found in the slough at Site 

SW, and willows are absent fran the slough at Site 3W. The wells at 

Sites 3W, 4W and 5W terminate at 2.91 m, 2.82 m and 2.81 m, 

respectively. 

All three sites exhibit a water table rise in early July 1981, 

reflecting recharge to the saturated zone via infiltration from heavy 
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rainfall in June. The water table peaks slightly later than the rainfall 

event because of the low permeability of the silt and till deposits. 

Parry (1968) stated that the amount and rate of recharge of the water 

table by rainstorms was found to be dependent upon the permeability of the 

surface materials. In addition, rainfall rate and intensity, vegetation 

cover and slope of the ground surface are also important factors affecting 

infiltation and percolation. 

A decrease in the water table in ~~e summer of 1981 at all three 

sites reflects a decline in the groundwater mound under the sloughs, 

evapotranspiration, and possibly phreatophytic consumption by willows at 

Sites 4W and 9W. Spring snowmelt and precipitation rates generally exceed 

potential for evapotranspiration. HONever, in the summer, evapotrans-

piration is greater than precipitation resulting in greater discharge than 
"' 

recharge fran the saturated zone. Toth (1962) states that most natural 

groundwater discharge on the prairies occurs in the form of evaporation. 

This generally applies to high water tables or those with a high capillary 

fringe. The fine textured silts in many of the study site depressions 

would tend to have a well developed capillary fringe which would encourage 

evaporation when the water table is high. 

Spring thaw in 1982 results in the water table at or .. slightly above 

the ground surface at Sites 5W and 4W, respectively. In contrast, at Site 

3W the water table was over a meter below the ground surface. 

Measurements of the water level in the well did not correspond to 

the water levels in the depressions. This reflected the presence of frost 

in the soil, causing the well to function as a piezaneter, thereby 

exhibiting positive gage pressures rather than the water table level. 

Perched water surfaces are not extensions of the water table 
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because of frost in the soil (Sloan 1976). Infiltration of meltwater 

probably ccirmences at the bottan of the snowpack in early spring. Meytxxxn 

(1966) observed unfrozen soil at the base of snowpacks that were as deep 

"as 3ft in late winter. After the frost has dissipated, the ephemeral 

p:>nd surface can be equated with the water table (Sloan 1976) • However, 

snowmelt runoff was slight during the two spring periods of this study, 

and no ponded water was left in any of the three depressions when the 

frost had dissipated. 

If all observation wells at the three sites were acting as piezo

meters in late April 1982, then the lower potential at 3W can be explained 

by the fact that the pipe terminates in a fluvial lens: a lens receiving 

no recharge along its length because of frost above. A sharp rise in 

potential at Site 3W in early May 1982 indicates that frost has generally 

dissipated; and that the pipe once again probably functions as an 

observation well. 

A dramatic rise in the water table at Site 9W at the beginning of 

June 1982 reflects infiltration from a freak snowstorm at the end of May. 

In contrast, a slight rise in the water table is evident at Site 3W, with 

no clear rise exhibited at Site 4W. The marked increase in the water 

level in the well at Site SW may be explained by the fact -that this small 

slough tended to catch the rost snow, and runoff into this depression fran 

the slough basin was high, resulting in more infiltration than at Sites 3W 

and 4W. Consequently, a more dramatic rise in the water table occurred at 

Site sw. 

Slow dissipation of groundwater mounds at Sites 3W and 4W is 

reflected in the shallow water tables in these soils at the end of May 

1982, and the slow decline of the water table levels throughout the 
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sumner. In contrast, the water mound formed under Site 5W at the 

beginning of June 1982 dissipates quickly. A gradual rise in the water 

table is likely due to rainfall coupled with lower evapotranspiration. 

The remaining figures illustrate hydraulic potentials of 

piezometers at various depths and observation wells may or may not be 

present. Caution must be exercised when interpreting hydraulic 

potentials. Erroneous conclusions can be obtained by comparing the head 

relationships between piezometers that have not stabilized. Piezometer 

sensitivity varies directly with permeability and inversely with the pipe 

diameter. Piezometers with low sensitivity (large basic time lags) are 

never stabilized except at that instant when water levels reverse (Sloan 

1976). MacLean (1974) suggests that piezometers with basic time lags 

greater than 2 weeks should have their potentials corrected using an 

equation derived by Hvorslev (1951). Since almost all the piezometers at 

the St. Denis study area exhibited time lags of less than 2 weeks, 

Hvorslev' s method of adjustment was not used. Nonetheless, short term 

changes in head may not always be detectable. General trends, however, 

can be observed. 

Sites lP, 2P and 3P are located in the center of the slough, just 

inside the willow ring in the depression, and outside of the willows, 

respectively. All sites show increases in potential in response to spring 

thaw and heavy rainfall (Figure 22) • 

Those sites (Sites lP and 2P) in the depression where the water 

table was shallow showed more dramatic increases in potential (end of May 

1982) than where the water table was deeper (Site 3P) • A deeper water 

table will encourage more of the infiltration to replenish soil moisture 
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in the unsaturated zone rather than contributing recharge to the saturated 

zone. As well, the willows may consume sane of this infiltration, further 

decreasing seepage inflow. Trends noted by MacLean (1974) such as a 

reduction in amplitude with depth, and potentials at greater depths 

reaching peaks progressively later, were generally not evident at Sites 

lP, 2P and 3P. This could be attributed to the piezometers covering a 

rather narrow depth range (1.9 m - 8.4 m) in the soil and the different 

piezometers exhibiting s~ilar t~e responses. 

Vertical flow can be ascertained from figures: flow is from a 

depth of higher hydraulic head to one of lower hydraulic head. 

Flow is generally dCMnward at Sites lP, 2P and 3P. This is 

reflected by the generally higher hydraulic potentials at shallower depths 

and lower potentials at greater depths. An increase in potential in the 

gravel lens (5. 7 m) at Site lP does result in sane deeper discharge (April 

1981}; and some upward flow possibly resulting from evaporation can be 

seen in the fall of 1982. 

The low potential at 5.9 m (Site 2P) at the end of May 1981 

reflects a strong hydraulic gradient of converging downward and upward 

flow. This spring condition undergoes a reversal to diverging upward and 

downward flow in the summer of 1981 and subsequently repeats the following . 
year. 

Shallow piezometers freeze up in winter. This is reflected by the 

absence on the figures of potentials at shallow depths in winter. Shallow 

groundwater flow ceases when the ground beneath and adjacent to the 

pothole freezes (Sloan, 1976}. 

Sites 4P, SP and 6P (Figure 23) are also located in the center of a 

slough, just inside the willows in the slough, and just outside the 
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willows, respectively. This depression is slightly lower in elevation and 

further downslope than the slough containing Sites lP, 2P and 3P. 

Seasonal flow is extremely variable at Sites 4P and 5P; ranging 

fran recharge and discharge to converging and diverging upward and 

downward flow (Figure 23). Site 6P exhibits generally downward flow with 

some diverging upward and downward flow in October 1981 (Figure 23). 

The piezometer at 8.7 mat Site 4P appears to be little affected by 

recharge or discharge, reflecting the low, rather constant potential in 

the poorly permeable unoxidized Floral till. 

On the other hand, permeable gravel lenses respond rapidly to short 

ter.m transient events. This is evident in the sharp high peaks at 3.8 m 

at Site 4P and 5.2 m at Site 5P in early July 1981, and again in June 

1982. 

A fluvial, inter till aquifer can receive recharge fran the 

depression directly above, or it can receive input all along its lateral 

extent. Since the lateral extent of these lenses is rather discontinuous, 

an increase in potential in a lens below a depression is probably mainly 

due to recharge from the depression directly above. 

MacLean (1974) found that potentials at greater depths often 

reached peaks progressively later because of lag effects such as permea

bility contrasts and small but significant compressibility of water and 

rcx::k. This effect is also enhanced by entrapped gases. Potentials at 3.8 

m and 5.7 mat Site 4P and 5.2 m and 6.1 mat Site 5P illustrate this 

effect. 

A close similarity exists between the piezometric surface and the 

lcx::al topography (Meyboom 1966) • If this is the case, then Site 7P, which 

occupies the lowest elevation of all the study sites, can be expected to 
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have low hydraulic potentials (Figure 24). Site 7P would be probably 

designated as a discharge area on the basis of its position in the 

landscape. However, the hydrograph revealed a sanewhat different vertical 

flow regime. 

Upward flow occurred in the summer of 1981, the winter of 1981-82, 

and the late fall of 1982; probably in response to evaporation in the 

summer, and to saturated water movement upward to growing ice surfaces in 

late fall (MacLean 1974). Downward vertical flow appeared to prevail in 

the spring of 1981 and 1982. The water table. was relatively stable and 

shallow; the piezometers at 2.0 m and 3.9 m indicates that the water table 

was often above 2.0 m and always above 3.9 m during the study period. A 

high water table and capillary fringe would certainly encourage 

evapotranspiration, perhaps even in times of recharge. Tensiameters above 

and close to the water table would better reveal what is happening in this 

zone. 

Sites 9P and lOP occur on the cultivated uplands, on midslope 

positions; Sites llP and 12P both occur on the crest of knolls, with Site 

llP much higher in elevation than 12P. 

Downward flow prevails at Sites 9P and Site llP (Figure 24). The 

potential at 5. 7 m (Site 9) reflects the effect of the grav~el lens at this 

depth. The peaks are more subdued in this gravel lens because of the 

deeper water table: much of the infiltration replenishes soil moisture in 

the unsaturated zone. This effect is even more evident in potentials at 

Site llP where the water table is at a greater depth. The water table at 

Site 9P was generally in the range 3.9- 5.7 m during the study period, as 

reflected by the absence of water in the piezometer at 3.9 m and water in 

the piezometer at 5.7 m. At Site llP, the piezometer at 7.3 m indicates 
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that the water table was always above this depth, however, the high 

elevation of this site also suggests that the water table must also be 

relatively deep. 

Sites lOP and 12P exhibit more complex flow reg~es (Figure 24). 

Discharge, recharge, lateral and converging flow all take place at Site 

lOP. Flow is also variable at Site 12P because of the gravel lens at 8.1 

m, ranging fran mostly discharge in 1981, to recharge and then discharge 

in the spring and summer of 1982, respectively. 

5.4 Groundwater Flow 

Equipotential lines were constructed using hydraulic head values 

fran piezometers. Flow lines were not adjusted according to van 

Everdingen (1963) but nevertheless were indicated to show general trends. 

The water table shown is an approx~tion based on existing wells 

and water present in shallow piezometers. This was necessary because 

graphical extrapolation of pressure head and elevation head of piezo

meters, to zero pressure head, resulted in an erroneous water table 

position. Abrupt changes in soil permeability with depth in the vicinity 

of the water table complicate the use of this method (Richards 1954). 

In addition, observation wells tapping a single aquifer may act as 

a piezometer reflecting the potential in that lens. Finally 1 a well 

penetrating many layers of varying permeability may give erroneous 

readings during recharge or discharge. With these anamolies in mind, 

general flow patterns can, however 1 be distinguished. 

5.4.1 Winter 1981 

Groundwater flow is essentially downward as reflected by the 

transient flow pattern in Figure 25. Near-surface groundwater flow has 

virtually ceased because of frost. Same upward flow at Site 12P can be 
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connected to the higher potential in the gravel lens at this depth. 

Reversal in vertical flow direction are most probable where thin 

horizontal lenses high in permeability, or cracks and fissures, exist in a 

medium of overall lew permeability (MacLean 1974). In addition to causing 

variations in vertical flow, gravel lenses tend to act as a conduit and 

channel flow in the horizontal direction. This is clearly evident at 

Sites lP and 2P, as well as through Sites SP and 9P. 

As expected, the highest potentials are exhibited at Site llP, the 

highest surface elevation in the study area. In contrast, the lowest 

potentials are found at the lowest site (Site 7P) in the area. However, 

recharge is also occurring at Site 7P at this time of the year. 

Overall, groundwater flow in the area is downward, albeit very 

slowly, because of the poor permeability of the unoxidized Floral till 

(Table 4). A relatively flat water table precludes the formation of any 

local flow systems, even though the ground surface may have strong relief. 

5.4.2 Spring 1981 

Snowmelt runoff and to a lesser extent spring rainfall, create 

relief in the water table. Build-up of groundwater mounds, however, was 

slight or absent under the major upland depressions (Figure 26); reflec

ting the small arrount of ponded water in this abnormally dr.¥ spring. 

Once again, flow is daninantly downward with sane lateral and 

shallow upward components (Site 12P) due to gravel lenses and water table 

depressions. A zone of high potential protruding out from under the knoll 

(Site llP) to below the depression at Site lP creates a strong lateral 

component of flow. 

A depression in the water table as evident at Site 12P would 
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encourage lateral transfer of groundwater from the adjacent higher water 

table. As Eilers (1982) points out in Stage 1 of his three stage model of 

groundwater flow, lateral transfer of water will occur when the infil-

trating water under a depressional area becanes continuous with the 

underlying water table. This same author also states that the relatively 

high permeability of the Battleford and oxidized Floral till and the low 

permeability of the deeper unoxidized Floral till results in rapid 

channeling of water from the groundwater mound laterally through the two 

aforementioned till deposits. In the deeper till, flow tends to be 

vertical and very much slower (Sloan 1976). 

The results of this study suggest that localized shallow 

groundwater flow systems dominate the groundwater hydrology of prairie 

potholes. The hilly topography of the study area also confirms the 

importance of local flow systems. Toth (1962) stated that the greater the 

topographic relief the deeper the local systems will be. This suggests 

that flow in the regional system is influenced by climatic effects to a 

much lesser extent than flow in the upper zone. 

5.4.3 Summer 1981 

By August 1981 lateral dissipation has reduced whatever groundwater 

mounds existed and the water table has became relatively fl~t (Figure 27). 

A reduction in potentials near the water table is evident at Sites 2P, 4P, 

SP, 7P and 12P. Many authors have observed a reversal of flow from spring 

to summer (Meyboam 1966; Parry 1968; Sloan 1976); and attributed the cause 

to evapotranspiration and phreatophytic consumption reducing potentials 

under depressions to such an extent that flow reverses to the upward 

direction. 

In addition, reversal in vertica~ flow directions are most probable 
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where fluvial lenses occur. Variations in hydraulic head are character

istic of such shallow lenses (Meyboam 1966). 

However, sites near the willows at the edge of the depressions 

(Sites 3P and 6P) exhibited no clear water table depression or drawdown in 

response to phreatophytic consumption of groundwater. This is reflected 

by the absence of upward flow at these sites. 

Discharge at Site 7P can be related to the shallow water table and 

consequent evaporation via the capillary fringe, as well as local flow 

discharging here fran further upslope (Site 9P) • 

5.4.4 Winter 1982 

By February 1982 the water table has declined because of a 

flattening of the regional water table and possibly to upward movement of 

water into the frost layer, where shallow flow has ceased (Figure 28). The 

water table is relatively flat and flow throughout the entire study area 

appears to be downward to the regional system. Areas of higher potential 

are evident under Site llP and Site 12P where the water table is higher 

than adjacent sites. 

Equipotential lines near Site 7P indicate same lateral flow through 

this site. In addition, the vertical potential gradient directly below 

Site 7P also suggests a slight upward flow, possibly due~to thermally 

driven moisture movement toward growing ice surfaces. 

5.4.5 Spring 1982 

On April 21, 1982, Site 4P had approximately 30 em of water ponded 

on the surface; Sites lP, 3W, 4W and 5W all had about 50 em of ponded 

water. All these sites were depressions and the ponded water arose mainly 

fran snONmelt runoff, and to a lesser extent, direct precipitation. 

Infiltration of this ponded water proceeds downward to the water 
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table directly below the depression. A groundwater rround is formed {Sites 

lP, 4P, 3W, 4W and SW) as the water table rises and recharge prevails 

(Figure 29). Meyboan (1966) observed recharge through willow ring 

depressions in the spring and Lissey (1968) referred to groundwater 

recharge in hilly areas as "depression-focused". 

An essential feature of groundwater flow in hummocky topography is 

that little recharge occurs to the water table under upland convexities 

(Sites 9P, lOP and llP) where the water table is deep, and often much of 

the surface soil is frozen during snowmelt, resulting in overland flow to 

lower elevations. In depressions (Sites lP, 4P, 3W, 4W and SW) where the 

water table is shallow and runoff collects, recharge occurs; and the water 

table rise provides the source of replenishment that allows the prevailing 

rate of recharge to continue (Freeze and Cherry, 1979) • 

In "depression-focused" recharge,. local flow is not fran a 

bopographic high to an adjacent low (TOth 1962), but rather from a water 

table high (topographic low) to a water table low (topographic high). 

During spring recharge in hilly topography, the water table is generally a 

"mirror-image" of the ground surface. 

The low permeability of the unweathered, unoxidized Floral till 

prevents rapid downward dissipation of these groundwater ~unds {Eilers 

1982), and flow is mainly lateral through the Battleford and fractured 

Floral till. This lateral flow is also enhanced by the presence of gravel 

lenses as is evident at Sites lP and 2P, and Sites SP and 9P (Figure 29). 

Water table depressions and consequent discharge are clearly 

visible at Sites 3P, 6P, 12P and also between Sites 9P and 7P. Phreato

phytic consumption by willows at Sites 3P and 6P may aid in increasing the 

water table decline at these sites. In addition, groundwater mounds in 



.J 
en 
<i 
E ..... )( 

z 0 
0 

~ 
> w 
...J 
w 

0 50 

H.LG 

100 150 200 250 

H.LG 
Slit !IW 

300 

May 31, 1982 

O. OB 
Site lOP 

R. OB
SIIt 6 P 

350 400 

DISTANCE (meters) 

Figure 29. Groundwater flow in the spring of 1982. 

H.LG 
Slit !1 p 

0. 0 
Sift 9 P 

/Willow Ring 

• !:14!1.4!1 

• !146.87 

LEGEND 

Pleiometer end 

Observation well end 

Valu" ore hydraulic heods In meters 
above mean aea level 

-!146.87 - Lint of equal hydraulic head -__ sz __ 

G 

Groundwater flow direction 

Water table 

Grovel ond (or) 10nd lens 

450 500 550 600 

555 

550 

1.0 
~ 



95 

the adjacent depressions act as a source of- water for local discharge 

around.these depression fringes (MacLean, 1974). 

Potentials at Site 7P reflect the presence of a high water table 

and dominantly downward flow. However, evapotranspiration may also be 

occurring, especially when the capillary fringe is close to the ground 

surface. Tensiameters near and above the water table would better aid in 

defining the flow regime close to the water table. 

Flow lines illustrated on the present flow diagrams generally 

represent local flow systems. Deeper piezaneters would be needed to 

characterize intermediate flow systems (if indeed they are even present). 

5.4.6 Summer 1982 

By August 1982, lateral dissipation has reduced the groundwater 

mounds (Sites lP, 4P, 3W, 4W and 5W) , and the water table under adjacent 

topographic highs has risen slightly as a consequence (Figure 30) • 

However, low potentials still exist under Sites 3P and 6P due to higher 

potentials adjacent to these sites and possibly phreatophytic consumption 

by willows. This withdrawal of groundwater is diurnal: dr awdowns during 

the day and recovery at night (Freeze and Cherry 1979). 

Meyboam (1966) quantitatively analyzed groundwater flow in willow 

rings and reported a net annual recharge through these dep:essions to the 

water table. · The upland depressions at the St. Denis study area show a 

similar flow pattern of daninantly recharge~ with reversals in flow mainly 

due to gravel lenses, evapotranspiration and phreatophytic consumption. 

5.5 Soil Moisture Reg~s 

5.5.1 Soil moisture changes in upland depressions 

Transport processes responsible for moisture changes in the soil 

profile are illustrated on Figure 31. Soil profiles in the center of 
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Figure 31. Moisture trans{X)rt processes near the soil surface (after 
Hastie 1976) • 

upland depressions (Sites lP and 4P) generally store large quantities of 

water during the growing season (Figure 32) • Hastie (1976) observed that 

slough profiles still retained over 60 percent of their available moisture 

capacities by the fall. The widest fluctuation in soil moisture occurred 

at 30 em. Same of this variation was probably due to instrument error. 

Maximum soil water content values in spring reflect wet or saturated 

conditions arising fran infiltration of snowmelt runoff. This appears to 

be the case in the spring of 1982 at Sites lP and 4P, where a moderate • 

amount of spring runoff occurred (although still much less than the long 
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term average). In contrast, little runoff in the spring of 1981 failed to 

create wet or saturated conditions near the surface (30 em), although Site 

4P exhibited a somewhat higher moisture value at 30 em on May 15, 1981, 

than at greater depths. 

Observation suggests that adequate spring runoff can create 

extremely wet or saturated conditions near the ground surface. This is 

illustrated by the snowmelt runoff in the upland sloughs shown on Plates 9 

to 14. Perched water tables are present at Sites lP and 4P on April 13, 

1982, as evident by ponded water on the soil surface (Plates 9 and 11), 

dry shallow piezometers, and water present in deeper piezometers. The 

water table is perched above frozen soil, as indicated by frost at 10-150 

em at both sites (thermocouple readings on April 13, 1982). 

It is more than likely that saturated conditions near the surface 

begin with thawing at the bottom of the snowpack and infiltration into 

soil that still retains considerable frost. This has been reported by 

various authors (Meybocm 1966: MacLean 1974). Subsequent thawing of 

frozen soil near the ground surface will further contribute to a saturated 

condition, with a perched water table forming above frost below. 

Once frost has disappeared from the soil profile, the perched water 

will be redistributed over t~e by percolation and evapotranspiration. 

This is apparent in the decline in soil moisture at 30 em during the 

spring of 1981 and 1982 at Sites lP and 4P. 

A strong moisture gradient such as that established in the spring 

of 1982 at Sites lP and 4P would be expected to encourage strong downward 

flow. In contrast, weak downward moisture gradients were apparent in the 

spring of 1981 at Site 4P, and even more so in the spring of 1981 at Site 

lP. The moisture gradient in the summer and fall of 1982 at Site 4P 
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Plate 9. Snc::Mmelt runoff accumulation in a Humic Luvic Gleysol, upland 
depression (Site lP) on April 13, 1982 (looking north). 

Plate 10 • . The same upland depression {Site lP) on June 18, 1982. 
Unfortunately, the spring snowmelt in 1981 and 1982 was much 
bela,; normal, resulting in dry sloughs very early in the 
season (looking south) • 



Plate 11. Snowmelt runoff accumulation in a Humic Luvic Gleysol, upland 
depression (Site 4P) on April 13, 1982 (looking north). 

Plate 12. Snowmelt runoff accumulation in a Humic Luvic Gleysol, upland 
depression (Site 3W) on April 13, 1982 (looking west). 



ft(J ..... 'c. 
Plate 13. SncMIDelt runoff accumulation in api..orthk: Luvic Gleysol, upland 

depression (Site 4W) on April 13, 1982 (looking east). 

Plate 14. Snowmelt runoff accumulation in a Humic Luvic Gleysol, upland 
depression (Site SW) on April 13, 1982 (looking south). 
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suggests that a downward flow gradient may possibly extend through the 

growing season when heavy rains, like those received in the summer and 

fall of 1982, create wet conditions near the ground surface. However, 

tensiometers would be required to quantitatively define the flow regime 

al::x>ve the water table; moisture gradients are probably only useful 

indicators just after snowmelt or after extended rainfall events. MacLean 

(1974) suggests that, in sane years, spring may be the only time of the 

year during which a downward flow gradient exists between the soil surface 

and the water table. In this present study, evidence suggests there 

probably has been downward recharge in the spring of 1982 at Sites lP and 

4P. 

Leaching of surface water downward in upland depressions results in 

the formation of relatively ~rmeable Bt (clay enriched) horizons in the 

subsoil (60-90 em at Site lP; 30-60 em at Site 4P). Clay layers such as 

these subsequently impede downward movement of water; and once frost has 

dissipated tend to keep the near-surface layers in a saturated condition, 

resulting in perched water tables. This effect is evident in the spring 

of 1982 at Sites lP and 4P (Figure 32). Apparently, the change in texture 

from that of the overlying material results in conductivity differences 

which prevent rapid downward movement (Brady 1974). 

Soil profiles in upland depressions near the slough perimeter 

(Sites 2P and SP) generally store less water in their profiles than 

profiles occupying the lowest positions (Sites lP and 4P). These profiles 

are depicted in Figure 33. Once again, the widest fluctuation in soil 

moisture occurs at 30 em, and to a much lesser extent at 60 em. The 

spring maximum at 30 em was slightly higher in 1982 than in 1981 at Sites 

2P and SP because of greater snowmelt runoff in 1982. Extremely wet or 



E 
u 

J: .... 
(l_ 

w 
0 

Site 2 P, Humic Luvic Gleysol 

1981 1982 

Mo1srure percent by volume 

0 10 20 30 40 50 60 0 10 20 30 40 50 60 

30 

60 

90 

120 

150 

,.---, 

June 6 June 19 

·,_ -" \ \ 

.\ 

( 
I 
I 
I 

I May t.5 
V i 
I 

' 
\ 

June,_l~~ Ma·~y7 ;~II l3 
\<-... ' ' , ,l ./ . / 

• I i 

I !\ 
) 

0~-r--r-•-~r-.-~r-.-~r-.-~r-.-~--~----

July 16 

30 ~- \1)~ Nov 13 ~1111 ,_ ,1 ____ 
..... -~ 

\ I I 
\ I (. 
/ \ 

. \ \ 

60 

90 

120 \1 
I . 

150 \I 

/ 
; 

{ 

\ 

Sepl 21 Sept 6 

1 

,\ 
/ \\\/ 

I ' 
i 
l I 

i 
: 
: 

\ 
~ 
i 
~ 
} 

15 ATM . and Saturation 
From le(t ta right 

.. ·· 
i 

E 
u 

J: .... 
(l_ 

w 
0 

Site 5 P I Humic Luvic Gleysol 

1981 1982 

Moi5ture percent by volume 

0 10 20 30 40 50 60 0 10 20 30 40 50 60 
I I I I I 

May22 . Ju1141 18 May 7 April 23 
301- I 'I/ / l''·. y·---/ .' / >' / 601- i tr ~ar.i~ : . ) . 

\ \ ' I 

901-

// ' \ 
120 t-

150 1 f \ \ 

0 

Se pr 14 Jut)' 16 

3ot- .:~ 1 --f 
_,/ · .... ·}' <Kr 14 
I < . 
\ ', \ . ~ 

\ 

60 

90 

120 

150 

\ 
\ 
\ 

/ 

! \. ., , I i 
! 
i ·. I I \ I 

l i 
i i I i 

Jul)' 2~ Sept 21 

/~. / / / 'I 
// {: 

.! \ 
I I 
i ~. 
i ·. 
: \ 
: ·. 
i ... 
: I 
! f 
·a : 
• I 

I ,. 
l 

Sept 8 / 

!/ 
\ 
i 
l 
~ 
i 
i 
~ 

IS ATM . and Saruration ...-
From letr to right j 

Figure 33. Soil moisture changes in two Humic Luvic Gleysols (Sites 2P and SP) during spring and summer in 
relation to 15 atm moisture content (pressure plate) and saturation moisture content (based on 
total porosity as calculated from bulk density values). 

b 
""' 



105 

saturated conditions appear to exist on April 23, 1982 at both sites at 30 

em, above subsoil Bt horizons {60-90 em at Site 2P; 60-120 em at Site SP). 

However, large subsequent declines in moisture resulted at this 

depth throughout the spring. By June 18, 1982 the 30 em depth at Site 2P 

had dried to almost 10 percent moisture by volume. Apparently, spring 

rains in 1982 were not sufficient to replenish the soil moisture at 30 em, 

as was the case at the lower depressional profiles {Sites lP and 4P). 

Perhaps higher evapotranspiration, percolation, or even lateral flow 

through unfrozen surface horizons to lower positions in the depression 

contributed to the decline in soil moisture at this depth in the spring. 

Transpiration of soil water was by typical upland slough vegetation 

{mostly sedges) • Heavy growth of weeds near Sites 2P and SP, however, may 

have consumed large quantities of near-surface water and contributed to 

the decline in moisture at 30 em. In addition, strong suction gradients 

on April 23, 1982, at Sites 2P and SP reflect snowmelt infiltration and 

rapid percolation. 

In sunmer and fall, declines in soil moisture at 30 and 60 em 

represent increasing evapotranspiration during the growing season by 

wetland vegetation. Increases in moisture at shallow depths, such as fran 

September 14 to October 14, 1981, at Site SP, can be ascr~bed to heavy 

rainfall during this period. 

Moisture values at lower depths (90-150 em) generally vary much 

less t_han shallower depths. Increases in soil water at depth are usually 

due to percolation from above, or if the water table is shallow, to 

capillary rise. Decreases in moisture are mainly due to deep drainage to 

the water table. 
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5.5.2 Soil moisture changes on lower slopes around upland slough perimeters 

Sites 3P and 6P are located just outside and adjacent to willows 

surrounding upland depressions containing Sites lP and 2P, and Sites 4P 

and 5P, respectively. Snowdrifts of almost 1 m in height formed at 

Sites 3P and 6P in the winters of 1981 and 1982 because of redistri

bution of snow from uplands by wind and trapping by the willows. 

Although snowpack depth was generally much greater at this lower 

slope position than in the depressions, less water was stored in the 

profiles at Sites 3P and 6P because of snowmelt runoff to the adjacent 

depressions {Figure 34). This is reflected by the lower maximum soil 

moisture values at 30 em in the spring of 1981 and 1982 at Sites 3P and 

6P than in the depressional profiles. 

&lower dissipation of frost at Site 3P than at Site 6P in 1982 

may be responsible for the slightly higher maximum soil moisture value 

at 30 em at Site 3P; percolation being inhibited by the shallow frozen 

layer {frost at 40 em on May 7, 1982 at Site 3P). 

A greater elevation difference between Site 6P and the adjacent 

depression bottom (2 m) than at Site 3P {1 m) also indicates that 

considerable lateral flow through surface horizons, above frost, at Site 

6P, may account for the lower soil moisture minimum at 30~ em in the 

spring of 1981 and 1982 at Site 6P. MacLean (1974) states that the 

effects of such lateral flow should not be underestimated since the 

saturated hydrau~ic conductivities of Ah horizons are considerably 

higher than subsoil horizons and till. 

The generally wetter conditions near the surface {30 em) at Site 

3P during the spring of 1982 may also be attributed to aspect. This 
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profile lies on the north side of a large knoll, which would tend to 

keep this site more moist than Site 6P, which occupies the lower slope 

position of a very gentle north-facing slope. This effect is also 

evident in the summer and fall by a slightly lower soil moisture minimum 

at 30 em at Site 6P in 1981 and 1982 than at Site 3P. 

Grasses and phreataphytic willows at Sites 3P and 6P probably 

contribute to significant withdrawal of soil water; although willows 

more than likely consume most of their water deeper down from the water 

table. Meyboan (1966b) has reported average evapotranspiration rates of 

0.27 inches per day for willow during the spring. 

5.5.3 Soil moisture changes on midslope and knoll positions 

Sites lOP and llP are located at a gentle, midslope position and 

at the highest elevation of all the study sites, respectively. Overall, 

less water was stored in these soil profiles than profiles in upland 

depressions; the midslope profile (Site lOP) storing considerably more 

soil moisture than the knoll profile (Site llP). These profiles are 

shown in Figure 35. 

Generally the 30 em depth in the spring of 1981 and 1982 at Sites 

lOP and llP shows much less fluctuation than depressional or lower slope 

profiles. This is reflected by the relatively constant moisture content 

from 30 em to 150 em. Low maximum soil water values at 30 em in the 

spring of both years can be related to little snCYNillelt infiltration and 

lack of a Bt horizon to inhibit percolat~on. During the winter, large 

quantities of snow are lost from the upper slope positions, and during 

spring snowmelt, considerable overland flow may occur, especially if the 

surface soil is frozen at high moisture levels the previous fall. 

For example, the increase in soil moisture from September 14 to 
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November 13, 1981, at Sites lOP and llP at 30 em would encourage greater 

surface runoff the following spring and less infiltration, particularly 

on the high knoll (Site llP) , which is about 7 m higher than the 

adjacent upland depression. In addition, considerable lateral flow 

through the surface layers at Site llP, and to a much lesser extent at 

Site lOP would also be expected. 

An absence of any strong moisture gradients in the spring of 1981 

and 1982 at Sites lOP and llP also reflects the low infiltration from 

snowmelt and spring rains. Obviously, tensianeters would be required in 
\ 

these profiles to ascertain unsaturated flow above the water table. 

However, high rainfall over a long duration apparently can recharge the 

moisture in the soil profile. This is apparent in the increase in soil 

moisture at all depths from September 14 to November 13, 1981, at Site 

llP. 

Transpiration by weeds at Sites lOP and llP throughout the 

growing season, as well as percolation and evaporation can be attributed 

as the major causes of soil moisture decline near the surface (30 em). 

Increases in soil moisture, lower in the profile, must probably be due 

to redistribution from above, since the water table was too deep at 

these two sites to allow any capillary rise at this depth.

5.5.4 Soil moisture changes in low areas 

Site 7P occupies the lowest elevation of all the study sites. It 

is adjacent to a large slough that holds water, more or less 

permanently. The water surface in this slough can be considered as the 

water table. Site 7P is thus dominated by a stable and rather shallow 

water table. Natural vegetation at this site includes short-prairie 

grasses and wolf-willow. 
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Observation suggests that Site 7P . stores much less water than 

depressional profiles (Figure 36); but approximately similar quantities 

as Site lOP (upland midslope profile). Little fluctuation of soil 

moisture at 30 em in both years is reflected by the rather constant soil 

moisture profile from 30 em to 150 em. Micro-relief at Site 7P (lower 

slope) results in little infiltration from snowmelt runoff. This is 
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apparent by the low maximum values at 30 em in the spring of 1981 and 

1982. 

Absence of frost down to 150 em at the first neutron moisture 

readings in the spring, in both years, suggests that considerable 

infiltration may have occurred earlier and that possibly the upper 

profile may have been much wetter. However, by May 15, 1981, soil 

roisture at 30 em had decreased to the point where this depth was 

drier than depths below. This appears to be the case throughout the 

entire spring of 1981, reflecting an absence of any downward flow. 

Soil moisture in the spring of 1982 is rather constant, reflecting the 

absence of any strong downward suction gradient. 

Evapotranspiration by vegetation, and perhaps phreatophytic 

consumption by wolf-willows, can be related to decreases in soil 

rroisture throughout the profile at Site 7P. Also, the shallow water 

table could be expected to increase soil moisture in the lower profile 

by capillary rise. An example of this may be the apparent increase in 

soil moisture fran July 10 to September 21, 1982, at 120 em and 150 

em. 

5.6 Chemical Characteristics 

5.6.1 Soil salinity 

The degree of salinity in a landscape is indicated by the 

electrical conductivity of soil extracts. Figure 37 illustrates 

general soil salinity trends using lines of equal electrical 

conductivity in deci-Siemens per meter (mnhos/c:m). 

Although same lateral flow does occur, surface runoff waters 

and snow accumulation in depressions appears to be the dominant factor 

influencing soluble salt distribution in areas of hUiliOOCky till. 
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Higher salt concentrations in upslope positions and lower concen

trations in depressional areas suggests that lateral, unsaturated and 

saturated flow was not a major process in contributing to the 

variation in soluble salts. 

Infiltration of snONmelt runoff in upland depressions as 

evident by wet or saturated near-surface conditions (Figures 32 and 

33) in the early spring, has leached the soluble salts to considerable 

depths. This is apparent at Sites 2P and 5P, and to a lesser extent 

at Sites lP and 4P. Piezometers at these sites confirm the existence 

of strong downward flow in the spring (Sections 5.3 and 5.4). St. 

Arnaud (1979) reported that a "funnel-like effect" was created below 

depressional areas by significant leaching, and all traces of soluble 

salts were renDved to depths beyond 7 m. In addition, EilE;rS (1982) 

found no evidence of salt crystals under depressions in southeast 

Saskatchewan and proposed that leaching via these sloughs was 

responsible. 

This depression-focused recharge consequently affects soil 

profile development: the depth of solum is significantly deeper in 

these upland depressions than in adjacent upslope profiles. This has 

also been confirmed by St. Arnaud (1979) and Eilers (1982). The 

smaller upland depressions (Sites JW, 4W and 5W) have the greatest 

depth of solum development. This is mainly due to the fact that such 

small sloughs start the season (spring) with a high rate of water loss 

because the amount of shoreline available for lateral seepage becomes 
proportionately greater in relation to the volume of water remaining, 

and hence, small depressions go dry very quickly (Millar 1976), the 

rate of water loss being indirectly related to pond size. The very 
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small slough containing Site SW retained considerable ~ater (water 

depth of 50 em) following snowmelt in the spring of 1982. Therefore, 

there was a proportionately large volume of water to leach the small 

depressional area: extreme leaching resulted in a strongly developed 

Ae (leached) horizon and Bt (illuvial clay) horizon. Slight increase 

in electrical conductivity values near the soil surface at Sites lP 

and 4P (Figure 37) reflect the slower dissipation of groundwater 

mounds in these soils. This is reflected by shallower solum depths in 

the soils at the center of the larger depressions than in soils near 

the fringes (Sites 2P and SP). 

Less snowmelt infiltration on upslope profiles than upland 

depressions as refelcted by soil moisture profiles (Section 5.5), was 

indicated by the higher salt concentrations and shallow solum depths. 

This was evident at Sites 9P, lOP, llP and 12P. Eilers (1982) stated 

that the annmt of infiltration of water on upland areas was 

insufficient to leach salts down to the water table and out of the 

system. However, sufficient infiltration from snowmelt and rainfall 

generally assures that rarely are soluble salts evident in the upper 

half meter of surface soils (King 1976). In addition, MacLean (1974) 

proposes, "that a lack of salinity in the A and B horizon~ is then 

presumably partially maintained by a canbination of high surface 

permeability and deep rooting which together encourage cycling of 

surface water, while lateral flow through the more permeable 

near-surface horizons encouraged by slope, is probably also an 

important de-salinization mechanism". 

High salinity close to the ground surface at Site 7P can 

probably be related to capillary rise from the shallow water table, 
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and perhaps also to sane local discharge fran adjacent upslope 

positions. Eilers (1982) suggested that only at certain points in the 

landscape, where the depth to water table reaches a certain "critical" 

level, enabling capillary rise of groundwater to reach the soil 

surface, do saline soils occur. 

5.6.2 Nature of soluble salts 

Soil samples taken under upland depressions exhibited low ion 

concentrations, reflecting dissolution and leaching from depression

focused recharge (Figures 38 to 43). The dominant cations under these 

sloughs were ca++ and·Mg++ with the dominant anion being so4
2-. 

Concentrations of Na+ were extremely loW: annual flushing with 

snowmelt water may have increased the adsorption of divalent ions and 

decreased the adsorption of monovalent ions. 

Quanti ties of Ca ++ and Mg ++ are largely dependent on ion 

exchange processes and solubilities of calcium and magnesium minerals. 

calcium and magnesium are preferentially adsorbed over sodium onto 

clay particles; however, ca++ is ·held more strongly than is Mg++ 

(Brady 197 4) • Therefore, a build-up of Mg ++ in solution should 

result. In addition, the presence of calcium ions in soil extracts 

indicates the presence of very slightly soluble (CaD03) and~ moderately 

soluble (CaS04, CaS04 .2H20) salts: on the other hand, t.he a~rount of 

magnesium shows the accumulation of moderately soluble (MgC03) and 

easily soluble {MgSO 4> salts. 

ROzkowski (1967) reported a so4~g-ca type of water in the 

recharge area of knob and kettle topography in the Moose Mountain 

region of southeast Saskatchewan. As well, the work of Eilers (1982) 

showed a similar ion composition in leached upland depressions, which 
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Figure 38. Distribution of water-soluble ca++ in soil extracts within 
the landscape of the St. Denis study area in the fall of 
1980. 
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1980. 
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were classified according to esse (1978) as Humic Luvic Gleysols. 

Upland depressions in the present study area were also dominantly 

Humic Luvic Gleysols (Sites lP, 2P, 4P, SP, 3W and SW) • 

Soil extracts from upslope positions adjacent to the upland 

depressions revealed much higher ion concentrations; suggesting little 

infiltration and (or) perhaps sane local discharge from adjacent 

groundwater mounds under depressions in early spring. Magnesium 

exhibits much higher concentrations than calcium where the soil 

conductivity is high (upslope positions) • This indicates that Mg ++ is 

considerably more mobile than Ca ++. Mg ++ canes from dolomite in the 

soil solum and is leached out of this zone. If Mg++ does reprecipi-

tate as MgC03, it is still readily soluble and subject to further 

translocation. On the other hand, Ca ++ reprecipitates as calcite soon 

after leaching, and is thus significantly less mobile. 

Ion concentrations in soil samples collected below the water 

table can generally be considered to be s~ilar to ion concentrations 

in the groundwater. Therefore, variation in ion concentration below 

~~e water table can be attributed to groundwater flow (Eilers 1973). 

Eilers proposes that most of the changes in groundwater chemistry 

occur in the channels or fractures of glacial till, a condi~ion coined 

by the author as "block and channel" flow.' 

An area in the present study likely affected by groundwater 

flow is Site 7'?, the lowest elevation of all the study sites. Concen

trations of Na+ increase here to those equalling ca++, whereas Mg++ 

becomes dominant. so 4 
2- is still the prevalent anion. These ion 

changes reflect the enrichment of groundwater by easily soluble salts 

(NaSO 4, MgSO 4) and by the steady precipitation of less soluble salts 
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(CaS04, CaS04.2H20). MacLean (1974) also noted an increase in total 

dissolved solids with a decline in site elevation and attributed it to 

an increase in the length of the groundwater flow paths and thus time 

of contact between water and deposits. 

It is evident that ion composition can be useful in distin

guishing between different types of groundwater flow systems: local, 

intermediate and regional. Cheoortarev (1955) has shown that as the 

length of the groundwater flow path increases, total dissolved solids 

increase, with ion evolution progressing ultimately to that of 

seawater (Nacl) • The daninance of MgSO 4 in the present study suggests 

that local flow, and possibly intermediate flow, are probably 

responsible for the build-up of Mg++ and so4
2- at the lowest study 

site (Site 7P). ROzkowski (1967) and Leskiw (1971) have also shown 

that these ions are associated with local and intermediate flow 

systems. 

The high salinity in the soil at Site 7P can be mainly 

attributed to the shallow and stable water table which encourages 

evaporation and concentration of soluble salts close to the soil 

surface. This is apparent by the large deposits of gypsum crystals 

near the surface at this site, where the soil is classified as a 

Saline Rego Gleysol. In addition, the soluble salt content of the 

glacial till may play a role in increasing salinity along local 

groundwater flow paths. 

5. 6. 3 Caroonates 

Upland depressional soils (Sites lP, 2P, 4P and SP) exhibit 

leached profiles (Figure 44). This is indicated by the dissolution 

and translocation of very slightly soluble calcium carbonate salts to 
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generally beyond 1 rn; also the more soluble salts, including those of 

rnagnesitnn, are removed to considerably greater depths, as indicated by 

the low electrical conductivity values. 

St. Arnaud and Herbillion (1973} have previously shown that the 

Mg ++ /Ca ++ ratio of water-soluble soil extracts could be related to the 

possible occurrence of Mg-bearing calcites. In a ~ater study, St. 

Arnaud (1979} found that if leaching depth was beyond the carbonate 

acctnnulation layers, as occurs in the above upland depressions, 

water-soluble Mg++;ca++ ratios were less than one and the secondary 

calcite was Mg-free. 

Depression-focused snowmelt recharge in these upland sloughs 

appears to be responsible for the considerable leaching depth and 

consequently, lack of salinity, and deep drainage. Piezometers in 

these depressions indicated daninantly groundwater recharge in 

resp::>nse to spring snowmelt, even though little snowmelt runoff was 

received in both years of the study. Flushing of soluble salts has 

been reported to considerable depths below the solum in depressions in 

glacial till (St. Arnaud 1979). 

Soils in the outer ring (Sites 3P and 6P} around upland 

depressions are generally carbonated to the surface (Figure .. 45) . This 

can be related to a high water table in the spring when a groundwater 

IIDund exists in the adjacent depression, allowing evaporation of 

capillary water and the tranSp::>rt of carbonates up from the parent 

material to the soil surface. 

Translocation of carbonates· via a high capillary fringe 

probably did not occur during the two spring periods of this study 

(1981, 1982) because of the small groundwater mounds, and therefore 
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deep water table at Sites 3P and 6P. However, in a spring when the 

depressions contain significantly more water, considerable upward 

rrovement of carbonates, including magnesiLDn, can be expected. 

Piezometers at these two sites did confir.m the existence of upward 

flow below the water table, especially in the spring when groundwater 

mounds were present, and later in the growing season when phreato-

phytic willows created depressions in the water table. However the 

water table position later in the growing season was much too deep to 

move carbonates up to the soil surface. 

Soils at Sites 3P and 6P exhibit restricted drainage. This is 

evident by the presence of soluble salts within the two soil profiles, 

including those of magnesium. Bulges in the Mg ++ /Ca ++ ratios within 1 

m of the surface reflect capillary rise of magnesium in solution in 

years when the capillary fringe is close to the soil ~urface. In 

addition, magnesium may have been transported from above by infil

tration, as evident by slight leaching reflected in the increase in % 

calcium carbonate equivalent with depth. The presence of Mg++;ca++ 

ratios of greater than one together with Mg-bearing calcites suggests 

a long-time buildup of Mg++ in solution around depression fringes. 

Soils at low elevations (Site 7P) exhibit decreasing secondary 

carbonate concentrations with depth, reflecting upward movement of 

carbonates from a high capillary fringe (Figure 45). Slight leaching 

is observed in this soil, as illustrated by the gradual increase in 

soluble salts with depth, including those of magnesium. However, the 

high salinity in this profile as shown by the high electrical 

conductivity values, and high Mg++/Ca++ ratios, reflect the restricted 

drainage created by a shallow water table. 
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Upland soils (Sites 9P, lOP, llP and 12P) show variable 

drainage depending on slope position. In these soils, drainage and 

leaching depth can be related to the amount of water that infiltrates 

through the soil profile. Leaching is slight at Site llP as indicated 

by carbonates to the surface and a bulge in Mg++ in solution above 1 

m. This soil is located on a high knoll and neutron moisture readings 

(Figure 35) indicated little infiltration into this profile. However, 

the more soluble salts were leached to greater depths, as evident by 

the increase in electrical conductivity values with depth. 

Leaching is slightly higher on the upper slope position at Site 

12P than at llP, and the carbonate accumulation layer occurs at a very 

shallow depth (Figure 46) • Although the soluble salts have been moved 

downward from the surfpce soil, they are still concentrated above 

approximately 3 m depth. Magnesium in solution shows a slight 

increase in the upper portion of the saline layer and a maximum at 

about 3 m. In addition, the buildup of Mg++ in solution apparently 

has been long-term, as reflected by the presence of Mg-bearing 

calcites near the soil surface. 

On the mid-slope position, drainage and leaching depth 

increase. Carbonates have been canpletely removed from the upper sola 

of Sites 9P and lOP (Figure 46) • The Orthic Gleysol (Site 9P) 

exhibits slight salinity, with the maximum at the surface, indicating 

upward movement and evaporation of water from below. Much higher 

salinity values (E.C. >10 dS/m) ·occur below the 50 em deptl:l in the 

Orthic Dark Brown soil (Site lOP) with coincident high soluble 

Mg ++ /Ca ++ ratios. The absence of Mg-bear ing calcites in the Gleysol 

is expected since the Mg++;ca++ ratios fall below unity. However, the 
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absence of Mg-calcites in the Orthic Dark Brown profile which has high 

M:J++ /Ca++ ratios would .suggest a relatively recent influx of salts, or 

at least of magnesium salts in this soil, a situation which has been 

noted in many areas presently undergoing salinization or resalini-

zation {St. Arnaud 1979). 

5.6.4 Redox potential 

The CSSC (1978) suggests that in Gleysolic soils, an Ept of 

less than +100 mv will exist within the upper 50 em for a period of a 

week or more each year. Of the seven sites noni tared with Ept probes 

in 1~82, only two (Sites lP and 4P) met this criteria characteristic 

of Gleysolic soils, during the May-June period (Figure 47). In the 
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soil at Site lP, reduction was greatest at 50 em (Bt horizon), whereas 

in the soil at Site 4P, reduction was greatest at 15 em (Ah horizon). 

Other studies (McKeague and Bentley 1960; McKeague 1965b; Michalyna 

1974) have showed that the lowest redox potentials were usually found 

in the surface or near-surface horizons. Presumably, this is because 

microbial activity, a~ hence oxygen consumption, is rapid in the 

surface zone of raw organic matter accumulation, and slow in sub

surface horizons, resulting in greater reducing conditions close to 

the surface. The greater reduction in the Bt horizon than in horizons 

above, at Site lP, may reflect release of Fe2+ fran ferrous minerals. 

McKeague (1965b) found that ~ values below 0 mv developed in some 

soils that were almost devoid of organic matter, and attributed this 

condition to release of Fe2+. The lower redox potentials in the 

surface horizon at Site 4P than at lP may be due to the slightly 

higher % organic carbon in the former soil. Even though the soil at 

Site 1P was wetter than the soil at Site 4P during the measuring 

period, as evident by ponded water on the soil surface (Figure 47) , 

greater reduction occurred in the surface horizon of the drier soil. 

This suggests that perhaps moist or wet conditions in the surface 

horizons coupled with high organic matter and warmer soil t~ratures 

at Site 4P, may be sufficient to effect reduction in soils. 

Oxidizing conditions exist in the soils at Sites lP and 4P, 

just prior t<> May lOth, apparently due to low soil temperatures below 

5°C (CSSC 1978) • Consequently, microbial activity is sluggish. The 

rapid fall in redox potential at both sites is more than likely 

related to the increase in soil temperature, coupled with saturated 

conditions, and the presence of organic matter. McKeague (1965a) 
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stated that low Eh values developed progressively more rapidly with an 

increase in soil temperature from 1° to 5° to 23°C in flooded soils 

with added organic matter. 

The remainder of the sites show Ept values al::x:>ve +350 mv 

(Figures 48 and 49), reflecting oxidizing conditions during the 

measuring period. Generally, the high redox potentials in these five 

soils can be attributed to a lack of free surface water standing on 

the soils during the May~une period. Sites 2P and SP are located in 

upland depressions, near the slough perimeter, and normally would be 

expected to have ponded water in the spring, as was evident during the 

spring of 1983. However, the two abnormally dry years of this study 

(1981-82} resulted in little snowmelt runoff and consequently slight 

and temporary ponded water on these two soils in the spring. The 

presence of free surface water on these soils before the measuring of 

redox potentials commenced, suggests that reduction may have occurred 

earlier in the spring. 

Soils at Sites 3P, 6P and 7P are located on lower slope 

positions and would not be expected to have any free surface water on 

them in the spring. An organic matter effect is noticeable at Sites 

SP, 6P and 7P by the lower Ept values at 15 em than at 50 .. em. The 

gradual decrease in redox potentials in the oxidized soils during the 

spring and stmmer may be due to rainfall received during this period, 

in conjunction with warmer soil temperatures, and the presence of 

decomposable organic matter. 

In the oxidized soils, voltage readings drifted and were highly 

variable. This was due to the fact that lesser quantities of reduced 

metals and organic reactants were dissolved and oxygen exchange 
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currents at the electrode were very low: the system was poorly poised 

(Bohn 1971). In contrast, waterlogged soils exhibited greater poise 

and better redox potential stability. 

5.6.5 Extractable iron and soil genesis 

The soils analyzed for extractable Fe were grouped into four 

classes. These included upland depressional soils, soils in 

evaporative rings, soils at low elevations, and upland cultivated 

soils. 

The poorly drained soils in the upland sloughs were all Humic 

Luvic Gleysols. An increase in pyrophosphate-extractable Fe in the 

surface horizons of these soils reflects the presence of organically 

oamplexed Fe. This is clearly evident at Sites lP, 4P, SP, and to a 

much lesser extent, at Site 2P (Figures 50 and 51). A similar trend 

was reported by Eilers (1982) for a similar soil in southeast 

Saskatchewan. 

However, maximum Fep values do not always occur in surface 

horizons. In soils with considerably deeper sola (Sites 2P and SP), a 

Fep maximum in the Btgl horizon at both sites can be related to a 

maximum in clay at this depth. This suggests canigration of clay and 

organically canplexed Fe into this horizon. McKeague et ~- (1971) 

noted a slight bulge in Fep (<1%} in the B horizon of Gleysolic soils; 

however, Fep illuviation was still relatively much less than for 

spodic horizons (>1%}. 

The increase in Fed in the Btgl (Site lP, 2P and SP) can 

probably be related to an increase in fine clay in this horizon; 

however, because the increase in Fed is proportionately more than the 

increase in clay, enhanced in situ weathering of minerals within the 
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Btgl horizon has occurred. The same effect was noted by Eilers (1982) 

in the Aeg and Btg horizons in a s~ilar soil. 

~ A minimum Fed value in the Btgl at Site 4P is in contrast with 

the maximum in clay content in this horizon. Since most of the 

increase in clay in this horizon is due to the accumulation of fine 

clay, it would appear that less Fed is extracted from the fine clay 

than from the coarse clay. A higher content of dithionite-extractable 

iron in the coarse clay fraction has been previously reported by 

Stonehouse and St. Arnaud (1971) • 

Fed maxima do not always arise from clay migration. Fed maxima 

in the Ckg horizon (Site lP) can possibly be related to many oxidized 

mottles which reflect the influence of a fluctuating water table on 

the distribution of iron. S~ilarly, the increase in Fed in the Ckg2 

horizon (Site 4P) can probably be attributed to mottles. 

Blume and Schwertmann (1969) noted a strong Fed maximum in the 

zone of the fluctuating water table in gley soils, and further 

reported that considerable Fed was accumulated within mottles of soils 

exhibiting . impeded drainage (Pseudogley) • However, Michalyna (1974) 

could not detect any relationship between the degree of mottling and 

FeofFed ratios or Fed contents in Gleysolic soils in Manitoba. -In 

addition, Stonehouse and St. Arnaud (1971) and Macyck et al. (1978) 

found only a slight increase in Fed in horizons exhibiting strong 

mottles and gleyed features. 

In the solum of same depressional soils (Sites lP, 2P and SP), 

Fe
0 

maxima and min~ in the Bt horizon and Ae (Sites 2P and SP) or 

Ahe (Site lP) horizon, respectively, generally coincide with maxima 

and minima for Fed and <;, reflecting canigration of clay and 
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amorphous Fe oxides. All sites show a trend of slightly increasing 

Fe
0 

in the surface horizons. Stonehouse and St. Arnaud (1971) noted a 

bulge in Fe
0 

in the Aeg of such soils and proposed that "high Fe
0 

values could indicate release of amorphous iron by weathering of 

iron-bearing minerals, or could be accounted for by reducing 

conditions which·keep the iron oxides in a readily extractable form". 

Blume and Schwertmann (1969) also reported on the retardation effect 

of organic compounds in the crystallization of iron oxides; Fe in the 

surface horizons was primarily in the form extractable by oxalate. 

High Fe
0 

values in the surface horizons of Humic Luvic Gleysols 

are generally consistent with high Fe<f'Fea ratios. Stonehouse and St. 

Arnaud (1971) found that Fe<f'Fed ratios in the upper horizons of these 

soils were typically greater than 0.35. Whereas reducing conditions 

and weathering in the upper solum keeps iron oxides in a dominantly 

amorphous (and organically canplexed) form, at greater depths in the C 

horizon or parent material, the majority of iron oxides are crystal

line. This reflects the lack of weathering processes in this zone, as 

well as a lack of reducing conditions. Volumetric moisture readings 

revealed that the profile below the upper horizons contained much less 

soil moisture in upland depressions (Figures 32 and 33). Redox 

measurements near the ground indicated that the soil in the upper 

horizons at Sites lP and 4P was in a reduced state in the spring 

because of saturated conditions (Figure 47), thereby contributing to 

high FeofFed ratios in these horizons. 

Values for Fep and Fe
0 

are low and constant throughout the Rego 

Humic Gleysol (Site 3P) and Rego Dark Brown (Site 6P) soils in the 

evaporative rings (Figure 52). Low Fe
0 

values suggests that reducing 
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conditions and weathering of crystalline iron oxides and iron-bearing 

silicates are generally absent. Neutron moisture readings at these 

sites indicated an absence of saturation and consequent reduction 

(Figure 34). McKeague and Day (1966) noted that many Humic Gleysols 

had weakly expressed profiles of extractable Fe: Feo!Fea ratios were 

rather low. Eilers (1982) reported that in same Chernozemic soils, 

the amount of Fep and Fe
0 

was generally low and variability with depth 

was small. 

A maximum in Fed in the Ckgl horizon at Site 3P can be related 

to many ochreous mottles in this horizon. At Site 6P, a gradual 

increase in Fed with depth suggests that downward movement of iron in 

solution has occurred. Secondary carronate accumulation near the soil 

surface, and topographic position, indicate that evaporation from the 

water table in the spring when ponded water exists in the adjacent 

slough, may be partly responsible for the bulge in Fed in the Ckgl 

horizon at Site 3P. A subsequent decline in the capillary fringe 

results in precipitation of iron oxides as mottles. The Fed minima in 

the AC horizon (Site 3P) is probably related to the fact that the 

major portion of the clay at this depth is composed of fine clay; 

consequently less Fed is extracted from the fine clay, even,. though the 

fine clay fraction is significantly higher in total Fe than the coarse 

clay fraction (St. Arnaud and Mortland 1963) • 

A general increase in Fed with depth from the Apk to the IVCkgl 

horizon in the Rego Dark Brown Chernozem (Site 6P) can be linked to 

downward nDVement of Fe. Even though secondary caroonates near and at 

the surface indicate a relatively high capillary fringe in the spring 

at this site, rusty iron mottles failed to develop in this soil. 
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Michalyna (1974) has stated that the distribution and recognition of 

ircin mottles was less readily observed on carbonated soils; iron was 

present, but distributed more uniformly around mineral and carbonate 

particles. However, mottles did develop in the carbonated Rego Humic 

Gleysol (Site 3P} in the other evaporative ring. This can be attri

buted to the fact that the Gleysol was not much higher in elevation 

than the adjacent depression, resulting in a higher capillary fringe 

at this site than in the Rego soil, which was sanewhat higher in 

elevation than the adjacent depression. In addition, the Gleysol was 

situated on a moist north slope, conducive to more diffusion of iron 

in the spring and subsequent mottle formation. The Fed maximum at a 

greater depth in the Rego than in the Gleysol reflects these moisture 

conditions. Finally, in situ weathering of iron-bearing minerals may 

have also contributed to sane of the increase in Fed with depth in the 

Rego soil. 

A Saline Rego Gleysol (Site 7P} has levels of Fed which 

increase with depth (Figure 53) suggesting downward movement of mobile 

ferrous compounds. Leaching apparently is sufficient to transport 

iron, as well as soluble salts (Figure 45), but is insufficient to 

rrove clay (Figure 53) • Fep and Fe
0 

values are low and constant 

throughout the profile. 

Two soils on cultivated uplands, an Orthic Dark Brown (Site 

lOP) and a Rego Dark Brown (Site llP), exhibit contrasting extractable 

iron profiles (Figure 54}. An increase in Fep and Fed in the Btjl in 

the Orthic profile can be accounted for by an increase in clay 

content. A slightly larger increase in Fed over CT suggests that some 

in situ weathering may have occurred in the Btjl horizon of this soil. 
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Comigration of clay and organa-iron complexes into this horizon is 

indicated by the bulge in Fep. A slight increase in Fed in the Ckgl 

can probably be related to the presence of rottles in this horizon. 

Fep and Fe
0 

values in the Rego profile (Site llP) are generally 

low and constant. Distribution of Fed doesn't appear to follow clay 

content, rather in situ weathering of iron-bearing silicate minerals 

in the Ck3 horizon apparently creates the maximum in Fed in this 

horizon. 
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In surrmary, sane noticeable trends can be identified with 

respect to Fee/Fed ratios in the soils of this area. Generally, 

FeofFed ratios are much higher in the Gleysolic soils than in the 

drier Chernozemic soils, particularly in the surface horizons of the 

former soils. 

5.6.6 Chemical data 

Chemical analysis done on soil extracts included total carbon, 

total nitrogen, inorganic available phosphorus, nitrate-nitrogen, 

available potassium, extractable H+, cation exchange capacity and 

exchangeable cations. However, this data was not discussed in the 

present thesis. This data is on file at the Saskatchewan Soil Survey 

office at the Saskatchewan Institute of Pedology, University of 

Saskatchewan, Saskatoon, Saskatchewan. 

5. 7 · Genesis, Distribution and Classification of So_ils 

5.7.1 Soil genesis in relation to groundwater 

Much of the variability in distribution of soil profiles in 

hummocky morainal tills can be related to groundwater. R.G. Eilers 

(personal carmunication) summed it up well when he stated that "the 

soil profile is the signature which reveals the relative quantity, 

direction and rate of water movement from the soil surfac~ to the 

water table and fran the water table back to the soil surface" • 

Table 5 shows the major soil sites at the St. Denis study area 

and their designated classification according to esse (1978). Also 

shown are the approximate highest and lowest depth ranges of the water 

table below the soil surface j(derived from observation wells and water 

presence in piezaneters) and the general daninant direction of ground

water flow (obtained from hydraulic head values from piezometers). A 
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Table 5. Water table ranges and daninant direction of groundwater 
flow in soils at the St. Denis study area. 

Soil Site 

Humic Luvic Gleysol lP 

Humic Luvic Gleysol 2P 

Humic Luvic Gleysol 4P 
Humic Luvic Gleysol 5P 

Humic Luvic Gleysol 3W 
l'i u .. -y'~; c. 

.Qrthie Luvic Gleysol 4W 

Humic Luvic Gleysol 5W 

Rego Humic Gleysol 3P 
Rego Dark Brown 6P 
Saline Rego Gleysol 7P 

Orthic Gleysol 9P 
Orthic Dark Brown lOP 
Rego Dark Brown llP 
Rego Gleysol 12P 

------
R = Recharge, L = Lateral, 

N.D. = Not Determined 

Depth range of 
water table (m) 

Highest Lowest 

Soil surface 3.0 

2.0 4.0 
<1.5 2.0 - 4.0 

1.5 - 2.0 2.0 - -4.0 
<0.5 m 3.0 

Above ground 3.0 

Above ground 3.0 

2.0 - 4.0 4.0 - 6.0 

2.0 - 4.0 4.0 - 6.0 
<2.0 2.0 - 4.0 

4.0 4.0 - 6.0 

3.0 - 4.0 4.0 - 6.0 
N.D. <7.0 

3.0 <6.0 

Daninant 
direction of 
groundwater 

flow 

R 

R 

R 

R 

R 

R 

R 

R, L, D 
R, D 

R, D 

R, L 
R, L 
R, L 

R, D 

-------------------------
D - Discharge 

soil map of the study area, showing soil distribution, is depicted in 

Figure 55. 

Soils in the area can be grouped into 4 classes: soils in 

upland depressions (Sites lP to 5P and 3W to 5W), soils adjacent to 

willows surrounding upland d~pressions (Sites 3P and 6P), soils at low 

elevations (Site 7P), and soils in cultivated uplands (Sites 9P, lOP, 

llP and 12P). Soils in upland depressions are generally all Humic 

Luvic Gleysols~ ~ith one Orthio t.uuic.,_::Gle.;rsel also eest:ar:r ing. These 
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soils exhibit d~ep solums with well-developed eluvial Ae and illuvial, 

clay-rich Bt horizons, low electrical conductivity (<1 dS/m), low 

quantities of soluble salts (generally ca2+, Mg2+ and so4 z-), a lack 

of caco3 in the upper meter of the profile, low water soluble 

Mg
2+;ca2+ ratios and Mg-free secondary calcites in the upper Ck 

horizon. 

The soil morphology of upland depressional soils can be attri

buted to "depression-focused recharge" of ponded water that collects 

in the sloughs in the spring as a result of surface runoff waters and 

snow accumulation. The presence of a perched water regime is 

indicated by the water levels in observation wells near or above the 

soil surface at these sites (Table 5) • Eilers (1982) noted that the 

soil type in glacial till in southeastern Saskatchewan was related to 

the ann1nt of ponded water available for infiltration; where the 

well-fractured oxidized Floral till was shallow under upland 

depressions, drainage and leaching increased, yielding numerous 

well-developed and numerous Ht.nnic Luvic Gleysols. 

Groundwater mounds form in the depressions after frost 

dissipation and the result is considerable downward flow and leaching 

of · soil. constituents in the smaller sloughs (Site SW) and n.,ear larger 

slough fringes (Sites 2P and SP), where the duration of saturation in 

the soil profile is relatively short. In contrast, shallower sola 

occur in the middle of the larger upland depressions (Sites lP and 

4P), where restricted drainage occurs due to a longer duration of 

saturation in the soil profile. Downward flow is indicated by the 

general trend of dominantly recharging groundwater flow below all 

these sites as shown by hydraulic head values in piezometers (Table 
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5). Little snowmelt water infiltrated through these sloughs in the 

two study period years 1981-82 due to the low amount of ponded water 

that collected in the sloughs. However, in a normal year when much 

rore ponded water is standing in these depressions {Millar, personal 

communication), groundwater mounds will extend into the summer. This 

was the case in the spring and summer of 1983. 

Two soils in "rego rings" encircling the aforementioned upland 

depressions are classified as a Rego Humic Gleysol (Site 3P) and a 

Rego Dark Brown Chernozem (Site 6P). These soils exhibit thin sola, 

low electrical conductivity values (<2.0 dS/m), mJderate quantities of 

soluble salts, carbonates to the surface with well-developed shallow 

Cca horizons, high water-soluble Mg2+;ca2+ ratios and the presence of 

Mg-bearing secondary calcites in Cca and upper Ck horizons. 

The thin sola of these two soils can be attributed to a small 

amount of surface water entering these soils and capillary rise from a 

shallow.water table. Although these soils were adjacent to willows 

and were covered with snow drifts of up to a meter in depth in the 

early spring of 1981 and 1982, most surface water was lost as runoff 

to the lower upland depressions. However, some leaching did occur as 

reflected. by low electrical conductivity values within th~ solum of 

these two soils. 

Moderate quantities of less-soluble salts are present, mainly 

eaoo3 and Mg-bearing calcites. All soils were carbonated to the 

surface and had shallow Cca horizons. Upward movement of carbonates 

close to the surface results from capillary rise of soluble salts via 

a high water table in the spring when a groundwater mound exists in 

the adjacent depression. As shown in Table 5, the water table in the 
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two soils (Sites 3P and 6P) was within 2-4 m of the surface.

The small groun~ater mounds formed in the two years of this 

study likely resulted in but few carbonates being transported upward 

to the surface in the "rego-rings". H011ever, any u:pward movement, 

even to lower profile depths, would have the effect of continually 

rejuvenating the supply of carbonates, so that in years when the water 

table rises much higher, significantly larger quantities of carbonates 

would be transported to the soil surface. Phreatophytic constnnption 

by will011s and the resulting "cone of depression" beneath such soils 

would also enhance this effect (Meyboam 1966). Water table depres

sions are indicated under these sites in the spring and summer of 1982 

(Figures 29 and 30} • 

Capillary rise of Mg2+ in solution was also prevalent in these 

soils, as refl~ed by high Mg2+;ca2+ ratios near the soil surface 

(Figure 45). The presence of Mg-bearing calcites, in addition to high 

Mg2+ /Ca2+ ratios, suggests that the build-up of Mg2+ in solution has 

been maintained in these carbonated Rego soils for many years (St. 

Arnaud 1979) • 

Soils at law elevation in the study area include Site 7P, a 

Saline Rego Gleysol. This soil profile exhibits a thin s?lum, high 

electrical conductivity values (as· high as 8 dS/m), high quantities of 

soluble salts (daninantly Mg2+, with Na+, ca2+ and so4 
2-), and 

carbon~tes to the surface, with well-developed, shall011 Cca horizons, 

high water-soluble Mg2+ ;ca2+ ratios and Mg-bear ing calcites. The 

morphology of this soil is daninated by a shallow water table and by 

it' s location in the landscape. The water table was always al:x:>ve 4 m 
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and sanetimes above 2 m (Table 5}, enabling the capillary fringe to 

dep::>sit cartxmates and soluble salts close to the surface, via 

evaporation. Large quantities of gypsum (CaS04 .2H20) crystals were 

evident during sampling. The presence of Mg-bearing calcites in the 

Cca horizon and high Mg2+;ca2+ ratios just below is indicative of 

capillary rise from a high water table (St. Arnaud 1979). 

Meyboam (1966) has shown that extensive saline areas occurred 

in artesian basins in Saskatchewan where the water table was less than 

3 m deep; ROzkowski (1967) attributed salinity in local discharge 

areas to capillary rise of groundwater, and MacLean (1974) showed that 

soil type was closely related to the water table depth, with Black 

Solonetz soils found where the water table was <0.5 m and the ground

water was high in sodium. 

Many of the soluble salts deposited in soils like the Saline 

Rego Gleysol were transported by groundwater flow systems. Obser

vation of groundwater flow patterns at this study area suggests local 

flow is primarily responsible for much of the discharge at this low 

elevation. This is what Leskiw (1971) coined as a "recharge area with 

island discharge" • The dominance of Mg2+ and SO 4 
2- ions in soil 

extracts at this site can also be used to identify local fl.ow systems 

(ROzkowski 1967). The relatively short lengths of the flow paths and 

the high salinity at Site 7P, suggests that the soluble salt content 

of the glacial till is a factor in increasing the salinity at the 

discharge ends of local flow systems. The association of caroonated, 

saline soils with groundwater discharge has been well documented 

(ROzkowski 1967; Leskiw 1971; Eilers 1973; MacLean 1974). Piezometers 

indicating recharge at this site for much of the study period indicate 



150 

period indicate the necessity of considering groundwater flow close to 

the water table, as well as above it. Tensiameters would therefore 

have been useful at this site. 

Soils in cultivated uplands included Orthic and Rego Gleysols 

(Sites 9P and 12P, respectively) and Orthic and Rego Dark Brown 

Chernozems (Sites lOP and llP, respectively). It should be pointed 

out that though the former two soils were classified as Gleysols by 

color criteria (CSSC 1978), that considering other criteria (landscape 

position, presence or absence of hydrophytic vegetation), they should 

probably be classified as well-drained and oxidized soils. 

Upland soils exhibit variable morphological properties, depen

dent on their position in the landscape. Rather deep water tables of 

usually greater than 3-4 m and dominantly groundwater recharge (Table 

5) result in non-saline Chernozemiq soils. MacLean (1974) noted that 

Chernozemic soils in his study area near Vegreville, Alberta, had 

water tables greater than 2.0 m below the surface. Low electrical 

conductivity values in the sola of Sites 9P, lOP, llP and 12P reflect 

the lack of salinity in these soil sola. However, leaching of soluble 

salts from the soil solum may deposit salts in the C horizon, the less 

soluble carbonates usually precipitated out higher in the profile than 

the more soluble salts. 

Evidence suggests that the greater depth to the water table and 

groundwater flow downward away from the water table results in the 

development of well-drained Chernozemic soils. Possibly, the problem 

with the soils classified as Gleysols was with rusty mottles 

associated with roots, formed in moist or wet conditions over frozen 

subsoil in the spring, or perhaps even to relict mottles. Most 
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morainal till soils on the prairies have as part of their parent 

materials, small weathered rock and mineral fragments which have color 

criteria sufficient to fit the definition of a mottle (R.G. Eilers, 

personal communication). 

5.7.2 Color criteria 

Table 2 illustrates how criteria based· on color are used as an 

indirect indicator of the gleying regime in the soil. The color 

parameters used in Canada to identify Gleysols are high chroma mottles 

and low matrix chranas within 50 em of the mineral surface. This 

section will briefly examine mottles and matrix chromas in relation to 

soil classification in five different Gleysol subgroups (15 Htunic 

Luvic Gleysols, 13 Rego Humic Gleysols and 13 Orthic Humic Gleysols, 

and 11 Rego Gleysols and 11· Orthic Gleysols) and 1 Gleyed subgroup (11 

different Gleyed subgroups taken as 1 subgroup). 

Using the criteria shown in Table 2, the Humic Luvic Gleysols 

fall into the Gleysolic Order almost exclusively via low matrix 

chranas, gray dull colors reflecting prolonged saturation and 

reduction (Figure 56). Thirteen of 15 subgroup profiles have matrix 

chromas of one or less within 50 em of the mineral surface. Gray 

colors generally occur within bleached eluvial Ahe, Ae, or ~lluvial Bt 

horizons. The intense gleying in the upper horizons, as evident by 

low chramas, is partly the result of the smaller structural elements, 

which increase the moisture capacity and bring a much larger 

proportion of the soil material into contact with the reducing agents 

(Cranpton 1952) • 

Classification problems arise when an albic Ae horizon of low 

chroma is taken as diagnostic of reduced soils. Many Gray Luvisols 
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Humic Luvic Gleysols 
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and Eluviated Chernozerns with matrix chramas of 1 or less in the Ae 

horizon would qualify as reduced soils. A tentative solution is to 

borrow from the u.s. system (Aqualfs), and require a gleyed argillic 

horizon for Luvic Gleysols. McKeague (personal communication) has 

stated that many of our Gray Luvisols have gleyed Ae horizons 

(distinct or praninent mottles) but the Bt horizon may not be mottled. 

Observation of soils at this study area indicates that Ae horizons of 

Humic Luvic Gleysols may or may not have rusty mottles but that Bt 

horizons almost invariably do have mottles and low chramas. High 

chroma mottles in the Btg horizon in the soil at Site 5W are seen in 

Plate 15. Profiles having low matrix chroma (~1) Ahe or Ae horizons 

also have similar colors in the Bt horizon, so the addition of "in the 

argillic horizon" would not affect the.classification of these soils. 

The color criteria "matrix chranas of 2 or less in hues lOYR or 

redder and prominent mottles above 50 em" , does not apply to many of 

these soils. Although 13 of 15 profiles have matrix chramas of 2 or 

less within 50 em of the soil surface, only 4 profiles have praninent 

rusty mottles above this depth (Figure 56). Generally, many, fine, 

faint ochreous mottles are found in most profiles within 50 em. The 

presence of many of these mottles in argillic horizons mqy partly 

explain the faint contrast; Michalyna (1974) suggested that diffusion 

of iron was slow in clay soils, resulting in faint to distinct, rather 

than prominent mottling. In addition, significant downward leaching 

through the solum of these soils may result in considerable loss of 

mobile ferrous compounds, consequently, low levels of oxidizable iron 

may exist in the upper horizons. This is indicated by the canigration 

of clay and iron into the Bt horizons in many of these soils (Figures 
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Plate 15. Typical high chrana mottles found in a Btg horizon 
(Site SW). 
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50 and 51). 

At present, there is an overlap in classification with regards 

to distinct mottles: a soil with distinct mottles within 50 em can be 

either a Gleysol or a Gleyed subgroup for another order. Michalyna 

(1974) described sane clay soils in Manitoba with distinct mottles 

that were reduced and suggested including distinct contrast in the 

Gleysolic Order color criteria. Perhaps mottle contrast is too 

specific at the present time because enough sites have not been 

checked with regards to color criteria. Adjectives used by the u.s. 

system for Aqualf suborders of the Alfisol Order, such as "mottles of 

stronger chroma" and "mottles of stronger chroma and redder hue" may 

eliminate same confusion (Soil Taxonomy 1975). On the other hand, 

mottle contrast "type has been definitely tied to the extent of 

saturation (MCKeague l965a; Stmonson and Boersma 1972; De K~ et al. 

1974) , as has mottle size and abundance (Crown and Hoffman 1970) • 

"Matrix chranas of 3 or less in hues yellower than lOYR and 

prcminent mottles" were virtually useless as criteria for Humic Luvic 

Gleysols because of the lack of olive hues 2.5Y and 5Y (Figure 56). 

Observation of soils at the study area indicates that the olive hues 

are associated with Ck and Cca horizons; the deep sola of "the Humic 

Luvic Gleysols lack these olive hues. This is in contrast to o~~er 

findings which associated olive hues of A2 and B horizons with 

waterlogged and reduced soils caused by perched water tables (Simonson 

and Boersma 1972). 

The criteria "praninent gray mottles in materials of reddish 

color that persist despite reduction" cannot be applied to these soils 

because of the lack of material of reddish color above 50 em. 
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Generally though, many gray mottles first occur in these soils at 

depths below 50 em (Figure 56). Gray mottle size and contrast are 

rather variable. Low chrana mottles usually appear as bleached 

surfaces along natural fissures in incompletely gleyed horizons. This 

has been previously reported by Bloomfield (1950) and Crompton (1952). 

At the St. Denis study area, Rego Humic G1eyso1s and Orthic 

Humic Gleysols are generally found around upland depressions and in 

cultivated low areas, with the former soil also occurring in caroon

ated "rego rings" around leached upland depressions and at low 

elevations where the water table is shallow (Figure 55). 

Figures 57 and 58 depict mottle and matrix chranas occurring in 

the upperroc>st horizon of Humic Gleysols. Few Humic Gleysols are 

classified as G1eysols based on matrix chromas of one or less. Four 

of 13 Rego Humic Gleysols and 2 of 13 Orthic Humic Gleysols satisfy 

this criteria. The color features indicating that these soils are 

reduced are matrix chranas ~2 or ~3 and prominent rusty mottles. In 

addition, prominent gray mottles within 50 em of the surface classify 

same of these soils as reduced and saturated for significant periods 

during the year. Typical gray mottles occurring in a silty parent 

material (near Site 7P) are shown in Plate 16. 

Gray mottles in the Humic Gleysols occur most frequently in the 

soil profiles in an uppermost horizon aoove 50 em. This is in 

contrast to the Humic Luvic Gleysols, where gray mottles were almost 

completely absent aoove 50 em. However, these latter soils exhibited 

much lower chrcmas aoove 50 em than the Humic Gleysols. van 

Wallenburg (1973) noted that in sane Dutch soils monitored for several 

years with observation wells and morphologically described, that gray 
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Orthic Humic G feysols 

Rusty Mottles Gray Mottles 
SUBGROUP FREQUENCY 

0 2 4 6 8 10 12 0 2 4 6 8 10 12 

0-50 

>50 

Mottle Chromo >4 Mottle Chroma :5 

E 
u 0-50 
., 
u 
c >50 ..... ... M M = (J) 

0 Mottle Abundance F- Few C-Common M-Many 
fJ) 

c 
~ o-so M ..... 
~ 

~50-100' M 

& l 
~ 

Mottle Size F-Fine M-Medium C-Coorse 

c. ! 
~ +1--~--~-+~~--~~--+-~--~--~~---L--~ 

o-5o ..........,..;;,__ 
+---~p 
l 

50-100! 
_Dp 

Mottle Contrast F-Faint 

I I I I I 

I~ I 
0-50 lS2 

t :53 

~ Matrix chromes !51 
~ 2 Matrix chromes !52 
~3 Matrix chromes ~3 

~------...J D p 

D- Distinct P-Prcminen1 

in hues IOYR or redder 
in hues yellower than IOYR 

Figure 58. Frequency of mottle and matrix chroma features occurring 
in an uppermost horizon of 13 Orthic Humic Gleysols. 



159 

Plate 16. Typical gray mottles found in silty lacustrine 
material in a low area with a shallow water 
table (near Site 7P). 
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mottles were always found between the mean high and mean low water 

table, the position of this layer dependent on texture, structure and 

the nature of the parent material. 

There is an apparent increase in olive hues occurring in an 

uppermost horizon within 50 em in the Humic Gleysol soils as compared 

to Humic Luvic Gleysols, with the vast majority of these hues found in 

Cca or Ck horizons. In addition, all these horizons are gleyed and 

exhibit praninent _ rusty or gray mottles. Soil Taxonany (1975) also 

describes s~ilar soils (Aquolls) as commonly having olive hues. 

Several criteria diagnostic of Aquolls that are not used in the 

Canadian system (CSSC 1978) are: histic epipedon, sodium (natric 

horizon) , and a calcic horizon (McKeague personal cacmunication) • 

None of the Humic Gleysol surface horizons sampled qualified as peat 

or histic epipedons. Most of the Rego Humic Gleysols in carbonated 

"rego rings" and at low elevations where the water table was shallow 

exhibited well-developed Cca horizons, reflecting capillary rise 

and/or leaching of secondary carbonates. Debate continues as to the 

significance of Cca horizons in classifying gleying regimes. The low 

chrana of the Cca horizon is due more to the presence of lime than to 

removal of pedogenic "free" iron oxides, however, the Cc~ horizon 

close to the soil surface also indicates that a high water table was 

present at sane time. 

Rego and Orthic Gleysols occur within the study area in upland 

cultivated depressions with the former soil also found at low eleva

tions (Figure 55). Soil transects through the upland cultivated soils 

revealed that many Orthic Gleysols could be found in rather high 

upslope positions, but often in slight micro-depressions. 
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The color criteria of "matrix chranas of one or less" did not 

apply to soils of the two Gleysol subgroups (Figures 59 and 60), 

suggesting a lack of strong reducing conditions in these soils. This 

was not unexpected since most of these soils lacked any hydrophytic 

vegetation. The color features thus used to denote these soils as 

reduced were matrix chranas <2 or <3 and praninent mottles. Almost 

all ochreous mottles occurring arove 50 em were praninent, thus 

agreeing well with the specific mottle contrast criteria. 

Gray mottles in an uppermost horizon generally occurred in most 

profiles within 50 em, and above and below this depth, in Rego and 

Orthic Gleysols, respectively. The first occurrence of gray mottles 

mostly above 50 em in Rego Gleysols, reflects the stronger reducing 

regime of these soils lower in the landscape than Orthic Gleysols, 

where many profiles have gray mottles beginning below 50 em. In 

addition to a high capillary fringe creating reducing conditions, 

saturated soil over frozen subsoil in the spring may perhaps 

contribute to many of the gray mottles near the soil surface. Little 

is known of the significance of gray mottles. Daniels, Gamble and 

Nelson (1971) reported that gley colors developed in Coastal Plain 

soils in North Carolina at profile depths saturated more ~an 50% of 

the time. Schilling (1960) also suggested that the depth to specific 

gray mottling gave a go::rl estimate of the wet season, mean high water 

table. 

The color criteria used to define Gleyed Chernozemic subgroups 

are "faint to distinct mottles within 50 em of the soil surface" • 

Figure 61 depicts mottles but no matrix chranas. The absence of low 

matrix chramas from the Gleyed criteria suggests that these soils lack 
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Orthic Gleysols 
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Gleyed Subgroups 
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reduced horizons above 50 em. High chroma mottle criteria suggests 

these soil color features arise mainly from a fluctuating water table. 

Rusty mottles first occurring above 50 em in the 11 Gleyed subgroups 

are typically variable in abundance, fine to medium, and dominantly 

faint in contrast. Gray mottles in an uppermost horizon occur within 

50 em, but also at greater depths. 

It is generally acknowledged that Gleyed subgroups represent 

intergrades between the strongly gleyed Gleysols and the oxidized 

soils at the upper end of the range. Michalyna (personal canmuni-

cation) pointed out that "the Canadian concept of the Gleysolic Order 

was restricted to pcx:>rly drained strong glei soils and not intended to 

include the intergrades". McKeague (personal canmunication) has noted 

that part of the problem will be solved when the concepts of taxonanic , 

and drainage classes diverge along separate paths and cease to be 

equated with each other. 

5.7.3 Color criteria and soil gleying regimes in relation to soil 

classification 

This section will compare the indirect indicators of gleying, 

color criteria, with direct indicators of gleying, extent of 

saturation and reduction. In addition, the relationshiP. between 

ochreous mottles and Fed, as well as Fe
0

, Fep' and Fee/Fed ratios, and 

soil reduction, will also be assessed in selected soils at the St. 

Denis study area. This information is surrmarized in Table 6. 

In the Humic Luvic Gleysols (Sites lP, 2P, 4P and SP), all 

soils have matrix chranas of 1 or less within 50 em of the mineral 

surface, suggesting reduction for prolonged periods. ~ profiles 

(Sites lP and SP) have faint rusty mottles, 1 soil profile (Site 2P) 
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Table 6. Rusty rrottle distribution, free iron distribution and soil 
redox regirre of soils at St. D=nis study area. 

Ib.lsty Soil F:i!:d SOil Site mottles redox regime Fed Fe
2 

_ 

n.u; l.P FFF (Btg) Reduced Max (Ckg) Mux (Ah) 
MFF (Ckg) 

Ah- 0.70-1.1 
H.IG 2P MFP (Btgl) Oxidized Max (Btgl) Max (Btgl) Ahe, Ae - 0.65-1.1 

Bt - 0.55-l.O 
H.I..G 4P M-tP {Ckg) Reduced Increase Max (1\heg) c - <0.35 

with depth 
fran surface 

H.IG 5P ftMP (Btql) Oxidized Max (Btgl) Max (Btgl) 

R.HG 3P f't1F (Ckgl) Oxidized Max (Ckgl) Low Ahg, AOg - >0.50 
c- <0.40 

R.DB 6P Absent Oxidized Increase Low Ap, Cca - >0.40 
with depth Ck - <0.40 
fran surface 

Saline R.G 7P MFF (Ccagj} Oxidized Increase Low Ah, ICgj - >0.65 
with dept.h c- <0.40 
fran surface 

o.G 9P CFP (Bg) Not Max (Ccag) Low Ap, Bg - >0.45 
measured c - <0.45 

O.DB lOP CFP (Cksagl) Not Max (Cksagl) !_0.55 
measured 

R.DB UP Absent Not Max (Ck3) Low !_0.45 
measured 

R.G 12P Absent ~Jot Increase Low !_0.50 
measured with depth 

fran surface 

Abundance Size Contrast 

Mottles: Few Fine Faint Fe: r-!ax (Ah) - Maxinuft in % Fed or 
canron Medium Distinct Fe0 in the Ah horizon 
Many Coarse Pran.inent 
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has prominent mottles, and another (Site 4P) has no ochreous mottles 

within 50 em of the surface, indicating fluctuating moisture and 

alternating reducing and oxidizing conditions were present in these 

soils. 

The soil moisture regime of the four Humic Luvic Gleysols fran 

late fall to early spring is affected by infiltration of snowmelt 

ponded water and upward movement of moisture to frozen layers. The 
.') f t.;_p h 
I";,~' i ? 

absence of frost in the soils at Sites lP 1and ~P, at first neutron 
J 

readings in the spring, indicates that the gain in soil moisture was 
J' 

mainly due to snowmelt infiltration (Figure 62). ~n contrast, frost ()!'I'/ 
7 

in the profiles of Sites 4P and 5P on April 23rd, indicates that 

snowmelt infiltration and upward movement of moisture to frost layers 

may be responsible for the gain in soil moisture in these two soils 

(Figure 63)~ The amount of water ponded on these four soils was 

significantly less in the spring of 1981, reflecting the small amount 

of .surface snowmelt runoff and snow accumulation in the depressions. 

Redox potentials were measured in the above soils from early 

May to late September 1982. Although the color features indicated 

that all four soils should be reduced, only two soils (Sites lP and 

4P) exhibited low redox potentials during the spring season (Table 

6). The soil at Site lP had a redox potential, Ept' of less than 100 

mv for l, 5 and 6 weeks at 15 (Ah), 25 (Ahe) and 50 em (Btg), respec-

tively: and a Ept of <200 mv for 6, 8 and 8 weeks at the three 

aforementioned depths. The soil at Site 4P showed an Ept of <100 mv 

for 9 and 0 weeks at 15 (Aheg) and 50 em (Btg2), respectively; and a 

Ept of <200 mv for 12 and 6 weeks at similar depths. Minimum redox 

potential values of + 100, 0 and 0 mv were recorded at 15, 25 and 50 em 
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(Site lP), respectively; and +125 and -100 mv at 15 and 50 em (Site 

4P), respectively. Redox potentials at Sites 2P and 5P failed to fall 

below +200 mv or +100 mv, respectively, with minimum redox values of 

+550 and +350 mv recorded in the former and latter soils, respec-

tively. McKeague (1965c) noted that redox potentials below 100 mv 

were only found in saturated soils, and esse (1978) states that "an 

Ept of less than 100 mv within the upper 50 em for a week or more is 

an indicator" of tteduced soils. 

The early disappearance of surface water in soils near the 

inside edge of upland sloughs (Sites 2P and SP) before redox 

measurements carmenced in May 1982, is reflected in the absence of low 

potentials at these sites. In contrast, soils in the lower center 

portion of the sloughs (Sites lP and 4P) remained wetter for longer 

periods in the spring, and c~equently exhibited low Ept values and 

reduction. 

An assumption that is acknowledged in checking color criteria 

on soils monitored for soil moisture and reduction regimes, is that it 

is necessary to assume that the moisture and redox conditions recorded 

are representative of those that prevailed during much of the period 

of soil developnent (McKeague personal carmunication) • Th~ two study 

period years of 1981-82 can be considered as abnormally dry: low 

snowmelt runoff together with a lack of rainfall resulted in small 

quanti ties of ponded water in the upland depressions. A normal or wet 

year yields significantly larger volumes of surface water in the 

upland sloughs (Miller personal communication). This was the case in 

1983, when 60 em of ponded water covered the entire depressions 

containing all four sites, with 24 em of water still standing at Sites 
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lP and 4P on August 5. Considering the above, one would expect that 

_in a normal year, saturation and low redox values would exist in all 

four soils for much of the growing season. 

There appears to be a link between high chroma mottles and 

dithionite-extractable iron (Fed) in all four soils (Table 6). Many 

prominent mottles in the Btgl horizon of soils at Sites 2P and SP 

coincide with maximum Fed values, and many prominent and many faint 

mottles in the Ckgl (Site 4P) and in the Ckg (Site lP) horizon, 

respectively, can also be related to an increase and maximum Fed 

content in the former and latter soil, respectively. It is postulated 

that Fe was transported by groundwater and precipitated in the zone of 

oscillating ground water surface, with much ·of the Fe accumulated 

within mottles (Blume and Schwertmann 1969; McKeague 1965b). Same 

authors have noted a maxima of Fed in prominently mottled horizons 

(McKeague et al. 1971; Mayck et al. 1978), while others noted no such 

trend (Michalyna 197 4) • 

Observation suggests that much of the dithionite-Fe found in 

the prominently mottled Btg horizons of Sites 2P and SP was trans

ported downward fran above along with fine clay. In addition, sane in 

situ weathering of iron-bearing minerals is indicated i~ these 

horizons, perhaps accounting for part of the Fed increase. 

Pyrophosphate-extractable iron was highest in the organic matter-rich 

surface horizons at Sites lP and 4P, reflecting the high amount of 

organically-camplexed iron. 

Fe c!Fed ratios of soil horizons have been considered as 

possible diagnostic criteria for differentiating soils. In the four 

Humic Luvic Gleysols studied here, Fee/Fed ratios range fran 0. 70-1.1 
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in the surface horizons, 0.65-1.1 in the Ahe or Ae horizons, 0.55-1.0 

in the Bt horizons, and generally dropping to below 0.35 in the C. 

Stonehouse and St. Arnaud (1971) also noted high and low FeofFed 

ratios in the near-surface and subsoil horizons, respectively, and 

suggested poorly drained soils had ratios in excess of 0.35 in the 

upper horizons and well-drained had ratios below 0.35. They indicated 

that reducing conditions or weathering may be responsible for the high 

Fe
0 

values in the upper horizons. De Kimpe et al. (1974) found 

FeofFed ratios of >0.76 in saturated and reduced soils with a redox 

potential of <100 mv. In contrast, Michalyna suggested that Fe(/Fed 

ratios of >0.45 in the subsoil could be used to define Gleysols. 

The color features of the Rego Humic Gleysol (Site 3P) , located 

in a carbonated "rego ring" indicate that this soil is saturated and 

reduced, leading to the development of matrix chramas of l or less in 

the Ahkg horizon. In addition, caunon to distinct and many praninent 

ochreous mottles also occur within 50 an of the surface, in the AC and 

Ccag horizons, respectively. 

The soil moisture reg~ of the soil at Site 3P is indicated in 

Figure 62. A slight gain in soil moisture is evident from November 

13, 1981 to April 23, 1982 in the depth range 15-45 em, while a loss 

in rooisture daninates depths below. A slight soil water gain near the 

surface probably reflects infiltration of snowmelt water over frozen 

subsoil below. No free surface water was observed on this soil in 

early spring, even though considerable snow was trapped by the 

adjacent willows. In the subsoil, moisture loss can be attributed to 

percolation of moisture to greater depths. Soil redox measurements 

were high during the spring: lowest Ept values recorded were +550 and 
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+350 mv at the 15 em (Ahkg) and 50 em (Ccag) depths, respectively. 

Mottle abundance can be related to Fed distribution: many 

medium faint rusty mottles coincide with the maximun in Fed in the 

Ckgl horizon at Site 3P. Fep values are low and constant throughout 

this profile. FeofFed ratios may help in identifying this soil: 

ratios equal 0.50 and 0.84 in the surface and AC horizons, respec-

ti vely, decreasing to generally below 0. 35 in the subsoil. In Rego 

Humic Gleysols found on sandy and clayey soils in Manitoba, Michalyna 

(1974) found FeofFea ratios were generally greater than 0.45 in the 

solum and below the solum. Perhaps the inhibiting effect of organic 

compounds in the surface and AC horizon on iron oxide crystallization 

partly explains the higher ratios close to the surface. On the other 

hand, Site 3P lies on the lower position of a cool north slope and 

slower dissipation of frost in this soil may result in some reduction 

over frozen subsoil early in the spring. 

A Rego Dark Brown soil (Site 6P) is located in another 

carbonated "rego ring11
• Matrix chranas of 2 occur in the Apk horizon, 

with chranas below this depth greater than 4. Mottles are absent fran 

this profile. The color features suggest a lack of any gleying. This 

is reflected by the dry soil moisture regime in the spring, where a 
.~ 

loss in soil moisture occurs at all depths due to percolation and a 

minimum of snowmelt infiltration (Figure 63). Redox potentials 

measured in the spring were high: the lowest Ept values were +350 and 

+500 mv at. 15 em (Apk) and 50 em (Cca) , respectively. Fed content 

increased slightly with depth, probably reflecting sane downward 

movement of iron compounds. FeofFed ratios were typically low in the 

solum, usually less than 0.45. This agrees well with the findings of 
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Michalyna (1974) who observed that matrix chramas of ~2 in clayey 

soils were generally associated with FeofFed ratios of less than 0.45. 

A Saline Rego Gleysol {Site 7P) is situated at a low elevation 

in the study area; consequently the water table is shallow in this 

area. Matrix chranas equal 2 in the Ahk, PC and Ccasagj horizons, 

increasing to 6 and 8 in the 2Ck and 3Cksagl horizon, respectively. 

Rusty mottles are few to many and faint, within 50 em of the surface. 

The soil is designated as a Gleysol based on prominent gray mottles 

present ab::>ve 50 em. 

Little snowmelt water infiltrated into the soil at Site 7P 

between November 13, 1981 and April 23, 1982, and percolation resulted 

in a decrease in soil moisture in the subsoil (Figure . 63) • Although 

little moisture enters the profile via snowmelt, the soil is dominated 
, 

by a shallow water table, which was often <2.0 m during the study. 

The presence of large quantities of gypsum crystals 20 em below the 

soil surface reflects the presence of a high capillary fringe. E pt 

values in this soil were high: the lowest values measured were +350 

and +450 mv at 15 em (AC) and 50 em (3Cksagl), respectively. FedFea 

ratios equalled 0.71 and 0.67 in the Ahk and AC, respectively, and 

were generally below 0.40 in the subsoil. High ratios near the 

surface and matrix chromas of 2 or less, along with faint rusty and 

prominent gray mottles, perhaps are diagnostic of a periodically 

saturated and reduced soil, affected primarily by a shallow water 

table. 

Orthic and Rego Dark Brown soils (Sites lOP and llP, 

respectively) generally exhibit higher chramas (>2) and an absence of 

mottles above 50 em, reflecting the lack of saturated and reducing 
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conditions. The change in soil moisture fran late fall to the 

following spring ·at these two sites is depicted in Figures 62 and 63. 

Percolation of soil water to greater depths, in addition to little 

snowmelt infiltration, yields a net loss in soil moisture in both 

soils. This appears to be the case in many upland soils on higher 

slope positions having deep water tables. Site llP, which is on a 

high arid knoll, has a rather deep water table, and thus shows the 

greatest loss in soil moisture. Redox was not measured in these 

soils. However, redox values could be expected to be rather high, due 

to low infiltration and deep water tables. A minimum amount of 

snowmelt infiltration into the soils at Sites lOP and llP was evident 

duri~g the spring of 1982 (Figures 62 and 63). 

Feo(Fed ratios in the sola and below the sola of the two soils 

were ~0.55 and ~0.45 for Sites lOP and llP, respectively, agreeing 

with the color features that designate these soils as oxidized and 

non-saturated. De Kimpe et al. (1974) found that soils on mid- and 

upper slope positions generally had FeofFed ratios less than 0.45 in 

the lower part or below the solum. 

The classification of two soils (Sites 9P and 12P) based solely 

on their color properties raises same commonly recurring problems in . 
gleysol classification. These two sites are located on cultivated 

uplands, at mid-slope positions. One soil (Site 9P) was keyed out 

according to color features as an Orthic Gleysol, the other (Site 12P) 

as a Rego Gleysol. The author believes that the color classification 

does not correctly place the two soils in the appropriate soil gleying 

class. Considering accessory criteria such as landscape position, 

presence or absence of hydrophytic vegetation, and probability of 
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p::>nding, the author would classify the soils at Site 9P and 12P as a 

Gleyed Rego Dark Brown and a Rego Dark Brown, respectively. 

Site 12P has matrix chromas of greater than 2 above 50 em and 

throughout the profile, and lacks any visible high chroma mottles. 

FeafFed ratios less than 0.50 throughout the profile suggests that 

weathering and/or reduction are at a minimum in this soil. Praninent 

gray mottles in the 2Ckgl horizon (28-50 em) appear to create the 

problem here. Observation suggests that other accessory criteria 

should also be considered when classifying a soil since color features 

alone, especially in upper slope positions, may be misleading. In 

addition the association of gray mottles and gleying in soils has not 

been well-documented in Canada. 

The soil at Site 9P (classified as an Orthic Gleysol) has 

matrix chranas of 2 in the Ap and Bg horizons along with ccmnon 

prominent ochreous mottles above 50 em. FeafFed ratios in the surface 

and Bg horizons are 0.57 and 0.49, respectively, decreasing to less 

than 0. 45 in the lower sola and below. Chranas of 2 in the Bg horizon 

along with prominent mottles suggests this soil may be periodically 

reduced. However, consideration of accessory criteria again, suggests 

that the soil may be an integrade and should not be designated as a 

poorly drained Gleysolic soil. Michalyna (personal camtunication) has 

pointed out that the Canadian concept of the Gleysolic Order was not 

intended to include intergrades, and that the shift to color features 

above 50 em has had the effect of broadening the scope of Gleysols, 

resulting in many problems with slightly gleyed soils. 

McKeague (personal carmunication) stated that "insisting on low 

matrix chranas (how low must be specified) within 50 em of the surface 
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for Gleysolic soils would result in shifting the Gleysolic order -

gleyed subgroup !x>undary far toward the Gleysolic side, resulting in 

the reclassification as gleyed subgroups of many soils currently 

designated as Gleysolic", On the other hand, classifying soils on 

cultivated upper slope positions as Gleysols (such as Sites 9P and 
-

12P) is obviously erroneous. Michalyna (1974) has stated that 

significant reduction may occur in the spring over frozen subsoil. 

Perhaps upland soils should be monitored with redox probes in the 

early spring to ascertain whether any reduction occurs, or if soil 

temperatures are too low to initiate reduction. Evidence seems to 

suggest that the two aoove soils should be reclassified, because color 

criteria fail to correctly identify these soils. 
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6. CCH:UJSI<BS 

6 .1 Hydrology 

The stratigraphy of the hummocky morainal study area is 

variable in texture, morphology, and chemical characteristics. 

Differences in texture between the various deposits result in variable 

hydraulic conductivities. Highest hydraulic conductivity values are 

found in the gravel and sand lenses within the till matrix, moderately 

lCM values ar.e found in the Battleford and oxidized Floral till, with 

lowest conductivities in the poorly permeable unoxidized Floral till. 

The higher permeabili ties in the uppermost Battleford and lower 

oxidized Floral till may be due to weathering and soil-forming 

processes present in the Battleford, and to fractures or well

developed channels in the Floral till. 

Study of the groundwater in this area revealed that water 

levels in observation wells and piezometers fluctuate in response to 

transient or time-dependent inflow and outflow processes. A rise in 

the water table or an increase in hydraulic potential can be 

attributed to snowmelt and rainfall infiltration. In contrast, a 

decline in the water level is usually due to dissipation of ground

water mounds, evapotranspiration, or phreatophytic consUlllj?tion by 

willows. Lag effects and a decrease in the amplitude of hydraulic 

potentials with depth, reflect the low permeability of the till and 

stratified drift deposits. 

Seasonal groundwater flow in the hummocky moraine of this study 

area, based on potentials in piezaneters, sh<.:Med a condition of 

daninantly downward groundwater flow during the winter with the local 

water table being relatively flat. Shallow flow ceases at this time, 
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causing frost to form in the shallower piezometers. Spring is 

characterized by sna~elt runoff into upland sloughs and 

"depression-focused" recharge. Perched water tables form over frost 

early in the spring, and later, relatively impermeable Bt horizons 

tend to inhibit downward movement of water. Groundwater mounds form 

under the upland sloughs, the upper surface of the water table 

resembling a "mirror-image" of th~ topographic surface. Recharge 

prevails under the water table highs with local discharge resulting 

around the slough perimeters. In sumner, the groundwater mounds 

dissipate as water moves downward and later ally. The presence of 

gravel and sand lenses create a "conduit-effect" and horizontal flow 

is enhanced, resulting in a gradual flattening of the water table. 

However, sane local discharge is still occurring around slough 

fringes, suggesting phreatophytic consumption by willows. Overall, 

seasonal groundwater flow is daninanted by groundWater mounds, and by 

gravel and sand lenses; the former providing water table relief 

necessary for creation of local flow systems, and the latter 

responsible for most of the inconsistencies and reversals observed in 

local flow systems. 

A study of soil moisture regimes in different soils shows that 

the amount of moisture affecting a specific profile depends mainly on 

landscape position. In the spring, soils in upland depressions 

exhibit wet or saturated conditions in the upper horizons and much 

less moisture in the subsoil; progressing upslope, soil moisture 

levels in profiles declines and becomes low and constant, reflecting 

less infiltration from snowmelt runoff and rainfall on upper slope 

pJSi tions than in closed depressions. Gains and losses in soil 
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moisture can be ascribed to infiltration, evapotranspiration, 

drainage, and capillary rise fran the water table. 

6.2 Soil Distribution 

Soils in a given landscape position in the study area exhibit 

similar morphological and chemical characteristics, the genesis of 

which, can be related to soil moisture, regimes and groundwater flow. 

Soils occurring in closed upland depressions are mainly Humic Luvic 

Gleysols, with some Orthic Luvic Gleysols. The genesis of these 

non-carbonated, non-saline soils can be attributed to an excess atrount 

of water, mainly fran snowmelt runoff, infiltrating to the water 

table. Leaching is evident by low concentrations of soluble salts in 

soil extracts beneath the sloughs, presence of carbonate accumulation 

layers to beyond 1 m, downward camigration of clay and free iron 

oxides, and generally deep sola. Leaching depth is beyond the upper 

carbonate accumulation layers, as evident by 1~ Mg++ in solution 

throughout the profiles, and an absence of Mg-bear ing calcites. 

Solum depth in upland depressions is variable between and 

within the sloughs, and can be related to slough size, shedding area 

available for surface runoff, and to the soil location in the larger 

depressions. Solum depth was greatest in the smaller sloughs, 

reflecting a higher rate of water loss and greater leaching. In the 

larger sloughs, sol urn depth is shallowest in the center, and increases 

towards the perimeter, reflecting a longer duration of saturation in 

soil profiles at the slough center. 

Soils occurring on lower slope positions, adjacent to willows 

around upland slough perimeters, include dominantly Gleyed Rego Dark 

Brown, with significant Calcareous Dark Brown and Rego Humic Gleysols. 
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The genesis of these carbonated, non-saline soils can be related 

mainly to a high water table, local discharge, and slight infiltra

tion. The presence of a high capillary fringe is evident by the 

presence of carbonates at the soil surface and to a buildup of Mg++ in 

solution at about 1 m. The presence of Mg-bearing calcites in the 

upper carbonate accumulation horizons, indicates that the influx of 

magnesium salts has been going on for many years. Infiltration is 

slight, but sufficient to leach out the more soluble salts, yielding 

relatively non-saline soils. The wide range in soil types reflects 

the variability in depth to water table, soil moisture regimes, and 

aspect. 

A wide range in soils occurs on the cultivated uplands. Soils 

found on convex slopes include Orthic, Calcareous and Rego Dark Brown, 

with Orthic Regosols present on eroded knolls. The genesis of these 

soils is mainly a function of slope position, which dictates how much 

water will infiltrate into the profile. Infiltration and lateral flow 

are sufficient to leach the more soluble salts out of the soil sola 

resulting in non-saline soils. The infiltration process creating a 

buildup of salts at depth, as evidenced by increasing Mg++ in 

solution, appears to be relatively recent in the majority of mid and 

upper slope soils, while in others, the presence of Mg-bearing 

calcites, in conjuction with Mg++;ca++ ratios of >1, indicates a 

long-term buildup of Mg ++ in solution. A deep water table, and mainly 

recharge and lateral groundwater flow, indicates that groundwater has 

little direct affect on the genesis of the above soils. 

Orthic and Rego Gleysols, and Orthic Humic and Rego Humic Gley

sols generally occur on lower concave slopes and depressions in the 
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cultivated uplands. The presence of many Orthic Gleysols at slightly 

higher slope positions in slight micro-depressions, suggests these 

soils may be affected by temporary saturation above frozen layers in 

the spring. Gleysols occurring on lower slopes and in low areas 

appear to be related to a shallow water table and/or wet conditions 

resulting from surface runoff infiltration. 

Soils at low elevations in the study area consist of generally 

equal pro'fX)rtions of Rego Humic Gleysols, Rego Gleysols, and Saline 

Rego Gleysols. The genesis of these soils can be related to a shallow 

water table and local water discharge. The non-saline Gleysols are 

found in depressions which usually receive snowmelt runoff in the 

spring, and consequently are leached of salts. Saline soils occur on 

lower slope positions, where the water table is always above 2-4 m, 

and often above 2 m. Evidence of capillary rise is revealed by a 

maximum in caco3 at the soil surface, mottles close to the surface, 

and large de'fX)si ts of gypsum at very· shallow depths. Mg ++ /Ca ++ ratios 

>1 and Mg-bearing calcites within a meter of the ground surface 

indicate that the salinization process has been occurring for a long 

time. High salinity in these soils and the relatively short length of 

the local groundwater flow systems in this area, suggests that the 

soluble salt content of the glacial till may be a factor in increasing 

the salinity at discharge ends of local flow systems. 

6.3 Soil Classification 

Soils exhibiting matrix chramas of one or less within 50 em of 

the mineral surface are generally associated with closed depressions, 

hydrophytic vegetation, ponded water, and reduction in the spring 

reflecting prolonged saturation and anaerobic conditions. An absence 
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of low redox potentials in soils near the slough perimeter can be 

attributed to the abnormally low amount of snowmelt runoff in the two 

spring study periods. Consequently, it is doubtful whether soil 

moisture and redox potentials recorded were representative of 

conditions during soil development. 

Redox potentials decreased below 100 mv for a week or more 

during the May-June period in soils in the middle of the sloughs, 

where profiles remained saturated for the longest duration. Lowest 

Ept values measured in a soil profile occurred in the surface horizon 

of one soil, and in the Bt horizon of another, reflecting reduction in 

the presence of organic matter, at soil temperatures above 5°C, in the 

former soil, and possible release of Fe2+ from minerals in the latter 

soil. The presence of ochreous mottles in upland depressional soils 

can be related to an increase or maximum in dithionite-extractable 

iron. 

Soils in the study area with matrix chramas of ~2 or ~3 and 

accompanied by prominent rusty mottles, or soils with prominent gray 

mottles, can generally be associated with a fluctuating water table 

and/or temporary saturation above the frost layer in the spring. Most 

Cca horizons close to the soil surface exhibit rusty mottles, 

suggesting these horizons were once reduced and that the lime may not 

always mask the presence of mottles. 

Color criteria failed to satisfactorily identify same soils in 

the study area, particularly in upper slope profiles exhibiting 

praninent rusty or gray mottles. Based on the results of this study, 

matrix chramas of one or less within 50 em of the mineral surface, in 

conjunction with accessory criteria, should be used to designate soils 
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of the Gleysolic Order. Accessory criteria could include landscape 

position, presence or absence of hydrophytic vegetation, probability 

of water pending, presence of lime close to the surface, and FeofFed 

ratios. 

Evidence from the results of this study suggest that FeofFed 

ratios may be useful in distinguishing reduced and oxidized soils. 

Reduced soils in sloughs containing ponde? water in the spring, 

hydrophytic vegetation, and having matrix chranas of one or less 

within 50 em of the surface, generally have FeofFed ratios ~0.55 in 

the sola, with ratios as high as unity, and subsequently decreasing to 

<0.35 in the C horizon. Soils on lONer slope positions affected by a 

high water table and/or temporary saturation above frozen subsoils, 

and having matrix chranas of ~2 or ~3, generally have FeofFed ratios 

of >0. 55 in the upper horizons. Oxidized soils on mid and upper slope 

positions having high matrix chromas generally have FeofFed ratios 

<0.55 in the sola and below the sola. 

Gleyed subgroups of other orders would then be designated by 

the presence of mottles within 50 em, suggesting these soils are 

primarily affected by a fluctuating water table and/or temporary 

saturation above the frost layer in the spring. The writer realizes .. 

that this change in the criteria would result in the reclassification 

of many Gleysolic soils, to Gleyed subgroups of other orders, but 

believes this shift would more correctly identify soils affected by 

gleying. It is also proposed that mottle contrast suggested as a 

criterium in the present Canadian classification system, may be too 

specific at the present time. Perhaps more general adjectives should 

be used in describing mottles, such as "mottles of stronger chrana and 
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redder hue" that are used by the u.s. system for the Aqualf suborder 

of the 9rder Alfisols. More studies need to be initiated with respect 

to color features and soil moisture and reduction regimes in different 

materials and different environments in Canada, to allow the develop

ment of more specific color criteria. It is suggested that redox 

measurements in the early spring in near-surfac~ and surface horizons 

over frozen subsoil may reveal whether many soils presently classified 

as Gleysols on apparently well-drained slope positions, are in fact 

reduced. 
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7. Sfi.M\RY 

The objectives of this research were to use soil survey, 

laboratory, and field instrumentation techniques to investigate the 

relationship between groundwater flow and soil genesis, and the 

relationship between color features used to classify soils of the 

Gleysolic Order and Gleyed subgroups of other orders, and soil 

moisture and reduction regimes. 

The study area selected is located in central Saskatchewan, 

approxtmately 48 km east of Saskatoon in the Minichinas Hills uplands, 

at the St. Denis Canadian Wildlife Service Research area. The area is 

located in the Dark Brown soil zone, on a hL1Jll'[l()(;:ky Weyburn till 

landscape, with major slopes ranging fran 10-15%, and abundant 

depressions or sloughs. 

Piezaneters and/or observation wells, neutron access tubes, and 

thermocouples were installed in the fall of 1980 at 20 different sites 

in the study area. Hydraulic conductivity field tests were performed 

on piezaneters in the fall of 1981, and platinum electrodes installed 

at 7 sites in the spring of 1982. Drill logs were obtained during the 

augering for insertion of piezometers, and soil and geologic material 

was taken to the lab for morphological, chemical and physical 

analysis. 

Stratigraphy of the study area is extremely variable: shall<M 

surface deposits are dominantly silty lacustrine (stratified drift), 

with moderately permeable Battleford and oxidized Floral till, and 

poorly-permeable unoxidized Floral till, forming the matrix; within 

each till unit are randomly occurring fluvial lenticular bodies of 

highly permeable gravel and sand. Shale was observed at a relatively 
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shallow depth under a high knoll. The upper surface of the oxidized 

Floral till tends to parallel the ground surface. 

Water table and piezaneter water levels can be related to 

transient effects. Water levels fluctuate in response to time

dependent changes in snowmelt, precipitation and evapotranspiration 

events. Infiltration was abnormally low during the two year study 

periods of 1981 and 1982. The major source of recharge to the water 

table is via snowmelt runoff to upland sloughs (depression-focused 

recharge). Groundwater rounds are formed in depressions, resulting in 

water table relief that resembles a "mirror-image" of the soil 

surface. Recharge prevails and considerable leaching of soil 

constituents occurs, yielding leached, non-carbonated and non-saline 

soils. 

Groundwater mounds create high water table levels around 

depressions, enabling the capillary fringe to deposit carbonates to 

the surface around the slough perimeter. In addition, the mound acts. 

as a water source for local discharge, continually moving soluble 

salts to the slough perimeter. This process continues into the summer 

because of a water table depression created around depression fringes 

by phreatophytic consumption of groundwater by willows. Soils in 

these areas are generally caroonated and non-saline. 

Discharge also occurs at locally low elevations where the water 

table is shallow. Capillary rise fran the water table and evaporation 

resulted in deposition of salts and carbonates close to the soil 

surface. Local discharge such as this, conforming to Leskiw' s (1971) 

"recharge area with island discharge", and high salinity, indicates 

that the soluble salt content of the glacial till is a factor 
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in increasing salinity along relatively short groundwater flow paths. 

Groundwater flow beneath soils on mid and upper slopes plays a 

minor role in the genesis of these soils because the water table is 

generally too deep to affect soil solum develor:ment. It appears that 

soil morphology is more a function of inflow processes at the soil 

surface, and slope position, which dictates how much moisture will 

enter the profile. Groundwater flow in the hummocky till of this 

study area resembles Meyboam's (1966b) ground-water flow in willow-

rings in hummocky moraine. 

-Soils in a given landscape position have si'llilar chemical 

characteristics with respect to salinity, soluble salts, carbonates, 

and iron distribution. These are soils in upland depressions, soils 

in "rego-rings", soils at low elevations, and cultivated upland soils 

on mid- and upper-slopes. Soil type often varies within these four 

classes, reflecting the importance of specific site factors. Relief 

appears to be the daninant factor responsible for the great variety of 

different subgroups found in a hummocky morainal till landscape. 

Color morphology of soil profiles described fran the soil 

transect and soil profile study sites were examined to ascertain which 

specific color criteria (Canada Soil Survey Committee 1978) was most 

frequent in classifying a particular Gleysol and/or Gleyed subgroup. 

Trends were noted in mottle and matrix chrana occurrence in an 

uppermost horizon. The color criteria used to identify seven soils 

was checked by monitoring the sites for extent of saturation and redox 

potential. Of the six Gleysols and one Chernozem monitored, only two 

~~ibited reduction of E t <100 mv for a week or more. These soils p -

occupy the centers of upland sloughs and exhibit the wettest moisture 
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regimes. Two soils not moni tared for redox were keyed out as 

Gleysols, however, considering accessory criteria, they would be 

reclassified as either Gleyed Chernozems or Chernozemic soils. The 

presence of mottles above 50 em appeared to create the classification 

problem. 

Fed, Fe
0

, Fep, and Fee/Fed distribution in profiles were 

examined to ascertain if iron would be useful as diagnostic for 

classifying soils. There is a definite relationship between Fed and 

high chrana mottles, and Fed'Fed ratios are possible accessory 

criteria for identifying reduced or oxidized soils. 
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9. S I T E DESCRIPTIONS 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

I.J::)cation: 

Vegetation: 

Horizon, 
Depth (an) 

Ah 
0-22 

Ahe 
22-33 

Btg 
33-51 

Btgj 
51-102 

Ckg 
102-115 

* 2Ckgj 
115-143 

199 

SITE lP 

Humic Luvic Gleysol 

Silty lacustrine over till 

546 m 

0 % 

Level 

Center of upland slough, SE-28-37-l-W3 

Sedge (Carex) and Smartweed (Polygonum) 

Profile Description 

Dark grayish bratm (lOYR 3/2m) ; loam; moderate fine 
subangular blocky, breaking to moderate to strong 
fine granular; very friable; abundant very fine 
vertical inped roots; highly porous. 

Dark grayish brown (lOYR 4/2m) ; clay loam; moderate 
medium subangular blocky breaking to moderate to 
strong coarse platy; firm; plentiful very fine 
vertical inped roots; moderately porous. 

Dark gray (lOYR 3. 5/lm) ; clay; few fine faint brown 
(lOYR 4/6m) IOOttles; moderate fine prismatic 
breaking to moderate to strong fine angular blocky; 
firm; many very thin clay films on ped faces; few 
very fine vertical inped roots; slightly porous. 

Very dark brown (lOYR 3/2m) ; heavy clay; few fine 
faint red ( 2. 5YR 4/Sm) mottles; moderate to strong 
medium prismatic breaking to moderate medium 
angular blocky; friable; continuous moderately 
thick clay films on ped faces; very few very fine 
vertical inped roots; slightly porous. .~ 

Gray (lOYR 6/lm) ; silty clay loam; many fine 
faint brown (lOYR 5/Sm) mottles; weak to moderate 
coarse subangular blocky breaking to weak to 
moderate fine angular blocky; friable; very few 
very fine vertical inped roots; slightly porous; 
moderately calcareous lacustrine. 

Grayish brown (lOYR 5/2m) ; fine sandy clay loam; 
many medium faint brC1tlil (lOYR 5/Sm) IOOttles; weak 
to moderate coarse angular blocky breaking to weak 
to moderate fine subangular blocky; friable; very 
few micro vertical inped roots; slightly porous; 
moderately calcareous; Battleford till • 

.----------------------
2C = IIC; 3C = IIIC, etc. 



Horizon, 
Depth (em) 

2Ckgl 
143-173 

2Ckg2 
173-244 

2Ckg3 
244-366 

2Ckl 
366-427 

2Ck2 
427-488 

2Ckgl 
488-549 

2Ckg2 
549-610 

200 

SrTB lP - Continued 

Profile Description 

Dark yellowish brown (lOYR 4.5/4m) ~ fine sandy clay 
loam; many medium praninent gray (2.5Y 7/2m) 
mottles; weak to IOOderate medium angular blocky 
breaking to weak to moderate fine angular blocky; 
friable; very few micro vertical inped roots; -
slightly strongly calcareous; Battleford till. 

Yellowish brown (lOYR 5/4m); sandy clay loam; few 
fine praninent gray (2.5Y 6/2m) mottles; massive 
to moderate strong medi~se subangular blocky; 
firm; slightly porous; moderately calcareous; 
oxidized fractured Floral till. 

Yellowish brown (lOYR 5/4m); sandy clay loam; 
prominent brown (lOYR 4/6m) mottles; massive to 
moderate strong medium-coarse subangular blocky; 
firm; slightly porous; m::xlerately calcareous; 
axidized fractured Floral till. 

Dark grayish brown (lOYR 4/2m); sandy clay loam; 
massive to subangular blocky; very firm; slightly 
porous; rnc:Xierately calcareous; gravelly oxidized
unoxidized Floral till. 

Dark gray (lOYR 3. 5/2m) ; sandy clay loam; massive 
·to subangular blocky; firm; m::xierately porous; 
moderately calcareous; oxidized-unaxidized Floral 
with saturated gravel and (or} sand lens. 

Grayish brown (lOYR 4.5/2m}; fine sandy clay loam; 
prominent brown (lOYR 6/6m) mottles; sticky; 
rroderately porous; moderately calcareous; unoxi
dized Floral till. 

Dark gray (lOYR 4.5/lm); fine sandy clay loam~ gray 
(lOYR 6/lJn) mottles~ sticky~ m::xlerately porous; 

weakly calcareous; unaxidized Floral till. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

U:x::ation: · 

Vegetation: 

Horizon, 
Depth (an) 

Ahg 
0-18 

Ahe 
18-33 

Ae 
33-42 

Btgl 
42-59 

Btg2 
59-79 

Btg3 
79-95 

201 

SITE 2P 

Humic Luvic Gleysol 

Silty lacustrine over till 

544 m 

1% 

Level 
Inside edge of upland slough (SE-38-37-l-W3) 

Sedge (Carex) and Smartweed (Polygonum) 

Profile Description 

Dark gray (lOYR 4/lm); loam; weak fine to medium 
angular blocky breaking to moderate to strong fine 
granular; very friable; abundant very fine randan 
inped roots; highly porous. 

Light gray (lOYR 7/1.5m); loam; strong fine platy 
breaking to moderate fine subangular blocky; soft; 
abundant very fine vertical inped roots; moderately 
PJrous. 

Gray (lOYR 7/1. 5m) ; loam; strong fine platy 
breaking to moderate fine subangular blocky; soft; 
abundant very fine vertical inped roots; moderately 
porous. 

Dark gray (lOYR 3. 5/lm) ; heavy clay; many fine 
praninent red (lOYR 4/Sm) mottles; strong medium 
prismatic breaking to moderate to strong fine 
angular blocky; very firm; continuous thin clay 
films on ped faces; plentiful very fine vertical 
inped roots; slightly porous. 

Very dark gray (lOYR 3/lm) ; heavy clay; red (2. 5YR 
5/8m) mottles; strong rnedit.nn pr isrnatic breaking to 
moderate fine to medium angular blocky; slightly 
sticky; continuous moderately thick clay films on 
ped faces; plentiful very fine vertical inped 
roots; slightly porous. 

Dark gray (lOYR 3.5/lm); heavy clay; many medium 
faint brown (lOYR 6/Sm) mottles; moderate medium 
prismatic breaking to moderate fine angular blocky; 
slightly sticky; continuous moderately thick clay 
films on ped faces; plentiful very fine vertical 
inped roots; slightly porous. 



Horizon, 
Depth (an) 

Bgl 
95-115 

Bg2 
115-136 

Ckgj 
136-144 

2Ckgl 
144-171 

2Ckg2 
171-335 

2Ckg3 
335-396 

2Ck 
396-457 

2Ckg 
457-518 

202 

SITE 2P - Continued 

Profile Description 

Grayish brown (2.5Y 5/2); very fine sandy clay 
loam; many medium prominent yellowish red ( 5YR 
5/Sm) rottles; moderate medium to coarse angular 
blocky breaking to weak to moderate fine angular 
blocky; sticky; few very fine vertical inped roots; 
moderately porous. 

Grayish brown (2.5Y. 5/2m); very fine sandy clay 
loam; many fine prominent brownish yellow (lOYR 
6/Sm) oottles; weak to moderate medium angular 
blocky breaking to weak to moderate fine angular 
blocky; sticky; few very fine vertical inped roots; 
moderately porous. 

Light brownish gray (2.5Y 6/2m); silty clay loam; 
cammon fine faint light olive brown (2.5Y 5/6m) 
mottles; weak fine to medium angular blocky 
breaking to weak fine subangular blocky; sticky; 
plentiful micro vertical inped roots; moderately 
porous; IOClderately calcareous; lacustrine. 

Yellowish brown (lOYR 5.5/6m); fine sandy clay 
loam; many coarse faint gray (lOYR 5/lm) rrottles; 
weak medium to coarse columnar breaking to weak 
fine angular blocky; sticky; few micro vertical 
inped roots; moderately porous; moderately cal
careous; Battleford till. 

Yellowish brown (lOYR 4.5/4m); fine sandy clay 
loam; few fine faint gray (lOYR 6/lm} mottles; 
massive to subangular blocky; sticky; slightly 
pervious; moderately calcareous; Battleford till. 

Yellowish brown (lOYR 5/ 4m) ; fine sandy .clay loam; 
few fine faint gray (lOYR 6/lm) mottles; massive 
to medium-coarse subangular blocky; sticky; 
slightly porous; IOClderately calcareous; oxidized 
Floral with stained sandy fractures. 

Yellowish brown (lOYR 4.5/4m); fine sandy clay 
loam; massive to medium-coarse subangular blocky; 
very firm; slightly pervious; moderately cal
careous; oxidized-unoxidized Floral till. 

Dark gray (lOYR 4/lm) ; fine sandy clay loam; 
massive to medium-coarse subangular blocky; very 
firm; slightly pervious; moderately calcareous; 
unoxidized Floral till. 



Horizon, 
Depth (em} 

2Ck 
518-579 

2Ckgj 
579-640 

2Ckgl 
640-701 

2Ckg2 
701-762 
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SITE 2P - Continued 

Profile Description 

Yellowish brown (lOYR 5/4m); fine sandy clay loam; 
massive to medium-coarse subangular blocky; firm; 
slightly pervious; moderately calcareous; oxidized
unoxidized Floral till. 

Dark grayish brown (lOYR· 4/2.5rn); fine sandy clay 
loam; camon medium faint yellowish brown (lOYR 
5/8m) mottles; massive; very fir.m; slightly 
pervious; moderately calcareous; unoxidized Floral 
till. 

Dark gray (lOYR 4.5/lm); fine sandy clay loam; many 
medium faint yellowish brown (lOYR 5/8m) IOOttles; 
massive; sticky; slightly pervious; moderately cal
careous; unoxidized Floral till. 

Dark gray (lOYR 4.5/lm); fine sandy clay loam; few 
fine faint yellowish brown (lOYR 5/8m) mottles; 
massive; sticky; slightly pervious; moderately cal
careous; unoxidized Floral till. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

!J:lcation: 

Vegetation: 

Horizon, 
Depth (em) 

Ahkg 
0-20 

N::. 
20-33 

Ccag 
33-56 

Ckgj 
56-65 

Ckgl 
65-80 
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SITE 3P 

Rego Humic Gleysol 

Silty lacustrine over till 

545 m 

4% 

N 

Outside of upland slough, adjacent to willows 
(SE-28-37~ l-w3) 

Couchgrass (Agropyron) 

Profile Description 

Dark gray (lOYR 3. 5/lm) ; loam; moderate medium 
angular blocky breaking to moderate fine granular; 
friable; abundant very fine randan inped roots; 
highly porous; moderately calcareous. 

Grayish brown (lOYR 5/2m) ; loam; camon fine 
distinct brown (7. 5YR 5/Sm) mottles; weak to 
moderate medium subangular blocky breaking to 
moderate fine subangular bl9Cky; friable; plentiful 
micro randan inped roots; highly porous; moderately 
calcareous. 

Light brownish gray (2.5Y 6/2m); silty clay loam; 
many fine praninent brown (lOYR 6/Sm) mottles; 
moderate medium angular blocky breaking to moderate 
fine angular blocky; very friable; plentiful micro 
randan inped roots; highly porous; strongly cal
careous; lacustrine. 

Light brownish gray (lOYR 6.5/2m); silty, clay loam; 
many medium faint brown (lOYR 5/Sm) mottles; weak 
to moderate medium angular blocky breaking to weak 
to moderate fine angular blocky; very friable; few 
micro r andan inped roots; highly porous; strongly 
calcareous; lacustrine. 

Gray (lOYR 6/lm); silty clay loam; many medium 
faint brown (lOYR 5/Sm) mottles; moderate medium 
angular blocky breaking to moderate fine angular 
blocky; very friable; few very fine randan inped 
roots; highly porous; strongly calcareous; 
lacustrine. 



Horizon, 
Depth (em) 

Ckg2 
80-100 

Ckg3 
100-120 

2Ck 
120-160 

2Ckgl 
160-183 

2Ckgl 
183-244 

2Ckl 
244-305 

2Ck2 
305-366 

2Ck3 
366-427 

2Ckgl 
427-488 
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SITE 3P - Continued 

Profile Description 

Grayish brown (2.5Y 5/2m); silty clay loam; many 
medium praninent brown (lOYR 6/8m) mottles; 
moderate medium angular blocky breaking to moderate 
fine angular blocky; very friable; few very fine 
randan inped roots; highly porous; strongly cal
careous; lacustrine. 

Olive brown (2.5Y 4.5/4m); silty clay loam; many 
medium faint brownish gray (2. SY 6/2m) mottles; 
moderate medium to coarse angular blocky breaking 
to moderate to strong fine angular blocky; sticky; 
plentiful very fine vertical inped roots; highly 
porous; moderately calcareous; lacustrine. 

Olive brown (2.5Y 4.5/4m); sandy clay loam; 
moderate medium to coarse angular blocky breaking 
to weak to moderate fine to medium angular blocky; 
friable; few micro vertical inped roots; highly 
porous; moderately calcareous; Battleford till. 

Light olive brown (2.5Y 5/4m); fine sandy clay 
loam; few fine faint light gray (2.5Y 7/0m) 
mottles; massive; slightly sticky; slightly 
porous; moderately calcareous; Battleford till. 

Light olive brown (2.5Y 5/4m); fine sandy clay 
loam; few fine faint light gray (2.5Y 7/0m) 
mottles; massive; sticky; slightly porous; 
moderately calcareous; Battleford till. 

Light olive brown (2.5Y 5/4m); fine sandy clay 
loam; massive; very firm; slightly porous; 
moderately calcareous; Battleford - oxidized 
Floral till. 

Dark grayish brown (2.5Y 4/2m); fine sandy clay 
loam; massive; very firm; slightly porous; 
moderately calcareous; oxidized stains on 
fractures; oxidized Floral till. 

Grayish brown {2.5Y 5/2m); fine sandy clay loam; 
massive; firm; slightly porous; moderately cal
careous; oxidized-unoxidized Floral till. 

Dark grayish brown (2.5Y 4/lm); fine sandy clay 
loam; few fine praninent brown (lOYR 5/Sm) 
mottles; massive; firm; slightly porous; 
moderately calcareous; unoxidized Floral till. 



Horizon, 
Depth (em) 

2Ckg2 
488-580 

2Ckg3 
580-641 

2Ckg4 
641-702 

2Ckg5 
702-763 

2Ck 
763-824 

2Ck 
824-885 
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SrDE 3P - Continued 

Profile Description 

Dark grayish brown (2.5Y 4/lm); fine sandy clay 
loam; many coarse prominent brown (lOYR 5/8m) 
mottles; massive, firm; slightly porous; 
moderately calcareous; unoxidized Floral till. 

Very dark gray (lOYR 3. 5/lm) ; heavy clay; few 
fine distinct brown (7 .5YR 4/4m) mottles; massive; 
friable; slightly porous; moderately calcareous; 
modified unoxidized Floral till. 

Grayish brown (2.5Y 5/2m); clay; few fine 
praninent brown (lOYR 6/6m) IOOttles; massive; 
sticky; slightly porous; moderately calcareous; 
unoxidized Floral till. 

Grayish brown (2.5Y 5/2m); fine sandy clay loam; 
few mediwn prominent brown (lOYR 5/8m) mottles; 
massive; sticky; slightly porous; moderately 
calcareous; unoxidized Floral till. 

Grayish brown (2.5Y 4.5/2m); fine sandy clay loam; 
massive; very sticky; slightly porous; moderately 
calcareous; unoxidized Floral till. 

Grayish brown (2.5Y 5/2m); fine sandy clay loam; 
few medium prominent brown (lOYR 5/Sm) mottles; 
massive; sticky; slightly porous; moderately cal
careous; unoxidized Floral till. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

Location: 
Vegetation: 

Horizon, 
Depth (em) 

Aheg 
0-30 

Btgl 
30-55 

Btg2 
55-75 

Ckgl 
75-110 

Ckg2 
110-140 

2Ckgl 
140-155 

2Ckg2 
155-336 
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SITE 4P 

Humic Luvic Gleysol 

Silty lacustrine over till 
542 m 

0% 

Level 
Center of upland slough 
Sedge (carex) and Whitetop grass (Scolochloa) 

Profile Description 

Very dark gray (lOYR 2. 5/lm); loam; moderate medium 
angular blocky breaking to moderate very fine to 
fine granular; very friable; abundant very fine 
randan inped roots; highly porous. 

Dark gray (lOYR 4.5/lm); silty clay loam; weak to 
moderate medium to coarse subangular blocky 
breaking to weak to moderate fine to medium sub
angular blocky; sticky; abundant very fine vertical 
inped roots; moderately porous. 

Dark gray (lOYR 4.5/lm); silty clay loam; massive; 
sticky; few very fine vertical inped roots; 
slightly porous. 

Light brownish gray (2.5Y 6/2m); silty clay loam; 
many medium praninent brown (lOYR 6/Sm) mottles; 
massive; sticky; few very fine vertical inped 
roots; moderately porous; moderately calcareous; 
lacustrine. 

Light brownish gray (2.5Y 6/2m); silty olay loam; 
many medium praninent brown (lOYR 5/Sm) mottles; 
massive; sticky; few very fine vertical inped 
roots; moderately porous; moderately calcareous; 
lacustrine. 

Light gray (2.5Y 7/2m); fine sandy clay loam; many 
medium praninent brown (lOYR 6/Sm) mottles; weak 
medium angular blocky breaking to weak to moderate 
fine subangular blocky; slightly sticky; moderately 
porous; moderately calcareous; Battleford till. 

Light olive brown {2.5Y 5.5/~); clay loam; few to 
ccmoon fine praninent gray (lOYR 6/lm) mottles; 
massive; slightly sticky to sticky; slightly 
porous; rnoderately calcareous; Battleford till. 



Horizon, 
Depth (em) 

2Ckl 
336-397 

2Ck2 
397-519 

2Ckgl 
519-580 

2Ckg2 
580-885 

2Ckg3 
885-915 
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SlTE 4P - Continued 

Profile Description 

Light olive brown (2.5Y 5/4m); clay loam to loam; 
massive; sticky; slightly porous; moderately cal
careous; Battleford till. 

Dark grayish brown (2.5Y 4/2m); fine sandy clay 
loam; massive; firm; slightly porous; moderately 
calcareous; sandy oxidized fractures; oxidized
unoxidized Floral till. 

Yellowish brown (lOYR 4.5/lm); fine sandy clay 
loam; massive; sticky; slightly porous; moderately 
calcareous; oxidized-unaxidized Floral till. 

Dark gray (5Y 4/lm); fine sandy clay loam; massive; 
firm; slightly porous; moderately calcareous; 
unoxidized Floral till. 

Very dark gray (SY 3/lm) ; fine sandy clay loam; 
massive; sticky; slightly porous; moderately cal
careous; unaxidized Floral till. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

Location: 

Vegetation: 

Horizon, 
Depth (em) 

Ahgj 
0-23 

Aheg 
23-42 

Aeg 
42-64 

Btgl 
64-83 

Btg2 
83-100 

Btg3 
100-132 
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SITE SP 

·Humic Luvic Gleysol 

Battleford till 

545 m 

1% 

South 

Inside edge of upland slough 

Sedge (Carex) and Whitetop grass (Scolochloa) 

Profile Description 

Very dark grayish brown (lOYR 3/2m); loam; many 
fine faint brONn (lOYR 4/6m) mottles; IOOderate to 
strong fine to medium subangular blocky breaking to 
IOOderate to strong fine granular; very friable; 
abundant very fine randan inped roots; highly 
porous. 

Dark gray (lOYR 4/lm) ; loam; carm:>n fine faint 
brONn (lOYR 4/6m) mottles; m:Xierate to strong 
medium angular blocky breaking to moderate to 
strong fine platy; slightly hard; abundant very 
fine vertical inped roots; highly porous. 

Light gray (lOYR 7 /lm) ; loam; many medium faint 
brown (lOYR 7/Sm) mottles; IOOderate to strong 
medium to coarse subangular blocky breaking to 
strong fine platy; slightly hard; abundant very 
fine vertical inped roots; highly porous. 

Very dark gray (lOYR 3/lm) ; heavy clay; many 
medium praninent red ( 2. SYR 5/Sm) mottles; strong 
medium prismatic breaking to moderate to strong 
fine to medium angular blocky; firm; continuous 
thin clay films on ped faces; plentiful very fine 
vertical inped roots; slightly porous. 

Dark gray (lOYR 4.5/lm); fine sandy clay loam; many 
medium praninent red (2.5YR 5/Sm) mottles; pris
matic breaking to angular blocky; firm; many very 
thin clay films on ped faces; few micro vertical 
inped roots; moderately porous. 

Dark gray (lOYR 4. 5/lm) ; clay; many medium 
praninent red (2.5YR 5/Sm) mottles; IOOderate to 
strong medium prismatic breaking to moderate medium 
angular blocky; slightly sticky; continuous thin 
clay films on ped faces; plentiful micro vertical 
inped roots; slightly porous. 



Horizon, 
Depth (em) 

Bg 
132-157 

2Ckgl 
157-175 

2Ckg2 
175-336 

2Ckg3 
336-397 

2Ck 
397-519 

2Ckg 
519-641 
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SrTE SP - Continued 

Profile Description 

Gray (5Y 5/lm) ; fine sandy clay loam; many medium 
distinct brown (7 .5YR 5/8m) mottles; weak to 
moderate medium to coarse angular blocky breaking 
to weak to moderate fine angular blocky; sticky; 
abundant micro vertical inped roots; moderately 
porous. 

Yellowish brown {lOYR 5/8m); fine sandy clay loam; 
many coarse praninent light gray (5Y 6/lm) mottles; 
massive; slightly sticky; plentiful very fine 
vertical inped roots; slightly porous; moderately 
calcareous; Battleford till. 

Light olive brown (2.5Y 5/4m); fine sandy clay loam 
canmon fine faint gray (2.5Y 6/0m) nnttles; 
massive; sticky; slightly pervious; moderately cal
careous; Battleford till. 

Light olive brown (2.5Y 5/4m); fine sandy clay 
loam; few fine faint gray (2.5Y 6/0m) mottles; 
massive; sticky; slightly pervious; moderately 
calcareous; Battleford till. 

Light olive brown {2.5Y 4.5/3.5m); fine sandy clay 
loam; massive; firm; slightly porous; moderately 
calcareous; Battleford till. 

Dark gray (lOYR 3. 5/lm) ; fine sandy clay loam; 
massive; firm; slightly pervious; moderately cal
careous; Battleford till. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

Location: 

Vegetation: 

Horizon, 
Depth (em) 

Apk 
0-34 

Cca 
34-60 

Ck 
60-80 

Ckg 
80-127 

2Ckg 
127-145 
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srm 6P 

Rego Dark Brown Chernozem 

Silty lacustrine over till 

544 m 

4% 

North 

Adjacent to willow ring; just outside of upland 
slough (NE-28-37-l-w3) 

Grasses 

Profile Description 

Very dark grayish brown (10YR 3/2m) ; loam; moderate 
to strong medium to coarse angular blocky breaking 
to moderate fine granular; friable; abundant very 
fine vertical inped roots; highly porous; strongly 
calcareous. 

Light yellowish brown {2.5Y 6/4m); silty clay loam; 
moderate to strong medium to coarse angular blocky 
breaking tornoderate fine angular blocky; soft; 
abundant very fine vertical inped roots; highly 
porous; very strongly calcareous; lacustrine. 

Olive brown {2.5Y 4.5/4m); silty clay loam; moder
ate to strong medium to coarse angular blocky 
breaking to moderate fine angular blocky; very 
friable; abundant very fine vertical inped roots; 
highly porous; very strongly calcareous; lacus
trine. 

Light olive brown {2.5Y 4.5/4m); silty clay loam; 
ccmnon fine praninent gray {lOYR 6/lm) nl:>ttles; 
moderate to strong, medium to coarse angular 
blocky breaking to moderate fine angular blocky; 
very friable; abundant very fine vertical inped 
roots; highly porous; very strongly calcareous; 
lacustrine. 

Light olive brown (2.5Y 4.5/4m); fine sandy clay 
loam; many medium praninent gray (lOYR 6/lm) 
IOOttles; moderate medium to coarse subangular 
blocky breaking to moderate fine to medium sub
angular blocky; friable; few very fine vertical 
inped roots; moderately porous; moderately cal
careous; Battleford till. 



Horizon, 
Depth (em) 

3Ck 
145-170 

4Ck 
170-200 

4Ckgl 
200-214 

4Ckg2 
214-275 

4Ckg3 
275-336 

4Ckl 
336-397 

4Ck2 
397-458 

4Ckgj 
458-519 

4Ckgl 
519-580 

4Ckg2 
580-641 
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SlTE 6P - Continued 

Profile Description 

Saturated gravel lens. 

Light olive brown (2.5Y 5/4m); fine sandy clay 
loam; moderate medium to coarse angular blocky 
breaking to moderate medium angular blocky; 
friable; slightly porous; rnoderately calcareous; 
Battleford till. 

Light olive brown (2.5Y 5/4m); fine sandy clay 
loam; few fine praninent gray (lOYR 6/lm) mottles; 
massive; friable; slightly porous; moderately cal
careous; Battleford till. 

Light olive brown (2.5Y 5.5/4m); fine sandy clay 
loam; many medium praninent brown (lOYR 6/Sm) 
rottles; massive; very hard; slightly porous; 
moderately calcareous; Battleford till. 

Light brownish yellow (2.5Y 6.5/4m); fine sandy 
clay loam; many medium praninent brown (lOYR 6/Sm) 
mottles; massive; very hard; slightly porous; 
moderately calcareous; Battleford till. 

Olive brown (2.5Y 4/4m); fine sandy clay loam; 
massive; firm; slightly porous; moderately cal
careous; water-bearing sand fractures; oxidized 
Floral till. 

Light olive brown (2.5Y 5.5/4m); fine sandy clay 
loam; massive; firm; slightly porous; rnoderately 
calcareous; fractured and oxidized; oxidized Floral 
till. 

Grayish brown (2.5Y 5/2m) ; very fine sandy clay 
loam; camton fine distinct brown (7 .5 YR 5/Sm) 
mottles; massive; firm; slightly porous; moderately 
calcareous; oxidized Floral till. 

Very dark gray (lOYR 3.5/lm); fine sandy clay loam; 
ccmnon fine faint brown (lOYR 6/Sm) mottles; 
massive; firm; slightly porous; moderately cal
careous; matrix unoxidized; sane fractures lined 
with dry fine sand; unoxidized Floral till. 

Dark gray (lOYR 4/lm); fine sandy clay loam; camtOn 
fine faint brown (lOYR 6/Sm) rottles; massive; 
firm; slightly porous; moderately calcareous; 
oxidized staining on fractures; unoxidized Floral 
till. 



Horizon, 
Depth (em) 

4Ckg3 
641-702 

4Ckg4 
702-763 
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SITE 6P - Continued 

Profile Description 

Dark gray (lOYR 4.5/lm); fine sandy clay loam; 
ccmnon fine faint brown (lOYR 6/8m) mottles; 
massive; firm; slightly porous; moderately cal
careous; mottles are faint stains in fractures; 
unoxidized Floral till. 

Dark gray (lOYR 4. 5/lm) ; fine sandy clay loam; many 
fine faint brown (lOYR 6/Sm) mottles; massive1 
firm1 slightly porous1 moderately calcareous; 
unoxidized Floral till. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

I.a:ation: 

Vegetation: 

Horizon, 
Depth (em) 

Ahk 
0-5 

ACk 
5-19 

Ccasagj 
19-29 

2Ck 
29-49 

3Cksagl 
49-95 

3Cksag2 
95-133 
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SITE 7P 

Rego Gleysol 

Silty lacustrine over gravelly fluvial over till 

54 1m 

4% 

East 

Low elevation adjacent to permanent slough 
(NE-28-37-l-W3) 

Prairie grasses, wolf willow (Elaegnus); water 
milfoil (Myriophyllum) in adjacent slough, with 
cattail (Typha) occupying shoreline 

Profile Description 

Dark grayish brown (lOYR 4/2m) ; loam; moderate fine 
to medium angular blocky breaking to moderate fine 
granular; very friable; abundant very fine randan 
inped roots; highly porous; strongly calcareous. 

Dark grayish brown (lOYR 4/2m) ; loam; few fine 
faint brown (lOYR 5/Sm) m6ttles; moderate fine to 
medium angular blocky breaking to moderate fine 
angular blocky; very friable; abundant very fine 
randan inped roots; highly porous; strongly cal
careous. 

Light gray (2.5Y 7/2m); fine sandy clay loam; many 
fine faint brown (lOYR 5/Sm) mottles; moderate 
medium angular blocky breaking to moderate fine 
angular blocky; friable; moderately porous; 
strongly calcareous; moderately saline; lacustrine. 

Light olive brown (2.5Y 5/6m); gravel; highly 
porous; strongly calcareous. 

Yellowish brown (lOYR 5/Sm) i.<.sfine sandy clay loam; 
many medium praninent gray ClQYJt 6/lm) mottles; 
weak to moderate fine to medium angular blocky 
breaking to weak to moderate fine angular blocky; 
sticky; few very fine vertical inped roots; moder
ately porous; moderately calcareous; I'OC)derately 
saline; Battleford till. 

Yellowish brown (lOYR 5/Sm) ; loamy sand; many 
medium faint gray (lOYR 6/lm) mottles; massive; 
slightly sticky; few very fine vertical inped 
roots; highly porous; moderately calcareous; 
moderately saline; Battleford till. 



Horizon, 
Depth (em) 

3Cksag3 
133-160 

3Cksag3 
160-214 

3Cksal 
214-275 

3Cksa2 
275-336 

3Cksa3 
336-366 

3Ckgl 
366-427 

3Ckgl 
427-549 

3Cksg 
549-580 
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SrTE 7P - Continued 

Profile Description 

Light olive brown (2.5Y 5/4m); fine sandy clay 
loam; catJOOn fine faint gray (2.5Y 6/0m) mottles; 
massive; sticky; slightly porous; weakly cal
careous; rocx:lerately saline; Battleford till. 

Light olive brown ( 2. 5Y 5/ 4m) ; fine sandy clay 
loam; catJOOn fine faint gray (2.5Y 6/0m) mottles; 
massive; sticky; slightly porous; weakly cal
careous; rocx:lerately saline; Battleford till. 

Light olive brown (2.5Y 5/4m); fine sandy clay 
loam; massive; friable; slightly porous; weakly 
calcareous; moderately saline; Battleford till. 

Light olive brown (2.5Y 4.5/4m); fine sandy clay 
loam; massive; firm; slightly porous; weakly 
calcareous; weakly saline; Battleford till. 

Olive brown (2.5Y 4/lm); fine sandy clay loam; 
massive; sticky; slightly porous; weakly cal
careous; weakly saline; Battleford till. 

Very dark gray (lOYR 3.5/lm); fine sandy clay 
loam; cannon fine faint brown (lOYR 5/8m) mottles; 
massive; very firm; slightly porous; weakly cal
careous; wet sand and gypsum crystals in fractures; 
oxidized Floral till. 

Very dark gray (lOYR 3. 5/lm) ; fine sandy clay loam; 
ccmnon fine faint brown (lOYR 5/8m) mottles; 
massive; very firm; slightly porous; weakly cal
careous; unoxidized Floral till. 

Very dark gray (lOYR 3.5/lm); fine sandy clay loam; 
ccmnon fine faint brown (lOYR 5/Bm) mottles; 
massive; firm; slightly porous; moderately cal
careous; fractures coated with gypsum crystals; 
unaxidized Floral till. 
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SITE 9P 

Classification: Orthic Gleysol 

Parent Material: Silty lacustrine over till 

Elevation: 544 m 

Slope: 2% 

Aspect: North 

Location: Midslope position on cultivated field (NE-28-37-l-W3) 

Vegetation: Barley (Hordeum) 

Horizon, 
Depth (em) Profile Description 

Ap Very dark grayish brown (lOYR 3/2m) ; loam; moderate 
0-8 to strong medium to coarse angular blocky breaking 

to moderate to strong fine granular; very friable; 
abundant medium randall inped roots; highly porous. 

Bg 
8-24 

Bgj 
24-42 

Ccag 
42-60 

Ckg 
60-90 

Very dark grayish brown (lOYR 3/2m) ; loam; canmon 
fine praninent red (2.5YR 3/6m) mottles; moderate 
to strong medium to coarse angular blocky breaking 
to moderate to strong fine angular blocky; very 
friable; abundant micro vertical inped roots; 
highly porous. 

Dark brown (lOYR 3/2.5m); loam; many medium faint 
brown (lOYR 6/Sm) mottles; moderate to strong 
medium to coarse angular blocky breaking to moder
ate to strong fine to medium angular blocky; very 
friable; abundant micro vertical inped roots; 
highly porous. 

Light olive brown (2.5Y 5.5/4m); silty clay loam; 
many medium distinct gray (SY 6/lm) mottles; carmon 
fine praninent brown (lOYR 5/8m) mottles'; moderate 
to strong medium to coarse angular blocky breaking 
to moderate to strong fine to medium angular 
blocky; slightly sticky; plentiful very fine ver
tical inped roots; highly porous; strongly cal
careous; lacustrine. 

Light olive brown (2.5Y 5.5/4m); fine sandy clay 
loam; many medium distinct gray (SY 6/lm) mottles; 
many medium praninent brown (lOYR 5/8m) mottles; 
moderate to strong medium to coarse angular blocky 
breaking to moderate to strong fine to medium 
angular blocky; slightly sticky; plentiful very 
fine vertical inped roots; highly porous; strongly 
calcareous; lacustrine. 



Horizon, 
Depth (em) 

2:kgl 
90-135 

2Ckg2 
135-155 

2Ck 
155-275 

2Ckgl 
275-336 

2Ckg2 
336-397 

2Ckg3 
397-458 

2Ckg4 
458-519 

2Ckg5 
519-580 
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SlTB 9P - Continued 

Profile Description 

Light olive brown (2.5Y 5/4m); sandy clay loam; 
many medium distinct gray (5Y 6/lrn) rottles; many 
medium praninent brown (lOYR 5/8m) mottles; 
moderate to strong medium to coarse angular blocky 
breaking to moderate to strong fine to medium 
angular blocky; friable; plentiful very fine verti
cal inped roots; highly porous; strongly calcar
eous; Battleford till. 

Olive brown (2.5Y 4/4m); fine sandy clay loam; few 
fine distinct gray (5Y 6/l.m) mottles; canmon coarse 
praninent brown (lOYR 5/8m) mottles; moderate to 
strong medium to coarse angular blocky breaking to 
moderate fine to medium angular blocky; friable; 
very few very fine vertical inped roots; moderately 
porous; strongly calcareous; Battleford till. 

Olive brown (2.5Y 4.5/4m); fine sandy clay loam; 
massive; slightly sticky; slightly porous; moder
ately calcareous; Battleford till. 

Olive brown (2.5Y 4.4/4m); fine sandy clay loam; 
carman fine distinct gray (5Y 6/lrn) mottles; 
massive; very firm; slightly porous; moderately 
calcareous; highly stained; fractured; oxidized 
Floral till. 

Olive brown (2.5Y 5.4/4m); fine sandy clay loam; 
many fine praninent brown (lOYR 5/8m) mottles; 
massive; firm; slightly porous; moderately cal
careous; oxidized Floral till. 

Light olive brown (2.5Y 5.5/4m); fine sandy clay 
loam; many medium praninent brown (lOYR .S/8m) 
mottles; massive; very firm; slightly porous; 
rnoderately calcareous; oxidized Floral till. 

Olive brown (2.SY 4.5/4m); fine sandy clay loam; 
many fine praninent brown (lOYR 6/8m) mottles; 
massive; very firm; slightly porous; moderately 
calcareous; oxidized Floral till. 

Gray (lOYR 5/lrn) ; fine sandy clay loam; many 
fine faint brown (lOYR 6/8m) mottles; massive; 
very hard; slightly porous; moderately cal
careous; unoxidized Floral till. 



Horizon, 
Depth (em) 

2Ckg6 
580-641 

2Ckg7 
641-702 

2Ckg8 
702-763 
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SlTE 9P - Continued 

Profile Description 

Gray (lOY.R 4.5/lm); fine sandy clay loam; many 
coarse faint brown (lOYR 6/8m) mottles; massive; 
firm; slightly porous; moderately calcareous; 
oxidized-unoxidized Floral till. 

Dark gray (lOYR 3.5/lm); fine sandy clay loam; 
many medium faint brown (lOYR 6/8m) mottles; 
massive; firm; slightly porous; moderately cal
careous; unoxidized Floral till. 

Dark gray (lOYR 4. 5/lm) ; fine sandy clay loam; 
common fine faint brown (lOYR 6/Sm) mottles; 
massive; firm; slightly porous; moderately cal
careous; unoxidized Floral till. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

Location: 

Vegetation: 

Horizon, 
Depth (em) 

Ap 
0-12 

Btjl 
12-42 

Btj2 
42-58 

Cksagl 
58-76 

Cksag2 
76-100 
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srm lOP 

Orthic Dark Brown Chernozem 

Silty lacustrine over till 

545 m 

6% 

North 

Toe slope position on cultivated field 
(NE-28-37-l-W3) 

Barley (Hordeum) 

Profile Description 

Very dark grayish brown (lOYR 3/2m) ; loam; mcxierate 
fine to medium angular blocky breaking to moderate 
to strong fine granular; very friable; abundant 
micro randan inped roots; highly porous. 

Dark grayish brown (lOYR 3/2.5m); loam; moderate 
medium to coarse angular blocky breaking to moder
ate to strong fine angular blocky; very friable; 
few very thin clay films on ped faces; abundant 
micro vertical inped roots; highly porous. 

~ 

Dark brown (lOYR 3/3m); clay loam; moderate to 
strong fine to medium prismatic breaking to moder
ate to strong fine angular blocky; friable; ccmoon 
very thin clay films on ped faces; abundant micro 
vertical inped roots; highly porous. 

Light olive brown (2.5Y 5/~); silty clay loam; 
_carman fine praninent brown (lOYR 5/Sm) mottles; 
moderate medium to coarse angular blocky breaking 
to IOOderate fine to medium angular blocky; friable; 
abundant micro vertical inped roots; moderately 
porous; strongly calcareous; moderately saline; 
lacustrine. 

Light olive brown (2.5Y 4.5/~); silty clay loam; 
many coarse distinct gray (5Y 6/lm) mottles; moder
ate medium to coarse angular blocking breaking to 
IOOderate fine to medium angular blocky; friable; 
abundant micro vertical inped roots; moderately 
porous; moderately calcareous; moderately saline; 
lacustrine. 



Horizon, 
Depth (em) 

Ckgl 
100-125 

Ckg2 
125-145 

Ckg3 
145-160 

Ckg4 
160-214 

2Ckgl 
214-275 

2Ckgl 
275-336 

2Ckl 
336-397 

2Ck2 
397-458 

2Ckgl 
458-519 
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SrTE lOP - Continued 

Profile Description 

Gray (lOYR 6/lm) ; silty clay loam; many fine faint 
brown (lOYR 5/Sm) mottles; moderate medium angular 
blocky breaking to moderate fine to medium angular 
blocky; slightly sticky; abundant micro vertical 
inped roots; moderately porous; moderately cal
careous; lacustrine. 

Light olive brown (2.5Y 5/4m); silty clay loam; 
many fine praninent gray (5Y 6/lm) mottles; moder
ate medium to coarse angular blocky breaking to 
moderate fine to medium angular blocky; slightly 
sticky; plentiful micro vertical inped roots; 
moderately porous; strongly calcareous; lacustrine. 

Light olive brown (2.5Y 4.5/4m); silty clay loam; 
carroon fine praninent gray ( 5Y 6/lm) mottles; 
moderate medium to coarse angular blocky breaking 
to moderate fine to medium angular blocky; slightly 
sticky; plentiful micro vertical inped roots; 
moderately porous; strongly calcareous; lacustrine. 

Olive brown (2.5Y 4/3m); silty clay; many fine 
praninent gray (5Y 6/lm) mottles; massive; slightly 
sticky; slightly porous; moderately calcareous; 
lacustrine. 

Olive brown (2.5Y 4/4m); silty clay loam; CantiX)n 
fine praninent gray (5Y 6/lm) mottles; massive; 
slightly sticky; slightly porous; moderately cal
careous; Battleford till. 

Olive brown (2.5Y 4/4m); fine sandy clay loam; 
carrt'K)n fine praninent gray (5Y 6/lm) mottles; 
massive; slightly sticky; slightly porous; moder-
ately calcareous; Battleford till. · 

Olive brown ( 2. 5Y 4/ 4m) ; fine sandy clay loam; 
massive; slightly sticky; slightly porous; moder
ately calcareous; Battleford till. 

Light olive brown (2.5Y 5/4m); fine sandy clay 
loam; massive; firm; slightly porous; moderately 
calcareous; Battleford till. 

Light olive brown (2.5Y 5/4m); fine sandy clay 
loam; many coarse praninent brown (lOYR 5/Sm) 
mottles; massive; firm; slightly porous; moder
ately calcareous; oxidized Floral till. 



Horizon, 
Depth (em) 

2Ckg2 
519-641 

2Ckg3 
641-702 

2Ckg4 
702-763 

2Ckg5 
763-824 

2Ckg6 
824-885 
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SlTE lOP - Continued 

Profile Description 

Olive brown (2.5Y 4/3m); fine sandy clay loam; 
many coarse praninent brown (lOYR 5/Bm) mottles; 
massive; sticky; slightly porous; moderately cal
careous; oxidized Floral till. 

Light olive brown (2.5Y 5/4m); fine sandy clay 
loam; many coarse praninent brown (lOYR 5/Sm) 
mottles; massive; very firm; slightly porous; 
moderately calcareous; unoxidized Floral till. 

Light brownish gray (2.5Y 6/2m); fine sandy clay 
loam; many coarse praninent brown (lOYR 5/Sm) 
mottles; massive; very hard; slightly porous; 
moderately calcareous; unoxidized Floral till. 

Olive brown (2.5Y 4/4m); sandy clay loam; many 
coarse praninent brown (lOYR 5/8m) mottles; 
massive; very sticky; slightly porous; moderately 
calcareous; unoxidized Floral till. 

Dark grayish brown (2.5Y 4/3m); fine sandy clay 
loam; many coarse praninent brown (lOYR 5/8m) 
mottles; massive; very firm; . slightly porous; 
moderately calcareous; unoxidized Floral till. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

Location: 

Vegetation: 

Horizon, 
Depth (em) 

Apk 
0-10 

Ckl 
10-35 

Ck2 
35-65 

Ck3 
65-130 

Ckg 
130-159 

Ckl 
159-275 
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SITE llP 

Rego Dark Brown Chernozem 

Till 

544 m 
12% 

Level 

Crest of high knoll (SE-28-37-l-W3) 

Barley (Hordeum) 

Profile Description 

Light gray (lOYR 7/2.5d); loam; moderate medium to 
coarse angular blocky breaking to moderate medium 
granular; hard; abundant very fine randan inped 
roots; moderately porous; strongly calcareous. 

Pale brown (lOYR 6. 5/3d) ; sandy loam; moderate 
medium angular blocky breaking, to moderate fine 
angular blocky; hard; abundant very fine randan 
inped roots; moderately porous; strongly cal
careous; Battleford till. 

Pale brown (lOYR 6.5/3d); sandy loam; moderate fine 
to medium angular blocky breaking to moderate fine 
angular blocky; hard; plentiful very fine randan 
inped roots; moderately porous; moderately cal
careous; Battleford till. 

Olive brown (2.5Y 4.5/4m); sandy loam; moderate 
coarse angular blocky breaking to moderate fine 
angular blocky; friable; very few very fine randan 
inped roots; slightly porous; moderately cal-
careous; Battleford till. .~ 

Olive brown (2.5Y 4.5/4m); sandy clay loam; many 
fine praninent brown (lOYR 7/6m) mottles; moderate 
coarse angular blocky breaking to moderate fine 
angular blocky; friable; very few very fine randan 
inped roots; slightly porous; moderately cal
careous; Battleford till. 

Light brownish gray (2.5Y 6/2d); sandy clay loam; 
rnassi ve; extremely hard; slightly fX)rous; moder
ately calcareous; Battleford till. 



Horizon, 
Depth (em) 

Ck2 
275-336 

Ck3 
336-397 

Ck4 
397-519 

Ckgl 
519-580 

Ckg2 
580-641 

Ckg3 
641-702 

Ckg4 
702-824 

Ckg5 
824-946 

Ckg6 
946-10.1 m 

Ckg7 
10.1 - 10.4 m 
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SrTE llP - Continued 

Profile Description 

Light brownish gray (2.5Y 6/3d); sandy clay loam; 
massive; extremely hard; slightly porous; moder
ately calcareous; Battleford till. 

Light brownish gray {2.5Y 6/2d); sandy clay loam; 
massive; extremely hard; slightly porous; moder
ately calcareous; Battleford till. 

Light brownish gray (2.5Y 6/3d); fine sandy clay 
loam; massive; extremely hard; slightly porous; 
moderately calcareous; Battleford till. 

Light yellowish brown (2.5Y 6.5/4d); sandy clay 
loam; cammon fine praninent yellow {lOYR 7/6d) 
mottles; massive; very hard; slightly porous; 
moderately calcareous; Battleford till. 

Pale yellow ( 2. 5Y 7 /3d) ; fine sandy clay loam; 
common fine prominent brown (lOY.R 6/6d) mottles; 
massive; very hard; slightly porous; moderately 
calcareous; Battleford till. 

Light brownish gray (2.'5Y 6/2d); fine sandy clay 
loam; common fine prominent brown (lOYR 6/6d) 
mottles; massive; extremely hard; slightly porous; 
moderately calcareous; Battleford till. 

Light brownish gray (2.5Y 6/2d); fine sandy clay 
loam; cammon fine prominent yellow (lOYR 7/6d) 
mottles; massive; extremely hard; slightly porous; 
moderately calcareous; Battleford till. 

Light brownish gray (2.5Y 6.5/2d); fine sandy clay 
loam; common fine prominent yellow (lOYR 7 /6d) 
mottles; massive; extremely hard; slight:ly porous; 
moderately calcareous; Battleford till. 

Light brownish gray (2.5Y 6.5/2d); sandy clay loam; 
carmen fine prominent brown (lOYR 6/6d) mottles; 
massive; extremely hard; slightly porous; moder
ately calcareous; Battleford till. 

Light brownish gray {2.5Y 6.5/2d); fine sandy clay 
loam; ccmnon fine prominent yellow (lOYR 7 /6d) 
mottles; massive; extremely hard; silghtly porous; 
moderately calcareous; Battleford till. 



Horizon, 
Depth (em) 

2Ckg 
10.4 - 12.2 m 

3Ckgl 
12.2 - 12.8 m 

3Ckg2 
12.8- 13.7 m 
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SrTE llP - Continued 

Profile Description 

Dark gray (lOYR 4/ld) ; heavy clay; canmon fine 
praninent yellow (lOYR 7/6d) mottles; massive; 
extremely hard; slightly porous; weakly calcareous; 
shale. 

Very dark gray (lOYR 3/ld); heavy clay; canmon fine 
faint yellow (lOYR 7/6d) mottles; massive; 
extremely hard; slightly porous; moderately cal
careous; unoxidized Floral till. 

Gray (lOYR 6/ld) ; heavy clay; carm:>n fine faint 
yellow (lOYR 7/6d) mottles; massive; extremely 
hard; slightly porous; moderately calcareous; 
unoxidized Floral till. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

Location: 

Vegetation: 

Horizon, 
Depth (em) 

Apk 
0-8 

Cca 
8-28 

2Ckgl 
28-50 

2Ckgl 
50-75 

2Ckg2 
75-93 
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SITE l2P 

Rego Gleysol 

Silty lacustrine over till 

546 m 

3% 

South 

Crest of small knoll 

Barley (Hordetnn) 

Profile Description 

Dark brown (lOYR 3/3m) ; loam; moderate to strong 
medium to coarse angular blocky breaking to moder
ate to strong fine to medium granular; very 
friable; abundant very fine randan inped roots; 
highly p::>rous; strongly calcareous. 

Light yellowish brown (2.5Y 6/4m); silty clay loam; 
moderate to strong meditnn to coarse angular bldcky 
to moderate to strong fine to medium angular 
blocky; very friable; abundant very fine randan 
inped roots; highly p::>rous; very strongly cal
careous; lacustrine. 

Light yellowish brown (2.5Y 6/4d); fine sandy clay 
loam; many fine prominent light gray (2.5Y 7/0d) 
mottles; moderate to strong coarse angular blocky 
breaking to moderate to strong fine to medium angu
lar blocky; friable; abundant fine randan inped 
roots; highly p::>rous; very strongly calcareous; 
Battleford till. 

Light yellowish brown ( 2. SY 6/ 4m) ; sandy loam; many 
medium faint gray (2.5Y 7/0m) mottles; moderate to 
strong coarse angular blocky breaking to moderate 
to strong fine to medium angular blocky; firm; 
plentiful very fine randan inped roots; highly 
p::>rous; moderately calcareous; Battleford till. 

Light yellowish brown ( 2. SY 6/ 4m) ; sandy clay loam; 
ccmnon meditnn faint gray (2.5Y 7/0m) mottles; 
moderate to strong medium to coarse angular blocky 
breaking to moderate to strong fine to medium angu
lar blocky; friable; plentiful very fine random 
inped roots; highly p::>rous; moderately calcareous; 
Battleford till. 



Horizon, 
Depth (em) 

2Ckg3 
93-129 

2Ckg4 
129-150 

2Ckg5 
150-305 

2Ck 
305-427 

2Ckgl 
427-488 

2Ckg2 
488-549 

2Ckg3 
549-610 

2Ckg4 
610-671 

3Ckgl 
671-793 
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SrTE l2P - Continued 

Profile Description 

Olive brown (2.5Y 4.5/4d); fine sandy clay loam; 
carman fine praninent gray (lOYR 6/ld) mottles; 
moderate to strong coarse angular blocky breaking 
to moderate to strong fine to medium angular 
blocky; very friable; plentiful very fine random 
inped roots; moderately p:Jrous; moderately cal
careous; Battleford till. 

Light yellowish brown (lOY.R 6/4d); fine sandy clay 
loam; many fine faint gray {2. 5Y 7 /Od) mottles; 
strong coarse angular blocky breaking to moderate 
to strong medium angular blocky; hard; very few 
very fine randan inped roots; moderately p:Jrous; 
moderately calcareous; Battleford till. 

Light brownish gray (2.5Y 6/3d); fine sandy clay 
loam; common fine faint gray (2.5Y 7/0d) mottles; 
massive; extremely hard; slightly porous; moder
ately calcareous; Battleford till. 

Light yellowish brown (2.5Y 6.5/4d); fine sandy 
clay loam; massive; extremely hard; slightly 
porous; moderately calcareous; Battleford till. 

Light yellowish brown (2.5Y 6.5/4d); fine sandy 
clay loam; many fine prominent yellow (lOY.R 7/6d) 
mottles; massive; extremely hard; slightly porous; 
moderately calcareous; Battleford till. 

Light yellowish brown (2.5Y 6.5/4d); sandy clay 
loam; common medium prominent yellow (lOYR 7 /6d) 
mottles; massive; extremely hard; slightly porous; 
moderately calcareous; oxidized Floral till. 

Light gray (2.5Y 7/2d); fine sandy clay 1oam; 
common medium prominent yellow (lOYR 7 /6d) mottles; 
massive; extremely hard; slightly p:Jrous; moder
ately calcareous; oxidized Floral till. 

Light yellowish brown (2.5Y 6.5/4d); fine sandy 
clay loam; camtDn medium prominent yellow (lOYR 
7/6d) mottles; massive; extremely hard; slightly 
p:Jrous; moderately calcareous; unoxidized Floral 
till. 

Light brownish gray (2.5Y 6/2d); fine sandy clay 
loam; common medium prominent yellow (lOY.R 7 /6d) 
mottles; massive; extremely hard; slightly p:Jrous; 
moderately calcareous; sand and gravel lens in 
till. 



Horizon, 
Depth (em) 

3Ckg2 
793-854 

4Ckg 
854-915 
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SITE l2P - Continued 

Profile Description 

Light yellowish brown (2.5Y 6/4d): fine sandy clay 
loam; many medium praninent yellow (lOYR 7 /6d) 
mottles; massive; extremely hard; slightly porous; 
IOOderately calcareous; sand and gravel lens in 
till. 

Gray (lOYR 6/ld) ; fine sandy clay loam; many 
coarse faint yellow (lOYR 7 /6d) mottles; massive; 
extremely hard; slightly porous; moderately cal
careous; unoxidized Floral till. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

Location: 

Vegetation: 

Horizon, 
Depth (em) 

Ahgj 
0-10 

Aheg 
10-24 

Aegj 
24-36 

Btg 
36-50 

Bt 
50-81 

2Bgj 
81-107 

3Bgj 
107-130 
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SITE 3W 

Humic Luvic Gleysol 

Fluvial over silty lacustrine over till 

549 m 

0% 

Level 

Center of upland depression (NE-28-37-l-W3) 

Smartweed (Polygonum) and willow (Salix) 

Profile Description 

Very dark grayish brown (lOYR 3/2m) ~ loam~ many 
fine faint brown (lOYR 6/Sm) mottles~ moderate to 
strong medium angular blocky breaking to moderate 
to strong fine granular~ soft~ abundant very fine 
randan inped roots~ highly porous. 

Dark gray (lOYR 4/ld) ~ loam~ many fine faint brown 
(lOYR 6/8d) mottles~ moderate medium angular blocky 
breaking to weak fine platy~ slightly hard~ abun
dant very fine vertical inped roots~ highly porous. 

Light brownish gray (lOYR 6/2d) ~ loam~ many~ fine 
faint brown (lOYR 6/8d) mottles~ strong fine platy 
breaking to moderate to strong fine to medium angu
lar blocky~ slightly hard~ abundant very fine 
vertical inped roots~ highly porous. 

Light brownish gray (lOYR 6.5/2d) ~ clay loam~ many 
fine distinct brown (7.5YR 5/6d) mottles~ strong 
fine prismatic breaking to moderate to strong fine 
to medium subangular blocky~ hard~ many ~thin clay 
films on ped faces~ abundant very fine vertical 
inped roots~ moderately porous. 

Dark grayish brown (lOYR 4/2d) ~ heavy clay~ strong 
medium prismatic breaking to moderate to strong 
fine angular blocky~ very hard~ many thin clay 
films on ped faces~ plentiful very fine vertical 
inped roots~ slightly porous. 

Gravel~ camon fine faint brown (lOYR 6/Sd) 
mottles. 

Pale brown (lOYR 6/3d) ~ very fine sandy clay loam: 
many medium distinct brown (7 .5YR 5/Sd) mottles~ 
massive~ hard~ few very fine vertical inped roots; 
slightly porous~ lacustrine. 



Horizon, 
Depth (em) 

3Bgl 
130-165 

3Bg2 
165-204 

3Bg3 
204-259 

3Bg4 
259-305 
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SITE 3N - Continued 

Profile Description 

Light yellowish brown (2.5Y 6.5/4d); fine sandy 
clay loam; many medium faint gray {2.5Y 7/0d) 
mottles; massive; very hard; slightly porous. 

Pale yellow {2.5Y 7/4d); very fine sandy clay loam; 
many fine distinct gray {SY 7/ld) mottles; massive; 
extremely hard; slightly porous. 

Pale yellow {2.5Y 7/4d); common fine faint gray 
(2.5Y 7/0d) mottles; massive; extremely hard; 
slightly porous. 

Light yellowish brown (2.5Y 6/4d); very fine sandy 
clay loam; cammon fine faint gray (2.5Y 7/0d) 
mottles; massive; very hard; slighty porous. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

Location: 

Vegetation: 

Horizon, 
Depth (em) 

Ah 
0-1/f· 

Ahegj 
/+1-20 

Ahe 
20-34 

Btgl 
34-50 

Btgj2 
50-70 

Btg3 
70-94 
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SITE 4W 

ffuvn~~ 
~rthic Luvic Gleysol 

Silty lacustrine 

549 m 

0% 

Level 

Center of upland depression (NE-28-37-1-WJ) 

Sedge (Carex) and smartweed (Polygonum) 

Profile Description 

Very dark grayish brown (lOYR 3/2m) ; clay loam; 
moderate medium to coarse angular blocky breaking 
to moderate fine granular; friable; abundant very 
fine vertical inped roots; highly porous. 

Dark grayish brown (lOYR 4/2m); clay loam; many 
· fine faint brown (lOYR 6/8m) mottles; rnoderate to 
strong medium subangular blocky breaking to moder
ate fine subangular blocky; friable; aburidant very 
fine randan inped roots; highly porous. 

Grayish brown (lOYR 5.5/2d); clay loam; moderate to 
strong coarse platy breaking to moderate to strong 
fine to medium angular blocky; hard; abundant very 
fine vertical inped roots; highly porous. 

Dark gray (lOYR 4/ld); heavy clay; carman fine 
faint brown (lOYR 6/Sd) mottles; strong coarse 
prismatic breaking to moderate to strong fine to 
medium angular blocky; rigid; abundant very fine 
vertical inped roots; slightly porous; qontinoous 
thin clay films on ped faces. 

Grayish brown (lOYR 5/2d) ; heavy clay; many medium 
faint brown (lOYR 6/Sd) mottles; strong medium to 
coarse prismatic breaking to strong fine to medium 
angular blocky; rigid; continuous thin clay films 
on ped faces; abundant very fine vertical inped 
roots; slightly porous. 

Very dark gray (lOYR 3/lm) ; heavy clay; carm::>n fine 
faint brown (lOYR 6/Sm) mottles; strong coarse 
prismatic breaking to strong fine to medium angular 
blocky; very firm; abundant very fine vertical 
inped roots; slightly porous. 



Horizon, 
Depth (ern) 

Btg4 
94-127 

Bg 
127-151 

Ckgl 
151-180 

Ckg2 
180-215 

Ckg3 
215-265 
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SITE 4N - Continued 

Profile Description 

Dark gray (lOYR 4/ld); heavy clay; many coarse 
faint brown (lOYR 6/8d) mottles; strong coarse 
prismatic breaking to strong fine to medium angular 
blocky; rigid; continuous thin clay films on ped 
faces; few very fine vertical inped roots; slightly 
porous. 

Gray (5Y 6/ld); clay loam; many fine praninent 
brown (lOYR 6/8d) mottles; moderate to strong 
medium to coarse prismatic breaking to moderate to 
strong fine to medium angular blocky; rigid; few 
very fine vertical inped roots; moderately porous. 

Pale yellow (2.5Y 7/4d); clay loam to silty clay 
loam; many fine faint gray (2.5Y 7/0d) mottles; 
massive; very hard; few very fine vertical inped 
roots; moderately porous; moderately calcareous; 
lacustrine. 

Light gray ( 5Y 7/ld) ; many fine praninent brown 
(lOYR 6/8d) IOOttles; massive; very hard; few very 
fine vertical inped roots; moderately porous; 
moderately calcareous; lacustrine. 

Pale yellow (2.5Y 7/4d); very fine sandy clay loam; 
many fine faint gray (2.5Y 7/0d) mottles; massive; 
very hard; few very fine vertical inped roots; 
moderately porous; moderately calcareous; lacus
trine. 



Classification: 

Parent Material: 

Elevation: 

Slope: 

Aspect: 

Location: 

Vegetation: 

Horizon, 
Depth (em) 

Ahgj 
0-15 

Ahegj 
15-33 

Aeg 
33-50 

Btgl 
50-70 

Btg2 
70-100 

Btg3 
100-119 

232 

SITE 5W 

Humic Luvic Gleysol 

Silty lacustrine over till 

550 m 

0% 

Level 

Center of upland depression 

Couchgrass (Agropyron) and forbs, mostly thistles 

Profile Description 

Dark grayish brown (lOYR 4/2d) ; loam; few fine 
faint brown (lOYR 6/8d) mottles; IOOderate to strong 
coarse angular blocky breaking to moderate to 
strong fine to medium angular blocky; hard; abun
dant very fine randan inped roots; highly porous. 

Grayish brown (lOYR 5/2d); loam; many fine faint 
brown (lOYR 5/8d) mottles; moderate medium platy 
breaking to rnoderate.fine to medium angular blocky; 
slightly hard; abundant very fine vertical inped 
roots; slightly porous. 

Light gray (5Y 7 /ld) ; loam; many fine praninent 
brown (lOYR 6/8d) mottles; moderate to strong 
medium platy breaking to moderate to strong fine to 
medium angular blocky; slightly hard; abundant very 
fine vertical inped roots; highly porous. 

Grayish brown (2.5Y 5.5/2d); heavy clay; many 
coarse prominent brown (lOY.R 5/8d) mottles; strang 
medium prismatic breaking to strong fin~ angular 
blocky; rigid; continuous thin clay films on ped 
faces; abundant very fine vertical inped roots; 
slightly porous. 

Very dark gray (lOYR 3. 5/ld) ; heavy clay; many 
coarse faint brown (lOY.R 5/8d) mottles; moderate 
to strong medium prismatic breaking to strong fine 
angular blocky; rigid; continuous thin clay films 
on ped faces; abundant very fine vertical inped 
roots; slightly porous. 

Light olive gray (5Y 6/2d); clay; many medium 
praninent brown (lOYR 5/8d) mottles; IOOderate 
medium prismatic breaking to strong fine to medium 
angular blocky; rigid; abundant very fine vertical 
inped roots; slightly porous. 



Horizon, 
Depth (em) 

Bgl 
119-140 

Bg2 
140-175 

Bg3 
175-208 

2Ckg 
208-230 

233 

SFTB 9W - Continued 

Profile Description 

Grayish brown (2.5Y 5.5/2d); clay loam; many coarse 
praninent brown (lOYR 6/8d) mottles; moderate to 
strong medium prismatic breaking to strong fine 
angular blocky; rigid; plentiful very fine vertical 
inped roots; slightly porous. 

Light gray (5Y 7 /ld) ; clay loam; many coarse 
praninent brown (lOYR 5/8d) mottles; moderate to 
strong medium to coarse columnar breaking to 
moderate to strong fine angular blocky; rigid; 
plentiful very fine vertical inped roots; moder
ately porous. 

Light yellowish brown (2.5Y 6.5/4d); very fine 
sandy clay loam; many fine faint gray (2.5Y 7/0d) 
roottles; massive; extremely hard; few very fine 
vertical inped roots; moderately porous. 

Light yellowish brown (2.5Y 6.5/4d); fine sandy 
clay loam; few fine faint gray (2.5Y 7/0d) mottles; 
massive; extremely hard; few very fine vertical 
inped roots; moderately porous; moderately cal
careous; Battleford till. 
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