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ABSTRACT 

Factors governing the evolution of solonetzic soils in 
Saskatchewan are largely unknown. Existing literature 
indicated that sodium may accumulate in solonetzic soils from 
either present groundwater conditions (hydromorphio), past 
groundwater conditions (paleohydromorphic), or saline parent 
materials (lithogenic). 

Part one of the objectives was to investigate and 
determine the hydrogeology in relation to the genesis of 
solonetzio soils at one site in southern Saskatchewan. An 
intensive hydrogeological investigation was conducted near 
Assiniboia, Saskatchewan. Groundwater chemistry, groundwater 
flow, depth to watertable, and chemdstry of geologic strata 
were studied. 

Six pedological sites were identified; Orthic Brown soils 
(site 1 and 4) were found on upper slopes, Alkaline Solonetz 
soils (sites 3 and 6) on lower slopes, and Brown Solodized 
Solonetz {site 2) and Brown Solonetz soils (site 5) on mid to 
lower slopes. Two geologic cross sections were completed and 
a nest of piezometers and an observation well was installed at 
each site. 

The Orthic Brown soil, at site 1, occurred in a 
groundwater recharge area while the Alkaline Solonetz soil, at 
site 3, occurred in a groundwater discharge area. Brown 
Solodized Solonetz (site 2), Orthic Brown (site 4), Brown 
Solonetz (site 5), and Alkaline Solonetz (site 6) soils 
occurred in areas of seasonal groundwater recharge and 
discharge. 

Part two of the objectives was to document the 
hydrogeology, from existing data, for selected solonetzio 
areas south of Township 40. The Hanley, Central Butte, 
Radville, Consul, and Kindersley solonetzio areas were chosen 
and topographical, pedological, geological and hydrological 
data were examined. A "most probable" theory of sodium 
accumulation in the solonetzic areas was discussed. 

The origin of sodium from discharging saline groundwater 
(hydromorphic) probably occurred in the Saskatchewan Rivers 
Plain (between the Allan and Hawarden Hills Uplands), along 
eastern portions of the Central Butte Plain, along the eastern 
edge of the Missouri Coteau (near Radville) and along both 
sides of the Souris River in the Souris River Plain (near 
Radville). 

The origin of sodium from past groundwater discharge 
(paleohydromorphio) probably occurred in portions of the 
Hawarden and Allan Hills Upland, along the northern edge of 
the Missouri Coteau and the Eyebrow Hills Uplands (near 
Central Butte) and in portions of the Souris River Plain. 

The origin of sodium from saline parent materials 
(lithogenic) probably occurred in the Frenchman River Plain, 
the Snipe Lake Plain, portions of the Central Butte and the 
Souris River Plains and portions of the Neutral Hills Upland. 
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1 

1.0 Introduction and Objectives 

The word "Solonetz" is of Russian origin and was used 

with reference to soils that were saline and/or alkaline 

(Bowser, 1961). Primarily due to a hard compact B horizon and 

a high content of salt in the subsoil, solonetzic soils create 

special management problemB for farmers. Reclamation 

techniques have been aimed at increasing crop production 

levels. Techniques such as deep plowing, the addition of 

gypsum and the application of commercial products have yielded 

variable to ineffective responses (Toogood and Cairns, 1978). 

Before management and/or reclamation techniques are 

formulated, pertinent factors that contribute to or have 

contributed to the genesis of ~olonetzio soils should be 

identified. The objective of this study is to: 

(a) investiqate and determdne the hydroqeology in relation to 

the genesis of solonetzic soils at one site in southern 

Saskatchewan, 

and 

(b) to document the hydrogeology, from existing data, for 

selected solonetzic areas south of Township 40. 



2 

2.0 Literature Review 

2.1 Classification of Solonetzio Soils 

In Saskatchewan there are approximately 1.5 million 

hectares of dominant solonetzic soils that are often found in 

association with normal or Chernozemic soils (Anderson and 

Ballantyne, 1982). Solonetzic soils are widely distributed and 

have been delineated in all major soil zones (Janzen and Moss, 

1956). However, most solonetzic soils in Saskatchewan are 

found in the Brown and the Dark Brown soil zones (Mitchell et 

al., 1944). 

Soil genesis has been proposed to consist of two 

overlapping steps; the accumulation of parent materials and the 

differentiation of horizons within the profile (Simonson, 

1959). Differentiation of horizons was related to four basin 

changes in the soil; additions, removals, transfers, and 

transformations (Simonson, 1959) while the formation of the 

profile was related to the interaction of six soil forming 

factors; climate, vegetation, parent material, topography, 

time, and man (Jenny, 1941}. Buol et al. (1973) suggest that 

the depth to groundwater was influenced by topography and 

therefore groundwater is considered a soil forming factor. 

The soil is viewed as a physical system (Jenny, 1941) that 

reflects the influence of major soil forming factors. Soils 

which have more or less well-defined characteristics and 
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which reflect the dominant influence of some local factor over 

the normal effects of climate and vegetation are referred to as 

"intrazonal" (Canada Soil Survey Committee, 1979). Solonetzic 

soils are intrazonal soils that are formed in the presence of 

easily soluble salts whose source may be either the saline 

parent material (Bowser, 1961) or the saline groundwater 

(Pawluk, 1992). 

The following intrazonal soils represent a sequence of 

related soils that frequently occur as a complex; Solonohak, 

Solonetz, Solodized Solonetz, and Solod (Bentley and Rost, 

1947). 

The Solonchak is described as a saline soil that resulted 

from the accumulation of water soluble salts (Bentley and Rost, 

1947). Solonchaks are formed under conditions of a moisture 

regime where ascending capillary and subsurface water reached 

the soil surface (Glazovskaya, 1996). Salts dissolved in the 

water and, upon evaporation, formed salt efflorescences and 

crusts in upper soil horizons. 

Soils of the Solonetz Great Group have an Ah, Ahe or Ap 

horizon overlying a solonetzic B horizon (Canada Soil Survey 

Commdttee, 1979). The boundary between the A and the B 

horizons is abrupt and usually occurs within 20 centimeters of 

the soil surface. The solonetzio B horizon, Bn or Bnt, is 

hard, poorly permeable, commonly massive, and has a neutral to 

strongly alkaline reaction. The horizon breaks into angular 

blocky peds which commonly possess dark stained surfaces. The 
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C horizon was saline and was usually calcareous. 

Soils of the Solodized Solonetz Great Group have an.Ae 

horizon that is at least 2 om thick and which has an abrupt 

boundary toward a strongly expressed, intact, solonetzic B 

horizon (Canada Soil Survey Committee, 1978). The Ae horizon 

usually has a well_developed platy structure and its reaction 

is acid to neutral. The Bnt or Bn horizon is hard to extremely 

hard when dry and it usually has a columnar macrostructure with 

white capped, coherent columns that break into blocky peds with 

dark coatings. The C horizon was saline and was commonly 

calcareous. 

Soils of the Solod Great Group have a Ae horizon at least 

2 am thick and a platy AB or BA horizon which is at least 5 am

thick· (Canada Soil Survey Committee, 1978). Solods have a 

distinct AB or BA horizon which probably developed as a result 

of degradation of the upper part of a former solonetzio B 

horizon. The upper boundary of the solonetzio B horizon is 

gradual and is usually at a greater depth than those of 

associated Solonetz and Solodized Solonetz soils. Clay skins 

are common to frequent in the B horizon and the B horizon does 

not have a strong columnar structure. A Cs or a Csa horizon 

commonly occurs below a Coa or a Ck horizon. 

Some Bnt horizons of solonetzic soils were morphologically 

similar to Btnj horizons of some solonetzic subgroups of the 

Chernozemio Order. In oases of uncertainty, solonetzic soils 

may be separated on the basis of the exchangeable 
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calcium/sodium ratio. Solonetzio soils have a ratio of less 

than 10 (Canada Soil Survey Committee, 1978). 

There is some uncertainty whether soils with solonetzic 

morphology should be defined by morphology or chemical criteria 

(Janzen and Moss, 1956). Some European soil scientists 

classified solonetzic soils primarily by morphology while other 

scientists emphasize the soil ohemistry (Bently and Rost, 

1947). 

Ballantyne and Clayton (1963) believed that soil 

classification should be based primarily on morphology and 

other features observable in the field as complemented and 

substantiated by chemical and physical analysis. 

2.2 Solonetzic Soil Forming Processes 

Perhaps one of the earliest and most influential persons 

to study the properties of solonetzio soils was Kon$tantin 

Gedroyts. In 1912, Gedroyts found that zeolite (a group of 

hydrated silicates of aluminum with alkali metals) and organics 

of solonetzes were richer in sodium than nonalkaline soils 

(Ivanova and Bol'shakov, 1972). Gedroyts believed that 

solonchaks were closely related to solonetzes and that 

solonetzes developed from solonobaks regardless of the source 

of salts that took part in their formation (Ivanova and 

Bol'shakov, 1972). 

Gedroyts found that the main effect of sodium on the 
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adsorption complex was to disperse soil colloids. Upon drying, 

the soil structure became more or less coarse and stable~ while 

under the influence of water the adsorption complex returned to 

its previously dispersed state. 

The terms salinization, desalinization, solonization, and 

solodization were used to describe the stages in solonetzic 

soil development. Gedroyts defined "salinization" as the 

accumulation of soluble salts which brought about the formation 

of a Solonchak. (Ivanova and Bol'shakov, 1972). Salinization 

could have resulted from frequent or periodic inputs of salts 

high in sodium. 

"Solonization" occurred if there was some degree of 

desalinization of a Solonchak. Solonization involved the 

dispersive action of sodium and the formation of specific 

morphological features. 

The process of structural degradation was referred to as 

"solodization". Gedroyts referred to such soils as solods and 

explained that solodization does not occur in Solonchaks, it 

only occurs when soluble salts were partly or completely washed 

from the soil. Solodization was thought to be very vigorous 

and began as soon as a Solonchak changed to a Solonetz. 

Kellogg (1934) believed that soils could be salinized 

internally by groundwater or externally by surface flooding. 

It was agreed that salinization followed by desalinization 

resulted in the formation of a solonetzic soil. Kellogg (1934) 

summarized several soil forming processes involved in the 
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evolution of solonetzic soils (Figure 1). 

Figure 1. Evolution of Alkali (solonetzic) soils in western 
North Dakota (Kellogg, 1934). 

Pawluk (1982) investigated the genesis of the solonetz B 

horizon by studing the dynamics of the land system. Although 

abstract in meaning, Pawluk (1982) agreed that the three 

classic soil forming processes; salinization, solonization, 

and solodization still formulated an adequate basis for a 
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step-wise presentation of the mechanisms responsible for the 

generation of solonetzic soils. 

Salinization included many processes by which soluble 

salts of various kinds accumulated at or near the landscape 

surface (Pawluk, 1992). Pawluk (1992) considered it unlikely 

that in situ chemical weathering of silicate minerals or salts 

of former seas or salt lakes contributed significantly to 

salinization in the Great Plains region of Canada. Also 

unlikely was the possiblity that salt concentrations were high 

enough in glacial drift to initiate solonetz processes. Even 

in unglaciated regions, Pawluk (1992) believed it was quite 

probable that inherent material characteristics did not meet 

requisite conditions for solonetz development. 

In order to initiate solonetz formation in western 

landscapes, Pawluk (1992) believed it was first necessary to 

concentrate and maintain a dominance of sodium salts at the 

surface or within the upper section of the pedon by 

groundwater discharge. The main source of _salts was thought 

to originate from the dissolution of constituents within 

geological strata along the flow path. Water was considered a 

reactant, solvent, and transporting agent in the process of 

salinization. 

Salinization was dynamic and best understood when 

evaluated in terms of a hydrological model. Pawluk (1992) 

referred to Toth's hydrological model of groundwater flow and 

explained that water moved from points of recharge to points 
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of discharge. Toth (1972) showed that groundwater flow 

systems were either local, intermediate or regional in extent 

and depended upon topographic irregularities in the landscape. 

Pawluk (1992) accepted that groundwater was present in 

virtually all landscapes of western Canada and that the 

quantity depended upon the porosity of the subsurface strata. 

With few exceptions, groundwater was in a dynamdc state moving 

through a combination of systems from points of recharge to 

points of discharge on the geomorphic surface (Pawluk, 1992). 

Where the flow path came in contact with soluble salts 

dissolved solids were transported and concentrated at points 

of groundwater discharge (Pawluk, 1992). 

Salinization was accomplished through removal of water 

from the flow system by evaporation and evapotranspiration. 

While groundwater flow transported dissolved solids toward the 

watertable, salt precipitates resulted from processes 

operating between the lowest level of the watertable and the 

geomorphic surface (Pawluk, 1982). 

While salinization preceded the evolution of solonetz 

soils, certain conditions were required before solonization 

could occur; (1) salt accumulations in saline soil must have 

contained a significant content of sodium ions, (2) the clay 

mineral suite required a significant component of expandable 

constituents, and (3) there must have been a net adjustment in 

environmental conditions favouring gradual desalinization 

(Pawluk, 1992). 
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A reduced electrolyte content following desalinization 

increased dispersive properties of soil colloids with adsorbed 

sodium ions. Soil colloids in a dispersed state were highly 

mobile and were readily washed downward to form an incipient 

clay pan layer (Pawluk, 1982). Repeated salinization and 

desalinization sustained the dispersive phase of sodium on the 

exchange system (Pawluk, 1982). Pawluk (1982) explained that 

salinization and desalinization were a function of sequential 

periodic changes in evapotranspiration and precipitation. 

Continuity was essential to counteract the displacement of 

sodium by low concentrations of calcium. Calcium ions were 

retained within the layer, or ware reintroduced through 

biooycling, and inhibited dispersive properties from 

developing (Pawluk, 1982). As long as colloids were 

maintained in a dispersed state, their high mobility allowed 

continuous migration by washing into the incipient clay pan to 

form the .. solonetzio" B horizon (Pawluk, 1982). 

The formation of a slowly permeable solonetzic B horizon 

was believed to be sufficient in altering the hydrological 

character of the upper solum and initiating the "solodization" 

process (Pawluk, 1982). The development of anisotropic 

conditions within the flow medium, due to the formation of a 

slowly permeable B horizon, limited the upper boundary for 

capillary flow to the top of the B horizon (Pawluk, 1992). 

Without capillary flow to replenish sodium ions in the A 

horizon, mild .. alkalization" occurred (Pawluk, 1992). 
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Exchangeable sodium ions were initially displaced by aluminum 

hydroxyl ions and finally in part by calcium and magnesium 

ions introduced through weathering of soil minerals and 

biooycling (Pawluk, 1982). Soluble constituents were removed 

laterally or into the B horizon by gravitational flow through 

pore spaces. Ultimately, a ~ldly weathered, acidic, A 

horizon formed over an alkaline solonetzic B horizon (Pawluk, 

1982). 

The dispersed character of the B horizon remained intact 

as long as moisture flowed from the watertable to the upper 

surface. Without the re-introduction of sodium ions into the 

B horizon, the importance of repetitive hydrolysis of sodium 

clay greatly diminished as a pedogenic force. The rate of 

diminishment was believed to be related to the lowering of the 

watertable. 

2.3 Models of Solonetzic Soil Formation 

While earlier investigations confirmed Gedroyt's 

relationship between Solonchak and Solonetz soils, it was not 

until later that a relationship between groundwater and 

salinization was accepted. It than became necessary to study 

the entire soil profile including salt and groundwater regimes 

(Ivanova and Bol'shakov, 1972). 

Several mechanisms or factors ware considered responsible 

for the genesis and the formation of solonetzic soils. Many 
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workers found solonetzic soils in areas of groundwater 

discharge and believed that sodium was transported by 

groundwater to points within the pedon (Kellogg, 1934, Westin, 

1953, Pratt and Ellis, 1954, Redmond and McClelland, 1959, 

Kovada, 1965, Szabolos, 1965, Varallyay, 1968, Arshad and 

Pawluk, 1975, Buylov, 1976, Pawluk, 1982). These solonetzic 

soils were generally referred to as .. hydromorphio ... 

Other researchers believed that solonetzic soils were 

developed in areas of a past perched watertable (Whittig, 

1959, Matzek, 1955, Kovda, 1965, Maclean and Pawluk, 1975, 

Kisel, 1981 ). Solonetzio columnar maorostructures were 

described as "relict" or "residual" and were found overlying 

areas where groundwater discharge was no longer apparent. 

Several authors have referred to these solonetzio soils as 

"paleohydromorphic". 

Many solonetzic soils in areas of the UDited States, the 

U.S.S.R., and the prairie provinces of western Canada were 

reported to have been developed from originally saline (often 

marine) parent material_without the aid of a watertable (Joel, 

1933, Kelley, 1934, White and Papendiok, 1961, White, 1964, 

Reeder and Odynsky, 1964, Polupan et al., 1979, Tyul•panov, 

1980, Kisel, 1981, Parakshin, 1982, Munn and Boehm, 1983). 

Several authors referred to these soils as "lithosolic" or 

"lithogenic". To avoid confusion they will be referred to as 

lithogenic. 



13 

2.3.1 Hydromorphic Solonetzio Soils 

Kovda (1965) found that hydromorphic soil forming 

processes involved a watertabla at depths of 0.3 to 3.0 m, but 

in no case deeper than 7.0 to 9.0 m. The presence of a 

watertable at a shallo~ depth indicated a capillary supply of 

water that acted as a source of numerous chemical compounds. 

Glazovskaya (1994) explained that changing groundwater 

levels may impart hydromorphio regimes to normal soils. 

Hydromorphic processes were accumulative and when the 

capillary fringe reached the soil surface, an accumulation of 

secondary minerals and newly formed materials were deposited 

in the parent material. Depending upon the conditions and the 

chemical content of the groundwater, accumulation not only 

included chlorides, sulfates, and carbonates, but also 

included compounds of manganese, iron, silica, alumdna, and 

miaroelements with a complex formation of secondary clay 

minerals of illite, montmorillonite, beidellite, and others 

(Kovda, 1965). 

Bentley and Rost (1947) studied topographic relationships 

of solonetzic complexes near Weyburn, Saskatchewan. One 

solonetzio complex occurred where Solod soils occupied the 

lowest topographic position followed by Solodized Solonetz, 

Solonetz, and normal zonal soils with increasing elevation 

along the slope. A second site was described where Solonetz 

soils (or Solonchak) occupied the lowest topographic position 
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followed by Solodized Solonetz, Solod, and normal zonal soils 

with increasing elevation along the slope. Topographically, 

the second sequence of profiles was in reverse order to the 

first. Bentley and Rost (1947) concluded that at the lowest 

topographic position a high watertable or local impermeability 

of the subsoil caused reduced leaching. With increased 

elevation progressively more leaching occurred and 

solodization followed. 

Arshad and Pawluk (1966) studied the characteristics of 

solonetzio soils and their geographical associates in an 

attempt to elucidate the mode of pedogenesis of solonetzic 

soils in the glacial Lake Edmonton basin. The study area was 

underlain by st~ata of glacial till and Upper Cretaceous 

bedrock. Black Solonetz, Black Solodized Solonetz, and Saline 

Black profiles possessed saline parent material and high 

salinity in the lower B horizon. The principal salt in the 

Black Solonetz and the Black Solodized Solonetz profiles was 

sodium sulphate. 

Solonetz and Solodized Solonetz soils were found in 

relatively flat groundwater discharge areas where capillary 

rise from a watertable maintained high salt levels in the 

lower B horizon. Substantial evidence indicated that a 

majority of Solonetz soils in Alberta were maintained at this 

stage of development by the presence of either a permanent or 

a temporary watertable in association with the proximity of 

bedrock near ground surface (Arshad and Pawluk, 1966). 
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Hungarian Solonchak and Solonetz soils often possessed 

high amounts of salt and sodium carbonate (Szabolcs, 1965). 

Szabolcs (1965) reported that under Solonchak and Solonetz 

soils the watertable occurred within 0.5 and 5.0 m of ground 

surface. By leaching and lowering the watertable below four 

meters, Szabolcs (1965) believed that a Solonetz soil may 

transform into a steppe (Chernozemdc) soil. 

MacLean and Pawluk (1975) studied groundwater salinity, 

groundwater flow d~rection, and soil moisture regimes above 

the watertable at selected sites near Vegreville Alberta. 

Black Chernozemdc soils domdnanted upland areas while 

solonetzic soils commonly occurred at lower elevations. 

Within upland areas, soil differences were mainly due to 

differences in the depth to the watertable. Chernozemic soils 

were-confined to areas where the watertable exceeded depths 

greater than 2.0 m throughout the year (MacLean and Pawluk, 

1975). At lower elevations, Alkaline Solonetz, Saline 

Carbonated Gleyed Regosol, and Saline Black Solonetz soils 

occurred where the watertable was usually within 0.5 m of the 

ground surface and where discharging groundwater& were very 

saline. The high sodium content of groundwater at low 

elevations was probably due to a long and sluggish flow path 

which meant prolonged contact with the saline bedrock (MacLean 

and Pawluk, 1975). 

A majority of Solonchak, Solodized Solonatz, and 

Calcareous Solonetz soils in the Danube Valley were formed 
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under hydromorphio conditions (Varallyay, 1969). Salt 

affected soils, in the Danube valley, were shown to have been 

developed under the influence of groundwater and the salt 

re~erve was believed to have originated fram hydrological and 

hydrogeological factors (Varallyay, 1969). 

Salt in the Danube valley originated from primary and 

secondary sources. Primary sources included volcanic rooks 

and secondary sources included marine deposits in geologic 

layers and fossil and very deep waters which were restricted 

to tectonic breaks in the impermeable marine substratum. 

Within the soil profile, Varallyay (1969) found a maxima 

of NaCl.at the soil surface followed by a maxima of NaHC03, 

MgC03, and CaC03, with increased soil depth (Figure 2}. 

(a) 

•o. ............. . .. •2SO-t 
.Cl,Sel.t ............ . .. ..:~ 

• 1Sg(HC03)2 .. Ca(BC03)2 

(d) 

•,ea,c~> coa+ .. Ca(E03) 

(h) (c) 

Figure 2. Schematic diagram of salt accumulation in the 
Hungarian Danube Valley (a) change in chemical 
composition of water during concentration, (b) 
chemical composition of the soil solution, (c) 
sequence of the salt's precipitation, (d) carbonate 
accumulation horizon (Varallyay, 1969). 
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Rain water fall on the extensive catchment area and 

contributed to groundwater reserves in the Danube Valley·

During downward percolation, through various soil layers, 

soluble salts gradually became more and more concentrated in 

the soil Yater and accumulated in the stagnant groundwater 

basin of the Danube Valley (Figure 3) . 
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Figure 3. The process of salt accumulation in the Hungarian 
Danube Valley, (a)·height above sea level (m); (b) 
Trans-Danubian loess plateau; (c) Danube, (d) Danube 
Valley; (e) sand-ridge between the Danube and the 
Tisza; (f) basin periphery; (g) Hungarian central 
range of mountains. 1. limestone, 2. rhyolite, 
andesite, 3. rhyolite and andesite tuff, 4. 
impermeable pannon clay, 5. fluviatile gravel, sand, 
sandy silt, 6. clay lens, 7. loess, 8. pleistocene 
clay. The direction of the arrows indicate the 
direction of water movenment, while their width 
shows the amount of water. The width of the black 
arrows and the size of the chemical symbols indicate 
the relative salt content (Varallyay, 1968). 
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Salt accumulation, in the Danube Valley, was dependant 

upon the critical depth to the watartabla. Factors that·

governed the critical depth ware evaporation and the rata of 

groundwater recharge (Varallyay, 1968). In areas where the 

static watertable was within 2.0 m of ground surface, 

evaporation of groundwater greatly exceeded recharge 

(Varallyay, 1969). 

2.3.2 Paleohydromorphic Solonetzic Soils 

Solonetzic soils of the Middle Dnieper and Northern Donat 

regions of the Ukraine were confined to floodplain terraces and 

were referred to a~ paleohydromorphic (Kisel, 1981). 

Paleohydrogenous macrostructures (concretions, residues of 

hydrophilic flora and specific neoformations) were often 

observed in low-lying plains were groundwater did not currently 

affect soil formation but is thought to have played a role in 

previous stages of development (Kovda, 1965). 

In areas near Vegreville, Alberta, Maclean and Pawluk 

(1975) believed that past conditions may have favoured larger 

areas of groundwater discharge. This they explain, may account 

for occasional 11residual" solonetzic features in areas where 

groundwater discharge was not presently domdnant. 

Arshad and Pawluk (1966) found that Eluviated Black and 

Saline Black soils, in association with Solonetz and Solodized 

Solonetz soils at high elevations, were above the influence of 
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a watertable. Soils of this type were characteristic of a 

major portion of soils found in the Lake Edmonton basin and 

were referred to as "relict". 

An abundance of glacial meltwater& together with warm dry 

climatic conditions, throughout the Altither.mal Interval, were 

ideal for the, salinization of relatively flat terrain (Pawluk, 

1992). It was assumed that a relatively impermeable shale, 

close to the ground surface, would have created a perched 

watartable partioularily in post glacial times (Munn and Boehm, 

1993). Drier climates coupled with high amounts of meltwater 

within the Altither.mal Interval, suggest that salinization, 

through unconfined groundwater systems, was probably much more 

extensive than today (Pawluk, 1982). 

Richie (1966) collected an inventory of plant sub-fossils 

(pollen, seeds and organ fragments) that were preserved in 

Holocene limnic sediments in Manitoba and eastern Saskatchewan. 

Evidence suggested that a cold continental climate probably 

occurred between 12,500 and 10,500 years B.P. during which a 

mosaic of trees, shrubs, and herbs dominated the landscape. In 

Alberta, essential elements for enhancing salinization were 

much more profound during the earlier part of the Holocene, 

9,000 to 6,000 years B.P. (Pawluk, 1982). This period was 

believed to have been followed by cooler and moisture trends 

with only minor climatic disruptions (Pawluk, 1982). 

From about 10,500 to 4,000 years B.P., between latitudes 

of 49•N and 51•N, the climate probably favoured decreased 
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precipitation and increased temperatures during summer periods, 

and decreased temperatures and increased precipitation during 

winter periods (Richie, 1966). During periods of low 

precipitation, (summer period) the watertable may have provided 

appropriate conditions for the infusion of salts by capillary 

moisture toward the ground surface (Munn and Boehm, 1993). 

Climatic conditions during the Altither.mal were probably 

favourable for salinization and subsequent solonization when 

water tables fell. 

2.3.3 Lithogenic Solonetzic Soils 

Kisel (1991) studied chernozamic and solonetzic soils on 

the Karch Peninsula (Ukraine) which abounded with outcrops of 

saline, clay of marine origin. Kovalivnich (1971, after Kisel, 

1991) referred to such soils as "lithogenic" and noted that 

among their characteristics were relatively thin eluvial 

horizons and relatively thick illuvial horizons. 

Kelley (1934) described Solonetz soils along the south 

coast of California. Water soluble salts and replaceable bases 

within the soil profiles suggested that they may have been 

derived from marina sediments. 

In southwest-central South Dakota, White and Papandick 

(1961) reported solonetzic soils, in association with Chestnut 

soils, that ware either formed from the exposure of 

nonsaline-alkali or saline-alkali bedrock in well drained 
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sites. White (1964) outlined several stages which described 

the development of fine-textured Solodized Solonetz soils on 

well-drained slopes (Figure 4). White (1964) referred to these 

soils as lithosolio. 

Generalized chronosequence of fine-textured. well
drained, sloping soils with parent materials that 

are: 
non-saline alkali ----- - ----- saline-alkali 

lithJ'solic llthJsolic 
I + t + l salt teachirg 

divalent cations Na+ dispersed~~: solonchak 
 replace Na• columns and on microridges 

l 
A2 horizon thin-solum solodized-

+ 1 } solonetz in micro-
divalent cations Na• valley 
in planosolic 82 in 82 ! 

chestnut ~ + 

I 
Gilgai: chestnut Gilgai: thin-solum 
on microridges. so!odized-solonetz or 
planosol in ~chestnut on microridge, 
microvalley thick-solum sotodized-t so!onetz in microvalley 

Wavy gilgai: complex of chestnut soils 

Figure 4. Developmental stages of fine-textured solodized soils 
on well drained slopes (White, 1964). 

White (1964) believed that Solodized Solonatz soils, found 

in the Chestnut zone, were developed from an earlier soil stage 

which possessed more exchangeable sodium. Composition of the 

parent material was therefore a factor in the solodization 

cycle. 

Bentley and Rost (1947) explained that extensive areas of 

solonetzic soils, in Alberta and Saskatchewan, are closely 

correlated with certain geological formations. The parent 

material of these solonetzio and related soils is predominantly 

composed of thin glacial drift that is underlain by Cretaceous 
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marine shales which are devoid of lime and which frequently 

contain appreciable amounts of pyrite (Bentley and Rost, 1941). 

Mermut and Arshad ( 1986) found that pyrite and jarosite 

were widespread in Cretaceous marine shale in Saskatchewan. 

Extremely high sulfate salts (mdrabilite, thenardite, bloedite, 

konyaite, loeweite, and gypsum) were found in depressional 

areas where the Cretaceous marine shale was close to the 

surface and/or where the marine shale was a principle 

ingredient in the till mantle. Saline and solonetzio soils in 

Saskatchewan were believed to owe their presence to the sulfide 

oxidation process (Mermut and Arshad, 1996). 

In Central Ciscaucasia, U.S.S.R, Tyul'panov (1990) studied 

solonatzio soils that were d~eloped from weathered Tertiary 

marin~ clays. Tyul'panov (1980) explained that evidence showed 

that diagenesis of muds in Tertiary seas of the Caucasus took 

place under reducing hydrogen sulfide conditions. Biochemical 

processes of sulfate reduction led to the appearance of a 

considerable amount of sulfur and carbon dioxide which promoted 

the binding of re2+ and ca2+ into authigenic mdnerals that were 

stable under subaqual (anaerobic) conditions, namely; pyrite, 

siderite, calcite, etc. 

As Tertiary clays became exposed at ground surface, 

weathering and soil formation led to a radical restructuring of 

the ion-salt complex. It was assumed that the first stage of 

this transformation began with the oxidation of pyrite, which 

was unstable in the zone of aeration and was absent in solums 
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of Tertiary clays (Tyul' panov, 1980) . Pyrite oxidation took 

place with participation of Thiobacillus ferrooxidans as· 

follows: 

Subsequent secondary alterations of pyrite passed through 

several mdnerals (melanterite, fibroferrite, sodium jarosite) 

and ended with the formation of the final reaction product 

limonite (Tyul'panov, 1980). 

Tyul'panov (1980) concluded that ion-salt complexes of 

solonetzic soils, formed on Tertiary clays, suggested that they 

did not undergo solonetzization in their development. The 

transformation of their ion-salt complex was strongly 

influenced by pyrite oxidation reactions (appearance of 

sulfuric acid and the formation of gypsum and jarosites, etc.) 

the consequence of which was the change in the qualitative and 

the quantitative compostion of water soluble salts and adsorbed 

cations. 

On the Northern Great Plains of Montana, Munn and Boehm 

(1983) studied 24 pedons that represented four soil series 

developed in glacial till. Soils occurred as a complex with 

Soloth (Solod) and Solodized Solonetz on mdcroknolls and 

Solonetz in mdcrodepressions. Data suggested that Natargids 

(Solonetz and Solodized Solonetz) and Haplargids (Soloth) 

developed in the absence of a watertable or a capill~ry fringe 

(Munn and Boehm, 1993). 
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Hatargids were found in the glacial till (underlain by 

Cretaceous marine Bearpaw Shale) that was generally less than 2 

meters thick (MUnn and Boehm, 1983). The degree of 

salinization and/or alkalinization significantly varied within 

individual pedons with the most severely affected soils 

occurring as panspots (1 m to 2 m diameter) on top of looal 

Ddcroknolls. The till-shale contact was the shallowest under 

microknolls (0.30 m to 1.0 m, personal communication with Marie 

Boehm, 1986) and the d~epest in troughs between.mioroknolls. 

Several stages represented the development of a natric 

horizon in the undulating till plain where the till was saline, 

calcareous and of relatively unifor.m texture (Figure 5). In 

the first stage, the penetration of water during the annual 

wetting cycle leached soluble salts, gypsum, and carbonates 

deeper into the subsoil and unsaturated water from the wetting 

front carried sodium, calcium, and magnesium salts into contact 

with the salty, calcareous shale at high points in the 

till-shale boundary (Figure 5). 

At the shale contact, calcium and magnesium became 

supersaturated in a higher pH and lower C02 pressure 

environment. As the proportion of sodium in solution 

increased, sodium replaced calcium and magnesium on the 

exchange complex (Figure 5). Dispersion of the subsoil began. 
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the bottom, ·Munn and Boehm, 1983). 
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The dispersed zone became grew and was less permeable and 

drier than adjacent subsoils. Water carrying silica and sodium 

moved below the surface in response to matric and osmotic 

potential gradients from moist subsoils of the pre-Phillips 

~oil and laterally into dry subsoils of the pre-Absher and 

pre-Elloam soils (Figure 5). 

As vegetation thinned in response to lower available 

water, erosion of the panspot surface began. Panspots recieved 

more water fram lateral movement as a result of matric and 

osmotic potential gradients than from downward 'infiltration 

(Figure 5). Puddling on the surface reduced downward 

infiltration. The soil volume under the panspots became 

exploited by roots from plants around the periphery and dried 

with surrounding soils. 

As viewed today, the Phillips soil is believed to be 

developing with thicker A horizons, increased organic 

matter and lower salt contents. Absher soils were developing 

in the direction of increased sodium, increased B h~rizon clay 

content, and higher electrical conductivity. Panspot size and 

sodium content of Elloam pedons were believed to be controlled 

by seepage water from the peripheries of the panspots which 

increased effective leaching on surrounding soils. 
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2.3.4 Other Factors Contributing Sodium to the Formation of 

Solonetzic Soils 

Kisel (1981) studied the genesis of solonetzio soils 

developed on loessial deposits in the Ukraine. Solonetzic 

soils had classic solonetzio morphology but possessed low 

amounts of sodium. Salinization of loess in the Ukrainian 

steppe was believed to be due to the incorporation of salts 

from atmospheric precipitation that originated from the Black 

Sea. 

Aerochemioal studies indicated that an average of 140 kg 

to 300 kg of salt per hectare was annually deposited on the 

Ukrainian steppes (Burk~r et al., 1955, after Kisel, 1991). 

These salts contained more than 100 kg of sodium chlorides and 

sulfates. Inflow of salts was low per unit time, but over long 

periods salt accumulation was believed to be significant 

(Burker et al., 1955, after Kisel, 1991). 

The transport of salts from sea to land occurred since 

continents and oceans first separated and certainly throughout 

the Quaternary period (Kisel, 1991). Since atmospheric 

moisture generally did not penetrate through steppe soils, it 

was believed that salts remained in the loess. Subsequent 

distribution of salts in loessial soils was governed by soil 

processes and by the type of water regime in existence (Kisel, 

1991). 

Ballantyne (1919) reported that surface soils may become 



28 

salinized as a result of wind-blown salt (99% sodium salts) 

from dry saline lake beds near Willowbunch Lake, Saskatchewan. 

Soils with solonetzic morphology were identified in the study 

area. Salts and soils with solonetzic morphology were found to 

become weaker with increasing distance from the saline lake 

(Ballantyne, 1919). 

Polupan et al. (1979) studied solonetzic loessial soils in 

the southern Ukraine which had low contents of exchangeable 

sodium but well developed solonetzio morphology. Polupan at 

al. (1979) found that the activity of sodium and calcium ions 

varied within the course of the year with sodium activity 

increasing from the spring to the autumn in upper soil 

horizons. Due to a low soil moisture content during the 

autumn, ions in soil solution increased in concentration. The 

poor solubility of carbonate and sulfate salts aided calcium to 

crystalize out of solution and the ratio of sodium to calcium 

activity favoured sodium. Conditions, during the autumn, 

became favorable for sodium adsorption by the colloidal complex 

leading to the development of solonetzic soils. 

Bolishev and Stina (1965) believed that plants growing in 

areas where salt-containing rock and groundwater were close to 

the ground surface, played a fundamental part in the 

circulation of various salts during the formation of a 

Solonetz. Plants that grew in solonetzic areas accumulated 

substantial amounts of chloride, sulphate, and carbonate from 

alkali earth materials and constituted a source of sodium 
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carbonate found on the soil surface (Bolishev and Stina, 1965). 

Wilding et al. (1963) studied solonetzic soils on the 

nearly level, loess-mantled uplands of south-central and 

western Illinois. Solonetzic soils were believed to have been 

developed from nonsaline parent materials and presumably never 

occurred as Solonohaks (Wilding et al. 1963). Soil loess was 

believed to be a plausible source of extractable sodium in 

Illinois solonetzio soils. 

Extractable sodium from solonetzic soils chiefly 

originated from in situ weathering of sodium-rich feldspars in 

the parent loess (Wilding at al., 1963). Members of the albite 

series (albite and oligoclase) and sodi~rich mdcrocline and 

anorthoclase for.med 10 to 80 percent of the silt-sized fraction 

and comprised 75 to 90 percent of total mineral sodium in the 

soil (Wilding et al. 1963). 

Wilding et al. (1963) found that sufficient sodium was 

weathered from 5 to 50 micron silt fractions to account for the 

accumulation of extractable sodium present in the solonetzic B 

horizon. Local variability in the loess and differential 

weathering between solonetzio and associated soils was not 

responsible for extractable sodium accumulation in soils. 

Solonetzic soil formation consisted of the movement of 

soluble primary weathering products. Translocation of soluble 

weathering products was believed to have occurred by recurrent 

waves of infiltrating water. Weathering products (from 

adjacent soil areas) may have concentrated in lower portions of 
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the landscape which overlied more permeable till zones (Wilding 

et al. 1963). 

Under the assumption that the underlying Illinoian till 

paleosols ware differentially permeable, Wilding at al. (1963) 

postulated that local distributions of solonetzio soil were 

correlated with more permeable zones within the underlying 

till. 



3.0 Materials and Methods 

3.1 Assiniboia Study Site 
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The Assiniboia study site was selected for several 

reasons; 1) earlier investigations showed that soils with 

Solodized Solonetz morphology occurred at slightly higher 

elevations than saline soils, ~) discharging saline groundwater 

from a bedrock aquifer was suspected as the principle factor 

contributing to soil salinity, 3) the genesis of solonetzic 

soils was believed to be related to the hydrogeology and, 4) 

the bedrock aquifer was within drilling range of available 

equipment. 

3.1.1 Background Site Investigation 

3.1.1.1 TQpography 

Topographical information was derived from 1:50,000 and 

1:250,000 scale topographic maps obtained from the Department 

of Energy Mines and Resources (1977). Elevation contours were 

given in 25 and 100 foot (7.6 m and 30.0 m) intervals, 

respectively. 

 3 .1. 1. 2 Pedology 

Soils information was obtained from Soil Survey Report No. 

12 (Mitchell at al., 1944). 
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3.1.1.3 Geology 

Geological data were obtained from the Saskatchewan 

Research Council map "Geology and Groundwater Resources of the 

Wood Mountain Area (72-G)" (Whitaker, 1967) and the Inland 

Waters Branch report entitled "Regional Groundwater Flow-Old 

Wives Lake Drainage Basin, Saskatchewan" (Freeze, 1969). 

3.1.1.4 Hydrology 

Statio water levels of local water wells in and around the 

Assiniboia study site were obtained from the Geological Survey 

of Canada Water Supply Papers (Mackay et al., 1936} and 

Saskatchewan Environment (1985) water well records. Additional 

information was obtained from the reports entitled "Regional 

Groundwater Flow-Old Wives Lake Drainage Basin, Saskatchewan" 

(Freeze, 1969) and "farmlab Salinity Project Report, Site 83-6" 

(Henry et al., 1983). 

Chemistry of groundwater in and around the study site was 

obtained from the following reports: "Water Quality Survey of 

Saskatchewan Groundwatera" (Rutherford, 1967), "Regional 

Groundwater Flow-Old Wives Lake Drainage Basin, Saskatchewan" 

(Freeze, ~969), and "Farmlab Salinity Project Report, Site 

83-6" (Henry et al., 1983). 



3.1.2 On Site Investigation 

3.1.2.1 Pedology and Sampling 
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Saline soils in the Assiniboia study site were previously 

defined by Henry et al. (1983). Preliminary pedological 

investigations began during the second week of May, 1985. A 

Geonics EM 38 non-contacting terrain conductivity meter was 

used to delineate saline soils and several dozen soil profiles 

were examdned. 

A detailed pedological investigation began during the 

first week of June, 1985. Soil profiles were decribed and 

classified according to the CAnada Soil Survey Commdttee 

(1978). Six pedological sites were chosen, two were in areas 

domdnated by chernozemic soils and the others were in areas 

dominated by solonetzic soils. Soil samples were taken from 

soil horizons at each site and where submitted to the 

Saskatchewan Soil Testing Laboratory for chemical analysis. 

Procedures used in the chemical analysis are described in 

section 3.1.3.1. 

3.1.2.2 Stratigraphy and Sampling 

Geologic stratigraphy at the study site was previously 

described by Henry et al.(1983). Two groups of augerholes were 

drilled at the Assiniboia study site. The first group was 

drilled in an east-west direction and one augerhole was drilled 

at each of the previously defined pedological sites. The 



second group was drilled in a north-south direction (Figure 13, 

section 4.1.1.6) where no pedological sites were established. 

Augerholes in the second group were drilled to define the 

subsurface stratigraphy in a third dimension. 

Two transects were surveyed for elevation through the 

study site, the first transect included the first six 

augerholes between ~A' (in an east-west direction) and the 

second transect included the another group of augerholes 

between ~B' (north-south direction). 

The depth of each augerhole was dependent upon the depth 

to the East end sand layer as described by Whitaker ( 1967) and 

Freeze (1969). Augerholes were generally drilled through the 

Eastend sand layer and about 3.0 m into the·underlying clay 

shales. 

Augerholes were drilled with a B47 Mobile Drill mounted on 

a 1 ton truck. The Mobile Drill was equipped with 75 feet (23 

m) of.6 inch (15 em) diameter continous flight augers. Auger 

cuttings (samples) were removed from the auger flights and set 

on canvas strips. Canvas strips were about 10 inches (25.4 em) 

wide, 15 feet (4.6 m) long, and marked in 1 foot (30 em) 

increments. The marked canvas strips provided a good method of 

recording and monitoring changes in stratigraphy with increased 

depth while at the same time preventing contamdnation of auger 

cuttings from surface soils. 

Augerholes were ususally drilled in 5 foot (1.5 m) 

increments but were sometimes drilled in 10 foot (3.0 m) 

increments depending upon the density of subsurface earth 
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materials. Upon completing an augerhole, the stratigraphy was 

recorded on a driller's log sheet. 

Auger cuttings were usually sampled in 1 foot (30 em) 

increments for the entire depth of the augerhole. Where a 

relatively homogenous sand layer was encountered, auger cutting 

samples were usually taken every 3 to 5 feet (0.9 to 1.5 m). 

If several strata (less than 6 inches (15 em) thick) were found 

in alternating sequence they were recorded and sampled as 

single unit of interbedded earth material. 

3.1.2.3 Piezometer and Observation Well Installation 

Piezometers and observation wells were installed during 

the first week of June, 1985 and were situated at each of the 

pedological sites (transect ~A'). A group of piezometers (3 

or 4 piezometers per group) and one observation well (within a 

radius of about 2 m) were installed at each pedological site. 

Piezometers were constructed from 20 foot (6.1 m) lengths 

of 5.08 am diameter polyvinylchloride (PVC) pipe. A 2.0 inch 

(5.08 em) diameter PVC, 10.slot well screen, approximately 37 

em long, was attached to one end of a PVC pipe with a coupler 

and glue. A plastic PVC plug was glued to the bottom of the 

PVC 10 slot well screen. 

Observation wells were similarly constructed from 2.0 inch 

(5.08 em) diameter PVC pipe. Observation wells differed from 

piezometers in that water was allowed to enter nearly any 

portion of the pipe. Hacksaw slots were cut about half way 
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through the diameter of the pipe. Slots were spaced in about 

10 inch (25.4 am) increments and were cut within 2 feet (61 em) 

of ground surface. 

The drill truck was used for installing both piezometer 

and observation wells. An augerhole was drilled by 

continuously advancing 5 foot (1.5 m) sections of augers while 

continously spinning cuttings out from the hole. Upon reaching 

the desired depth, auger flights were withdrawn and a 

piezometer or an observation well was installed. 

Piezometers were intalled into the augerholes with the 

well screen placed in first. If the total length of piezometer 

was greater than 20 feet (6.1 m) additional sections of PVC 

pipe were solvent-welded onto the end of the first and the 

piezometer was lowered into.the hole. 

The PVC well screen was packed with about 3 gallons (11.4 

liters) of 12-20 frac sand. Frac sand was poured into the 

augerhole around the exterior of the PVC pipe. The PVC well 

screen (intake zone) was then sealed from the overlying strata 

by pouring about 3 gallons (11.4 liters) of powdered barite 

(barium sulfate) into the augerhole. The augerhole was 

backfilled with topsoil and cuttings. Auger cuttings were 

mounded around the protruding portion of PVC pipe to a height 

of about 10 inches (25 em) above ground surface. 

The bottom of observation wells were placed above the 

Eastend-like sand aquifer. An augerhole was drilled to the 

desired depth and a slotted PVC pipe was installed. Topsoil 

was backfilled around the exterior portion of the observation 
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well until laval with the ground surface. 

Observations wells were placed furthest away (4 m) from 

piezometers having similar lengths. This procedure ensured 

that water from either pipe did not leak into the other during 

pumping or slug testing. 

3.1.2.4 Groundwater Measurement, Sampling, and Testing 

Water levels were measured with an audio electric depth 

meter which was accurate to 1 centimeter. A single point at 

each piezometer group was surveyed to represent ground surface. 

This point represented a common datum from which water levels 

and total lengths of piezometers and observation wells were 

reported. 

Statio water levels were measured infrequently during the 

first four months after installation but were measured at 

monthly intervals once equilbrium was established. 

To ensure that groundwater& were characteristic of the 

depth at which the piezometer was placed, piezometers were 

pumped several times with a forced air lift system before being 

sampled. Water samples were obtained only after piezometers 

were pumped and new water was allowed to enter the piezometer. 

One exception was made on the March 4, 1986 sampling period. 

Due to muddy terrain, the study site could not be reached with 

the regular pumping equipment. A sample was taken after 

bailing water from the piezometer several times with a copper 

tube that was sealed at on end. 
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After the first sampling (August, 1985), piezometers were 

sampled on a seasonal basis. Throughout the investigation, 

water, from the piezometers, was sampled on four separate 

dates. 

Piezometers were slug tested during the autumn of 1985 

using the method described by van der Kamp (1915). A known 

volume of water, in the piezometer, was displaced by the 

addition of a copper slug. The copper tube slug was filled 

with barite and sealed at both ends. Slug tests were used to 

test whether piezometers responded to instantaneous changing 

water levels. 

3.1.3 Laboratory Methods 

3.1.3.1 Chemdoal Analysis of Soil Horizons 

Chemdcal analyses on the soil horizons included; organic 

matter, ammonium acetate extractable cations, carbonate and 

bicarbonate, electrical conductivity (EC), pH, concentration of 

water soluble ions, and sodium adsorption ratio (SAR). 

Soil samples were broken into small pieces and air dried 

at room temperature (20 ·c) for a period of about S days. 

Samples were then submitted to the Saskatchewan Soil Testing 

Laboratory where they were ground to pass through a 2 mm sieve. 

Soil PH was determined on a 1:1 soil-water suspension 

while EC was determined on a 1:1 soil-water suspension and a 

1:1 soil-water extract. The suspension consisted of 150 g of 

air dried soil and 150 ml of distilled water. The mixture was 
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stirred three times over a period of four hours. After four 

hours, the pH was determined using a combination electrode. 

The measurement was recorded by placing the electrode into the 

1:1 suspension while the suspension was stirred continuously. 

The EC of the 1:1 suspension was determined with an 

immersion type of conductivity cell and corrected to 25 ·c . 
 A 1:1 extract was drawn from the 1:1 suspension by vacaum 

suction filtration and the electrical conductivity was 

determined using a pipette type of conductivity cell. The 

recording was automatically corrected and reported at 25 ·c. 
Major cations (Ca, Mg, Na, K) in the 1:1 extract were 

determined. Sodium and potassium ion concentrations were 

determined by flame emission spectrometry while calcium and 

magnesium concentrations were determined by atomic absorption 

spectrometry. 

Chloride anion concentrations were determined using the 

Teohnicon Autoanalyzer II industrial method #99-70W and sulfate 

was determined using the Techniaon Autoanalyzer industrial 

method #118-71W. 

The cation-anion balance, total salts, and sodium 

adsorption ratio were determined for each soil horizon. The 

sodium adsorption ratio (SAR) was calculated from the 

concentration of ions expressed in me 1-1: 

Ha+ 
SAR=------

Ca++ + Hg++ 

2 



40 

Nitrate-nitrogen was determined using the Technicon 

.Autoanalyzer industrial method 1100-10W. Carbonate and 

bicarbonate concentrations were determined by titration. 

carbonate ion concentration was deter.mdned by titrating a 1:1 

extract to a pH of 8.3 with hydrochloric acid. The bicarbonate 

ion concentration was deter.mdned by. further titration to a pH 

of 3.7. 

All measurements of ion concentration were checked by 

comparing the cation total to the anion total and to the salt 

total as determdned by the following formula (Bullock, 1985): 

TS = 10 . 29 EC'· 013S 

TS a total salt (me 1-1) 

EC =electrical conductivity of a 1:1 extract (dS m-1) 

Ammonium actatata extractable cations were datermdned by 

the procedure described by Byars (1979). 2.5 g of soil were 

added to 25 ml of 1 N NH.tOAc, the mixture was shaken and 

adjusted to pH 1.0. Analysis of the filtered extract involved 

emission spectrophotometry for Ha and K and atomic absorption 

for Ca and Mg. 

Ammonium actetate extractable cations are a good estimator 

of adsorbed cations in soils that possess low amounts of lime, 

gypsum, and soluble salts·. Results, particularily in saline 

soils and C horizons, may be overestimate the true adsorbed 
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extractable ions due to the dissolution of gypsum and other 

sparingly soluble salts. 

Exchangeable cations were calculated by subtracting· 

soluble cations from the extractable cations (Richards, 1954). 

The following formulas were given by Richards (1954): 

Sol'Gble cat:i.oa CODO. 1 -oatioas • o.f 1 : 1 ntract I 10 
<• 100 g~-1) <• 1-1) 

aDd, 

~· Extnctahle soluble 
oaticms • caticms catiODS 
(• 100 ga-l) (• 100 g~a-1) (• 100 ga-l) 

Organic matter content was determined by a modified 

Walkley-Black wet oxidation procedure. The procedure involved 

a dichromate oxidation technique that was basad on the amount 

of Cr20,= in solution reduced as organic matter was oxidized. 

The reaction was made more complete and consistent by the 

application of external heat (modified procedure). 

Organic carbon percentage was calculated from the organic 

matter percentage by dividing the organic matter percentage by 

a factor of 1.7 (Brady, 1974). 

3.1.3.2 Chemical Analysis of Auger Cutting Samples 

Chemica ·analysis was completed on all auger cutting 

samples from the six augerholes (transect A-A'). Auger cutting 

samples were scraped olean of external mud or earth material 

and placed in 5 pound plastic bags. 

Soil pH, electrical conductivity (1:1 soil-water 
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suspension and a 1:1 soil-water extract), carbonate and 

bicarbonate, and concentration of soluble ions analysis was 

completed on auger cutting samples. Analytical methods used 

for the auger cutting samples were identical to those used for 

the soil horizons. 

In some oases it was impossible ~o draw a 1: 1 soil-water 

extract from a 1:1 soil-water suspension by vacuum filtration. 

An additional 150 ml of distilled water was added to the 

suspension and an extract was then drawn. Electrical 

conductivities of the samples were therefore expressed as a 1:2 

extract rather than a 1:1 extract but were later converted to a 

1:1 suspension using the relationship decribed by Hogg and 

Henry ( 1984) . 

3.1.3.3 Chemical Analysis of Water Samples 

pH, electrical conductivity, and concentration of soluble 

ions (Ha+, Ca++, Mg++, K+, Cl-, so4., HCO:J-) was measured on all 

water samples. The water samples were analyzed using similar 

chemical procedures as those used for the soil horizons and the 

auger cutting samples. A cation-anion balance, total salts, 

and a sodium adsorption ratio value were determdned for each 

water sample. 

3.1.3.4 Hydraulic Conductivity Analysis 

Several soil cores were taken from the· oxidized glacial 
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till. Hydraulic conductivity measurements were determined on 

the soil cores using the constant head method described by 

Klute (1965). 

Before obtaining a core, an augerhole was drilled to the 

desired depth. A 4 foot (1.22 m) length, 4 inch (9.8 am) 

diameter, push type ··Giddings" core-barrel tube was fitted to 

the end of an auger flight and lowered into the hole. Several 

auger flights were added to the first if depths exceeded 

combined lengths of the core-barrel plus the first auger 

flight. Once reaching the desired depth, pressure was applied 

to the push tube and earth materials were forced into the tube. 

Cores were slightly deformed when the push tube encountered 

rooks or large pebbles. In general, cores were·reoovered in a 

rela~ively undisturbed state. 

Auger flights were removed from the augerhole and the core 

was extracted by applying pressure to the bottom of the core. 

The core was recovered from the top of the push tube and was 

immediately double bagged in two 10 pound plastic bags. 

In the laboratory, cores were removed from the plastic 

bags and coated with a mixture of melted paraffin wax and 

refined 175 microwax obtained from Esso. The refined 175 

microwax was more flexible than paraffin wax and resisted 

cracking or flaking when handled. Cores were resealed in 

plastic bags after being coated several times with wax and 

stored in a refrigerated room. 

The core sample was broken at both ends and a metal 

cylinder (same diameter as the soil core and about 6 inches (15 
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em) in height) was sealed to the tap of the care. The metal 

cylinder was fastened to the core by wrapping a length of 

cheese cloth around the core and the cylinder. Melted wax was 

then brushed over the cheese cloth. The wax solidified and 

held the cylinder in place. A circular piece of cheese cloth 

was held to the bottom of the core with a rubber band. 

Water used in the constant-head method was taken from the 

aquifer at the Assiniboia study site. Water was stored in a 10 

gallon (45.5 1) plastic jug and algae destroyer was 

periodically added to the water to prevent growth of organics. 

Several cores with fastened metal cylinders were placed in 

plastic funnels which were arranged parallel and at a slightly 

lower position to the trough. Water was siphoned into the 

_metal cylinders through rubber hoses and a constant head was 

maintained in the metal cylinders for the duration of the 

analysis. Water that passed through the plastic trough was 

circulated back to the plastic jug and re-used. 

Periodically water which passed through the core was 

collected in a pre-weighed 100 ml erlenmeyer flask. Paraffin 

wax was wrapped around the neck of the flask and plastic funnel 

to prevent evaporation. Paraffin wax was also placed on top of 

the metal cylinder to reduce evaporation. 

A volume of leachate was collected over a fixed period of 

time and the hydraulic conductivity was calculated from the 

following formula: 
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X= (Q/At)(L/dH) 

K = hydraulic conductivity (em sec-1) 
Q = volume of water which passes through the core (~) 
A = cross sectional area of the core (~) 
t = time for volume of water. to pass through the core (seo) 
L = length of the core (am) 
dH =head loss down the length of the core (em). 

Hydraulic conductivities of the Eastend-like sand layer 

and the clay layer were estimated using the slug test method 

described by van dar Kamp (1975). The slug test consisted of 

inducing an instantaneous change in the water level (by adding 

a slug) in a piezometer an~ observing the return of water to 

its previously undisturbed state (van dar Kamp, 1975). 

3.2 Hanley, Central Butte, Kindersley, Consul and Radville 

Study Areas 

3.2.1 Study Methods 

Part two of the research objectives included documentation 

of hydrogeology, from existing data, for selected solonetzic 

areas south of township 40. Several solonetzic study areas 

were selected after a detailed map of all solonetzic soils 

south of Township 40 was drawn. Dominant and significant 

solonetzic map units, map complexes, and solonetzio soil 

associations were delineated from map sheets and Soil Survey 

Report No. 12 (Mitchell at al,. 1944) . 

 Delineated solonetzic areas were reduced from a scale of 



46 

1:125,000 (map sheets) to a more convenient scale of 1:506,880. 

The 1:506,880 scale was identical to that of Soil Survey Report 

No. 12. 

All delineated solonetzic areas were further reduced to 

the same scale as the Physiographic Map of Saskatchewan (Acton 

et al., 1960). 

Five solonetzic sites were chosen for further study, they 

were the Hanley, Central Butte, Kindersley, Consul, and 

Radville study areas. 

3.2.1.1 Topography 

Elevations in each study area were determined from 

1:250,000 scale topographic maps provided by the Department of 

Energy, Kines and Resources (1977). Elevation contours were 

redrawn from the topographic maps in 100 foot (30.5 m) contour 

intervals for the Radville and Hanley study areas. For easy 

interpretation, elevation contours for the Kindersley, Consul, 

and Central Butte study areas were redrawn from topographic 

maps in 200 foot (61 m) contour intervals. 

3.2.1.2 Pedology 

Soil maps for the Rosetown, Swift Current, Willow Bunch 

Lake, and Weyburn-Virden map areas were used for the Hanley, 

Central Butte and Radville study areas, respectively. Soil 

Survey Report No. 12 was used for the Kindersley and Consul 
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study areas. 

All dominant and significant solonetzio map units and map 

complexes were delineated within the Hanley, Central Butte and 

Radville study areas to form generalized eolonetzic areas. By 

definition, dominant solonetzio map units and/or complexes 

occupied > 40% of the delineated area while significant map 

units and/or complexes occupied > 15% of the delineated area. 

Generalized solonetzic areas were subdivided into 

solonetzic soil groups. Dominant Solonetzio, dominant Solodio, 

significant Solonetzic and significant Solodic groups were 

derived in each study area except in the Kindersley and Consul 

study areas. Only dominant Solonetzic, dominant Solodic, and 

significant Solonetzic groups were derived in the Kindersley 

and Consul study areas. Each of the solonetzic soil groups 

were represented in the following maps using different colours. 

Damdnant Solonetzic groups included all map units with 

dominant Solonetz and/or dominant Solodized Solonetz soil 

series whereas dominant Solodic groups included all map units 

with dominant Solod series. 

Significant Solonetzic and significant Solodic groups 

consisted of map complexes. Hap complexes consisted of two or 

more map units in which the first represented the dominant map 

unit and the second represented the significant map unit for 

any one area. The dominant map unit was nonsolonetzic while 

the significant map unit consisted of a Solonetz or a Solodized 

Solonetz series. Similarily, in the significant Solodio group, 

the dominant map unit was nonsolonetzic while the significant 
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map unit consisted of a damdnant aolod aeries. 

Dominant Solonetzic, dominant Solodic, and significant 

Solonetzic groups were indicated in the ~indersley and Consul 

study areas. The dominant Solonetzic group consisted of soil 

associations which possessed Solodized Solonetz profiles and 

Solodized Solonetz profiles which were in conjunction with 

"associated" (nonsolonetzio) soil profiles. 

Simdlarily, soils in the dominant Solodio group consisted 

of soil associations that possessed Solod profiles and soil 

associations that possessed Solod profiles which were in 

conjunction with .. associated" (nonsolonetzic) soil profiles. 

Soils in the significant Solonetzic group consisted of 

nonsolonetzic soil associations that were in conjunction with 

Solodized Solonetzic profiles. 

3.2.1.3 Geology 

Geologic data were largely derived from Geology and 

Groundwater Resources Maps obtained from the Saskatchewan 

Research Council. Additional information was obtained in the 

form of published and unpublished geologic reports and Ph.D and 

K.Sc. theses provided by the University of Saskatchewan, 

Geology Department. 

Geologic transects were redrawn from geology maps and 

transposed onto each study area. Cross sections, illustrating 

stratigraphy along the transect, were redrawn from geology maps 

and/or reports. Portions of the landscape that were occupied 
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by solonetzia soils were illustrated on geologia cross 

sections. 

3.2.1.4 Hydrology 

Groundwater ohemdstry data were obtained from the report 

entitled "Water Quality Survey of Saska~ohewan Groundwaters" 

(Rutherford, 1967). Additional information was obtained from 

the Geological Survey of Canada Water Supply Papers (Mackay et 

al., 1936). Groundwater chemistry records of water wells that 

were used in the study were usually missing or incomplete. It 

therefore became necessary to examine water chemdstry data from 

pertinent geologic formations and glacial drift within each 

study area. The number of water samples analyzed from wells 

were usually reported by Rutherford (1967) and SAR and salinity 

hazards to soil was also reported. 

Depth to statio water level in water wells was largely 

obtained from the Geological Survey of Canada Water Supply 

Papers (Mackay et al., 1936) and Saskatchewan Environment 

(1985). Additional water well data, in the Consul study area, 

was obtained from Henry et al. (1985). 

All water wells with statio water levels within 3.0 m of 

ground surface were plotted independantly from water wells with 

pressure heads at and/or above ground surface. A maximum depth 

of 3.0 m below ground surface was selected as the literature 

indicated that sadie, saline, and solonetz soils generally 

occurred where saline watertables were between 0.5 and 3.0 
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Deters below ground surface (Szabolos, 1965 and 1978, 

Varallyay, 1968, MacLean and Pawluk, 1975, Buylov, 1976). 

Specific water well information was obtained from well 

logs and water well completion records. Water well completion 

records indicated the type of geologic sediment in which the 

water well was completed (glacial or bedrock). In many oases 

water well completion records were incomplete and data was not 

available. 

The identification of bedrock formations in most water 

wells that were drilled prior to the use of electric logging 

equipment were based on the personal interpretation of the 

water well driller. Many bedrock sand aquifers at that time 

were interpreted and recorded as belonging to the Belly River 

(Judith River) Formation. 



4.0 Results and Discussion 

4.1 Assiniboia Study Site 

4.1.1 Physical Environment 

4.1.1.1 Location 
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The Assiniboia study site includes the east half of 

Section 32 and the southwest quarter of Section 33, Township 7, 

Range 1, west of the Third Meridian (Figure 6). 

4.1.1.2 Physiography 

The As~iniboia study site occurs on an undulating to 

gently rolling till plain in the Old Wives Lake basin (Acton et 

al., 1960). Most of the basin is dotted with a myriad of small 

undrained depressions (Freeze, 1969). 

External drainage near the Assiniboia study site is 

confined to intermittent streams that carry water to local 

sloughs or depressions. A southeast sloping saline flat lies 

between the northeast and southeast quarters of section 32. 

4.1.1.3 Climate and Land Use 

The Assiniboia study site exists in a cool, semi-arid 

continental type of climate (Ellis et al., 1967). The mean 

daily temperature recorded between the years 1951 and 1980 at 

the Assiniboia meteorological station was 3.4 ·c and the 

average annual precipitation, for the same period, was 39.7 em 

(Environment Canada, 1982). 
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CANADA 

Rg1 

2450- feet above sea level 
141- meters above sea level 

W3 

Figure 6. Looation and elevations at the Assiniboia study 
site (Department of Energy, Mines and Resources, 
1976). 
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Native vegetation in and around th~ study site consists of 

a "mixed prairie" type that includes both short and medium-tall 

grasses (Kitchell et al., 1944}. Large areas of native 

vegetation occur on rolling and hilly areas, arid slopes, wet 

sloughs or meadows, and saline areas (Ellis et al., 1967). 

Most of the land at the Assiniboia study site was 

cultivated however, relatively salt tolerant vegetation such as 

Foxtail Barley (Hordeum jubatum}, Kochia (Kochia scoparia) and 

Russian Thistle (Salsola pestifer) grew in and around the 

saline flat. 

4.1.1.4 Topography 

The Assiniboia study site is situated in a gently to 

aoderately undulating landscape (Kitchell et al., 1944). 

Surface elevations at the site largely vary between ~,450 and 

2,500 feet (747 and 762 m) (Figure 6). The land surface rises 

to about 2,600 feet (793 m) in the southwest and falls to about 

2,400 feet (732 m} in the southeast at a distance of about 6 

miles (9.7 km) from the study site (Department of Energy, 

Mines, and Resources, 1976). 

4.1.1.5 Pedology 

The Assiniboia study site is in the Brown soil zone 

(Kitchell et al., 1944). Haverhill clay loam soils are mapped 

at the study site (Mitchell et al., 1944). 

Depth of soil horizons, soil pH, organic carbon 
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percentage, EC, (1:1 suspension), SAR, ammonium acetate 

exchangeable calcium/sodium ratios, and salinity {after Henry 

et al., 1987) and alkali ratings (Richards, 1954) for each 

horizon, at each pedological site, are given in Table 1. 

Tlblt 1. Depth ofhorizans. pH. organio orion w. t~l conMtiYitils. Rlinit\1 and alcaH 
r.tinp, a.chlngNblt Ca++INa+ r.tios, IRd SM, 1nm siW 1 to siW 6 at tM ltssiaiMria 
slu*l stt.. 

E.C. .. . Depth pH ~ 1 :1 soil-water ~linitv lnd lalca1i Rating *Exchlngtable-~ ....... 
(em) Crion ........ 

(S) (ciS m-1 It 2:S C) 
SITE t GRTHIC IIROVII CIIEBOZEHIC 

Ah o-24 5 .. 9 2.6 o.s nonsalfM-nona'bH 
Bm1 24-40 5.8 2.0 0.3 nonsah nonalcalt 
8m2 40-SO S.9 0.9 0.3 nonAlinl-nonablt 
BC 50-65 7IJ 0.8 0.4 MnA'Hnt-nona'blt 
eo. 65-121 8.2 0.6 0.1 nons~ lint-nona leaH 

SnE 2 IIROVII SILODIZED SOUJEIZ 
Ap 1-16 s.s 1.6 0.6 nonA lint-nOna leal 
M 16-21 6.1 o.s 0.3 nonAlint-nonalca1i 
8ftt 21-34 7.1 0.9 0.4 nonsah-nonalcaH 

EICAk 14-45 8.7 0.4 0.6 nonsaltnt nonalcalt 
CoaA 43-60 8.4 0.3 2.S modlrat.~ Alinl-nonablt 

Cslc 60--1108.S 0.3 4.3 stvenlgsalfnt-nol.a'blt 
SITE 3 AI.KAL- SOLOIIETZ 
Apsa Q-20 7.6 2.1 10.5 wrv stvtnlv salN-a'bH 
8A 20-32 7.7 1IJ 9.8 YtnJ stVtrtly Aliw-alcaH 
Bsk 12-46 8.7 0.6 9.9 V1f1 RWAly AHM-abH 
Cslc 46-72 9.0 0.3 8.7 I Vtnl RWn-. salinf-alcaH 

SnE 4 ORTHIC 11R0V11 CIIEBOZEI11C 
Ah Q-37 6.7 2.S o.s nonnlinl-t.anabH 
Bm 37~1 7IJ 1!5 0.4 nonsaltnt-nonalcalt 
Coa 51-79+8 .. 6 0 .. 5 0.9 nonsalint-nonalcaH 
sm 5 IIROVII SOUJEIZ 

Ap o-28 7.4 1 .. 4 o..s nonAltnt-nonalcall 
Bh 29-37 7.8 1.1 0.6 nonsa1fnt-nol~1cali 

BCk 37-50 8.3 0.7 0.5 nonsa1fnt-nol.alcaH 
CCa SQ-6S+ 8.9 0.4 0.6 nonsalint nona'blt 

SITE 6 AUCAL- SOLOM£ I Z 
Apsa Q-12 7!5 1.7 1.2 s~tly saltnt-nonalcall 
BnH 12-20 8.0 1.1 2.7 moderatily sa1iM-alca1i 

Ccas1 20-70 8.6 0.5 6.7 stwnlv samt-a'bH 
Ccu2 '70-«S 8.7 0.2 8.1 AYtn .. sallrw-alkall 
*for soils thlt possKS high ~ts of 9:Jpswn, solubJ. Alt or oarbonat.s 
a.chlngNblt c.++ INa+ ratios mav not repnSfnt trut vaU.S 

Ca++INI+ 
ratio 

46.7 
35.4 
SS.! 
33.3 
104.1 

24.3 
S.4 
4.3 
10.8 
20.S 
8.2 

14.2 
7.1 
10.S 
8.4 

48.9 
39.4 
10.2 

31.6 
23.2 
25.8 
8.7 

~!S 

23 
5.6 
32.S 

S.A.R. 

0.1 
0.1 
0.2 
0.1 
0.1 

0.8 
1.0 
5.3 
6.4 
7.2 
13.3 

35.9 
36.0 
:38.7 
34.8 

0.7 
0.7 
6.8 

0.6 
2.0 
3.1 
10.2 

8.2 
16.4 
20.4 
26.7 
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Salinity and alkali ratings were based on the EC and SAR, 

respectively. Nonalkali soils possessed an exchangeable sodium 

percentage (ESP) < 15 while alkali soils possessed an ESP > 15 

(Richards, 1954). Sodium adsorption ratios and ESP are nearly 

equal up to values of about 30 (Richards, 1954). 

Organic matter percentage, EC ( 1: 1 extract), ammonium 

actetate extractable ions, ammonium actetate exchangeable ions, 

and concentration of water soluble ions are given in 

Appendix A. Site characteristics and soil profile descriptions 

are given in Table 2. 

Solonetzic B horizons that met both morphological and 

chemical criteria established by the Canada Soil Survey 

Committee (1978) were found at site 2. The B horizon had a 

round top columnar structure that was hard to extremely hard 

when dry and had an exchangeable Ca++ /Na+ ratio that was less 

than 10. The soil was classified as Brown Solodized Solonetz. 

Solonetzic B horizons that met only the chemical criteria 

were found at sites 3 and 6. The A horizon at site 3 was very 

severely saline while A and B horizons at site 6 were slightly 

to moderately saline. The soil at site 3 was classified as an 

Saline Alkaline Solonetz while the soil at site 6 was 

classified as an Alkaline Solonetz. 

The Bn horizon at site 5 possessed dark waxy coatings on 

the ped surfaces. The soil was ~lassified as a Brown Solonetz. 

On the basis of morphology and chemical criteria soils at 

both sites 1 and 4 were classified as Orthic Brown Chernozemic. 
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Table 2. Site chan~cteristics and soil profile descriptions. 
from site 1 to site 6 at the Asstntboia study site. 

Site 1 Elevation (A.S.L .. ) 753.5 m 
Location NW5-33-7-1 W3 Slope position upper slope 
Classification Orthtc Brown Chemozemic Aspect west 
Parent Haterial oxidized glacial till Depth to Water Table 2.27- 4.76 m 
Drainage Class Well drained EH-38 recording 72/52 

(vertical/horizontal) 
Profile Description 
Sot 1 Horizons and 
Depth (em) 

Ah Brown, (tOVR 5/3), loam, moderately fine gntnular structure, 
0-24 abundant grass roots and pores; abrupt smooth boundary. 

Bm1 Dark brown ( 10YR 4/3), loam, fine prismatic, fr1ttble, fine roots, 
24-40 many fine pores, smooth boundttry. 

Bm2 light oltve brown (2.5Y 5/4), loam, fine subangular blocky, 
40-50 fewer roots, gntdual wavyboundary. 

BC l1ght yellowish brown (2.5Y 6/4), lotsm, firm, stones, 
50-65 gradual wavy boundary. 

Cca 
65-121 

Pale yellow (5Y 7/3), loam, finn, stones, highly cttlcareous. 

Site 2 
Location SW9-32-7-1 W3 
Classification Brown Solodtzed Solonetz 
Parent Hateri a I oxtdi zed glact al t t 11 
Drainage Class Moderately we 11 dnatned 

Profile Description 
Sot 1 Horizons and 
Depth (em) 

Elevation (A.S.L.) 751 m 
Slope position lower mid slope 
Aspect west 
Depth to Water Tab 1 e 2.55-3. 1 a m 
EH-38 recording 135/120 
(vert tcal/hort zontal) 

Ap light olive brown (2.5Y 5/4), loam, fine to medium granular structure, 
0-16 medi urn amount of barley roots, abrupt smooth boundary. 
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Table 2. continued. 

Ae Pale brown (10YR 6/3), fine sandy loam, fine to medium platy structure. 
16-21 plates are quite finn,abrupt clear boundary. 

Bnt 
21-34 

BCsalc 
34-45 

Cease 
45-60 

Light oHve brown (2.5Y 5/4), clay, medium columnar round tops 
breaking into strong fine and medium blocky peds; few roots between 
round top columnars, abrupt, clear upper boundary end a smooth gradual 

. lower boundary. 

Light yellowish brown (2.5Y 6/4), clay loam, whitish coloured salt 
precipitates, medium to high amount of carbonates, firm fine 
b 1 oclcy structure, gradual boundary. 

Pale ol1ve (SY 6/3), loam, finn, massive and fragmented, stones, 
highly calcareous, gradual wavy boundary. 

Cslc Pale olive (SY 6/3), loam, firm, massive, stones, gradual boundary, 
60-110 hi hl calcareous and psiferous. 

Site 3 Elevation (A .. S.L.) 750 m 
Location SWl0-32-7-1 W3 Slope position bottom slope 
Classification Alkaline Solonetz Aspect east 
Parent Hatertal alluvium Depth to Water Table 0~06-1.66 m 
Drainage Class poorly drained EH-38 recording 500/600 

(vertical/hort zontal) 
Profile Description 
Sot1 Horizons and 
Depth (em) 

Apsa 
0-20 

Bsa 
20-32 

Bsk 
32-46 

Cslc 
46-72 

Grayish brown (2.5Y 5/2), clay loam, massive structure, salt 
precipitates on soil surface and in horizon, few roots. 

Grayish brown (2.5Y 5/2), clay loam, massive, soft and sticky, 
whitish salt precipitates, no roots. 

Grayish brown (2.5Y 5/2), clay loam, massive, soft and sticky, 
low amount of carbonates, gypsum. 

Light brownish gray (2.5Y 6/2), clay loam, massive, soft and sticky, 
highly calcareous, gypsum. 
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Site 4 
Location NW7-32-7-1 W3 
Classification Orthic Brown Chemozemtc 
Parent naterial oxidized glacial till 
Drainage Class moderately wen drained 

Profile Description 
Soil Horizons and 
Depth {em) 

Elevation (A.S.L.) 752 m 
Slope position local upper slope 
Aspect south 
Depth to Water Table 1.37-2.37 m 
EH-38 recording 110/80 
(vertical/horizontal) 

Ah Dark grayish brown (2.SY 4/2), loam, fine to medium granular structure, 
0-37 abundant grass roots, very smooth gradual boundary. 

Bm Brown (10YR 5/3), loam, coarse prismatic structure, gradual 
37-5 1 wavy boundary. 

Cca light brownish gray (2.5YR 6/2), cl8y loam, firm, stones, 
51-79 highly calc~reous. 

Site 5 
Location SW9-32-7-t W3 
Classification Brown Solonetz 
Parent nateri al oxidized glacial t i 11 
Drainage Class moderately well drained 

Profile Description 
Soil Horizons e~nd 
Depth (em) 

Elevation (A.S.L.) 750 m 
Slope position lower slope 
Aspect west 
Depth to Water Table 0.95-2.30 m 
Ett-38 recording 260/240 
(vert tcal/hori zontal) 

Ap Brown (10YR 5/3), clay loam, medium fine granular structure, abundant 
0-28 barley roots and pores, light and dark mellow tones. 

Bn Pale brown ( 10YR 6/3), clay loam, fine subangular blocky structure, 
28-37 dark waxy coatings on ped surf aces, gradual smooth boundary. 

BCk Light yellowish brown (2.SY 6/4), clay loam, weak subangular blocky 
37-50 structure, low amount of carbonates, gradual smooth boundary. 
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Cca light gray (2.5Y 7/2t clay loam, fine weak pr1sm8tic structure, 
50-65 highly calcareous, gradual wt~vy boundt~ry. 

Site 6 
Location SW9-32-7-t W3 
Classification Alkaline Solonetz 
Parent ttaterial colluvium from till 
Drelnage Class poorly drained 

Profile Description 
Soil Hort zons t~nd 
Depth (em) 

Elevation (A.S.L.) 749 m 
Slope position bottom slope 
Aspect east 
Depth to Water Table 0.75-2.61 
Ett-38 recording 450/480 
( vertica I /horizontal) 

Apse Grayish brown (tOYR S/2t clt~y loam, massive structure~ sticky~ 
0-12 few grass roots, whitish salt prectpt tates, gradual boundt~ry. 

Bnsa Light brownish gray (10YR 6/2), clt~y loam~ fine subt~ngular blocky 
12-20 structure~ waxy d8rlc extert or~ 1 t ghter co 1 oured i nter1 or~ no vt sib 1 e salt 

precipitates~ gradual smooth boundary. 

Ccas 1 ltght brownish gray ( 1 OYR 6/2)., clay loam .. wet and very sticky., 
20-70 gypsum., highly calcareous, massive structure, 

gradual smooth boundary. 

Ccas2 Light brownish gray ( 1 OYR 6/2), clay loam, saturated and very sticky, 
70-BS greater amount of gypsum .. highly calct~reous, massive structure .. 

gn~dual smooth boundary. 
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Site 4 was situated near a rock pile and the depth of the 

Ah horizon may have been increased by farming practices . In 

comparison to other soils, the Ah horizon was relatively thick 

and the A and B horizons were difficult to separate on the 

basis of colour, structure, texture and chemical composition. 

Topsoil may have been added to the Ah horizon with relocation 

of rocks to the rock pile. Soils at site 4 may not be 

representative of natural soil forming factors for that area. 

Orthic Brown profiles occurred in upland areas, at sites 1 

and 4; Alkaline Solonetz profiles occur~ed in lowland areas, at 

sites 3 and 6; and Brown Solodized Solonetz and Brown Solonetz 

profiles occurred in lower-mid and lower slopes, at sites 2 and 

5, respectively. 

Soil pH values at all sites except sites 1, 2 and 4 were 

greater than 7.0. Soil pH values of 5.9 and 5.8 occurred in Ah 

and Bm horizons, respectively at the Orthic Brown soil (site 1) 

while a pH of 6.7 occurred in the Ah horizon at the Orthia 

Brown soil (site 4). Soil pH values of 5.5 and 6.1 occurred in 

Ap and Ae horizons, respectively at the Brown Solodized 

Solonetz soil (site 2). 

Relatively high amounts of organic carbon and low pH 

values occurred in A and B horizons of Orthic Brown soils at 

sites 1 and 4 (Table 1). Relatively low pH values in the 

Orthic Brown soils is probably related to the. soils capability 

to generate relatively large amounts of carbonic acid from the 

decay of organic matter and the respiration of carbon dioxide 

from plant roots. 

Low pH values also occurred in the A horizon of the Brown 
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Solodized Solonetz soil (Table 1). Low pH values were probably 

related to leaching. The Brown Solodized Solonetz soil was 

situated in a micro-depression which could hold water for a 

short period each year. 

Electrical conductivities and sodium adsorption ratios of 

Orthic Brown soils (sites 1 and 4) and the Brown Solonetz soil 

(site 5) were low (Figures 7, 10, 11). Soils were classified 

as nonsaline-nonal.kali (Table 1). 

Electrical conductivities and sodium adsorption ratios 

increased from the A horizon to the C horizon in the Brown 

Solodized Solonetzic soil (site 2} (Figure 8). Soils in the A 

and B horizons were classified as nonsaline-nonalkali while 

soils in the C horizon were classified AS moderately and 

severely sali~e-nonalkali (Table 1). 

Electrical conductivities and sodium adsorption ratios 

were very high in all horizons of the Saline Alkaline Solonetz 

(site 3) (Figure 9). All horizons were very severely 

saline-alkali (Table 1). 

Electrical conductivities and sodium adsorption ratios 

increased from the A horizon to the C horizon in the Alkaline 

Solonetz (site 6) (Figure 12). Soils in the A horizon were 

classified as slightly saline-nonalkali while soils in the C 

 horizon were classified as severely saline-alkali (Table 1). 
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Figure 7. E.C., S.A.R., and pH of soil horizons at site 1 
(Orthio Brown Chernozemio) in the Assiniboia 
study site. 
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Figure 8. E.C., S.A.R., and pH of soil horizons at site 2 
(Brown Solodized Solonetz) in the Assiniboia 
study site. 
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Figure 9. E.C., S.A.R., and pH of soil horizons at site 3 
(Alkaline Solonetz) in the Assiniboia 
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Figure 11. E.C., S.A.R., and pH of soil horizons at site 5 
(Brown Solonetz) in the Assiniboia 
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4.1.1.6 Stratigraphy 

Stratigraphy in and near the Assiniboia study site was 

previously defined by Whitaker (1967), Freeze (1969) and Henry 

et al. (1983). The Eastend Formation forms the bedrock surface 

at the Assiniboia study site (Whitaker, 1961 and Freeze, 1969). 

It was mapped over an area extending about 3.5 miles (5.6 km) 

north and south, 8 miles (13 km) west, and several miles (km) 

east of the study site (Whitaker, 1967). 

The Eastend Formation is up to 100 feet (30 m) thick and 

consists of fine grained sand and silt which is locally 

carbonaceous and calcareous within upper portions (Whitaker, 

1961). The Eastend Formation is composed of two separate sand 

members separated by a thin shale layer (Freeze, 1969). 

Harder and Henry (1986) showed that glacial drift deposits 

were less than 50 feet (15 m) thick in areas south and 

southwest of the study site, between 50 and 100 feet (15 and 30 

m) thick at the study site, and between 100 and 200 feet (30 

and 61 m) in areas north and northeast of the study site. 

Several augerholes were drilled at the Assiniboia study 

site (Figure 13} and bedrock sands resembling those from the 

Eastend Formation were found at shallow depths (Appendix B). 

Sediments below the bedrock sands were not formally identified 

and the local stratigraphy at the Assiniboia site was not 

correlated with the regional stratigraphy. The shallow bedrock 

sands were therefore not formally referred to as belonging to 

the Eastend Formation but were instead referred to as 

"Eastend-like ... 
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V2 Augerhole 

~~ Cross section 

Location of augerholes and cross sections at 
the Assiniboia study site plotted on a 1947 aerial 
photograph. 
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Two geologic cross sections were completed through the 

Aasiniboia study site (Figures 13,14,15). Stratigraphy at 

augerhole 83-6-1 was previously described by Henry et al~ 

(1983). Strata at augerhole 83-6-1 were utilized in cross 

section B-B' (Figure 15). At a depth of about 10 meters, a 

clay shale layer with interbedded sand lenses was found below 

the East end-like sand layer (Figures 14, 15). An oxidized till 

layer was found to overlay the Eastend-like sand layer (Figures 

14, 15). 

4.1.1.6.1 Chemical Analysis of Auger CUttings 

Chemical analysis of auger cuttings included pH, EC (1: 1 

soil-water extract and 1:1 soil-water suspens~on}, 

concentration of water soluble ions, and SAR. Details of the 

chemical analysis are presented in Appendix C. EC ( 1: 1 

suspension), pH, and SAR were presented for each site in 

Figures 16 to 21, inclusive. 

pH values followed similar trends at each site. Values 

varied slightly within the geologic column but were generally 

the lowest in the top meter (Figures 16 to 21, inclusive). A 

pH of 5.9 occurred in the clay shale layer at site 3 

(Figure 18). The low pH was probably related to in situ 

oxidation of pyrite. 
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At all sites EC and SAR (except site 1) in auger cuttings 

increased from the base of the oxidized till layer to ground 

surface and then decreased nearer to ground surface (Figures 16 

to 21, inclusive). The increase and subsequent decrease in EC 

and SAR toward ground surface suggests a soluble sodium salt 

bulge. 

A cross section of EC and SAR values within the geologic 

stratum was prepared between site 1 and site 4. Results showed 

that highest EC and SAR values generally occurred within the 

oxidized till layer. Highest EC values occurred between site 2 

and site 4 while highest SAR values occurred between site 3 and 

site 6 (Figures 22 and 23). 

4.1.1.1 Hydrology 

4.1.1.7.1 Groundwater Chemdstry 

Hydrogeological aspects of particular interest were those 

that were believed to have had a bearing on the genesis of 

solonetzic soils. Several aspects were studied, included were; 

chemistry of geologic strata, groundwater flow direction, depth 

to watertable and groundwater chemdstry. 

Chemical analysis was completed on four groups of water 

samples taken at different times within the study period. 

Water pH, EC, concentration of soluble ions and SAR are 

presented in Appendix D. 
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Similar EC and SAR trends were observed at and between 

each of the sites for each of the sampling periods (Table 3). 

pH, EC, and SAR for the July 14, 1986 sampling period are 

presented in Figures 24 to 29, inclusive .. 

Table 3. Electrical condUCt1v1t1es (EC).end sod1um adsorpt1onrat1os (SAR)of groundwater 
on tour sampling dates from s1te t to 11te6 et the Ass1n1bo1a study s1te. 

Length of Aug/20/85 
$1te P1ezometer EC 

(m) (dS rn-1) 
1 4.14 -

7.17 -
10.39 9.tl 
18.05 8.6 

2 3.98 12.7 
7.29 10.1 
8.81 10.4 
13.43 14.8 

3 2.78 18.1 
6.18 5.9 
11.98 7.9 

4 2.68 19.0 
4.57 13.9 
8.87 4.1 

5 4.07 21.3 
6.23 11.2 
8.85 11.6 

6 2.69 -
6.52 9.3 
10.46 13.0 

-no weter1n theptezomster 
I water1n pipe was frozen 

oct/31/86 
SAR EC 

(dS m-1) 
- -- 8.0 

13.1 9.0 
15.8 8.1 

17.4 10.0 
17.2 9.6 
17.9 10.0 . 
19.5 14.3 

21.1 15.8 
15.7 5.7 
13.8 7.3 

20.4 17.2 
18.9 12.7 
14.0 3.8 

27.9 20.6 
21.2 11.0 
19.0 11.3 

- 29.3 
20.9 9.0 
28.4 12.7 

Mer/04/86 Jul/14/86 
SAR EC SAR EC 

(dS m-1) (dS m-1) 
- - - 7.5 

13.8 7.5 12.0 8.9 
14.1 9.1 12.9 9.2 
17.6 7.4 16.8 8.1 

18.1 11.8 17.9 13.2 
19.2 9.7 20.0 10.1 
19.8 10.2 18.4 10.3 
22.6 14.6 25.0 14.9 

22.8 14.4 21.5 13.6 
18.9 I I 6.0 
15.8 I I 7.1 

21.6 17.4 24.9 16.4 
19.7 12.4 20.8 12.5 
15.6 4.0 13.2 4.0 

29.6 17.9 28.6 21.1 
22.4 11.0 22.1 11.5 
20.5 11.3 19.4 1 1.8 

35.8 28.2 36.1 30.8 
22.4 9.3 20.9 9.5 
20.7 11.9 18.1 13.4 

At all sites, except site 1, electrical conductivities of 

groundwater increased from the Eastend-like sand layer to the 

oxidized till layer. Water from the oxidized till, at all 

sites, presented a very high salinity hazard and a medium to 

very high sodium hazard to soils (Richards, 1954). 

SAR 

8.5 
12.0 
12.0 
15.8 

19.7 
17.3 
17.5 
23.1 

20.8 
14.2 
13.6 

19.9 
18.6 
12.8 

26.4 
23.2 
19.8 

34.3 
20.2 
18.8 
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EC and SAR of water in the Eastend-like sand layer 

increased from site 4 to site 3 (4.0 dS m-1 and 12.8, 

respectively to 6.0 dS m-1 and 14.2, respectively), to site 6 

(9.5 dS m-1 and 20.2, respectively), and to site 5 (11.5 dS m-1 

and 23.2, respectively). EC and SAR then decreased from site 5 

to site 2 ( 11.5 dS m-1 and 23. 2, respectively to 10.1 dS m-1 and 

17.3, respectively) and to site l (9.2 dS m-1 and 12.0, 

respectively) (Figures 24 to 29, inclusive). Increased EC and 

SAR values were probably related to the relative amounts of 

clay shale present in the Eastend-like sand layer as indicated 

in the geologic cross sections (Figures 14 and 15) and the 

hydraulic conductivities (Table 4). 

Major ions in groundwater from each geologic layer are 

presented in (Figures 30 to 32, inclusive). The domdnant salt 

type in water from each geologic layer, at each site, was 

sodium sulfate. 

4.1.1.7.2 Hydraulic Conductivity Analysis 

Average hydraulic conductivity values from constant head 

and slug tests, for each geologic layer, are presented in Table 

4. Hydraulic conductivities from each geologic stratum, at 

each site, are presented in Appendices E and F. 
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Figure 24. pH, E.C., and S.A.R. of groundwater with depth 
at site 1 in the Assiniboia study site. 
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at site 2 in the Assiniboia study site. 



* E.C. exprKSed in dS m-1 at 2S C 

··~-..ampledJu'ly 14,1986 

~ 

I 
(I) 

! 
t 
i 
$ 

! 

Figure 26. pH, E.C., and S.A.R. of groundwater with depth 
at site 3 in the Assiniboia study site . 

-4 

-5 

-6 

-7 

-8 

-9 

-10 

-11 

-12 
0 

-& E.C. 
+ S.A.R. 
•pH 

• 

2 4 6 8 10 12 14 16 18 20 22 24 

*E.C.~W.dSm-1 at25C 

**'J"'CfttwW!rAmp~Ju'ly t4, 1986 

Figure 27. pH, E.C., and S.A.R. of groundwater with depth 
at site 4 in the Assiniboia study site. 
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Figure 28. pH, E.C., and S.A.R. of groundwater.with depth 
at site S in the Assiniboia study s1te. 
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Figure 30. Concentration of ions in groundwater taken from 
the oxidized glacial till on July 14, 1986 at the 
Assiniboia study site. 
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the clay shale on July 14, 1986 at the 
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Table 4 showed that hydraulic conductivities were 

generally lower in the oxidized till and the clay shale layer 

than in the Eastend-like sand layer. Hydraulic conductivities 

in the oxidized till layer were relatively consistent varying 

between 10-8m sec-1 (sites 1, 2, and 3) and 10-1m sec-1 (sites 

4 and 6) (Table 4). 

Greatest hydraulic conductivities, in the Eastend-like 

sand layer, occurred at site 4 (10-5m sec-1) while lowest 

hydraulic conductivities occurred at site 5 (10-8m sec-1 ). 

Differences in hydraulic conductivity were probably related to 

clay shale interbeds in the Eastend-like sand layer. 

Hydraulic conductivities in the clay shale layer varied 

between 10-6m sec-1 (sites 6 and 2) and 10-8m sec-1 (site 5). 

Differences in hydraulic conductivities were probably related 

to the secondary structure of the clay shale and the presence 

of sandy interbeds within the clay shale layer. At some sites 

the clay shale layer was brecciated (fractured and crumbly) 

and/or possessed fine sandy interbeds. Brecciated clay shales 

and fine sandy interbeds probably contributed to higher 

hydraulic conductivities. 
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!able 4. A"N~ hfdraulio coad:tl)tiri.ties l.or the oxidized till, 
Eutnd-lih sud, ud ckf shal• la:prs at that lssini.boie. 
studf site. 

mt. 
1 
2 
3 
4 oxidized till 
6 oxid.iud till 

le!.,m Duiation 
1 Eastn4-11D saD4 
2 Eastnd-like sud 
3 Eastall-lite sud 
4 Eutnd-lib sud 
5 Eastead.-lite sud 
6 Euted-like sud 

li!,m Dni•tion 
2 olaf shale 
3 olaf shal• 
5 olaf slaal.e 
6 olaf shal• 

lft!,vA Duiation 

Ruth (ll. 
3.35-3.81 
2.74-3.04 
1.82-2.13 
2.43-3.04 
1.52-1.82 

10.39-18.05 
?.29-8.81 
6.18 
8.8? 
6.23 
6.52 

13.43 
11.98 
8.~ 

10.46 

LC• seo-1) 
8.4 X ti'-8 
2.4 z to-8 
2.0 X to-8 
1.6 X to-? 
3.9 I to-? 
1.4 I to-? 
1.4 X to-7 
4. 0 • lii-' 
1.3 I 1o-6 
3.4. to-6 
2.1 I to-5 
3.7 z to-8 
2.6 I to-7 
5.0 z t()'-6 
7.3 I ti-6 
1.3 I tiJ-6 
l.Oxto-7 
4.9. to-8 
t.61to-6 
4.6 I to-7 
7.6 I to-7 

4.1.1.7.3 Water Levels and Vertical Piezometric Analysis 

Water levels in piezometers and observation wells were 

measured on 15 dates and data are presented in Appendix G. 

Hydrographs, for each of the sites, were prepared from water 

levels and indicate cumulative groundwater fluctuations with 

t±me. Hydrographs are presented in Figures 33 to 38, 

inclusive. 

Groundwater flucuations were particularily noticahle 

during the first 133 days due to the pumping of water from the 

piezometers. Water levels in piezometers more accurately 

represent seasonal fluctuations as the number of pumping 

periods decreased (Figures 33 to 38, inclusive). 
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The position of the watertable is showed by the level at 

which water stands in a shallow well that is open along its 

length and penetrates surficial deposits just deeply enough to 

encounter standing water in the bottom (Freeze and Cherry, 

1919). For all practical purposes water levels in shallow 

observation wells represent the position of the watertable. 

Greatest depths to the watertable occurred at higher elevations 

(upland areas) and shallowest depths occurred at lower 

elevations (lowland areas) (Figures 33 to 38, inclusive). 

Throughout the investigative period, water levels in most 

observation wells and piezometers fluctuated with largest 

upward fluctuations recorded during the autumn of 1985 (days 

111 to 133 ) and the spring of 1986 (days 256 to 311) 

(Figures 33 to 38, inclusive). 

Meteorological data were unavailable for the Assiniboia 

area during the autumn of 1985. However, precipitation records 

fram the Gravelbourg and Coderre meteorological stations (45 km 

BW and 62 km H of Assiniboia) showed that relatively high 

amounts of precipitation fell during September and October, 

1985. At the Gravelbourg station, 1.86 and 2.08 am fell for 

the weekly period ending September 16 and October 1, 1985, 

respectively while at the Coderre station 1.81 and 2.40 c.m fell 

for the weekly period ending September 16 and October 1, 1995, 

respectively (Environment Canada, 1995). Fluctuations during 

the spring were probably related to snow melt while 

fluctuations during the autumn were shown to be related to 

precipitation. 

Vertical gradients can be determined from static water 
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levels in 3 or more piezometers installed at a single location, 

each bottoming at a different depth and possibly in a different 

geological formation (Freeze and Cherry, 1979). For the· entire 

study period, water levels in piezometers at site 3 suggested 

upward gradients, toward the watertable, from the Eastend-like 

sand layer while water levels in piezometers at site 1 largely 

suggested downward gradients, away from the watertable (Figures 

35 and 33). 

Between June 1985 and April 1986 (days 0 to 292) water 

levels in piezometers at sites 4, 5 and 6 suggested upward 

gradients, toward the watertable (Figures 36 to 38, inclusive). 

Similar gradients were suggested at site 2 however, on October 

15, 1985 water levels in P.iezometers suggested downward 

gradients away from the water~able (Figure 34). Site 2 was 

situated in a microdepression and downward gradients were 

probably related to the accumulation and percolation of 

rainfall from autumn precipitation. 

Water levels in piezometers at site 2 suggested downward 

gradients, away from the watertable between April 1986 and 

August 1986 (days 292 to 430) and upward gradients, toward the 

watertable, between August 1986 and October 1986 (days 430 and 

478) (figure 34). 

Water levels in piezometers at site 4 suggested downward 

gradients, away from the watertable, between April 1986 and 

July 1986 (days 292 and 388) and upward gradients toward the 

watertable between July 1986 and October 1986 (days 388 and 

478) (Figure 36). 

Water levels in piezometers at site 5 suggested downward 



90 

gradients, away from the watertable, between April 1986 and 

June 1986 (days 292 and 371} and upward gradients toward the 

waterta.ble between June 1986 and October 1986 (days 371 and 

478) (Figure 37). 

Water levels in piezometers at site 6 suggested downward 

gradients, away from the watertable, between April 1986 and May 

1986 (days 292 and 335) and upward gradients toward the water 

table between May 1986 and October 1986 (days 335 and 478) 

(Figure 38} . 

Vertical piezometric analysis suggests that site 1 occurs 

in an area of groundwater recharge while site 3 occurs in an 

area of groundwater discharge. Sites 2, 4, 5, and 6 are 

situated in areas of seasonal groundwater recharge and 

discharge. 

Recharge areas occur where the entry and flow of water is 

into and away from the watertable surface while discharge areas 

occur where associated flow is toward the watertable and water 

is removed from the watertable surface (Freeze and Cherry, 

1979). Freeze (1969) found that near vertical recharge occurs 

through the glacial till and upper less permeable layers of the 

Ravenscrag and Whitemud Formations in the highland of Township 

6, Range 1, and Township 7, Range 2 (south and west of the 

study area) . 

4.1.1.7.4 Vertical and Horizontal Groundwater Flow 

Groundwater flow patterns were studied during the spring, 

summer, and the autumn of 1986 (Figures 39 to 41, inclusive). 



Figure 39. Groundwater flow between sites 1 and 4 during the spring of 1986 at the Asslniboia study site. 
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Groundwater flow direction was indicated by a series of arrows. 

Larger and heavier arrows indicated larger differences in 

hydraulic head between piezometer tips. 

During the spring of 1986, three areas of vertical 

(do1m.ward) flow occurred at the study site. The shape of the 

750 m equipotential line suggests that downward flow probably 

occurred several meters east of site 1 (Figure 39). Recharge 

water likely originated from snow that was trapped in a thick. 

stand of shrubs and trees . 

The second site of downward flow occurred in an area a. few 

meters west of site 5. A slight depression in the landscape 

probably held snow melt water that contributed to recharge. 

The third site of downward flow occurred at site 4. Site 

4 was lool!-ted near a rock pile in a slight upland area. Water 

probably originated from snow that was blown near the rock 

pile. 

Hydraulic heads within the Eastend-like sand layer 

suggested that horizontal flow generally occurred from sites 4 

through to site 1 and vertical (upward) flow largely occurred 

between sites 3 and 6 (Figure 39}. Due to a structural 

narrowing of the Eastend-like sand layer at site 5, horizontal 

flow patterns were disturbed and groundwater appeared to flow 

against the general eastward direction. Hydraulic heads, east 

of site 5, suggested general horizontal flow eastward toward 

site 1 (Figure 39). 

Groundwater flow patterns changed slightly during the 

summer of 1986. The watertable fell and two instead of three 

areas contributed to vertical (downward} flow. One area 
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occurred at site 1 and the other at site 2 (Figure 40). 

Eastward horizontal flow occurred between sites 4 and site 

1 and vertical (upward} flow occurred over a slightly larger 

area, between sites 4 and 5 (Figure 40). Horizontal flow 

through the Eastend-like sand layer was again disturbed at site 

5. Groundwater appeared to flow against the general eastward 

direction. Hydraulic heads east of site 5 suggested eastward 

flow toward site 1 (Figure 40). 

Groundwater flow patterns differed during the autumn of 

1986. The watertable fell further below ground surface and 

only a single area contributed to vertical (downward) flow. 

Downward flow occurred at site 1 (Figure 41). General 

horizontal flow occurred from site 4 to site 1 and vertical 

(upward) flow occurred over yet a larger area between sites 4 

and site 2. Horizontal flow patterns in the Eastend-like sand 

were again disturbed at site·5 but general flow, east of site 

5, was eastward toward site 1 (Figure 41}. 

4.1.2 Discussion 

Upper Slope Position 

Site 1 

The A, B, and C horizons of this Orthic Brown Chernozemic 

site were nonsaline and nonalkali. A salt bulge occurred in 

the oxidized till layer at a depth of 4.81 m below ground 

surface. The position of the salt bulge was probably related 

to a balance between net downward groundwater flow and net 

upward flow originating from the Eastend-like sand layer. The 
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highest water level in piezometers completed in the 

Eastend-like sand layer was 5.79 m below ground surface. 

Pressure heads in the oxidized till layer increased during 

the spring and were probably related to groundwater recharge as 

a result of snow melt. Groundwater recharge occurred in the 

spring, summer, and autumn. Water levels in piezometers 

suggested that groundwater flow was downward and away from the 

watertable during the spring, summer, and autumn. 

The depth to the watertable was largely dependent upon the 

amount of surface water available for recharge. During the 

spring relatively large amounts of surface water probably 

entered the groundwater system. The watertable on Hay 22, 1986 

was recorded at 2.27 m below ground surface. Less surface 

water was probably available during the autumn and the 

watertable fell to 4. 76 m. . 

The domdnant salt in groundwater from the oxidized till 

and the Eastend-like sand layer was sodium sulfate. The 

concentration of sodium salt in groundwater increased from the 

oxidized till layer downward to the Eastend-like sand layer. 

Increasing concentrations of sodium salts with depth was 

probably related to the leaching of soluble salts from 

shallower depths. 

Dcnm:ward hydraulic gradients and soluble sodium salt 

concentrations support the conclusion that the Orthic Brown 

soil at site 1 is situated in an area of groundwater recharge. 

Because general groundwater flow is downward and away from the 

watertable there appears little chance that this soil will form 

into saline or solonetzic soils. 
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Site 4 

The A, B, and C horizons of this Orthic Brown Chernozemic 

site were nonsaline and nonalkali. A soluble sodium salt bulge 

occurred in the oxidized till layer at a depth of 3.35 m below 

ground surface. The position of the salt bulge was probably 

related to a balance between net downward groundwater flow and 

net upward groundwater flow from the Eastend-like sand layer. 

The highest water level in a piezometer completed in the 

Eastend-like sand layer was 1.66 m below ground surface. 

Pressure heads increased in the oxidized till and the 

Eastend-like sand layers during the autumn of 1985 and the 

spring of 1986. Increasing pressure heads were probably 

related to precipitation during the autumn and snow melt during 

the spring. 

Water levels in piezometers during summer, autumn, and 

winter suggested upward flow toward the watertable while during 

the spring they suggested downward flow away from the 

watertable. Water levels during the summer of 1985 were 

inconclusive because not all piezometers were at equilibrium. 

During the spring of 1986, a relatively large amount of 

water was available for recharge and the watertable was rose to 

1. 37 m below ground surface. During the autumn, little water 

was probably available for recharge and the watertable fell to 

2.37 m below ground surface. The depth of the watertable, 

during the autumn, was probably governed by pressure heads in 

the Eastend-like sand layer because water levels in piezometers 

suggested upward flow toward the watertable from the 

Eastend-like sand layer. 
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The dominant salt in groundwater from the oxidized till 

and the Eastend-lik.e sand layers was sodium sulfate. Soluble 

sodium salt concentrations in groundwater increased from the 

Eastend-like sand layer to the oxidized till layer. Water from 

the oxidized till layer presented a very high salinity hazard 

and a high sodium hazard to soils. Increased concentration of 

soluble sodium salts in the oxidized till was probably related 

to discharge from the Eastend-like sand layer. 

Seasonal upward and downward groundwater flow patterns 

support the conclusion that site 4 is situated in an area of 

groundwater recharge and discharge. Orthic Brown soils at site 

4 may transform into saline soils if pressure heads in the 

Eastend-like sand layer increase over time. 

Bid Slope Position 

Site 2 

The A and B horizons of this Brown Solodized Solonetz site 

were nonsaline-nonalkali while the C horizons were moderately 

to severely saline-nonalkali. A soluble sodium salt bulge 

occurred in the oxidized till layer at a depth of 0.91 m below 

ground surface. The position of the salt bulge was again 

probably related to A balance between net downward groundwater 

flow and net upward flow from the Eastend-like sand layer. The 

highest water level in piezometers completed in the 

Eastend-like sand layer WAS 2.69 m below ground surface. 

Water levels in piezometers indicate upward groundwater 

flow, toward the watertable, from the Eastend-like sand layer 
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during the autumn, winter, and spring and downward groundwater 

flow, away from the watertable, during the summer. The highest 

watertable was measured at 2.56 m below ground surface during 

the summer of 1986 and the lowest groundwater table was 

measured at 3.25 m below ground surface during the spring of 

1986. Vertical hydaulic gradients suggested that the 

watertable was governed by recharge, during the summer, and 

discharge from the Eastend-like sand during the autumn, winter, 

and spring. 

Site 2 was situated in a micro-depression. Groundwater 

recharge, during the summer, probably occurred as a result of 

rainfall. Rain water probably accumulated in the 

micro-depression and contributed to downward flow. Evidence of 

a distinct As horizon strongly suggests downward groundwater 

flow in the microdepression. 

The dominant salt in groundwater from both the 

Eastend-like sand and oxidized till layers was sodium sulfate. 

Soluble sodium salt concentrations in groundwater increased 

from the Eastend-like sand layer to the oxidized till layer. 

Groundwater from the oxidized till layer presented a very high 

salinity and a high sodium hazard to soil. Increasing salt 

concentrations toward ground surface was probably related to 

discharge from the Eastend-like sand layer and evaporation and 

evapotranspiration of water from the ground surface. 

upward and downward gradients support the conclusion that 

the Brown Solodized Solonetz soil at site 2 is situated in an 

area of seasonal groundwater recharge and discharge. Solodized 

Solonetz soils at the Assiniboia study site occurred in small 
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isolated areas throughout the landscape. Solodized Solonetz 

soils at site 2 are unique because they occurred only in a 

adore-depression about 6 m in diameter. 

Site 5 

Soils of this Brown Solonetz site were nonsaline

nonalkali. A soluble sodium salt bulge occurred in the 

oxidized till at a depth of 1.22 m below ground surface. 

Similarly, the position of the salt bulge was probably related 

to a balance between net downward groundwater flow and net 

upward flow from the Eastend-like sand layer. The highest 

water level, in a piezometer completed in the Eastend-like sand 

layer, was 1. 36 m be low ground surface. 

Pressure heads increased in both the oxidized till and the 

Eastend-lik.e sand layer during the spring and the autumn. 

Increased pressure heads were probably related to snow melt 

during the spring and precipitation during the autumn. 

During the summer, autumn and winter, water levels in 

piezometers suggested groundwater flow upward toward the 

watertable from the Eastend-like sand layer. Water levels in 

the spring suggested downward groundwater flow away from the 

watertable. 

The depth to the watertable was probably governed by 

discharge from the Eastend-like sand layer during the swmner, 

autumn, and winter. During the spring, the depth to the 

watertable was probably related to recharge. The shallowest 

depth to the watertable was 0.95 m during the spring and the 

greatest depth was 2.30 m during the autumn. 

The dominant salt in groundwater from the oxidized till 
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and the Eastend-lika sand layers was sodium sulfate. The 

concentration of soluble salts in groundwater increased from 

the Eastend-like sand layer to the oxidized till layer. ·Water 

from the oxidized till layer presented very high salinity and 

sodium hazards to soil. The accumulation of soluble sodium 

salt in the oxidized till layer was probably related to 

discharge from the Eastend-like sand layer. 

upward and downward gradients support the conclusion that 

Brown Solonetz soils at site 5 are situated in an area of 

seasonal groundwater recharge and discharge. If pressure heads 

increase in the Eastend-like sand this Brown Solonetz soil may 

become more saline. 

Lower Slope Position 

Site 3 

All horizons of the Alkaline Solonetz site are very 

severely saline and alkali. A soluble sodium salt bulge 

occurred in the oxidized till layer at 0. 61 m below ground 

surface. The shallow depth to the salt bulge was probably 

related to groundwater discharge originating from the 

Eastend-like sand layer. The highest water level in a 

piezometer completed in the Eastend-like sand layer was +0 .11 m 

above ground surface . 

In the Eastend-like sand and the oxidized till layers 

pressure heads steadily increased during the spring and the 

autumn. Increased pressure heads were probab~y related to snow 

melt and precipitation. Throughout the entire study period, 

water levels in piezometers suggested upward gradients toward 
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the watertable from the Eaatend-like sand layer. 

The depth to the watertable was largely governed by 

pressure heads in the Eastend-like sand layer. The watertable 

was measured at 0. 66 m be low ground surface in the spring of 

1986 aDd 1. 71 m below ground surface in late summer. The 

watertable responded to precipitation during the middle of 

September and early October, 1985. The watertable rose from 

1. 54 m in August to 0. 06 m below ground surface in October, 

1985. 

The dominant salt in groundwater from the oxidized till 

layer and the Eastend-like sand layer was sodium sulfate. The 

concentration of soluble sodium salt increased from the 

Eastend-like sand layer to the oxidized till layer. Increasing 

salt concentrations toward ground surface were probably related 

to evaporation and evapotranspiration of water from the ground 

surface. 

Dominant upward flow patterns support the conclusion that 

site 3 is situated in an area of groundwater discharge. 

Alkaline Solonetz soils at site 3 may develop into Solodized 

Solonetz soils if pressure heads in the Eastend-like sand layer 

decrease. 

Site 6 

The A, B, and C horizons of this Alkaline Solonetz site 

were slightly saline-nonalkali, moderately saline-alkali, and 

severely saline-alkali, respectively. A soluble sodium salt 

bulge occurred in the oxidized till layer at a depth of 0.91 m 

below ground surface. The shallow depth to the salt bulge was 

probably related to groundwater discharge originating from the 
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Eastend-like sand layer. The highest water level in a 

piezometer completed in the Eastend-like sand layer was 0.59 m 
below ground surface. 

The pressure heads steadily increased in the oxidized till 

and ·the Eastend-like sand layers during the spring and the 

autumn. Increasing pressure heads were probably related to 

snow DBlt and precipitation, respectively. 

The depth to the watertable was largely governed by 

pressure heads in the Eastend-like sand layer and to a less~r 

degree groundwater recharge. Water levels in piezometers 

showed that groundwater flowed toward the watertable from the 

Eastend-like sand layer during the summer, autumn, and winter 

seasons. Only during the spring did water levels suggest 

downward flow away from the watertable. In the spring of 1986 

the watertable was 0.75 m below ground surface while in the 

autumn it was 1.95 m below ground surface. 

The dominant salt in groundwater from both the oxidized 

till layer and the Eastend-like sand layer was sodium sulfate. 

The concentration of soluble sodium salts in groundwater 

increased from the Eastend-lik.e sand layer to the oxidized till 

layer. Water in the oxidized till layer presented very high 

salinity and sodium hazards to soil. Increasing salt 

concentrations toward ground surface was probably related to 

evaporation and evapotranspiration of water from the ground 

surface. 

Seasonal hydraulic gradients and soluble sodium salt 

concentrations support the conclusion that the Alkaline 

Solonetz_ soil at site 6 is situated in an area of seasonal 
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groundwater recharge and discharge. The Alkaline Solonetz uay 

develop into a Solodized Solonetz soil if pressure heads 

decrease in the Eastend-like sand layer. 



4.2 Hanley Study Area 

4.2.1 Physical Environment 

4.2.1.1 Location 
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The Hanley study area encompases a region of about 1,700 

square miles (4,500 ~) in south central Saskatchewan. The 

study area includes Townships 24 to 31, Ranges 2 to 7, West of 

the Third Meridian (Figure 42). 

4.2.1.2 Physiography 

The Hanley study area is in the Saskatchewan Plains Region 

(Acton et al., 1960). The Allan Hills upland occupies the 

northeastern portion of the study area and the Hawarden Hills 

upland occupies the west central area. The Saskatchewan Rivers 

Plain encompasses the Hawarden Hills and occupies areas 

southwest of the Allan Hills Upland (Figure 43). 

The Allan Hills Upland is a gently to strongly rolling 

morainic till plain (Acton et al., 1960). It consists of 

moderately rolling moraines and clayey glacio-lacustrine 

plains. External drainage is limited to Ar.m River along the 

eastern edge of the Allan Hills (Ellis et al., 1968). 

The Hawarden Hills Upland consists of roughly undulating 

and gently rolling knob and kettle and ridged moraines (Ellis 

et al., 1968). External drainage is confined to areas along 

the west escarpment to the South Saskatchewan River. 
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Figure 43 . Dominant and significant solonetzic series (Ellis et 
al . , 1965, 1967, 196B)(Aoton and Ellis, 191B)(Ayres 
et al., 1985)(Anderson et al., in press), solonetzic 
associations and complexes (Mitchell et al . , 1944), 
physiographic areas (Acton et al., 1960), and study 
areas south of township 40, Saskatchewan. 
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The Saskatchewan Rivers Plain area is subdivided into the 

Outlook, Hanley, and Loreburn Plains. The Outlook Plain is 

situated west and northwest of the Hawarden Hills Upland and 

consists of an undulating sandy glacio---fluvial and lacustrine 

plain (Ellis et al., 1968). The plain slopes from 1900 feet 

(579 m) at the base of the Hawarden Hills to 1800 feet (549 m) 

at the South Saskatchewan River. 

The Hanley Plain occupies northern portions of the study 

area between the Allan Hills and Harwarden Hills Upland and 

areas north of the Hawarden Hills Upland. The plain consists 

of nearly level to gently sloping silty and clayey lacustrine 

sediments. The Hanley plain slopes from 1,925 feet (587 m) in 

the south to 1,750 feet (534 m} in the north and is externally 

drained by Brightwater Creek (Ellis et al., 1968). 

The Loreburn Plain extends south of the Hanley Plain 

between the Allan and the Hawarden Hills Uplands, and south of 

the Hawarden Hills Upland. The Loreburn Plain is nearly level 

at approximately 1,900 feet (579 m). The plain consists of a 

roughly undulating to gently rolling glacial till plain with 

local silty and clayey glacio-lacustrine areas (Ellis et al., 

1968) . The Loreburn Plain has no external drainage. 

4.2.1.3 Climate and Land Use 

The Hanley study area exists in a semi-arid continental 

type of climate with short, warm summers and very cold, long 

winters (Ellis et al., 1968). The Rosetown and Saskatoon 
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meterological stations are the nearest to the site (68 and 48 

km, respectively). Average annual precipitation at Rosetown 

and Saskatoon between the years 1951 and 1980 was 33.8 and 34.8 

em, respectively while the average annual temperature at both 

sites was 1.9 ·c (Enviroment Canada, 1982). 

Host of the well drained nearly·level to moderately 

rolling land of medium and finer textures is used for grain 

production (Ellis at al., 1968). Native vegetation is confined 

to areas which are unsuitable for cultivation (Ellis at al., 

1968). 

4.2.1.4 Elevation 

Elevations exceeding 2,000 (610 m) and 2,100 feet (640 m) 

occur in portions of the Hawarden and Allan Hills Upland, 

respectively (Figure 44). Lower elevations of 1,900 feet 

(579 m) occur between the two upland areas and elevations below 

1,800 feet (589 m) occur in the northwest part of the study 

area (Figure 44). 

4.2.1.5 Geology 

4.2.1.5.1 Soils and Surficial Geology 

Nearly all soils in the Hanley study area occur in the 

Dark Brown soil zone (Mitchell et al., 1944). Solonetzic soils 

occur in most parts of the Hanley and Loreburn Plains and in 

portions of the Hawarden and Allan Hills Upland (Figure 44). 
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Figure44. Elevations (Department of Energy, Mines, and 
Resources, 1977), solonetzic soil groups (Ellis et 
al., 1969), and geologic cross sections (Christiansen and 
Meneley, 1971) in the Hanley study area. 
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Four solonetzic soil groups were delineated in the study 

area, they include the: 1) dominant Solonetzic, 2) dominant 

Solodio, 3) significant Solonetzio, and 4) significant Solodic 

groups (Figure 44). 

All map units and map complexes that were included in the 

four solonetzic soil groups are presented in Table 5. 

!Ule 5. llap aits u4 Mp cc.plues iDcllded ill soloDIItzio soil gzoups 
in thlt Bu\leJ stwlJ U'ft (mis et u.' 1968). 

Dcwi»nt SolOliiRtzio &roup 
a) llaDl•f 1,2,4, u4 5 •P UDits u4 cc.pleus with !uxford, l'efburn, 

ftmgello, u4 E1sto. lssociat.ions 
b) tiDdersler 1 ... , 11Dit 
o) los••• 1 ud 2 Mp units ud oo.pleus with U. l'efburn lssociation 
d) frossaohs 1 ud 2 ., 'GDits 
e) !'mtford 1,2 ud 3 Mp \11\it.s u4 oo.pleus with Sv.t.Mrlud u4 llu14tJ 

AssooiatioDS 
.f) !'mtford 10 Mp unit COIIplued with the SutherltDCI Assooittion 
g) ftmgello 1 ud 2 •P UDits 

Doe1 nant Solod1o Group 
a) Jbl.ef 3 M.p unit ud oo.plexes with thlt "-flnJrn Association 
:b) losaaw 3 •P 111d.t ud cc.pleus with the l'efburn Association 
0) !'mtford S Mp unit 
d) fiDglllo 3 ... , unit 

S1gni fi cant SolODetz:i.o &roup 
a) E1sto. Association 001apl•nd with thlt KanleJ 1 Mp ait 
:b) \'&}bum Association cc.plued with thlt JDsaau 2 •P unit 
o) hthu"lud Assooiation eo~~pl•ud with th& !afor4 3 aap ait 

Signi fl cut Soloclio &roup 
a) Elstow Association coaplued with llaDl&f 3 M.p UDit 
h) ~hum lssoohtion COIIp].uecl with los••• 3 •P unit 

Between the Hawarden Hills and Allan Hills Uplands 

dominant solonetzic soils largely occur between the 1,900 and 

2,000 (549 and 609 m) contours {Figure 44). Hanley 1, Rosemae 

1 and 2, and Tuxford 2 map units account for most of areas in 

the dominant Solonetzic group. 

Soils in the dominant Solonetzic group occur on gently to 
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very gently undulating topography with moderately salina and 

calcareous parent materials. Solonetz series generally occur 

on upper slopes or knolls, Solodized Solonetz series on mid 

slopes and Solod series on lower slopes above poorly drained 

depressional areas (Ellis et al., 1968). Gleysolic and 

Regosolic soils sometimes occupy depressions that are poorly 

drained. 

Rosemae 3 and Hanley 3 map units account for most of areas 

in the doudnant Solodic group (Ellis et al., 1968). Solod 

series generally occur on lower slopes above poorly drained 

depressional areas while Solonetz series occupy upper slopes or 

knolls. 

Significant Solonetzic and significant Solodic groups 

generally occur at higher elevations than domdnant Solonetzic 

and/or dominant Solodic groups (Figure 44). Both groups 

largely occur in the eastern portion of the Hawarden Hills 

Upland and in southern portions of the Allan Hills Upland 

(Figure 44 ) . 

The Weyburn-Rosemae 2 map complex accounts for most of 

areas in the significant Solonetzic group while the 

Weyburn-Rosemae 3 map complex accounts for most of areas in the 

significant Solodic group. Parent materials of Weyburn soils 

consist of moderately calcareous unsorted glacial till. In 

both map complexes, Weyburn Chernozemic soils occupy knolls and 

upper slopes while Rosemae soils occupy remaining portions of 

the landscape (Ellis et al., 1968). 

Two geologic cross sections were drawn through the Hanley 



113 

study area (Figure 44). Glacial drift deposits vary up to 

several hundred feet (tens of meters) thick. Drift is thinnest 

in the plains and thickest in the upland areas (Figures 45 and 

46). Glacial drift deposits were reported to be between 0 and 

50 feet (0 and 15 m) thick in the Hanley and Loreburn Plains 

and over 200 feet (61 m) thick in the Allan Hills and Hawarden 

Hills Uplands (Harder and Henry, 1986). 

Christiansen (1984) identified and described three glacial 

drift Groups in the Hanley study area which he referred to as 

the Empress, Sutherland, and Saskatoon Groups. 

4.2.1.5.2 Bedrock Stratigraphy 

Most water wells that were completed in bedrock sediments 

were completed in the Judith River and Bearpaw Formations. 

Bedrock sediments older than the Judith River will not be 

discussed. 

The Judith River Formation is between 0 and 200 feet (0 

and 61 m)(Christiansen and Meneley, 1971). It is composed of 

noncalcareous Ddxed beds of sand, silt, and clay, with some 

beds of coal (McLean, 1971). 

The Bearpaw Formation forms most of the bedrock surface in 

the study area (Christiansen and Meneley, 1971). It is up to 

950 feet (290 m) thick and consists of gray, noncalcareous silt 

and clay (Christiansen and Meneley, 1971). 
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Figure 45. Geologia oross-seotion ~A' (Christiansen and 
Meneley, 1971) and solonetzio areas (Ellis et 
al., 1968) in the Hanely study area. 

Figure 46. Geologic oross section B-B' (Christiansen and 
Meneley, 1971) and solonetzic areas (Ellis et 
al., 1968) in the Hanely study area. 
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The Bearpaw Formation includes the Ardkenneth Member 

(Caldwell, 1968) which is up to 100 feet (31 m) thick. The 

member is composed of two units, a lower unit that is up to 70 

feet (21 m) thick and an upper unit that is up to 40 feet (12.2 

m) thick. The lower unit is composed of nonoalcareous sand 

interbedded with gray noncalcareous silt and an upper unit is 

composed of fine to medium, noncalcareous, greenish gray sand 

(Christiansen and Meneley, 1971). 

A structural depression in the bedrock strata is shown on 

both cross sections (Figures 45 and 46). Portions of the 

Judith River and Bearpaw Formations were encountered at greater 

depths than adjacent formations that were identical. 

Christiansen (1967) believed that such structures resulted from 

downfaulting due to the removal of salt from the Elk Point 

Group (situated thousands of feet (meters) below ground 

surface). 

Gendzwill and Hajnal (1971) speculated that collapse 

structures probably have a profound effect on groundwater 

circulation systems in most of the sedimentary areas of 

Saskatchewan. 

4.2.1.6 Hydrology 

4.2.1.6.1 Groundwater Chemistry 

Within the study area, Rutherford (1967) reported the 

composition of 30 water samples from wells completed in the 

Belly River (Judith River) Formation. Water was dominantly of 
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the sodium sulfate, chloride and bicarbonate types with an 

average SAR of 63 (Rutherford, 1967). Waters from 23 wells 

completed in the Bearpaw Formation had an average SAR of 39. 

Water may also be derived from either lower or upper glacial 

drift aquifers (Rutherford, 1967). Water from the lower 

glacial drift was of calcium and magnesium sulfate types with 

SAR values generally under 10.0. Water from the upper glacial 

drift was of calcium and magnesium bicarbonate types with SAR 

values generally under 5.0. 

In the Hanley study area, water from bedrock aquifers 

usually contained greater amounts of sodium, as indicated by 

SAR values, than water from glacial drift aquifers. When under 

sufficient pressure, water from bedrock aquifers may contribute 

sodium salts to near ~urface water tables thus providing the 

sodium required for the formation of solonetzio soils. 

4.2.1.6.2 Pressure Head 

Flowing water wells in the Hanley study area have been 

observed since 1910 (Maddox, 1932). Flowing wells largely 

occur in the plains area between the Allan Hills and Hawarden 

Hills Upland (Figure 47). 
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Figure 47 . *Static water levels and sources of groundwater in the 
Hanley study area (Mackay and Maddox, 1936; 
Saskatchewan Environment, 1985). 

)J Static water level within 3 .0 m of 
ground surface (Mackay and Maddox, 1936) 

*Static water level within 3.0 m of 
ground surface (Saskatchewan Environment, 
1985). 

~ Statio water level at and above ground 
surface (Mackay and Maddox, 1936) 

A Static water level at and above ground 
surface (Saskatchewan Environment, 1985) 

0 Water well completed in glacial drift 
' deposits** 

c=J Water well completed in bedrock sediment** 

* Refer to Figure 44 for the classification of solonetzic soil 
groups. 

** in some cases, completion recorda did not indicate in which 
geologic material the water well was completed and no reference 
was made. 
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Host of the flowing wells were completed in bedrock 

aquifers (Figure 47). Well records indicate that water from 

both Judith River and Bearpaw Formations are under pressure. 

Due to uncertainties associated with the identification of 

bedrock formations, water wells completed in both the Judith 

River and the Bearpaw Formation will be referred to as being 

completed in bedrock sands. 

4.2.2 Discussion 

Dominant Solonetzic Group 

Most dominant Solonetzic soils occur in the Hanley and 

Loreburn plains. Parent materials of dominant aolonetzic soils 

consist of moderately saline and calcareous glacio-lacustrine 

and glacial till deposits. Bedrock shales were not reported in 

any of the soil parent materials in the Hanley study area. 

More than SO wells, completed in bedrock sands, had pressure 

heads near or above ground surface. 

Evidence of moderately saline parent material, very high 

sodium and salinity levels and high pressure heads in water 

from bedrock sands suggest that hydromorphic processes of 

sodium accumulation probably occurred in dominant Solonetzic 

areas. 

Dominant Solodic Group 

Solodic soils generally occurred at slightly higher 

elevations (along the western edge of the Allan Hills and the 

northern edge of the Hawarden Hills Uplands) than dominant 
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Solonetzic soils and solodic soils generally occurred in lower 

portions of the local landscape. Parent materials largely 

consisted of moderately saline and calcareous unsorted glacial 

till. No evidence of bedrock shales were reported in soil 

parent materials. Pressure heads in four water wells completed 

in bedrock sands were above ground surface (western edge of 

Allan Hills upland) and suggest that hydromorphic processes of 

sodium accumulation is or may have been dominant. 

Significant Solonetzic and Solodic Groups 

Static water levels in bedrock aqu~fers in significant 

Solonetzio and Solodio areas are relatively low. Saskatchewan 

Environment (1985) records indicated that static water levels 

in wells completed in bedrock sands were between 20 and 150 

feet (6.1 and 46 m) below ground surface. 

Parent·materials of solonetzic soils in lower landscape 

positions were moderately saline and calcareous while parent 

materials of nonsolonetzic map units in higher landscape 

positions, were nonsaline. 

Evidence of low pressure heads in bedrock water wells, lack 

of bedrock clays in soil parent materials, solonetzio soils 

with moderately saline parent materials confined to lower 

landscapes and nonsolonetzic soils with nonsaline parent 

materials confined to upper landscapes suggest that sodium 

accumulation in significant Solonetzio and Solodio areas is 

probably related to paleohydromorphic processes of sodium 

accumulation. 



4.3 Central Butte Study Area 

4.3.1 Physical Environment 

4.3.1.1 Location 
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The Central Butte study area encompasses a region of about 

2,200 square mdles (5,800 ~) in south-central Saskatchewan. 

The study area includes Townships 17 to 23, Ranges 28 and 29, 

west of the Second Meridian and Ranges 1 to 7, West of the 

Third Meridian (Figure 48). 

4.3.1.2 Physiography 

The Assiniboine River Plain and Eyebrow Hills Upland form 

two physiographic sections in the Saskatchewan Plains Region. 

Both the Assiniboine River Plain and the Eyebrow Hills Upland 

are in the northeast portion of the study area (Figure 43). 

The Missouri Coteau Upland, part of the Alberta High Plains 

Region, is in the southwest portion of the study area (Figure 

43) ·. 

The Vermdlion Hills form a large portion of the Missouri 

Coteau Upland in the study area and consists of gently rolling 

to strongly rolling moraines with local sandy and gravelly 

glacio-fluvial and silty and clayey glacio-lacustrine deposits 

(Ayres at al., 1985). External drainage is limited and local 

drainage is confined to small lakes and sloughs (Ayres at al., 

1995). 
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The Eyebrow Hills upland forms a local high in the 

east-central portion of the study area. It is a gently 

undulating glacial till plain with local sandy fluvial

lacustrine deposits (Ayres et al., 1985). Local drainage is 

confined to sloughs and external drainage is limited along the 

northern edge to the Qu'Appelle River (Ayres et al., 1985). 

The Assiniboine River Plain is divided into several 

physiographic subsections which include; the Bridgeford, 

Central Butte, Caron, and Regina Plains. The Bridgeford Plain 

occupies northern portions of the study area between the 

Cu'Appelle Valley and the Eyebrow Hills Upland and areas 

northwest of the Eyebrow Hills (Figure 49). It is a gently 

undulating dissected sandy and silty fluvial-lacustrine plain 

with some glacial till and silty and clayey glacio-lacustrine 

deposits (Ayres et al., 1985). Summit, Aiktow, and Ridge 

Creeks provide external drainage to the Ou'Appelle River. 

The Central Butte Plain occupies areas west of the Eyebrow 

Hills Upland between the Bridgeford Plain and Thunder Creek 

(Figure 49). The plain is a very gently and gently undulating 

glacial till plain that slopes from over 2,100 feet (640 m) on 

the south to 2,000 feet (610 m) on the north and about 1,970 

feet (600 m) on the eastern extremities (Department of Energy 

Kines and Resources, 1977). Summit, Aiktow, and Ridge Creeks 

provide external drainage to the north while Thunder Creek 

provides limited drainage to the south (Ayres et al., 1985). 

The Caron Plain is situated in the southeastern portion of 

the study area. It is a very gently and gently undulating 
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sandy fluvial-lacustrine and gravelly glacio-fluvial plain with 

some clayey glacio-lacustrine and glacial till deposits (Ayres 

et al., 1985). 

The Regina Plain occupies a narrow strip in the southeast 

corner of the study area. The plain is southeast of the 

Central Butte Plain and is confined between the Eyebrow Hills 

Upland and the Caron Plain. It is a very gently and gently 

undulating dissected clayey glacio-lacustrine plain with 

limited exterul drainage to Thunder Creek (Ayres et al., 

1985). 

4.3.1.3 ClimAte and Land Use 

The climate is characterized by warm-summers, cold 

winters, and moderately low annual precipitation (Ayres at al., 

1985). Average annual precipitation and temperature between 

the years 1951 and 1980 at the Elbow met.eorological station was 

31.8 em and 2.6 ·c, respectively (Environment Canada, 1982). 

Most of the natural vegetation occurs on nonarable areas of 

rolling, hilly or eroded lands and sloughs or runways (Ayres et 

al., 1985). Most portions of the study area are cultivated for 

cereal crop production, primarily wheat (Ayres et al., 1985). 

4.3.1.4 Elevation 

Elevations exceeding 2,400 feet (732 m) occur in the 

Missouri Coteau Upland. Surface elevations fall to about 2,100 
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feet (640 m) in the southern part of the Central Butte Plain 

and the Eyebrow Hills Upland. Between the Central Butte Plain 

and the Eyebrow Hills Upland elevations fall to about 1,950 

feet (595 m). Elevations fall to 1,800 feet (549 m) within the 

au·Appelle Valley in the northeast portion of the study area 

(Figura 49). 

4.3.1.5 Geology 

4.3.1.5.1 Soils and Surficial Geology 

Soils in the study area occur in both the Brown and the 

Dark Brown soil zones (Mitchell et al., 1944). The area 

between the Missouri Coteau Upland and the Assiniboine River 

Plain forms a boundary between the two soil zones. Brown soils 

occur in the Missouri Coteau Upland and Dark Brown soils occur 

in the Assiniboine River Plain (Ayres et al., 1985). 

Solonetzio soils are mapped in most of the Central Butte 

Plain, portions of the Eyebrow Hills Upland, and in several 

scattered areas along the northern edge of the Missouri Coteau 

Upland. Four solonetzic soil groups were delineated in the 

study area, they include the; 1) domdnant Solonetzio, 2} 

domdnant Solodic, 3) significant Solonetzic, and 4) significant 

Solodic groups (Figure 49). All map units and map complexes 

that were included in the four solonetzic soil groups are 

presented in Table 6. 
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Figure 49 . Elevations (Department of Energy, Mines, and 
Resources, 1977), solonetzic soil groups (Ayres et 
al . , 1985), and geologic cross sections (Whitaker, 
1970) in the Central Butte study area . 
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!Ul• 6. tlap 11Dits u4 aap COiapl.eus iDcl111e4 in solcmetzio soil groups 
1a tJ. Ceatnl Butte st1J4:r ante. (&fres et, al. 1 1985) • 

Dcwjmld; Sololwtzio ·&roup 
a) Echo 112 14 15 ,6 1? 18,u4 9 aap 11Dits u4 COiaplu.s with Arclill 1 

Bt.wrld.ll 1 aDd 11D4ers1eJ &ssooie.tiODS 
•> nuooalMt 4-Baftl'h:i.ll s 
o) 8J.lrof 1 ,2, aDd 3 Mp Uld.ts aDd co.pl.ne:s with Birsa:r 1 Jraftl'hill aDd 

Batton Usooie.tioas 
4) Ei.Ddersle;r 4-ftll.ows 2 
•) DMR'Sl.ef 10 aap a:i.t 
f) DttU.Jmt 1,4,~,7, aDd. 8 .. , Uld.ts u4 ~with &r4i1l u4 

Jrelstun Asscoiaticms 
g) JfaDl.eJ 1 ,2, u4 6 •P Uld.ts u4 coap]Rxes with Eo]M) ud l'eflnlra 

UsooiatiODS 
h) Jtas•••• 2-l'e:flnlm 12 
i) frossaohs 4-lnl.et 6 
h) hx1ord 1 0-Jsg:i.Da 1 
j) hx1ord 10-Suthwlud 1 
l) tiDg&llo 1-Bn.4wll 1 
1) tiDg&llo 4 _, a:i.t 

Dnpj•nt Solodio 9roup 
a) nuooUe 3 aap 11Dit 
:b) 8J.lrof 4 u4 5 aap UD:i.ts u4 ooaplexes with BirAJ u4 JelstM'n 

&ssooiatioas 
o) I'Rtl•hut 6 M.p ait oo.pl.uecl with Arclill u4 JrelsWrn lssociaticms 
4) l'alstKD. 4-n.ucou. 1 ,2 
• ) Bulef 3-El.stow' 1 
f) tiDg&llo 3 Mp unit co.plexed with the l'efbun Association 

s:lgD1 flcant SoloD&tsio &roup 
a) Arclill Usooiat:i.oa COiapl...a with Eo)¥) 6 ud l'ettl•hut 1 ,3 ,4 ,5,?, ud 8 

.. , 11Dits 
b) BirRJ lssooiation 0011plnM with 8J.lrof 1 ud 3 aap Uldts 
o) Fox Yall&f Associ.ation COIIplued with :r&ttlehut 3 and l'elstera ~ Mp 

'aldts 
4) Jlaftrhill Association 0011plued with Eo]M) 2,5, u4 6 aDd nazcoue. 4 

.. , units 
e) Batton lssociatioa co.plexed with &ilro;r 1 u4 4 u4 li.Merslef 10 •P 

aits 
.f) ftl.1ows Assooiatioa co.plexed with K1Ddersl.ef 1 ,4 aDd 10 •P liDits 
g) lscfaith Association COiaplued with aos .... 2 ud tiDg&llo 4 aap a:i.ts 
h) Inlet &ssooiatioa COIIpleDd with thl! !rossacbs 4 .. , unit 
i) Bnd.wll Association co.plencl with that tiDg&llo 4 111.p vnit 
:1) E1stow Association COIIpleDd with llaDlef 1 u4 6 .. , units 
1:) Suthlrlud. Association coaplnecl with fuford 1 ,2 tDd 10 aap aits 
1) l'e:rbun Association 0011plexed wi.th loseMe 2 aDd !rossacbs 4 •P units 
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!U1e '· contimwd. 

SigDi flcant Sol.o4io &roup 
a) lirsaf Association co.plued with &i.lrof 4 &Dd ' MP 1Dd.ts 
.) Fa Y.U., Association ODIIplead trith U.. :r.lstftn 4 aap VDit 
o) lraYR"Jd.ll Association ca.Jlued with U. n.ucou. 3 •P UDi.t 
4) Hatton lssooiation ODIIpl.eDc1 with t» &i.lrof 4 aap VDit 
e) llm1et lssooiatioa 0011pleu4 with Ue Broo1iDg 4 •P UDi.t 
f) El.stow Association ODIIpl.eDc1 .-.ith tbt HanlttJ 3 aap 11D:i.t 
g) l"efJrora &ssooiatioa coapleud with losaaae 4 &Dd Bmlef 3 Mp 11Jd.ts 

Echo and Kattlehut map units account for most of areas in 

the domdnant Solonetzic group. Echo soils are largely found in 

the northern half of the Central Butte Plain (Figure 49). 

Parent materials consist of moderately calcareous, saline, 

modified glacial till domdnated by local residual Cretaceous 

shales (Ayres et al., 1985). Soil textures range from loam to 

clay loam to clay (Ayres et al., 1985). 

Solodized Solonetz series occur in most Echo landscapes 

(Ayres et al. ,. 1985). Solodic series usually occur below the 

Solodized Solonetz series, but on more level topography the 

reverse sequence may occur (Ayres et al., 1985). Solonetz 

series usually occur on upper slopes above the Solodized 

Solonetz series. In roughly undulating areas undifferentiated 

Gleysolic series occupy undrained depressions (Ayres et al., 

1985). Local areas of Saline Regsolic soils occur in the 

southern, eastern and northern fringes of the Central Butte 

Plain occuping nearly level or depressional landscapes (Ayres 

et al., 1985). 

A large portion of Kettlehut soils occur in the 

south portion of the Central Butte Plain. Parent materials 

consist of moderately calcareous, saline, shale-modified 

glacial till (Ayres et al., 1985). 
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Solonetz series usually occur on higher elevations above 

the Solodized Solonetz series and Solod series occur on lower 

slopes below Solodized Solonetz series (Ayres et al., 1985). 

In roughly undulating areas Gleysolic soils occur in undrained 

depressions. Many Saline Regosols occur in nearly level or 

depressional portions of the Kettlehut landscapes. 

Several small areas that are dominant Solodic occur 

adjacent to dominant Solonetzic soils in the Central Butte 

Plain (figure 49). Gilroy soils occupy largest areas in the 

dominant Solodic group. Parent materials consist of moderately 

calcareous, saline, sandy glacio-lacustrine deposits (Ayres at 

al., 1985). In local landscapes, Solodic series usually occur 

in lower slopes below Solodized Solonetz series. 

Ardill-Kettlehut, Weyburn-Rosemae, and Sutherland- Tuxford 

map complexes account for most of areas in the significant 

Solonetzic group. Ardill-Kettlehut soils occupy areas along 

both sides of Thunder Creek. Several scattered areas occur 

along the north edge of the Missouri Coteau Upland (south side 

of Thunder Creek) and.areas occur along southern portions of 

the Central Butte Plain (north of Thunder Creek) (Figure 49}. 

Parent materials of both Ardill and Kettlehut associations 

consist of shale-modified glacial till (Ayres et al., 1985). 

Parent materials of Ardill soils are moderately calcareous 

while parent materials of Kettlehut soils are moderately 

calcareous and saline. In local landscapes, Ardill soils occur 

on upper slopes while Kettlehut soils commonly occur on lower 

slopes (Ayres et al., 1985). 



132 

Weyburn-Rosemae soils largely occur in central and western 

portions of the Eyebrow Hills (Figure 49). Parent materials of 

both associations consist of unsorted glacial till. Parent 

materials of Weyburn soils are moderately to strongly 

oalcareo~s while parent materials of Rosemae soils are 

moderately to strongly calcareous and saline. Weyburn soils 

occur on upper slopes and Rosemae soils on mdd and lower slopes 

(Ayres et al., 1985). 

Sutherland-Tuxford soils largely occur in southern portions 

of the Eyebrow Hills and in areas southeast ·of the Eyebrow 

Hills (Figure 49). Parent materials of both associations 

consist of variable clayey glacio-lacustrine deposits. Parent 

materials of Sutherland soils are moderately calcareous while 

parent materials of Tuxford soils are moderately calcareous and 

saline. Sutherland soils occur on upper slopes while Tuxford 

soils occur on mdd and lower slopes (Ayres et al., 1985). 

Amulet-Brooking, Weyburn-Hanley and Weyburn-Rosemae soils 

occupy account for most of areas in the significant Solodic 

group. Amulet-Brooking soils largely occur in the Eyebrow 

Hills Upland. Both Amulet and Brooking soils are developed 

from shale-modified glacial till (Ayres et al., 1985). Parent 

materials of Amulet soils are moderately calcareous while 

parent materials of Brooking soils are moderately calcareous 

and saline. Amulet soils occur on upper slopes and Brooking 

soils on lower slopes (Ayres et al., 1985). 

Weyburn-Hanley and Weyburn-Rosemae soils largely occupy 

areas between the Eyebrow Hills Upland and the Central Butte 
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Plain (Figure 49). Parent materials of Weyburn soils consist 

of moderately to strong calcareous unsorted glacial till. 

Parent materials of Hanley soils consist of moderately 

calcareous, saline, silty glacio-lacustrine deposits and parent 

materials of Rosemae soils consist of moderately to strongly 

calcareous, saline, unsorted glacial till (Ayres et al., 1985). 

Weyburn soils occupy knolls and upper slopes while Hanley 

and Rosamae soils occupy areas between lower slopes and 

depressions (Ayres at al., 1985). 

Two geologic cross sections were drawn through the Central 

Butte study area (Figure 49). The thickness of glacial drift 

varies from about 600 feet (183 m) in the Missouri Coteau 

upland, to about 100 feet (30 m) in the Central Butte Plain, 

and to about SO feet (15 m) in the Eyebrow Hills Upland 

(Figures 50 and 51). 

The study area was glaciated four times and it is assumed 

that the last or Wisconsin glaciation determined the present 

makeup of the surface materials (Ayres et al., 1985). 

Ice thrust ridges are conspicuously well developed on the 

Missouri Coteau upland from southern Saskatchewan to east 

central Alberta (Kupsch, 1962). Kupsch (1962) explained that 

ice thrust ridges were strongly suspected within the study 

area. 
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Figure 50. Geologic cross section A-A' (Whitaker, 1970) and 
solonetzic areas (Ayres et al., 1985) in the Central 
Butte study area. 

Figure 51. Geologic cross section B-B' (Whitaker, 1970) and 
solonetzic areas (Ayres et al., 1985) in the Central 
Butte study area. 
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Kupsch ( 1962) found that upper portions of deformed ice 

thrust beds may be missing due to erosion caused by moving ice. 

When the ice broke up and disintegrated into smaller blocks, 

ablation till was let down in places. Ablation till (disturbed 

clay shale bedrock and glacial drift) D1Y have been deposited 

with relatively little mixing. 

4.3.1.5.2 Bedrock Stratigraphy 

Most water wells in the Central Butte study area were 

constructed for domestic purposes and did not exceed depths 

greater than the Judith River Formation. Geologic strata older 

than the Judith River ForJDlltion will not be discussed. 

In the Central Butte study area, the Judith River 

Formation is from 100 to 250 feet (30 and 76 m) thick 

(Figures 50 and 51). It consists of interbedded gray and 

variegated colored, sand, silt, and clay and is commonly 

carbonaceous and noncalcareous (Whitaker, 1970). 

The Bearpaw Formation forms most of the bedrock surface in 

the study area (Figures 50 and 51). It is from 350 to 1,200 

feet (100 to 366 m) thick and consists of gray, noncalcareous, 

silty clay and clay (Whitaker, 1970). It is locally bentonitic 

and concretionary and includes several sandy shale zones and 

sand members of large areal extent. 

Caldwell (1968) identified five separate sand members 

interlayered with silty clays in the Baarpaw Formation. The 

sand members, named in upward sequence, are the Outlook, 



137 

Matador, Demaine, Ardkenneth, and Cruikshank (Caldwell, 1968). 

Whitaker (1970) identified the Outlook, Demaine, Ardkenneth, 

and Matador members in the study area. The Ardkenneth Member 

was the thickest of the members. 

The Eastend and Whitemud Formations form the bedrock 

surface in a small area the Vermdlion Hills (Figure 51). The 

Eastend Formation is gradational between the underlying, marine 

Bearpaw Formation, and the overlying, non-marine Whitemud 

Formation (Christiansen, 1959). It commonly consists of 

calcareous fine-grained sand and silt that is locally 

carbonaceous in the upper portion (Whitaker, 1970). The 

Whitemud Formation consists of kaolinitic clay and sand that is 

carbonaceous. 

A structural depression in the bedrock strata .occurs in 

the study area (Figures 50 and 51). Portions of the Judith 

River and the Bearpaw Formations are vertically recessed at 

depths greater than identical adjacent formations. 

Christiansen (1967) believed that structural depressions were 

formed as a result of downward faultin as a result of salt 

removal from the Elk Point Group (situated thousands of feet 

(meters) below ground surface). 

Collapse structures may have a profound effect on the 

groundwater circulation in most sedimentary areas of 

Saskatchewan (Gendzwill and Hajnal, 1971). 
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4.3.1.6 Hydrology 

4.3.1.6.1 Groundwater Chemdstry 

Water from four wells completed in the Belly River (Judith 

River) formation was dominantly of sodium bicarbonate and 

chloride types with an average SAR of 49 (Rutherford, 1967). 

Twenty-six wells completed in the Bearpaw formation possessed 

water that was dominantly of sodium sulfate, bicarbonate and 

chloride types with an average SAR of 33 (Rutherford, 1967). 

Water may be derived from unoxidized blue clays containing 

sands in the lower glacial drift and from oxidized clays 

containing sand and gravel lenses in the upper glacial drift. 

Water in the lower glacial drift was largely of calcium, 

magn~sium, and sodium sulfate types with SAR values ranging 

between 0.35 to 55.13 (Rutherford, 1967). Only a few water 

wells possessed SAR values greater than 10 and water in those 

wells may have been mixed with water from bedrock aquifers. 

Water from upper glacial drift aquifers was largely of 

calcium, magnesium, bicarbonate, and sulfate types. Sodium 

adsorption ratios ranged between 0.02 and 3.24 (Rutherford, 

1967). 

In general, water from bedrock aquifers usually possessed 

higher SAR values than water from glacial drift aquifers. 

Water from bedrock aquifers may contribute to sodium 

accumulation in soils and solonetzic soil formation. 



4.3.1.6.2 Pressure Head 

Maddox (1932) approximated the limdts of the Central 

Butte artesian area as the northern margin of Township 22, the 

eastern limit of Range 3, the northern limit of Township 19, 

and the western limit of Range 7. 

In an attempt to locate the recharge area Haddox (1932) 

excluded areas to the north, east, and the south due to 

unfavorable surface elevations and insignificant rises in water 

level. Areas to the west and southwest provided most 

favourable areas for recharge and the Swift Current Creek was 

established as a possible source (Haddox, 1932). 

Flowing water wells largely occur in an area limited by 

Townships 20 to 22 and Ranges 3 and 4 (Figure 52). A large 

number of the flowing water wells in this area were completed 

in bedrock aquifers (Figure 52). Water well completion records 

indicated that all water wells except one were completed in the 

Bearpaw Formation. The single exception (well) was completed 

in the Judith River Formation. 
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Figure 52.* Static water levels and sources of groundwater in the 
Central Butte study area (Mackay and Maddox, 1936; 
Saskatchewan Environment, 1985). 

j( Static water level within 3.0 m of 
ground surface (Mackay and Maddox, 1936) 

Static water level within 3.0 m of • ground surface (Saskatchewan Environment, 1985) 

• Static water level at and above ground surface 
;- (Mackay and Maddox, 1936) 

• Static water level at and above ground surface 
(Saskatchewan Environment, 1985) 

~ Water well completed in glacial drift deposits•• 

c=J Water well completed in bedrock sediment** 

* Refer to Figure 49 for the classification of solonetzic soil 
groups . 

** in some cases, completion records did not indicate in which 
geologic material the water well was completed and no reference 
was made . 
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4.3.2 Discussion 

Dominant Solonetzic Group 

A large portion of domdnant solonetzic soils in the 

Central Butte Plain are of the Echo and Kettlehut Associations. 

Parent materials of Echo and Kettlehut soils consist of 

moderately calcareous, saline modified glacial till with 

conspicuous amounts of shale present. Nearly all soils in the 

doadnant Solonetzic area occur within Haddox's (1932) artesian 

area and more than 50 depressional areas with Saline Regosol 

soils occur in the eastern half of the Central Butte Plain. 

Within the eastern half of the Central Butte Plain, 34 water 

wells completed in bedrock aquifers have pressure heads near or 

above ground surface. 

Evidence that Echo and Kettlehut parent materials consist 

of modified glacial till domdnated by Cretaceous shales 

initially suggests that lithogenic processes of sodium 

accumulation probably occur in the domdnant Solonetzic group. 

Additional evidence that pressure heads in bedrock aquifers are 

high (in the eastern half of the Central Butte Plain) and that 

water from bedrock aquifers possess relatively high SAR values 

suggests that hydromorphic processes of sodium accumulation may 

be dominant . 

Dominant Solodic Group 

Several dominant Solodic areas occur along the eastern 

portion of the Central Butte Plain. Gilroy soils occupy the 

largest area and parent materials consist of moderately 
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calcareous, saline sandy glacio-lacustrine deposits. Solodic 

series usually occur in lower areas below Solodized Solonetz 

series. 

Evidence that parent materials did not possess Cretaceous 

shales and no water wells with static water levels near ground 

surface were completed in bedrock aquifers suggest that solodic 

soils probably formed at a time when pressure heads in bedrock 

aquifers were probably greater than presently indicated. 

Meterorlogical elements between 10,500 and 4,000 years 

B.P. (Richie, 1966) may have favoured greater salinization and 

solonization. Present day solodic soils may have previously 

been saline-alkali soils. Paleohydromorphic processes of 

sodium accumulation are probably prevalent in dominant Solodic 

areas. 

Significant Solonetzic Group 

Ardill-Kettlebut, Weyburn-Rosemae and Sutherland-Tuxford 

soils occupy largest areas in the significant Solonetzic group. 

Ardill-Kettlehut soils occur in southern portions of the 

Central Butte Plain and in several scattered areas along 

northern portions of the Missouri Coteau Upland. 

Ardill-Kettlehut soils largely occur on moderately sloping, 

gently rolling, dissected moraine landscapes (Ayres et al., 

1985). Ardill soils occur on upper slopes and solonetzic 

Kettlehut soils occur on mid and lower slopes (Ayres et al., 

1985). Parent materials of both soils consist of glacial till 

modified by bedrock shales. Kettlehut parent materials are 

moderately saline and Ardill parent materials are nonsaline. 
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Ho water wells were completed in bedrock aquifers that had 

static water levels within 3.0 m of ground surface. 

Nonsolonetzic Ardill soils were mapped in adjacent and 

similar landscapes, and at higher elevations than 

Ardill-Kettlehut soils. Similarily, no water wells were 

completed in bedrock aquifers that had static water levels 

within 3.0 m of ground surface. 

Initial evidence that Kettlehut soils are developed from 

parent materials containing bedrock shales suggest that 

lithogenic processes of sodium accumulation may be domdnant. 

Additional evidence that adjacent nonsolonetzic Ardill soils 

occur in simdlar landscapes, developed from similar parent 

materials, and were found at higher elevations suggest that 

lithogenic processes of sodium accumulation may not be dominant 

in Ardill-Kettlehut soils. If lithogenic processes were 

dominant, solonetzic soils, particularly in lower slopes, 

should also occur in nonsolonetzic Ardill soils. 

Pressure heads in bedrock aquifers must have been greater 

at a past time. Essentia~ elements for enhancing salinization 

were much more profound during the earlier part of the Holocene 

(Pawluk., 1982) and perhaps during the Altithermal period when 

summer periods probably experienced decreased precipitation and 

increased temperatures followed by decreased temperatures and 

increased precipitation during winter periods (Richie, 1966). 

Sodium accumulation in Kettlehut solonetzic soils is probably 

related to paleohydromorphic processes. 

Weyburn-Rosemae soils occur in eastern portions of the 
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Central Butte Plain and in portions of the Eyebrow Hills 

Upland. Parent materials of Weyburn and solonetzic Rosemae 

soils consist of unsorted glacial till. Weyburn parent 

materials are nonsaline and occur in upper slopes while 

solonetzic Rosemae parent materials are moderately to strongly 

saline and occur in lower slopes. 

Along the eastern edge of the Central Butte Plain several 

flowing water wells occur that are completed in bedrock 

aquifers. In the Eyebrow Hills Upland, none of the water wells 

completed in bedrock aquifers had pressure heads within 3.0 m 

of ground surface. 

Evidence of flowing wells completed in bedrock aquifers, 

solonetzic soils with moderately to strongly saline parent 

materials in lower slopes and an absence of bedrock shales in 

parent materials suggest that hydromorphic processes of sodium . 

accumulation are probably domdnant in Weybur~Rosemae soils 

along the eastern edge of the Central Butte Plain. 

Evidence of low pressure heads in bedrock aquifers, 

moderately to strongly saline parent materials in lower slopes 

and an absence of Cretaceous shales in soil parent materials 

suggest that sodium accumulation in solonetzic Rosemae soils is 

probably related to paleohydromorphic processes. 

Sutherland-Tuxford soils largely occur in southern 

portions of the Eyebrow Hills Upland and in areas southeast of 

the Eyebrow Hills Upland. Sutherland parent materials are 

nonsaline while solonetzic Tuxford parent materials are 

moderately saline. Sutherland soils occupy upper slopes and 
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solonetzic Tuxford soils occupy lower slopes. Bedrock shales 

were not identified in either Sutherland or Tuxford parent 

materials and no water wells were completed in bedrock aquifers 

that had pressure heads within 3.0 m of ground surface. 

Evidenoe of low pressure heads in bedrock aquifers, 

moderately saline parent materials and solonetzic soils 

confined to lower slopes, and an absence of bedrock shales in 

parent materials suggest that sodium accumulation in solonetzic 

soils is probably related to paleohydromorphic processes. 

Significant Solodic Group 

Amulet-Brooking, Weyburn-Hanley and Weyburn-Rosemae soils 

occupy largest areas in the significant Solodic group. 

Amulet-Brooking soils occur in portions of the Eyebrow Hills 

Uplands. Amulet soils occur on upper slopes and solonetzic 

Brooking soils occur on lower slopes. Parent materials, in 

both soils, consist of shale modified glacial till. Amulet 

parent materials are nonsaline while solonetzic Brooking parent 

materials are moderately saline. No water wells, completed in 

bedrock aquifers had static water levels within 3.0 m of ground 

surface. 

Initial evidence of bedrock shales in soil parent 

materials suggest that lithogenic processes of sodium 

accumulation may be dominant. Additional evidence that 

moderately saline parent materials are confined to lower slopes 

and sodium accumulation in adjacent solonetzic areas is 

probably related to paleohydromorphic processes suggests that 

sodium accumulation in Amulet-Brooking soils is also probably 
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related to paleohydramorphia processes. 

Weyburn-Hanley and Weyburn-Rosemae soils largely occur 

along the western edge of the Eyebrow Hills Upland and the 

eastern edge of the Central Butte Plain. Weyburn soils occupy 

knolls and upper slopes while solonetzic Hanley and solonetzic 

Rose.mae soils occupy areas between lower slopes and 

depressions. Parent materials of Weyburn and solonetzio 

Rosemae soils consist of unsorted glacial till while parent 

materials of solonetzio Hanley soils consist of silty 

glacio-lacustrine deposits. Parent material of Weyburn soils 

are nonsaline while parent materials of solonetzio Hanley and 

solonetzio Rosemae soils are moderately saline and moderately 

to strongly saline, respectively. Cretaceous shales were not 

identified in parent materials of Weyburn, Rosemae, and Hanley 

soils and several water wells completed in bedrock aquifers had 

statio water levels within 3.0 m of ground surface. 

Evidence of near surface statio water levels in water 

wells completed in bedrock aquifers, moderately to strongly 

saline parent materials confined to lower slopes, and an 

absence of bedrock shales in soil parent materials suggest that 

hydromorphio and possibly paleohydromorphio processes of sodium 

accumulation may have occurred. 



4.4 Kindersley Study Area 

4.4.1 Physical Environment 

4.4.1.1 Location 
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The Kindersley study area encompasses a region of about 

5,000 square mdles (13,000 ~) in west central Saskatchewan. 

The study area includes Townships 24 to 38, Ranges 20 to 29, 

West of the Third Meridian (Figure 53). 

4.4.1.2 Physiography 

The study area is in the Alberta High Plains Region 

(Acton et al., 1960). The Senlao Hills upland occupies the 

northwest corner and the Neutral Hills upland occupies · 

west-central and south-west portions of the study area 

(Figure 43). The Snipe Lake Plain occupies the east-central 

and eastern portions of the study area (Figure 43). 

The Senlac Hills is a gently to strongly rolling morainic 

· till and sandy till plain with local bedrock exposures of 

Upper Cretaceous sands (Acton et al., 1960). 

The Neutral Hills Upland is a discontinuous morainic belt 

which lies in a north-south direction along the 

Alberta-Saskatchewan border (Christiansen, 1965). It is a 

gently to strongly rolling morainic till plain with no bedrock 

exposures (Acton et al., 1960). External drainage is not well 

developed in either the Senlac or the Neutral Hills Uplands. 
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A large portion of seasonal runoff enters undrained 

depressions from which water is evaporated and transpired 

(Christiansen, 1965). 

The Snipe Lake Plain is an undulating to gently rolling 

plain consisting of glacial lacustrine-alluvial, aeolian, 

glacial fluvial and till plains (Acton et al., 1960) . Looal 

bedrock exposures of Upper Cretaceous sands and shales occur 

in the Snipe Lake Plain (Acton et al., 1960). The plain is 

externally drained by the South Saskatchewan River in the 

southern portion of the study area. 

4.4.1.3 Climate and Land Use 

Two meteorological stations occur in the study area, one 

at the town of Kindersley and the other at the village of 

Alsask. Average annual precipitation between the years 1951 

and 1980 were 31.1 am at Kindersley and 29.5 am at Alsask 

(Environment Canada, 1982). Average annual temperatures were 

. 2.3 ·c and 2.7 ·c, respectively. 

The study area is in the mdxed prairie grassland area 

where both short and tall grasses grow (Mitchell et al., 

1944). Wheat is produced in the area, but considerable coarse 

grains, flax and other crops are also grown (Mitchell et al., 

1944). 
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4.4.1.4 Elevation 

Elevations vary from 1,900 feet (579 m) along the South 

Saskatchewan River to 2,600 feet (793 m) in the Neutral Hills 

Upland in the northwest part of the study area. Most 

elevations in the Snipe Lake Plain ocaur between 2,400 and 

2,200 feet (732 and 671 m) above sea level (Figure 54). 

4.4.1.5 Geology 

4.3.1.5.1 Soils and Surficial Geology 

About two thirds of the study area (southern) is in the 

Brown soil zone while about a third (northern) is in the Dark 

Brown soil zone (Mitchell et al., 1944). Since no detailed 

soil survey information was available for the study area, Soil 

Survey Report No. 12 was used and three solonetzio soil groups 

were delineated. The three solonetzic soil groups are the; 1) 

dominant Solonetzic, 2) dominant Solodio, and 3) significant 

groups (Figure 54) . 

All soil Associations and Association complexes that were 

included in the three solonetzio soil groups are presented in 

Table 7. 
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tul• ., . Soil lssooiatiosw u4 usaoiation COIIplnn iDclwle4 in 
soloaKsic soil groups 1a U. EiDd.erslef stwlJ area (lll.tcl»ll et 
al. 1 1944). 

'OnedMnt SolOMts:i.o &roup 
a) EohD &ssooiatioa 
:b) Echo Association COIIplned with t.hlt .... Jd.ll Association 

'Dcwl •nt. Solotio &roup 
a) lolasart &ssooiati.oa 
:b) PahArt lssocittion cc.pleud with tM Echo Association 

Sigoi flout Soloswtsio &roup 
a) llnwJd.ll Usooiatioa caapl.uad with U. EohD Assooittioa 
h) Sottptn laooie.tioa COIIpleucl with tM Echo Association 
c) ._flnlm &ssooittioa oc.pleud with U. Echo Association 

Echo and Echo-Haverhill soils account for all of the areas 

in the dominant Solonetzic group. Echo soils largely occur on 

undulating topography in the Snipe Lake Plain and in smaller 

areas adjacent to the Senlac and Neutral Hills Uplands (Figure 

54). Echo soils consist of clay, clay loam and loam textured 

Solodized Solonetz soils developed from glacial till modified 

by underlying Cretaceous shales (Mitchell et al., 1944). 

Till soils may be mixed with the underlying shale or with the 

heavy clay weathered from the shale. Till soils may also be 

modified by certain alkali salts derived from the clay shale 

(Mitchell et al., 1944). 

Various member profiles of the Echo Association occupy 

specific positions in the micro-relief (Mitchell et al., 1944). 

Between a local knoll and a wet depression (slough) the 

following group of member profiles may be encountered: 

solonetz, solod, solodized solonetz, and poorly drained. 

Depressional areas consist chiefly of alkali (saline) soils. 
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Figure 54. Elevations (Department of Energy, Mines, and 
Resources, 1977), solonetzia soil groups (Mitchell 
et al . , 1944), and geologia cross sections (Christiansen, 
1990) in the Kindersley study area. 
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Echo-Haverhill soils occur on rolling to flat and 

depressional landscapes (Mitchell et al., 1944). Haverhill 

soils are loam and clay loam textured soils developed on 

glacial till (Mitchell et al., 1944). They consist chiefly of 

the hard columnar (alkali-structured} profile (equivalent of 

the modern hard columnar), interspersed with local soils of the 

solonetzic group (Mitchell et al., 1944). Haverhill prof~les 

are generally found on slightly higher slope positions than 

Echo profiles. 

Robsart and Robsart-Echo soils account for all of the 

areas in the domdnant Solodic group. Robsart soils consist of 

loam and more commonly clay loam textured Solodic soils 

developed on glacial till modified by underlying Cretaceous 

shales (Mitchell et al., 1944). Robsart parent material is 

generally not as heavy as that of the Echo soil and shows more 

evidence of having been reworked by water (Mitchell et al., 

1944). Robsart soils occur on gently undulating topography in 

the Snipe Lake Plain (Figure 54). 

The domdnant profile in the Robsart Association is the 

solod. Solodic profiles occupy nearly level upland areas 

interspersed with small shallow depressions in which leached 

depressional profiles occur. The solod represents a more 

advanced stage of solonetzic degradation (Mitchell et al., 

1944). Robsart soils are well drained and the absence of a 

thick compact B horizon permits satisfactory internal drainage. 

Robsart-Echo soils occur in the Snipe Lake Plain in areas 

adjacent to the Neutral Hills Upland (Figure 54). Robaart 
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profiles are generally found in higher slopes than Echo 

profiles. 

Haverhill-Echo, Sceptre-Echo, Weyburn-Echo soils account 

for all of the areas in the significant Solonetzio group. 

Haverhill-Echo soils largely occur in the Neutral Hills upland 

and southern portions of the Snipe Lake Plain (Figure 54) . In 

local landscapes, Echo profiles generally occupy slightly lower 

topographic positions than Haverhill profiles and may be found 

in Alkali, Alluvium, Eroded, and Dissected Plateau areas 

(Mitchell et al., 1944). 

Sceptre-Echo soils are mapped in Township 31, Ranges 22 to 

24, west of the Third Meridian (Figure 54). Sceptre soils are 

clay textured soils developed on uniform glacial lake deposits. 

Ec~o profiles occur on gently to moderately undulating 

topography (Mitchell et al., 1944). 

Weyburn-Echo soils occur in Township 38, Range 23, west of 

the Third Meridian (Figure 54). Weyburn soils are clay loam 

textured soils developed on undifferentiated glacial till 

(Mitchell et al., 1944). Landscapes are mdxed undulating to 

very gently rolling and Weyburn soils are usually found on 

higher landscapes than associated Echo soils (Mitchell et al., 

1944). 

Three geologic cross sections were drawn through the 

Kindersley study area (Figure 54). Christiansen (1965) 

indicated that thickest glacial drift deposits occurred in end 

moraines and buried bedrock valleys. Glacial drift ranged in 

thickness from less than SO feet (15 m), over bedrock highs 
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(testhole 7 and 28, Figure 56, testholes 5 to 8, Figure 55) in 

the southern portion of the study area, to greater than 500 

feet (152 m) in buried bedrock valleys (testhole 40, Figure 56) 

and end moraines (testhole 86, Figure 57). Harder and Henry 

(1986) showed that glacial drift deposits, in most portions of 

the study area, were greater than 200 feet (61 m) thick. Thin 

glacial drift deposits (< 50 feet, 15 m} were mapped in 

townships 30 and 31, ranges 21 and 22, west of the third 

meridian (Figure 54). 

Glacial drift is mainly gray, brown, and olive calcareous 

tills with mdnor amounts of calcareous gravel, sand, silt, and 

clay (Christiansen, 1980). Christiansen (1968) identified a 

grayish till that formed the uppermost till unit in 

west-central Saskatchewan. The till unit was named the 

Battleford Formation and was shown to occur over much of the 

Kindersley study area~ For the most part, the identification 

and separation of till units in the Kindersley study area has 

not been determined. 

4.4.1.5.2 Bedrock Stratigraphy 

Most domestic water wells in the Kindersley study ~rea do 

not exceed depths greater than the Judith River Formation. 

Geologic strata older than the Judith River Formation will not 

be discussed. 
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Figure 55. Geologic cross section A-A' (Christiansen, 1990) 
and solonetzic areas (Mitchell et al., 1944) in the 
Kindersley study area. 

Figure 56. Geologic cross section B-B' (Christiansen, 1990) 
and solonetzic areas (Mitchell et al., 1944) in the 
Kindersley study area. 

Figure 57. Geologic cross section C-C' (Christiansen, 1990) 
and solonetzic areas (Mitchell et al., 1944) in the 
Kindersley study area. 
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A great majority of Judith River sediments are mdxtures of 

poorly sorted sand, silt, and clay (McLean, 1971). In the 

study area, the Judith River Formation is up to 350 feet (107 

m) thick and consists of interbedded gray, noncalcareous silt; 

sandy silt, friable sand, sandstone cemented with calcite; and 

carbonaceous zones (Christiansen, 1980}. The Ribstone Creek 

Tongue forms part of the Judith River Formation. 

The Bearpaw Formtion forms most of the bedrock surface in 

the study area. It is up to 550 feet (168 m) thick and 

consists of gray, noncalcareous silt and clay (Christiansen, 

1980). It is locally bentonitic and concretionary and includes 

several extensive sandy beds (Christiansen, 1980). 

The bedrock surface was formed mainly by glacial erosion 

(Christiansen, 1980). upward facing concave bedrock surfaces 

and the shearing of bedrock strata were believed to be caused 

by glacial ice thrusting (Christiansen, 1980, Sauer, 1978). 

Kupsch ( 1962) found that upper portions of deformed beds, 

on ice thrust ridges may be mdssing due to erosion caused by 

moving ice. When the ice broke up and disintegrated into 

smaller blocks, ablation till was let down in places. 

Disturbed clay shale bedrock and glacial drift may have been 

deposited with relatively little mixing by ablation processes. 

4.4.1.6 Hydrology 

4.4.1.6.1 Groundwater Chemistry 

Ninety-six water samples from wells completed in the Belly 
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River (Judith River) Formation (within the study area) 

possessed water that was dominantly of sodium bicarbonate, and 

chloride types with an average sodium adsorption ratio (SAR) of 

23 (Rntherford, 1967). forty-four water samples from wells 

completed in the Bearpaw Formation possessed water that was 

dominantly of the sodium bicarbonate type with an average SAR 

of 15. 

Within the study area, water may be obtained from lower or 

upper aquifers in the glacial drift. Water from aquifers in 

the lower glacial drift was dominantly calcium and magnesium 

and sodium sulfate types with SAR values generally below 5.0 

(Rutherford, 1967). Water from aquifers in the upper glacial 

drift was dominantly of calcium and magnesium bicarbonate types 

with SAR values generally below 2.0 (Rutherford, 1967). 

Water from bedrock aquifers usually possessed greater 

amounts of sodium, as indicated by higher SAR values, than 

water from glacial drift aquifers. When under sufficient 

pressure, water from bedrock aquifers may contribute sodium 

salts to near surface water tables thus providing the sodium 

required for the formation of solonetzic soils. 

4.4.1.6.2 Pressure Head 

A few flowing water wells occur in the Kindersley study 

area (figure 58). Some wells which have pressure heads near 

and/or above ground surface are completed in bedrock sediments 

but most are completed in glacial drift deposits (Figure 58). 
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Figure 58 . * Static water levels and sources of groundwater in the 
Kindersley study area (Mackay et al., 1936a; 
Saskatchewan Environment, 1985). 

• 

Static water level within 3.0 m of 
ground surface (Mackay et al., 1936). 

Static water level within 3 .0 m of 
ground surface (Saskatchewan Environment, 1985) 

j( Static water level at and above ground surface 
(Mackay et al., 1936a) 

• Static water level at and above ground surface 
(Saskatchewan Environment, 1985) 

c=) Water well completed in glacial drift deposits** 

c=J Water well completed in bedrock sediment** 

* Refer to Figure 54 for the classification of solonetzic soil 
groups . 

** in some cases, completion records did not indicate in which 
geologic material the water well was completed and no reference 
was made . 
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Water wells which are completed in bedrock sediments are 

located in areas north of township 30 (figure 58). 

Five water wells which are completed in bedrock sediments 

occur in domdnant and significant Solonetzic areas (Figure 58). 

Three of the wells have pressure heads at or above ground 

surface while two have static water levels within 3.0 m of 

ground surface. 

4.4.2 Discussion 

Domdnant Solonetzic Group 

Domdnant Solonetzic areas occur in the eastern half of the 

study area. Parent materials consist of glacial till partly 

modified by ma~ine shales of Cretaceous age and several water 

wells, completed in bedrock aquifers, have pressure heads near 

or above ground surface. 

Evidence that only a few water wells completed in bedrock 

aquifers possess high pressure heads may suggest that 

hydromorphic processes of sodium accumulation is limited to 

only a small portion of domdnant Solonetzic soils. 

Evidence that dominant Solonetzic soils are developed from 

glacial till modified by bedrock shales suggests that 

lithogenic processes of sodium accumulation a~e probably 

dominant. Kupsch's (1962) model of glacial ice thrusting 

provides a theory of how bedrock shales and glacial drift 

deposits may be deposited in a relatively undisturbed state. 
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Significant Solonetzic Group 

Pressure heads in water wells within most significant 

Solonetzic areas are low. One water well completed in a 

bedrock aquifer (Township 38, Range 23) has a static water 

level within 3.0 m of ground suEface. 

Hydromorphic processes of sodium accumulation may only be 

confined to solonetzic soils in township 38, range 23 

(Figure 58). Evidence that significant solonetzic soils are 

developed from glacial till modified by Cretaceous shales 

suggests that lithogenic processes of sodium accumulation are 

probably dominant. 

Dominant Solodio Group 

No water wells were completed in bedrock aquifers that 

had pressure heads within 3.0 m of ground surface. Evidence 

that dominant Solodic soils are developed from glacial till 

modified by Cretaceous shales suggests that lithogenic 

processes of sodium accumulation are probably dominant. 



4.5 Consul Study Area 

4. 5. 1 Physical Environment 

4.5.1.1 Location 
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The Consul study area encompasses a region of about 4,400 

square miles (11,600 ~) in southwestern Saskatchewan. The 

study area includes Townships 1 to 7, Ranges 13 to 30, West of 

the Third Meridian (Figure 59) . 

4.5.1.-2 Physiography 

The Consul study area is in the Alberta High Plains 

Region (Acton et al., 1960). The Cypress Hills Upland 

occupies areas in the north while the Wood Mountain Upland 

occupies areas in the northeastern (Figure 43). 

South of the Cypress Hills Upland is the Frenchman River 

Plain. The Frenchman River Plain is an undulating to strongly 

rolling till plain occurring between elevations of 3,000 and 

3,500 feet (914 to 1,067 m} (Acton et al., 1960). The plain is 

drained by numerous small rivers and creeks which flow south 

to the United States. 

Southern slopes of the Cypress Hills and the Wood 

Mountain uplands are externally drained by the Frenchman River 

and numerous smaller streams which eventually flow into the 

Gulf of Mexico (Mitchell et at., 1944). 
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4.5.1.3 Climate and Land Use 

Average annual precipitation at the Consul meteorological 

station, between the years 1951 and 1980, was 29.0 c.m and the 

average annual temperature was 2. 6 ·c (Environment Canada, 

1982). 

Short prairie grasses grow in the study area and a large

portion of the land is adapted to a combination of grazing and 

grain farming (Mitchell et al., 1944). 

4.5.1.4 Elevation 

Elevations exceeding 4,000 feet (1,220 m) occ~r in the 

Cypress Hills Upland (Figure 60). Elevations fall to about 

2,800 feet (854 m) in the southeast and southwest corners of 

the study area. In the .south-central portion of the study 

area elevations rise to about 3,400 feet (1,037 m) and 3,200 

feet (976 m) in the Old Han on His Back and the Boundary 

Plateau Uplands, respectively (Figure 60). 

4.5.1.5 Geology 

4.5.1.5.1 Soils and Surficial Geology 

The Consul study area is in the Brown soil zone (Mitchell 

et al., 1944). The three solonetzic soil groups in the study 

area are the; 1) dominant Solonetzic, 2) dominant Solodic, and 

3) significant Solonetzic groups (Figure 60). 



169 

Figure 60 . Elevations (Department of Energy, Mines, and 
Resources, 1977), solonetzic soil groups (Mitchell 
et al . , 1944), and geologic cross sections 
(Whitaker, 1967 and 1976) in the Consul study area . 

2000 
610 

• 
D 

1 2 .__. 
C C' 

7 • 

feet above sea level 
meters above sea level 

Dominant Solonetzic soils 

Dominant Solodic soils 

Significant Solonetzic soils 

Geologic cross section 

Testhola 

Figure 61 . Static water levels and sources of groundwater in the 
Consul study area (Mackay at al., 1936b; Saskatchewan 
Environment, 1985) 

• 

0 
D 

Static water level within 3.0 m 
of ground surface (Mackay et al . , 1936b) . 

Static water level within 3.0 m 
of ground surface (Saskatchewan 
Environment, 1985). 

Static water level within 3. 0 m of ground 
surface (Henry et al., 1985) . 

Static water level at and above ground surface 
(Mackay et al., 1936b} 

Static water level at and above ground surface 
(Saskatchewan Environment, 1985) 

Static water level at and above ground surface 
(Henry et al . , 1985) 

Water wall completed in glacial drift deposits* 

Water well completed in bedrock sediments* 

* in some cases, completion records did not indicate in which 
geologic material the water well was completed and no reference 
was made . 
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All soil Associations and Association complexes that were 

included in the three solonetzic soil groups are presented in 

Table 8. 

!ahle 8. Soil Associations u4 Associat.ioa COMplens iDol:adecl in 
so10Dtts1o soil gnnJpS ia the Coasal.st114J uee. (l!itcl»ll .t 
al., 1944). 

hi •nt Solcmttsio &roup 
a) Echo &aooil.tioa 
•> lobo lssooit.t:l.oa. COMplu.d .tth thlt llaftl'hill lssaoi .. tioa 

hiMnt Solotic &roup 
a) Jobsut &ssocit.tioa COMp1uecl trith thl Ec)M) Association 

Slpi fl cant Sol.cmttz:i.o &roup 
.. ) llaftl"hill luocit.t.ioa cc.J].ued trith the EcbD Usooitticm 

Solonetzic soils belonging to the Echo Association and 

Echo-Haverhill map complex account for all areas in the 

domdnant Solonetzic group. Echo soils consist of clay, clay 

1~ and loam textured Solodized Solonetz soils developed from 

glacial till modified by underlying Cretaceous shales (Mitchell 

et al., 1944). Till soils may be mixed with underlying shale 

or with heavy clay weathered from the shale. Till soils may 

also be modified by certain alkali salts derived from the clay 

shale (Mitchell et al., 1944). Echo soils largely occur on 

gently to undulating topography. 

Various member profiles of the Echo Association occupy 

specific positions in the mdcro-relief (Mitchell et al., 1944). 

Between a local knoll and a wet depression (slough) the 

following group of member profiles may be encountered: 

solonetz, solod, solodized solonetz, and poorly drained. 

Depressional areas consist chiefly of alkali (saline) soils. 
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Echo-Haverhill map complexes occur on gently to undulating 

topography in northeast portions and strongly rolling 

topography in north-central portions of the study area 

(Mitchell et al., 1944). Haverhill soils largely consist of 

clay loam soils developed on glacial till (Mitchell et al., 

1944). Haverhill soils are chiefly of the hard columnar 

(alkali-structured) profile, interspersed with local soils of 

the solonetzic group (Mitchell et al., 1944). Haverhill 

profiles are generally found on upper slopes while Echo 

profiles are found in remaining portions of the local 

landscape. 

Robsart-Echo soils account for all areas in the dominant 

Solodic group. Robsart soils consist of clay loam textured 

Solodio soils developed on glacial till modified by underlying 

Cretaceous shales (Mitchell et al., 1944). Robsart parent 

material is generally not as heavy as that of Echo soils and 

shows more evidence of having been reworked by water (Mitchell 

et al., 1944). They occur on gently to moderately undulating 

topography in northern portions of the Frenchman River Plain 

(Figure 60). 

The dominant profile in the Robsart Association is the 

solod. Solodio profiles occupy nearly level upland areas 

interspersed with small shallow depressions where leached 

depressional profiles occur (Mitchell et al,m 1944). Solodio 

profiles represent a more advanced stage of solonetzic 

degradation (Mitchell et al., 1944). Robsart soils are well 

drained and the absence of a thick compact B horizon permits 
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satisfactory internal drainage. Robsart profiles are generally 

found in higher local landscapes than Echo profiles. 

The Haverhill-Echo soil accounts for all areas in the 

significant Solonetzic group. Haverhill-Echo soils occur in 

the northwestern portion of the Frenchman River Plain 

(Figure 60). In local landscapes, Echo profiles occupy 

slightly lower topographic positions than Haverhill profiles 

and my be found in Alkali, Alluvium, Eroded, and Dissected 

Plateau areas (Mitchell et al., 1944). 

Three geologic cross sections were drawn through the study 

area (Figure 60). Glacial drift deposits are up to 400 feet 

(122 m} thick in the Frenchman River Plain (Figure 62 to 64, 

inclusive}. Harder and Henry (1986) showed that the thickness 

of glacial drift in most of the Frenchman River Plain was 

greater than 100 feet (30m). Solonetzic soils occurred in 

areas where glacial drift varied between 50 and 400 feet (15 

and 122m) thick (Figures 62 to 64, inclusive). 

There is not sufficient stratigraphic data available in 

the Consul study area to differentiate stratigraphic units 

within the glacial drift. However, Whitaker (1916) indicated 

that glacial drift was composed mainly of gray or brown 

calcareous till but included calcareous gravel, sand, silt, and 

clay. 
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figure 62. Geologic cross section A-A' (Whitaker, 1976) and 
solonetzio areas (Mitchell et al., 1944) in the Consul 
study area. 

Figure 63. Geologic cross section B-B' (Whitaker, 1967 and 
1976) and solonetzic areas (Mitchell et al., 1944) in 
the Consul study area. 

Figure 64. Geologic cross section C-C' (Whitaker, 1967 and 
1976) and solonetzic areas (Mitchell et al., 1944) in 
the Coneul etudy area. 
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4.5.1.5.2 Bedrock Stratigraphy 

Most water wells in the Consul study area were constructed 

for domestic purposes and seldom exceeded depths greater than 

the Judith River Formation. Geologic strata deeper than the 

Judith River Formation will not be discussed. The Bearpaw 

Formation forms the bedrock surface over most areas occupied by 

solonetzio soils and bedrock strata younger than the Bearpaw 

Formation will not be discussed. 

The Judith River Formation is between 240 and 770 feet (73 

to 234 m) thick (Whitaker, 1976) and consists of mdxed beds of 

sand, silt, and clay, with some beds of coal (McLean, 1971). 

The Bearpaw Formation forms most of the bedrock surface in 

the solonetzic portion of the study area (Figures 62 to 64, 

inclusive ). It is up to 1,330 feet (405 m) thick and consists 

of gray, noncalcareous, silty clay and clay, which are locally 

bentonitic and concretionary. 

4.5.1.6 Hydrology 

4.5.1.6.1 Groundwater Chemdstry 

Water from the Belly River (Judith River) Formation is 

domdnantly of sodium bicarbonate and chloride types 

(Rutherford, 1967). 

Two wells completed in the Bearpaw Formation possessed 

water that was of sodium sulphate and chloride types with an 

average SAR of 17 (Rutherford, 1967). 
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Water may be derived from aquifers in the lower and the 

upper glacial drift. Rutherford ( 1967) reported the analysis 

of water from 8 wells near the village of Climax that were 

completed in the lower glacial drift. Water was largely of the 

sodium sulfate type with an average SAR of 9 (Rutherford, 

1967). 

Water fro~ aquifers in the upper glacial drift was largely 

of calcium and magnesium bicarbonate types. Waters possessed 

medium to high levels of soluble salt and low levels of sodium 

(Rutherford, 1967). 

Water from bedrock aquifers usually contained greater 

amounts of sodium, as indicated by SAR values, than water from 

glacial drift aquifers. When under sufficient pressure, water 

from bedrock aquifers may contribute sodium salts to near 

surface water tables thus providing the sodium required for the 

formation of solonetzic soil. 

4.5.1.6.2 Pressure Head 

Water wells with pressure heads at and above ground 

surface occur in two portions of the study area. One group of 

flowing water wells occur in an area confined by townships 2 to 

5, ranges 25 to 29 and another group occurs in an area confined 

by Townships 2 to 4, Ranges 16 to 18 (Figure 61). Nearly all 

water wells in both areas were completed in glacial drift 

sediments (Figure 61) . 

Only 5 water wells (in solonetzic areas) were completed in 
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bedrock sediments that had statio water levels near or at and 

above ground surface (Figure 61). In an area near Consul, 

Christiansen (1981) showed that statio water levels, in wells 

completed in the Judith River Formation, were between 400 and 

525 feet (120 and 160 m} below ground surface. 

4.5.2 Discussion 

Dominant Solonetzio Group 

Dominant Solonetzio soils occupy the largest portion of 

the solonetzic area. Parent materials consist of glacial till 

partly modified by marine shales of Cretaceous age. Water from 

bedrock formations was generally high in soluble salt and 

sodium. 

Limited evidence of groundwater discharge from bedrock 

aquifers and evidence that soil parent materials consist of 

marine shales suggest that lithogenic processes of sodium 

accumulation are probably dominant in dominant Solonetzic 

soils. 

Dominant Solodio and Significant Solonetzig Groups 

Dominant Solodio and significant Solonetzic soils occur in 

the northwestern portion of the Frenchman River Plain. There 

were no water wells that were completed in bedrock aquifers. 

Parent materials of soils in both areas are partly modified by 

marine shales. 

Evidence that parent materials are partly modified by 

marine shales of Cretaceous age suggest that lithogenic 
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processes of sodium accumulation are probably domdnant in 

dominant Solodia and significant Solonetzic soils. 



4.6 Radville Study Area 

4.6.1 Physical Environment 

4.6.1.1 Location 

180 

The Radville study area encompasses a region of about 

1,728 square mdles (4,516 ~)in southeastern Saskatchewan. 

The study area includes Townships 1 and 2, Ranges 10 to 15 and 

Townships 3 to 6, Ranges 10 to 18, West of the Second Meridian 

(Figure 65). 

4.6.1.2 Physiography 

The Missouri Coteau Upland is in the southwest portion of 

the study area and the Souris River Plain is in the northeast 

portion of the study area (Figure 43). 

The Missouri Coteau upland is a gently to strongly rolling 

morainic plain with dissected escarpments and isolated bedrock 

hills (Acton et al., 1960). Interior drainage consists of 

small rivers and creeks which flow only during spring or during 

periods of unusually heavy precipitation (Mitchell et al., 

1944). Local streams empty into depressions and lakes and 

water is lost largely by evaporation or deep drainage (Mitchell 

et al., 1944). Areas along the eastern slope of the Missouri 

Coteau are drained by small creeks and tributaries that flow 

into either Long Creek or the Souris River. 
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The Souris River Plain is a glacial till plain with a 

variety of hummocky and ribbed ground moraine and local lake 

plains (Richards, 1969). The Souris River Plain is subdivided 

into the Lake Regina Plain and the Long Creek Lowland Till 

Plain (Parizek, 1961). The Lake Regina Plain subdivision is 

characterized by a gently undulating plain developed on fine 

textured glacial lake clay (Parizek, 1961). The area is poorly 

drained by the headwaters of the Souris River (Parizek, 1961) 

which flows into the UDited States. 

The Long Creek subdivision is a gently undulating till 

plain that is drained by the headwaters of Long Creek. Long 

Creek flows southeastward and joins the Souris River (Parizek, 

1961). The western border of the Long Creek Lowland Till Plain 

abruptly termdnates against the Missouri Coteau escarpment 

(Parizek, 1961) . 

4.6.1.3 Climate and Land Use 

The study area is situated between the semd-arid 

southwest and the sub-humdd north and easterly sections of the 

province (Mitchell et al., 1944). Average annual precipitation 

between the years 1951 to 1980, at the Weyburn meteorological 

station, was 38.1 em and the average annual temperature was 

3.1 ·c (Environment Canada, 1982). 

Bative vegetation includes both short and mediu~tall 

grasses (Mitchell et al., 1944). Wheat is the domdnant crop 
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especially on heavier drought-resistant soils while grazing, or 

a combination of grazing and grain far.mdng are practised on 

rolling landscapes (Mitchell et al., 1944). 

4.6.1.4 Elevation 

Elevations exceeding 2,400 feet (732 m) occur in the 

Missouri Coteau upland while elevations in the Souris River 

Plain occur between 1,800 and 2,000 feet (549 and 610 m). 

Elevations along the Souris River are about 1,800 feet 

{549 m) (Figure 66). 

4.6.1.5 Geology 

4.6.1.5.1 Soils and Surfical Geology 

Soils occur in the Dark Brown soil zone (Mitchell et al., 

1944). Solonetzic soils largely occur in the Souris River 

Plain but also occur along the eastern edge of the Missouri 

Coteau UplQnd (Figure 66). four solonetzic soil groups were 

delineated in the study area, they include the; 1) domdnant 

Solonetzio, 2) domdnant Solodio, 3) significant Solonetzio, and 

4) significant Solodio groups (Figure 66). 

All map units and map complexes that were included in the 

four solonetzic soil groups are presented in Table 9. 



Figure66. Elevations (Department of Energy, Mines, and 
Resources, 1977), solonetzic soil groups (Ellis 
et al., 1967 and Anderson et al., in press), and geologic 
cross sections (Whitaker, 1974 a, b and Christainsen, 
1993) in the Radville study area. 
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faiWt 9. tfap ai.ts ol M.p 0011plnn iDoludM in so1oJwtsic ·soil groups 
ia. U. Ja4.W.. stud:r. va (IDd.ersoa .t al. , ia press u4 Ellis 
ft al., 196'1). 

hi•nt Solol.Mtsio 8roup 
a) lrooHDg 8 u4 9 MP 11Dits u4 COMpl.ues with Aautet, Bradwll, 

lstnu., ForgK, u4 W.,lnlra AssooittiODS 
.) lstftaa 8 19,101 11 u4 12 Mp a:l.ts u4 001aplnes with BrooiiDg 1 

.,~Jr, ulll· W.,hnl AssooittioDs 
o) JrtllshoroQg:b. 1 u4 2 •P a:Lts 
4) Rlllsboro11gh •P ait oo.pluM ..t.th Short CrHk &ssoo:l.at.ion 
• ) lraD1e:r 3 ... , a:l.t 
.f) !rossaohs 1 ,i ,s ,6, 11 u4 12 .. , 111dts 

g) !ax.ford 1 -· 11Dit 
h) !ax.ford .. , ait oo.plnecl ..t.th thlt Esteftn 2 .. , ait 

Dowf neat Solodio 8roup 
a) EsWn.n •P a:Lt oo.plnecl with thlt tillgltllo 5 •P UDi.t 
h) tillgltllo 3 •P ai.t 
o) tillgltllo •P a:Lt coaplne4 with the BrooHDg ~ •P a:Lt 
d) EstMu. 2 .. , liDit 
•) frossaohs 8 ... , 11Dit 

Sip1 flcaat Sol.oDRtzio 8roup 
a) lnle\ Association oo.plnecl ..t.th BrookiDg 1 ,2 u4 3 •P units 
It) Asquith &ssooiaticm. COIIJ].ued with u. EsWn.n ~ ... , 11Dit 
o) Asquith Assooi .. tioa oo.pluecl with thlt ~llo 5 •P unit 
4) Forg~tt Associaticm. COIIJ].ued with tlMt BrooHDg :5 11ap UDit 
•) Wttflnlrn &ssoo:ie.t.ion oo.plned ..t.th thlt Broo1iDg 5 .. , unit 
.f) l'efln1ra lssooia.ticm. eo~apleucl with Ue EsteYan ~ ... , UD:i.t 

Sip1 flca.nt; Solotio &roup 
e.) Forg~tt 1, 3, ud 4 Mp 111dts 

Brooking and Trossaohs soils account for most of areas in 

the domdnant Solonetzio group. Parent materials of Brooking 

soils consist of moderately saline glacial till that is partly 

derived from Upper Cretaceous shales (Ellis et al., 1967). 

Solonetz soils usually occur on high to low slopes while 

Solodized Solonetz soils occur in slight depressions mainly on 

intermediate and lower slopes. Solod soils, when present, 

occupy slight depressions in uplands and lower slopes generally 

below the Solonetz and Solodized Solonetz series (Ellis et al., 
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1967). 

The Trossacha Association consists of sandy clay loam to 

heavy clay loam and clay soils developed on glacial till 

derived, in part, from marine shales of Cretaceous age (Ellis 

et al., 1967). Solod soils usually occur below Solodized 

Solonetz soils, but may also occur on flatter topography above 

Solodized Solonetz soils (Ellis et al., 1967). Solonetz soils 

are less prominent, and are usually found on upper slopes of 

knolls and ridges, above Solodized Solonetz soils (Ellis et 

al., 1967). 

Trossachs soils account for most of areas in the domdnant 

Solodic group. Host dominant Solodic soils occur between the 

Souris River and the Missouri Coteau Upland (Figure 66). 

Amulet-Brooking and Weyburn-Estevan soils account for most 

of areas in the significant Solonetzic group. Largest areas of 

Amulet-Brooking soils occur between the Missouri Coteau and the 

Souris River Plain (Figure 66). Brooking parent materials are 

moderately saline while Amulet parent materials are nonsaline. 

Amulet soils occupy upper slopes and knolls while Brooking 

soils occupy lower areas above poorly drained depressional 

areas (Anderson et al., in press}. 

Weyburn-Estevan soils largely occur in townships 3 to 5, 

ranges 10 to 14, West of the second meridian (Figure 66). 

Weyburn parent materials consist of moderately calcareous, 

nonsaline glacial till while Estevan parent materials consist 

of saline, resorted glacial till (Anderson et al., in press). 
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Orthio and calcareous Weyburn soils occur in upper slopes while 

saline and solonetzio Estevan soils occur in lower areas. 

Forget soils are developed from sandy loam glacial till 

and thin sandy water-lain deposits over till and account for 

all of areas in the significant Solodio group (Anderson et al., 

in press). Thicke~ solodio soils occur on sandy deposits in 

well-drained concavities in upland areas (Anderson et al., in 

press). 

Three geologic cross-sections were drawn through the 

Radville study area (Figure 66). In a regional landscape 

setting, significant Solonetzio soils generally occurred on 

upper and mid slopes, dominant Solodic soils in mid slopes, and 

domdnant Solonetzic soils in lower slopes (Figures 67 to 69, 

inclusive). 

Glacial drift deposits are between SO and 500 feet (15 and 

152 m) thick. Thickest drift occurs over the preglacial 

Estevan Valley and in the Missouri Coteau Upland and thinnest 

drift occurs in the Souris River Plain (Figures 67 to 69, 

inclusive). Harder and Henry (1986) showed that glacial drift 

was thinnest in townships 3 to 6, ranges 12 to 15, West of the 

second meridian (Figure 66). In most other areas glacial drift 

was greater than 200 feet (61 m) (Harder and Henry, 1986). 
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Figure 67. Geologia cross seati~n A-A' (Whitaker, 1974 a) and 
solonetzic areas (Anderson et al., in press) in the 
Radville study area. 

Figure 68. Geologia cross section B-B' (Christiansen, 1983) 
and solonetzic areas (Anderson et al., in press) in the 
Radville study area. 

Figure 69. Geologia cross section C-C' (Whitaker, 1974 b) and 
solonetzia areas (Ellis et al., 1967) in the Radville 
study area. 





191 

In general, there is not sufficient stratigraphic data 

available in the Willow Bunch Lake and the Weyburn-Virden areas 

to differentiate stratigraphic units within the glacial drift 

(Parizek, 1964, Whitaker, 1974 a,b}. Whitaker (1974 a,b) 

indicated that glacial sands aDd gravels may occur immediately 

below the present ground surface, between tills, and between 

till and bedrock. Major glacial drift sands and gravels 

between till and bedrock occur in the preglacial Estevan 

Valley. These sands and gravels are refered to as the Empress 

Group (Whitaker, 1974 a). 

The Empress Group is up to 170 feet (59 m) thick in the 

Weyburn Area (Whitaker, 1974 a) and is largely confined to the 

Estevan Valley (Whitaker and Christiansen, 1972). The Empress 

Group consists of interbedded gravel, sand, silt, and clay 

which was laid down as fluvial, lacustrine, and colluvial 

deposits on the bedrock surface prior to and during glaciation 

(Whitaker and Christiansen, 1972). In the reference area, the 

Empress Group comprises two units: a lower unit of quartzite 

and chert gravel and an upper unit of interbedded gravel, sand, 

silt, and clay (Whitaker and Christiansen, 1972). 

Kupech (1962) identified and studied a pattern of 

east-west trending ice thrust ridges in the Radville study 

area. Ridges were found in front of the Missouri Coteau 

between Township 6, Range 12 (near Halbrite) to Township 6, 

Range 18 (near Radville) (Kupsoh, 1962). Kupsch (1962) found 

that upper portions of deformed beds, on the ice thrust ridges, 
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may be missing due to erosion caused by moving ice. When the 

ice broke up and disintegrated into small blocks, ablation till 

is let down in places. Disturbed clay shale bedrock and 

glacial drift was believed to have been deposited with 

relatively little mixing by ablation processes (Kupsch, 1962). 

4.6.1.5.2 Bedrock Stratigraphy 

Most water wells in the Radville study area were 

constructed for domestic purposes and did not exceed depths 

greater than the base of the Frenchman, Whitemd, and Eastend 

Formations. Geologic strata older than the Frenchman, WhiteDild 

and Eastend Formations will not be discussed. 

The Frenchman, Whitemud, and Eastend Formations were 

discussed as a single unit (Whitaker, 1974 a,b). The unit is 

up to 300 feet (91 m} thick in the Weyburn Hap area and up to 

280 feet (85 m) thick in the Willow Bunch Lake Map area 

(Whitaker, 1974 a,b). 

The Upper Cretaceous Eastend Formation consists of a lower 

part of brownish-grey, fine-grained sand, silt, and silty clay, 

and an upper part of greenish yellow, fine-grained sand, silt, 

and very thin beds of lignite (Whitaker et al., 1978). In the 

Weyburn and Willow Bunch Lake areas locally calcareous zones 

were reported in the Eastend Formation (Whitaker, 1974 a,b). 

The Upper Cretaceous Whitemud Formation is composed of 

grey to white kaolinitic clays, silts, and sands which overly 
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the Eastend Formation (Whitaker et al., 1978). In the Weyburn 

and Willow Bunch Lake areas locally carbonaceous zones were 

reported in.the Whitemud Formation (Whitaker, 1974 a,b). 

The upper Cretaceous Frenchman Formation includes light 

grey to greenish sand and grey, greenish-grey or grey-brown to 

purplish clay and silt which overlie the Eastend or Whitemud 

Formations (Whitaker et al., 1978). In the Weyburn and Willow 

Bunch Lake areas locally carbonaceous, concretionary, and 

calcareous zones were reported in the Frenchman Formation 

(Whitaker, 1974 a, b). 

The Paleocene Ravenscrag Formation comprises lignite 

bearing sand, silt, and a clay unit which overlies the 

Frenchman Formation (Whitaker et al., 1978). In the Weyburn 

and Willow Bunch Lake areas locally carbonaceous, kaolinitic, 

concretionary, and calcareous zones were reported in the 

Ravenscrag Formation (Whitaker, 1974 a, b). 

The surface of the Ravenscrag Formation is erosional and 

is overlain by Quaternary gravels and sands of the Empress 

Group and/or glacial till (Whitaker et al., 1978). Similar to 

the Frenchman, Whitemud, and Eastend Formations the Ravenscrag 

Formation is northward thinning and forms most of the bedrock 

surface in areas south of Township 5. The Ravenscrag Formation 

also forms the bedrock surface in portions of Township 6, 

Ranges 16 to 18, West of the Second Meridian. The Ravenscrag 

Formation is up to 780 feet (238 m) thick in the Weyburn Map 

area and up to 600 feet (183 m) thick in the Willow Bunch map 
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area (Whitaker, 1974 a, b). 

4.6.1.6 Hydrology 

4.6.1.6.1 Groundwater Chemistry 

Water from fourteen water wells completed in the 

Ravenscrag Formation were dominantly of sodium bicarbonate and 

chloride types. The average SAR was 36 and varied between 4.5 

and 144 (Rutherford. 1967). 

CheDdoal analysis was not reported for water taken from 

the Frenchman, Whitemud and Eastend Formations. 

Water may be derived from lower, middle, or upper glacial 

drift aquifers (Rutherford, 1967). Lower aquifers are 

represented by glacial drift-Ravenscrag contact gravels 

(Rutherford, 1966). Water was dominantly of sodium bicarbonate 

and sulfate types (Rutherford, 1967) with SAR values generally 

less than 5.0 (Rutherford, 1967). 

The mdddle aquifer occurs in the blue clay of the lower 

glacial drift and water is of calcium, magnesium, and sodium 

sulfate types with SAR values generally less than 5.0 

(Rutherford, 1967). 

Upper sand and gravel lenses of variable occurrence occur 

between 10 and 30 feet (3.0 to 9.1 m) below ground surface in 

the yellow clays (Rutherford, 1967). Water is of calcium and 

magnesium bicarbonate types with SAR values generally less than 

2.0 (Rutherford, 1967). 
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Water from bedrock aquifers usually contained greater 

AJDOUnts of sodium, as indicated by SAR values, than water from 

glacial drift aquifers. When under sufficient pressure, water 

from bedrock aquifers may contribute sodium salts to near 

surface water tables thus providing the sodium required for the 

formation of solonetzic soils. 

4.6.1.6.2 Pressure Head 

Two locations occur where statio water levels in water 

wells are near or above ground surface. One site occurs within 

a northwest trending area, 6 to 12 mdles (9.1 to 19.4 km) wide, 

and parallel to.the eastern edge of the Missouri Coteau. The 

other site occurs in an area confined by Townships 3 to 5, 

Ranges 10 to 12, West of the Second Meridian (Figure 10). 

Several water wells within these areas were completed in 

bedrock aquifers (Figure 10) and according to completion 

records, all bedrock wells except one were completed in the 

Ravenscrag Formation (Figure 10). The single water well was 

completed in the Eastend Formation. 
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Figure 70 . ~ Static water levels and sources of groundwater in the 
Radville study area (Mackay and Hainstock, 1936; 
Saskatchewan Environment, 1985). 

~ Static water level within 3 .0 m of 

• 

ground surface (Mackay and Hainatock, 1936) 

Static water level within 3.0 m of 
ground surface (Saskatchewan Environment, 1985) 

Static water level at and above ground surface 
(Mackay and Hainatock, 1936) 

Static water level at and above ground surface 
(Saskatchewan Environment, 1985) 

c=)water well completed in glacial drift deposita~* 

c=J Water well completed in bedrock sediment*~ 

~ Refer to Figure 66 for the classification of aolonetzic soil 
groups . 

** in some cases, completion records did not indicate in which 
geologic material the water well was completed and no reference 
was made. 
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4.6.2 Discussion 

Pomdnant Solonetzia Group 

Dominant solonetzic soils occur throughout most of the 

study area in the Souris River Plain (Figure 66). Solonetzic 

Brooking soils largely occur in areas north of Township 5, 

ranges 10 to 15. Parent materials consist of glacial tills 

partly derived from Upper Cretaoous shales. No water wells, 

completed in bedrock aquifers, occur north of Township 5 

because the Ravenscrag and Frenchman Formations are northward 

thinning and pinch aut between townships 4 and 6 (Figure 68). 

An absence of either the Ravenscrag or Frenchman 

Formations north of Township 5, Ranges 10 to 15 and evidence 

that parent ~terials contain Upper Cretaceous shales suggest 

that sodium accumulation is probably related to lithogenic 

processes. Kupsch (1962) identified a number of glacial ice 

thrust ridges in an area between Township 6, Range 12 and 

Township 6, Range 18. Kupsch's glacial ice thrusting model may 

provide an explanation of how glacial drift and Upper 

Cretaceous shales were deposited in a relatively undisturbed 

state. 

Domdnant Solonetzic soils also occur along the eastern 

edge of the Missouri Coteau Upland. Solonetzic Brooking and 

Trossachs soils occupy the largest area within this area. 

Brooking and Trossachs parent materials consist of moderately 

saline glacial till partly derived from Upper Cretaceous marine 
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shales. Several water wells completed in the Ravenscrag 

Formation have statio water levels near and above ground 

surface (Figure 10). 

Evidence of high pressure heads in the Ravenscrag 

Formation, saline and saline Gleysolic soils along the eastern 

edge of the Missouri Coteau, and bedrock shales in saline 

parent materials suggest that lithogenic but more probably 

hydromorphic processes of sodium accumulation occur in dominant 

Solonetzic areas at the base of the Missouri Coteau Upland. 

Dominant Solodic Group 

Dominant Solodio soils largely occur between the Souris 

River and the Missouri Coteau Upland (Figure 66). Trossachs 

soils occupy largest areas in the domdnant Solodio group. 

Trossachs parent materials consist of saline, clay loam 

textured glacial till (Anderson et al., in press) derived, in 

part, from marine shales of Cretaceous age (Ellis et al., 

1961). Three water wells completed in the Ravenscrag Formation 

have statio water levels within 3.0 m of ground surface 

(Figure 10) . 

Evidence that pressure heads in two water wells, completed 

in the Ravenscrag Formation, are within 3.0 m of ground surface 

suggest that dominant Solodio soils may be related to 

hydromorphic or paleohydromorphic processes of sodium 

acaumulation. 

Significant Solonetzio Group 

Significant solonetzia soils occur largely between 2,200 
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and 2,000 feet (611 and 610 m) along the eastern edge of the 

Missouri Coteau Upland and in areas adjacent to the Souris 

River (Figure 66). 

Amulet-Brooking soils occupy largest areas along the 

Missouri Coteau and parent materials are partly derived from 

Upper Cretaceous shales . Auulet soils occur on upper slopes 

and parent materials are nonaaline. Solonetzic Brooking soils 

occur on lower slopes, above poorly drained depressions, and 

parent materials are moderately saline. Several water wells 

completed in bedrock aquifers have statio water levels near and 

above ground surface. 

Evidence of upper Cretaceous shales in soil parent 

materials initally suggest that lithogenic processes of sodium 

accumulation may be dominant. At slightly higher elevations 

along the eastern edge of the Missouri Coteau, nonsolonetzic 

Amulet soils were mapped on similar landscapes to 

Amulet-Brooking soils. Evidence of similar landscapes and 

similar parent materials suggest that lithogenic processes are 

not dominant in Amulet-Brooking soils. If lithogenic processes 

of sodium accumulation were dominant, areas in lower slopes of 

Amulet soils should also be solonetzic. 

Evidence that solonetzic soils in lower slopes are saline 

and several water wells completed in the Ravensrag Formation 

have pressure heads near and above ground surface suggest that 

sodium accumulation in Amulet-Brooking soils along the eastern 

edge of the Missouri Coteau is probably related to 
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hydramorphic processes. 

Several solonetzio soil areas occur along both sides of 

the Souris River at elevations above 1, 800 feet ( 549 m) . 

Weyburn-Estevan and Weyburn-Brooking soils occupy the largest 

area in this significant solonetzio area. 

Weyburn parent ma~erials consist of nonsaline glacial till 

while parent materials of Brooking soils consist of moderately 

saline glacial till partly derived from upper Cretaceous 

shales. Estevan parent materials consist of saline soils 

developed on resorted glacial till (Ellis et al., 1967). 

Orthic and calcareous Weyburn series occur on upper slopes 

and solonetzic Brooking and solonetzic Estevan soils occur on 

gentle slopes above saline and poorly drained areas (Anderson 

e~ al., in press). Two water wells completed in the Ravenscrag 

Formation have statio water levels within 3.0 m of ground 

surface. 

Evidence of saline parent materials confined in lower 

slopes and near surface water levels in two wells completed in 

the Ravenscrag Formation suggest that sodium accumulation in 

significant Solonetzio soils is probably related to 

hydromorphio processes. 

Significant Solodic Group 

Significant Solodic soils occur along both sides of the 

Souris River Valley (Figure 66). Forget soils occupy largest 

areas in the significant Solodio area and parent materials 

consist of sandy glacial till. Three wells, completed in the 
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Ravenscrag Formation, have statio water levels above ground 

surface while one well has a statio water level within 3.0 m of 

ground surface (Figure 70) . 

Evidence of high pressure heads in water wells completed 

in bedrock aquifers suggest that sodium accumulation in soils 

is probably related to hydramorphic processes. 

Hydrophysical properties of coarse textured (sandy) soils 

favour greater hydraulic conductivities than fine textured 

(clayey} soils. Seasonal moisture may offset upward fluxes of 

sodium salt originating from the bedrock aquifer. 

Hydrophysioal properties of coarse textured soils may aid the 

formation of solod soils in the significant Solodio area. 
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5.0 Summary, Conclusions and Future Outlook 

Solonetzic soils often occur in saline environments and 

salt accumulation in them largely determines their genesis. 

Salinization, solonization, and solodization represent a 

step-wise procession for the evolution of solonetzic soils. 

On the basis of the existing literature, three conceptual 

models described the genesis of solonetzic soils. They were 

referred to as the hydromorphic, paleohydromorphic, and 

lithogenic ~odels .

Hydromorphic solonetzic soils were found in areas of 

groundwater discharge and sodium was transported by 

groundwater to points within· the pedon (Kellogg, 1934, Westin, 

1953, Pratt and Ellis, 1954, Redmond and McClelland, 1959, 

Kovada, 1965, Szabolcs, 1965, Varallyay, 1968, Arshad and 

Pawluk, 1975, Buylov, 1976, Pawluk, 1982). Paleohydromorphic 

solonetzic soils were developed in areas that were influenced 

by a past saline watertable, groundwater discharge was no 

longer apparent (Whittig, 1959, Matzek, 1955, Kovda, 1965, 

MacLean and Pawluk, 1975, Kisel, 1981). Finally, lithogenic 

solonetzic soils were formed in the absence of a watertable 

and occurred in areas of originally saline (often marine) 

parent material (Joel, 1933, Kelley, 1934, White and 

Papendick, 1961, White, 1964, Reeder and Odynsky, 1964, 

Polupan et al., 1979, Tyul'panov, 1980, Kisel, 1981, 

Parakshin, 1982, Munn and Boehm, 1983, Mer.mut and Arshad, 

1986). 
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In certain areas, sodium may have been transported by 

precipitation, wind, and/or biological cycling and became 

accumulated in surface soils. Sodium may have also been 

accumulated in surface soils from the weathering of parent 

materials containing high amounts of sodium feldspar. 

Part one of the research objectives was to investigate 

and determine the hydrogeology in relation to the genesis of 

solonetzic soils at one site in southern Saskatchewan. 

Groundwater chemistry, groundwater flow, depth to water table, 

and chemistry of geologic strata indicated that sodium 

probably accumulated in surface soils (near Assinboia) as a 

result of groundwater discharge from the "Eastend-like.. sand 

aquifer. The Orthic Brown soil at site 1 was located in an 

area of groundwater recharge while the Alkaline Solonetz soil 

at site 3 was located in an area of groundwater discharge. 

Brown Solodized Solonetz soils at site 2, Orthic Brown 

soils at site 4, Brown Solonetz soils at site 5, and Alkaline 

Solonetz soils at site 6 occurred in areas of seasonal 

groundwater recharge and discharge. Water levels in 

piezometers, at site 2, indicated that groundwater discharge 

occurred mainly during the autumn, winter, and spring while 

groundwater recharge occurred mainly during the summer. Water 

levels in piezometers at sites 4, 5, and 6 indicated that 

groundwater discharge occurred mainly during the summer, 

autumn, and winter, and recharge occurred mainly during the 

spring. Recharge water was probably related to snow melt and 

seasonal precipitation. 
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Part two of the research objectives was to document the 

hydrogeology, from existing data, for selected solonetzic 

areas south of Township 40. Hydrogeologic evidence, from five 

solonetzic areas was accumulated and studied. Evidence 

suggested that hydromorphic processes of sodium accumulation 

probably occurred in the Saskatchewan Rivers Plain between the 

Allan Hills and Hawarden Hills Uplands. Hydromorphic 

processes may have also occurred within eastern portions of 

the Central Butte Plain, along the northeast edge of the 

Missouri Coteau Upland (near Radville), and in portions of the 

Souris River Plain (near Radville). 

Low static water levels in wells completed in bedrock 

aquifers and a lack of bedrock shales in soil parent materials 

suggested that paleohydromorphic processes of sodium 

accumulation may have occurred in portions of the Hawarden 

Hills and Allan Hills Uplands, along the eastern edge of the 

Missouri Coteau Upland (near Central Butte), portions of the 

Eyebrow Hills Upland, and within portions of the Souris River 

Plain (Radville study area). 

Evidence of low static water levels, and the presence of 

bedrock shales in soil parent materials suggested that 

lithogenic processes of sodium accumulation may have occurred 

in the Frenchman River Plain, portions of the Neutral Hills 

Upland, portions of the Snipe Lake Plain, and portions of the 

Souris River Plain. 

Most of the early research in Saskatchewan dealt with the 

classification and the definition of physical and chemical 
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properties of solonetzic soils. Little research was devoted 

to genesis. Different processes of sodium accumulation may 

occur in any single area. By initially defining the process 

or processes that contribute or have contributed to sodium 

accumulation the derivation of suitable reclamation techniques 

should then be possible. In many cases a fundamental 

understanding of the physical and chemical processes of 

groundwater and the dynamics of salt and moisture cycles will 

be necessary. 
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Appendix A. Percent organic matter, EC, ammonium ectateta extreclllble (EKt.) end exchengeeble (Exth.) cations, end conc•tratton of weterealubletons tn extrett 
11 horizons from sites 1 to 6 et tt. Asslrriboie studu sit ...... -

E.C. *EJCt. ton Cone. mea/100 om *EMch. I on Con ,.. maa/1 00 ams ConcantnUon of Soluble Ions in EMtracl <rnec ILJ I Total 
_..ortzon Depth prganic 1:1 son-wet.er I r•tlant~MlonsJ Salts 

(em) ttsttar Eactrect He+ Ce++ Mg++ K+ Na• Ca•• Mg++ IC+ Na• Ce++ Mg++ K• Cl- SQ4. C03• HCil3· N03·N ~rneq/1.) 
(I) dSm-1025t 

SITE I ORTHIC DIOWI CHERIIDZEHIC 
Ah 0·24 4.4 0.7 0.2 9.5 5.9 :2.4 0.22 9.34 5.66 2.26 0.2 :2.6 :2.1 1.8 0.1 0.5 0.0 0.9 1.1 6.6 0.6 7.0 

Bm1 24-40 3.4 0.3 0.3 9.0 5.9 2.0 0.25 8.86 5.86 1.89 0.1 0.9 0.9 O.B 0.1 0.4 0.0 1.0 0.2 2.7 0.5 2.2 
Bm2 40-50 1.6 0.1 0.2 11.7 8.0 1.5 0.21 11.62 7.92 1.48 0.1 0.6 0.5 0.3 0.1 0.4 0.0 0.9 0.0 1.6 0.5 1.2 
fJC 5<>-65 1.4 0.3 0.4 12.8 6.6 1.1 0.36 12.67 6.47 1.01 0.1 1.7 1.2 0.4 0.1 0.2 0.0 2.6 0.0 3.4 0.3 2.6 
Cca 65-121 1.0 0.3 0.3 25.3 6.2 0.6 0.27 25.13 6.13 0.60 0.2 1.7 1.1 0.2 0.0 0.1 0.0 2.6 0.0 3.1 0.2 2.2 

SITE 2 BROWN SDLODIZED SOLONETZ 
' 

Ap 1•16 2.7 0.8 0.4 6.6 4.2 1.7 0.27 6.55 3.9J 1.56 1.2 2.6 2.3 1.3 0.4 0.4 0.0 0.5 1.3 7.5 0.6 6.21 Ae 16-:21 0.9 0.3 0.7 3.1 3.0 0.4 0.57 3.08 2.91 0.40 1.7 0.3 0.4 0.1 0.3 0.2 0.0 0.6 0.3 2.5 0.4 2.5 
Bnt 21-34 1.5 0.4 1.9 7.0 12.6 0.9 1.61 6.99 12.76 0.91 3.0 0.2 0.4 0.1 0.2 0.3 0.0 1.4 0.3 3.6 0.5 3.3 

BCsek 34-45 0.7 0.6 2.4 19.5 12.8 0.6 1.79 19.39 12.73 0.63 5.6 0.7 0.9 0.1 0.5 1.0 0.3 4.4 0.1 7.5 1.5 6.3 
Ccesa 45-60 0.5 4.4 4.0 25.3 11.1 0.5 1.17 24.04 9.26 0.51 26.3 12.6 16.1 0.3 1.7 54.1 0.0 :2.3 0.0 59.2 55.B 49.6 
Csk 6o-11 0 0.5 7.9 9.2 23.4 17.0 0.9 2.70 :22.13 13.36 0.61 65.2 12.2 36.2 0.6 2.7 95.B 0.0 3.6 0.1 114.2 98.5 94.2 

SITE 3 ALKALINE SOLOIIETZ 
Apse 0·20 3.6 20.7 25.7 14.0 16.3 1.4 0.87 12.39 6.39 1.26 247.9 16.2 79.0 1.5 1.3 279.0 0.0 2.9 0.4 344.6 280.3 269.5 
Bsa 2o-32 1.7 Ul4 23.9 14.0 13.2 0.6 1.74 12.33 7.27 0.5-t 221.8 16.8 59.2 0.2 0.6 250.9 0.0 :2.0 0.2 298.1 251.7 237.1 
Bsk 32-46 1.1 20.2 29.1 42.8 17.7 0.6 3.91 41.21 10.77 0.60 252.3 16.0 69.1 0.2 0.7 273.8 0.0 :2.1 0.0 337.6 274.7 262.4 
Csk 46-72 0.5 16.7 23.5 27.3 15.9 0.5 3.05 25.63 10.67 0.47 204.4 16.2 52.7 0.2 0.6 233.2 0.0 1.7 0.0 :273.5 233.6 213.4 

SITE 4 ORTHIC BROWR CHERIIDZEHIC 
Ah 0-37 4.3 0.6 0.4 12.5 5.9 2.8 0.25 12.22 5.69 2.62 1.0 2.4 2.0 1.7 0.4 1.2 0.0 2.6 0.4 7.2 1.6 6.3 
Bm 37-51 2.5 0.4 0.5 15.6 9.7 1.5 0.39 15.36 9.56 1.42 0.9 1.9 1.4 0.4 0.1 0.4 0.0 J.O 0.0 4.6 0.5 3.3 
cca 51·79• 0.6 0.9 3.2 25.3 17.7 0.9 2.48 :25.22 17.54 0.90 7.0 0.8 1.4 0.2 0.1 2.6 0.3 4.2 0.0 9.3 2.7 8.4 

SITE 5 BROWN SOLOHETZ 
Ap 0•26 2.4 0.5 0.5 13.8 6.2 1.5 0.43 13.56 6.10 1.40 0.9 2.4 1.4 0.6 0.1 0.6 0.0 :2.1 0.4 5.3 0.9 4.5 
Bn 26-37 1.9 0.5 1.0 16.7 9.0 0.7 0.80 18.52 7.81 0.73 2.4 1.6 1.2 0.1 0.4 0.4 0.0 2.6 0.2 5.4 0.8 4.4 

f)Ck 37-50 1.2 0.4 1.4 27.3 8.7 0.6 10.50 27.14 8.56 0.61 3.0 1.1 0.8 0.1 0.2 0.4 0.0 3.0 0.2 5.1 0.6 4.2 
Cca So-65+ 0.6 0.7 3.4 23.4 10.1 0.6 2.71 23.31 10.01 0.55 6.4 0.4 0.4 0.1 0.1 1.1 0.3 4.6 0.1 7.3 1.3 6.4 

SITE 6 ALKALINE SOLONETZ 
APA 0·12 2.9 1.6 3.1 10.1 5.9 1.8 1.79 9.86 5.64 1.71 13.0 2.6 2.5 0.6 0.3 4.7 0.0 4.4 1.5 18.9 4.9 18.7 
Bnsa 12-20 1.9 5.1 9.4 11.9 12.5 1.0 4.83 11.25 11.53 1.01 46.1 6.2 9.5 0.2 0.3 60.4 0.0 :2.6 0.1 62.1 60.7 58.9 

Ccas1 2o-1o 0.9 12.3 17.0 29.:2 15.9 0.5 4.16 26.99 11.00 0.52 121.8 22.0 49.4 0.2 0.7 169.7 0.0 1.9 0.2 193.3 170.4 152.4 
_Ccaw2_1()-B5 0.4 17.0 :21.8 114.8 21.1 0.8 3.48 113.02 13.49 0.75 182.7 16.0 75.7 0.4 0.7 270.7 0.0 1.2 OJL _2l9._fl_171.~_2J1,6 
• for soil horizons t.Mt possess gypswn cr hiljl errltQ\ts of soluble salt,. extnsctable end exchangeable cet;Oil cOncentrittons may not r&preaent tNJ \laluas 

N .... 
Ol 
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ipperdix B. Log key aid a11]er logs froa ai tes 1 to 10 
at the AaaiDiboia atwly site. 

Elevat1on- surveyed between sttes and estimated from a 1:50,000 
topographic (NTS) map. 

Format ton - geologic layer or stratum. 

Cond.- electrical conductivity of e 1:1 sotl-water 
suspension expressed as dS m -1 at 25 C. 

pH- negative logarithm of the hydrogen ton 
activity of a 1:1 son-water suspension. 

SAR - sodium adsorption ratio expressed as; 

Na+ 

Jco 2+ + Mg 2+ 
2 

Texture- estimated manually by hand tn the· field. 

Est. Moist. - estimated moi-sture percentage tn the field. 

Carb.- estimated gross carbonate content determined by the degree 
of effervescence resulting from exposure to dilute 
hydroch 1 on c act d. 

LO- no carbonates, no chemical reaction to acid. 
L 1 -minute amount of carbonates, chemical reaction is not 

visible but faintly audible. 
L2 - small amount of carbonates~ chemical reaction is 

faintly visible. 
l3- stgntftcant amount of carbonates, chemical reaction ts 

eastly visible. 
l4 -large .amount of carbonates, chemical react ton is spontanous 

and vt o 1 ent. 
EH-38- electomagnettc measurement from an Geontcs El138 

noncontacting terrain conductivity meter. 

YSI- electrical conductivity recording from a Yellow Springs 
Instrument conductivity meter and extension cell. 

• • ill Sand Silt Clay . . . 
Till 



Site 1 

Formation 

Oxidized 
till 

Eastend
likesand 
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Date June 4, 1985 Elevation 753.5 m (2471 ft) Location NWS-33-7-1 W3 

Comments 

0.8 6.1 0.7 loam dry LO 
0.5 7.6 0.2 
1.0 8.4 2.8 
0.8 6.7 2.6 clay loam 
0.6 8.2 4.6 
2.0 7.7 1.6 
2.3 7.7 1.4 
2.7 7.7 1.7 
2.6 7.7 2.4 
2.9 7.7 3.4 
3.2 7.7 4.2 
3.4 7.8 5.0 
3.4 7.8 5.8 
3.5 7.8 6.3 
3.1 7.8 6.7 
3.6 7.8 7.2 
3.4 7.8 7.5 
2.4 8.0 9.2 
2.9 7.8 7.4 
3.4 7.7 7.3 
3.3 7.7 7.3 
2.4 7.8 7.4 clay loam 
3.2 7.7 7.0 silt clay loam 
1.8 8.0 9.1 
1.9 7.9 7.6 
2.3 7.8 6.0 
2.1 7.9 6.8 
1.8 7.9 8.3 
1.7 7.7 9.3 fmesand 
1.6 7.4 10.2 
1.5 7.2 10.4 
1.0 7.4 11.0 
1.8 8.0 7.9 

1.7 7.3 11.2 

1.7 7.0 10.4 

1.8 7.4 11.8 

1.8 8.117.1 

1.9 8.1 17.5 

lmpermeble 
layer 

.. 10% L4 

L3 

.. 15% L3 

- gypsum precipitates at 1 0 feet. 
-till begining to tum unoxidized 

at 10 feet. 

- till has small stones in the 
matrix. 

- secondary lime precipitates 
.. 15% L4 between 22 and 23 feet. 

sat. L2 - silt clay loam at 23 feet is a 
pastel bluish-gray color. 

sat. L 1 - sand is mostly uniform in size 
LO to 66 feet. 

- the color of the sand varies 
from blue to green and mixed 
variations with increasing depth. 

- coal streaks in the sand at 64 
feet. 

- End of hole at 66 feet. 

EM-38 72152 
YSI 6,746 dS cm-1 at 25 C 
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stt.2 Oat. ..,__ 4, 1985 Elevation ~1 m (2463 ft) 

Formation m ft Cond. pH SAR Ttxttr't Est. Moist. Carb. 

Oxidiztd 
; ~· ; ·,. J 

loam dry ,',',.',\~ 

tm ............ 
0.6 6.6 6.2 "," ," ," ,· 1-

"""" 5.4 8.7 12.6 
1 

............ 
1-"",. / ............. 14.7 ,. ," ," ," ,· 1- 4.6 8.6 

"",.,. ·~ 4.2 8.3 14.7 clay loam ~ ' ...... ' ",",",",' 13.1 2 ./' ," ," ," ... • 1- 4.3 8.1 
"," ,",",' 4.7 8.0 13.4 
",",",",' ~ 

5.2 8.0 13.0 ",",",",' ~ 
./' ./',.,. 

4.7 8.0 13.1 3 ... ... ... ... 10 ",",",",' 12.9 "," ," ," ... !- 4.6 7.9 -15~ 
",",",",' ~ 4.4 7.9 12.1 
./' ./',.,. 
......... ' 4.1 8.0 12.5 4 ",","," .. : ~ 

",","," ... · 4.3 8.0 12.1 
",",",",'!-

3.9 8.0 11.5 "," ," ," ... 1-
./' ./',. ./' 

~5 4.3 7.9 11.6 ... ' ...... •tsc. "" "./' ............ 11S 5 ",",',", ~ 4.3 7.9 , ./' ./' ./' 

4.4 7.9 11.6 ./' '" ... ,. ... ,. ... 1-... ... ... ... 
4.4 7.9 12.0 ",',',", !-

Eastend- ' 
"./'",.. 4.0 8.0 12.0 fine And At. 

lbsand ·.·.·.·.·.·.·.·.·. ~ 2.3 8.2 10.9 ·.·.·.·.·.·.·.·.·. ~ ·.·.·.·.·.·.·.·.·. 12.1 ·.·.·.·.·.·.·.·.·. 2.7 7.7 ·.·.·.·.·.·.·.·•·. ~ ·.·.·.·•·.·.·.·.·. 13.0 ·.·.·.·.·.·.·.·.·. 2.3 7.9 
7 Itrmm: 1.9 7.9 16.6 

·.·.·.•.·.·.·.·.·. 2.8 7.7 13.9 
:·:·:·:·:·:·:·:·:·~ 

:·:·:·:·:·:·:·:·:· ~ 3.1 1S 12.3 cblj ind 

a I~~t}t: 2.3 7.6 14.4 sand inter- At. 
2.7 7.4 13.5 beds ~:}}}} ~ 2.6 7.3 14.3 

.::::::::::::::::: !- 2.7 7.4 16.1 
9:::::::::::::::::: 

~ 2.6 7.0 18.3 ·.·.·.·.-.·.·.·.·. 
:::::::::::;:::::: 2.3 7.2 18.9 ·.·.·.·.·-·.·.·.·. 
::::::;:;:;:;::::: 1- 2.5 7.0 13.0 

10 :;::::::::::::::::~ 3.0 6.8 13.2 Oxidiztd clay sat. 
shalt 4.1 7.2 15.0 

11 
2.2 7.7 19.8 

3.3 7.8 17.7 

13 

Location S\'9-32-7-1 Y3 

Cornmtnts 

LO 

L2 
L4 

L2 

L2 

L2 

L2 

L1 

LO 

LO 

-~ carbonata at 3 fMt 

- gypswn pr ~ipitates at 6 fMt 
- till btoomK dens«' .,.twMn 
6 and 9 fftt. 

- black organic staining at 19 feet 
- s«td is a grftllish bU. color 

- moxidiztd shalt nuts in U... 
s«td at 26 feet 

- shale is oxidizM at 33 feet but 
t\rns WlOxidized at 34 feet 

- shalt cuttings are extremely 
crumbly 

- oxidized pockets of shal@ in tM 
dominantly unoxidized shale 

- End of hole at 43 fe.t 

EM-38 135/120 
YSI 7,531 dS cm-1 at 25 C 
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SiU 3 ~- JuM 5, 1985 El•vation 750 m (2461 ft) L~tton 1rY/1 o-32-7-1 V3 

Formation m ft Cond. pH 

1.2 7.8 
1.2 7.3 
1.4 7.4 
1.6 7.4 
1.7 7.2 
1.9 6.9 
2.4 6.6 

3.0 5.9 

38 

13.3 loMn 
29.4 
17.4 
10.2 
12.6 
12.7 
13.0 
16.6 
14.9 
14.1 fiM sand 
15.3 
14.1 
14.2 
15.1 
13S 
12.0 

15.1 
16.5 
15.6 
15.2 
13.7 clay 
13.8 
12.0 

8.9 

Est. Moist. Carb. Comm..-ats 

:At. LO -salt precipitates in tM sw-face 
L4 sotl 

sat. 

sat. 

L2 - gypsum precipitates at 3 feet 
- tin becomH denser bet'wHn 4 

and 10fMt 

LO - sand is a grayish color and 
•pews compressed 

LO 

- thin silt and cgy layers 
interbedded in tM sand Mtw"Mn 
10 and 14 fHt 

- sand color turns yello-w, 
brown, red and grNn 

- shale appears venJ .-eattwred 
and crumbly 

-End of hole at 38 fMt 

EM-38 500/600 
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Siteo 4 Date June :5, 1985 E~vation ~2m (2467 ft) Location N'11'7-32-7-1 '11'3 

Formation m ft Cond. pH SAR Texture Est. Moist. Carb. Comments 

OS 8.2 12.0 

0.5 8.2 13.1 

0.6 8.4 12.6 

1.3 8.0 10.8 clay 

-~ 
s.at. 

sat. 

sat. 

L2 - tm turns unoxidized at e fHt 

LO - sand is a greenish color but is 
turnW\g yeollow and orang• with 
dfopth 

LO 

LO - shale is .a mixture of oxidized 
and oooxidized streaks 

EM-38 110180 



Formation m 

8 

222 

fl Cond. pH SAR 

0.6 7.3 0.5 
0.8 8!5 7.7 
s.o 8.3 12.9 
6.6 8.3 14.S 
4.8 8.4 13.6 
2.9 8.8 18.2 
2.8 8.7 18.2 
2.9 8.7 18.2 
4.3 8.2 11.2 
4.0 8.2 11.4 
4.0 8.1 10.9 
3.8 8.1 10.3 
4.0 8.0 9.4 
3.9 8.0 9.4 
2.3 8.0 13.3 
1.7 7.9 20.8 

2.0 7!5 18.6 
1.8 7.8 19.0 
1.6 7.7 19.7 
3.0 7.3 15.5 
3.6 7.0 1S.2 
3.2 6.6 14.8 
2.9 6.9 14.4 
3.7 7.2 15.3 
3.0 7.2 13.6 
3.3 7.1 12.5 
2.9 7.6 13.3 

Eln'ation ~ m (2460 ft) 

T.xtwe Est. Moist. Carb. 

•t59& LO 
-u,~ L4 

olay loam •15 L2 

s11t and v.ry near sat. LO 
firM And sat. LO 

s.at. LO 

Location S'1t'9-32-7-1 .-3 

Comments 

- gypsum pr•oipitat.s • 3 
fNt 

- tm NcornH v•ry c:t.ns• 

- sand is a bluish-green color 
th4.t .ipp".irS compr•ssed 

- And is oxidized with ~~~ 
nuts tn 1M matrix 

- ust.nct-lik• sane~ anct ~• 
ts h1gh1\l fracttred and 
..,e.ars dry 

-End of hole at 33 fHt. 

EM-38: 260/240 



Formation m 

6 
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ft Cond. pH SAR 

0.7 7.0 5.9 
:5.0 8.6 21 .1 
7.5 8.6 26.8 
7.2 8!5 ~.!5 
4.0 8.7 19.2 
:5.3 8.4 14.2 
4.4 8.6 18.6 
:5.0 8.4 1 :5.3 
3.6 8.1 10.7 
4.0 8.2 11 .!5 
4.1 8.2 12.3 
4.3 8.2 16.0 
2.9 8.2 15.9 
2.:5 8.1 19.8 
2.1 8.3 23.1 
2.0 8.2 22.3 
2.0 8.2 23.1 
2.8 7.9 17.8 
1.7 7.2 12.1 
3.3 6.9 12.1 
1.8 6.9 11.6 
2.8 7.2 11.2 
2.5 7.5 14.4 
2.8 7.4 12.!5 
1.2 7.7 11.8 
1.6 7.7 19.1 
1.7 7.7 15.3 
1.7 7B 16.3 
3.0 7.5 9.8 
1.9 7.9 16.3 

2.8 7.7 12.7 

Elevation 749 m (24~7 ft) 

T.xtw• Est. Moist. Carb. 

cblj 1um -tss LO 
L4 
L2 
L2 

fiMAnd Mar At. L1 
LO 

11M sand near sat. LO 
Mel olav 

flM sand sat. LO 

f1nt sand sat. 
ilndc'btj 

f'lll• sand n.ar sat. LO 

.apptars LO 
dry 

Location SY9-32-7-1 W3 

eo. ... ..ms 
- ail k .a d.ark brawn AAlAr 

w1th f.w wlrlt• salt 
pr.aipitatH 

- gypswn cry~ls OCClr 

btt.tMn 3 and :5 fHt 

- c~.nse t1n at :s f..t 

- flM And btt'WNn 15 Mel 
18fMt 

- int.rbedded sMt. .at 18 
fHt ts oxidized with 
bro-wn, red ~ bU. 
str•aks 

-sha._ at 29 fe.t app~ars 
very dry and crumbly 

- End of hol• at 33 f..t 

EM-38: 4~/480 



Site 7 

Formation 

Oxidized 
till 

Eastend
likesand 
and 
oxidized 

7 
Eastend-
likesand 

Eastend
likesand4 

Date Sept. 8, 1986 

m ft Cond. pH SAR 

Elevation 

Texture 

loam 
clay loam 

silty fine 
sand 

very fine 
sand 

224 

750.5m (2461 ft) 

Est. Moist. Carb. 

-5% L3 
-5% L2 

Location SW9-32-7-1 W3 

Comments 

- salt precipitates at 2 feet 
- till appears to be Battleforcl 
like between ground surface 
and9feet 

-10% L2 -Floral like till between 9 and 
19 feet 

near sat. LO - sand is a bluish-grey color 
and appears dirty with silt 

- sand appears to be 
L3 compressed 

- oxidized till appears to be 
sat. LO intermixed within the sand 

- free water in the hole at 23 
feet 

clay and near sat. LO 
very fine 
sand stringers - shale between 27 and 44 feet 

is a series of oxidized and 
unoxidized layers between 1 
and 4 feet in thickness 

-the shale appears very 
brecciated and crumbly 

very fine 
sand 

sat. LO - sand is highly compressed 
and is a greenish color 

clay sat. LO - shale and sand stratum are 

very fine 
sand 

nearsat. LO 

clay dry LO 

dominately a bluish color to 
73feet 

- End of hole at 73 feet 

EM-38: 120/65 
YSI: 10,136 dS cm-1 at 25C 



Formation m 

9 
lh»ddized 
shale with 
wrv rmro 
sand 
stringers 

11 

.,, 

225 

ft Cond. pH SAR 

II 

35 

_, 

Elevation 7:SO m (2460 ft) 

Text..-e Est. Moist. Carb. 

L2 

clay loam L2 

lO 

c~ sat. LO 

clay 

Looat1on S"n-32-7-1 Y3 

- Ebttleford- lib tm b.tw~ 
o ana" TMt 

- Floral-lib tin Mt'weftl 8 and 
23f..t 

- Eastend-lib sand is 
intermixed with oxidized tm 
to 25 fe.t 1 sand is a bluish 
gray color 

-clay shaJ. is a brawntsh-bhl 
color and appe-ars vwy 
cnnbly 

- shale is interlayer.cl with 
oxidizf'd and unox1d1zf'd layws 
of sand to 37 fMt 

- End of hole at 37 fMt 

EM-38: SS/50 
YSJ 11 1000 dS crn-1 at 25C 



Formation m 

10 

11 
Oxidized 
siN! liP 

226 

~t· Sept. 10, 1986 

ft Cond. pH SAR 

35 

38 

Elwation ~ m (2460 ft) 

lo..., n.wAt. L4 

cbv nt. L2 

sfltMd s.at. LO 
vtry 11M 
sand 

LO 

sat. LO 

Location N'WS-32-7-1 'Vf. 

- loaded with ult pr.aipibtH 
and gypswn to 2!5 fMt 

- Flor.al-lb tm ~e.n 7 .and 
11fMt 

- s.and is bluish-grey in oolor 
and app8'WS to M highly 
comprKACI 

- s.and is supers.aturat.d .and 
flows out of the ho ... 'With 
.augwing 

- s.and is v....., clean btotwetrn 
18 and 28 fHt 

- And ttrns into a browinsh 
oxldfzed color at 28 fe.t 

- unox1d1zed sha ... has oxidized 
str•.alcs of s.and .and shale in 

the matrix 

- sha ... Htw'Mn !0 and 38 fm 
.appe.ars very fr~tured and 

clay sat. LO falls off the augw •asfly 

End of hole at 38 fm 

EM-38: ~/220 
YSI: 3,765 dS cm-1 at 2SC 



S1t• 10 

Formation 

9 

10 

11 

227 

Daw s.pt. 10, 1986 

-38 

Elwatton ~ m (2466 ft) 

Texttr• Est. Moist. Carb. 

lo.im dry L4 
olacJ loam ·ur.IS L3 

Location h'B-32-7-1 ~ 

- acondwy c.arbonms at 1 
foot depth 

-~ 9Jps&m .at 4 fHt 

- Battleford-lilce tm b.tw..n 
Oand9fHt 

L2 - Flor.al-lta tm Mtweton 9 and 

silt~ 

very flM sat. 
And 

cby 

22fHt 

LO - Eastend sand 1s mostly 
oxidizM (rMdish-bro.-n color 
and very dirty Ylth s11t 

- Sha1• ts v.ry fractured and 
hu str•aks of oxidized shil .. 
and very th1n sand stringers 
in tM matrix to 38 f•.t 

- End of ho'Je. at 38 f•.t 

EM-38: 100/60 
YSI: 9,932 dS cm-1 at 25C 
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Formation m ft Cond. pH SAR 

8 

2.97 7.4 13.1 
9 

• I 

Easterid- I:· .. ·.·.·.·.·.··• 
'Hbsand I§· ~~ 
..c~w..JO~ 

{{:~:)~1-
11 

12 

35 

2.94 8.0 
40 

E~at1on 7:50 m (2460 ft) 

Texttre Est. Moist. Carb. 

sand sat. LO 

LO 

LO 

Conmwnts 

- vwy f.w ston.s in tM 
swfacetm 

- M~yY gypswn preoc'ipiUtH 
between 1 and 2 fMt 

- oxk.Hztd brown tm 

-dark blu• consolidated sand ai 
13 fMt .and gr'Mn :S~ at 16 
fNt 

- str~t.aks of iron in th• sand ~t 
22feet 

- black and b~• colored clay 
mtx.cl wtth streaks of 1ron 

- some sand in tM cby 
bet.ieen 31 and 34 fMt 

- oxidized clay betveen 
36~40f•.t 

- black, blue and brown clay 
pocbts in tM shat.. 

VSI: 6,~ dS cm-1 at 25C 



Appendix C. Depth, pH,. electrical conca,ctiYity (E.CJ,. watereolfjtle1ons, end &odium adsorption ratios (SAR.) 
~· ._....,,. ... ~ ....... .,._ , ........ _ ... _ . --- -- ....... ..--.... -····--·· ~ _,. -··-· 

E.C. E.C. Soluble Ions in 1:1 EHtrect (u Jlml) Soluble Ions in 1:1 Extract (m~o/U 
Bit• Depth pH I: 1 soil •W1Jter 

I (m) Extnsc:t 
~CIS m-1 et 25 C) 

0-0.30 6.1 0.5 
0.30•0.61 7.6 0.4 
0.61-0.91 8.4 0.4 
0.91-1.22 6.7 0.4 
1.22-1.52 8.2 0.4 
1.52•t.83 7.7 3.1 
1.83-2.13 7.7 3.4 
2.13-2.43 7.7 3.8 
:2.43-2.74 7.7 4.1 
:2.74-~.04 7.7 4.6 
3.04-~.35 7.7 4.6 
3.35-3.65 7.8 5.1 
3.65-~.96 7.6 5.4 
3.96•4.:26 7.6 5.5 
4.26-4.57 1 .a 5.6 
4.57-4.87 7.8 5.7 
4.67-5.18 7.8 5.6 
5.16-5.48 8.0 4.4 
5.46-5.79 7.6 5.4 
5.79-6.09 7.7 5.6 
6.09-6.40 7.7 5.5 
6.40•6.70 7.8 5.1 
6.70-7.01 7.7 5.5 
7.01-7.31 8.0 2.7 
7.31-7.62 7.9 3.3 
7.62•7.92 7.8 4.3 
7.92-8.:23 7.9 3.5 
8.23-8.53 7.9 2.9 
8.53-8.64 7.7 2.5 
8.84-9.14 7.4 2.4 
9.14-9.45 7.2 2.0 
9.45-9.75 7.4 2.1 
9.75-1 0.06 6.0 3.1 
10.06•11.56 7.3 :2.3 
11.58-13.10 7.0 2.5 
13.10-14.63 7.4 2.5 
14.63-16.15 7.3 :2.4 
16.15•17.66 8.1 :2.1 
17.68-20.12 8.1 :2.0 

-not enough semple for enalusts 
* 1:2 &oil•waterextrect 

1:1 eoil•water 
Suspens1en 

(dS m·1 et 25 C) 
0.8 
0.5 
1.0 
0.8 
0.6 
2.0 
2.3 
2.7 
:2.6 
2.9 
3.2 
3.4 
3.4 
3.5 
3.1 
3.6 
3.4 
:2.4 
2.9 
3.4 
3.3 
:2.4 
3.2 
1.8 
1.9 
2.3 
:2.1 
1.8 
1.7 
1.6 
1.5 
1.0 
1.8 
1.7 
1.7 
1.8 
:2.1 
1.8 
1.9 

Na• ~~~·· ~g .. I<• Cl· S04:a CD3= HC03- Na• ca .. Mg+• K• Cl· S04c ~03= 

21 40 ~2 :23 3 106 0.0 75 0.9 :2.0 1.8 0.6 0.1 :2.2 0.0 
8 44 ~2 7 :2 ~2 0.0 196 0.3 2.2 1.8 0.2 0., 0.5 0.0 

66 13 17 12 :2 55 5.0 200 :2.9 0.7 1.4 0.3 0.1 1.1 0.2 
59 16 15 12 :2 46 5.0 197 2.6 0.8 1.2 0.3 0.1 1.0 0.2 
80 9 8 11 :2 53 4.0 198 3.5 0.5 0.7 0.3 0.1 1.1 0.1 
158 520 160 42 2 2100 0.0 110 6.9 25.9 13.2 1.1 0.1 43.7 0.0 
158 560 208 45 2 :2500 0.0 106 6.9 27.9 17.1 1.2 0.1 52.1 0.0 
195 560 268 46 2 2800 0.0 10:2 8.5 27.9 22.1 1.2 0.1 58.3 0.0 
260 520 300 45 4 :2700 0.0 101 12.2 25.9 24.7 1.2 0.1 56.:2 0.0 
400 520 324 46 :2 3450 0.0 111 17.4 25.9 26.7 1.2 0.1 71.8 0.0 
480 480 324 45 2 3650 0.0 107 20.9 24.0 26.7 1.2 0.1 76.0 0.0 
590 520 328 45 2 3100 0.0 116 25.7 25.9 27.0 1.2 0.1 64.5 0.0 
660 480 33~ 36 2 3600 0.0 113 :29.6 24.0 :27.3 1.0 0.1 75.0 0.0 
720 480 312 40 3 3600 0.0 118 31.3 24.0 :25.7 1.0 0.1 75.0 0.0 
760 480 304 37 I 3750 0.0 117 33.1 24.0 :25.0 0.9 0.0 78.1 0.0 
810 480 292 42 2 3600 0.0 114 35.2 :24.0 24.0 1. 1 0.1 75.0 0.0 
620 440 284 43 1 3750 0.0 123 35.7 22.0 23.4 1.1 0.0 78.1 0.0 
760 224 I 76 32 2 :2600 0.0 143 33.1 11.2 14.5 0.8 0.1 54.1 0.0 
790 440 :252 45 :2 3500 0.0 122 34.4 22.0 :20.7 1.2 0.1 72.9 0.0 
BOO 480 264 47 8 3600 0.0 121 34.8 24.0 21.7 1.2 0.2 75.0 0.0 
600 480 :264 50 g 3600 0.0 120 34.8 24.0 :21.7 1.3 0.3 75.0 0.0 
750 400 23:2 43 17 3100 0.0 121 32.6 20.0 19.1 I., 0.5 64.5 0.0 
770 480 260 50 24 3400 0.0 128 33.5 24.0 :21.4 1.3 0. 7 70.8 0.0 
490 100 72 25 20 1220 0.0 117 21.3 5.0 5.9 0.6 0.6 25.4 0.0 
530 192 108 :26 :21 1900 0.0 108 :23.1 9.6 8.9 0.7 0.6 39.6 0.0 
560 400 '60 38 22 :2500 0.0 96 :24.4 20.0 13.:2 1.0 0.6 52. 1 0.0 
520 :240 124 31 23 1900 0.0 99 :22.6 12.0 10.:2 0.8 0.6 39.6 0.0 
490 128 84 24 25 1270 0.0 100 21.3 6.4 6.9 0.6 0.7 26.4 0.0 
460 80 64 21 26 1130 0.0 62 :20.0 4.0 5.3 0.5 0.8 23.5 0.0 
450 56 56 19 34 1040 0.0 58 I 9.6 2.6 4.6 0.5 1.0 21.7 0.0 
360 35 40 16 32 860 0.0 46 16.5 I. 7 3.3 0.4 0.9 17.9 0.0 
400 34 40 16 42 920 0.0 55 17.4 1.7 3.3 0.4 1.2 19.2 0.0 
510 152 100 :25 41 1800 0.0 117 22.2 7.6 8.2 0.6 1.2 37.5 0.0 
450 44 48 20 36 10:20 0.0 66 I 9.6 2.2 3.9 0.5 1.0 21.2 0.0 
450 56 52 IS 23 1140 0.0 49 19.6 2.8 4.3 0.4 0.6 23.7 0.0 
470 48 44 13 22 1070 0.0 53 20.4 2.4 3.6 0.3 0.6 22.3 0.0 
460 :28 28 13 14 1015 0.0 60 :20.0 1.4 2.3 0.3 0.4 21.1 0.0 
420 20 16 11 '4 860 0.0 97 IB.3 1.0 1.3 0.3 0.4 I 8.3 0.0 
430 20 16 9 14 910 0.0 97 I B. 7 1.0 1.3 0.2 0.4 I 8.9 0.0 

I corrected from a 1:2 eoil-watere~etract toe 1:1 &oil-water&USI*'Sion eftW' Hogg end Henry (1984) 

~C03· 

1.2 
3.3 
3.3 
3.2 
3.3 
1.8 
1.7 
1.7 
1.7 
1.8 
1.8 
1.9 
1.9 
1.9 
1.9 
1.9 
2.0 
2.3 
:2.0 
2.0 
2.0 
2.0 
:2.1 
1.9 
1.8 
1.6 
1.6 
1.6 
1.3 
1.0 
0.8 
0.9 
1.9 
1.1 
0.8 
0.9 
1.0 
1.6 
1.6 

Total 
CellonstArri~~Selt& 

(meq/L 

5.3 ~.3 4.3 
4.5 0.5 3.5 
5.2 1.2 4.1 
4.9 1.0 3.9 
4.9 1.2 4.2 

47.1 43.6 34.4 
53.1 52.1 38.2 
59.7 58.4 42.3 
64.0 56.3 46.2 
71.2 71.9 52.5 
72.5 76.1 55.4 
79.8 64.6 59.0 
81.8 75.0 62.7 
82.0 75.0 63.3 
83.0 78.1 65.3 
84.3 75.0 66.3 
82.1 78.1 65.3 
59.5 54.2 50.4 
78.2 72.9 62.4 
81.7 75.2 64.4 
81.8 75.2 64.2 
72.8 65.0 58.6 
80.1 71.5 63.7 
32.9 26.0 29.6 
42.2 40.2 36.9 
58.5 52.7 48.5 
45.6 40.2 39.3 
35.2 27.1 31.8 
:29.6 24.3 :27.7 
27.5 22.6 26.1 
22.0 18.6 21.6 
22.8 20.3 22.5 
38.15 38.6 34.1 
26.2 :22.3 25.3 
27.0 :24.4 27.2 
26.6 22.9 27.1 
:24.1 21.5 :25.4 
20.6 Ul7 21.9 
21.2 19.3 21.8 

S.A.R. 

0.7 
0.2 
:2.8 
2.6 
4.6 
1.6 
1.4 
1.7 
2..4 
3..4 
4.2 
5.0 
5.8 
6.3 
6.7 
7.2 
7.5 
9.2 
7.4 
7.3 
7.3 
7.4 
7.0 
9.1 
7.6 
6.0 
6.8 
8.3 
9.3 
10.2 
10.4 
11.0 
7.9 
11.2 
10.4 
11.8 
14.6 
17.1 
17.5 

1\) 
1\) 
CD 



ADI c enat• - . .... ·-· --· E.C. 
stu Depth pH I: 1 eon•weter 

2 (m) Extract 
i(dS m-1 et 25 C) 

0.30-o..61 6.6 6.6 
0.61•0.91 8.7 9.4 
0.91•1.22 8.6 8.6 
1.22-1.52 8.3 8.3 
1.52•1..83 8. 1 8.1 
1.83•2.13 8.0 8.0 
2.1 3•2.43 8.0 8.0 
:2.43-2.74 8.0 8.0 
:2.74·3.04 7.9 7.9 
3.04•3.35 7.9 7.9 
3.35·3.65 8.0 8.0 
3.65•3.96 6.0 8.0 
3.96-4.26 8.0 8.0 
4.26•4.57 7.9 7.9 
4.51·4.87 7.9 7.9 
4.87•5.18 7.9 7.9 
5.18•5.46 7.9 7.9 
5.48•5.79 8.0 flO 
5.79•6.09 6.2 8.2 
6.09-6.40 7.7 7.7 
6.40-6.70 7.9 7.9 
6.70•7.01 7.9 7.9 
7.01-7.31 7.7 7.7 
7.31·7.62 7.5 7.5 
7.62•7.92 7.6 7.6 
7.92•8.23 7.4 7.4 
6.23·6.53 7.3 7.3 
8.53•8.84 7.4 7.4 
8.64-9.14 7.0 7.0 
9.14•9.45 7.2 7.2 
9.45-9.75 7.0 7.0 
9. 75-10.06 6.8 6.8 
I 0.06-1 0.36 7.2 7.2 
10.36-11.58 7.7 7.7 
11S6-13.10 7.6 7.8 

-not enough sample for analysis 
• 1:2 soil•watermctrect 

E. C. 
1:1 aon•water 
Suspanstan 

(cS m-1 et 25 C) 
0.6 
5.4 
4.6 
4.2 
4.3 
4.7 
5.2 
4.7 
4.6 
4.4 
4.1 
4.3 
3.9 
4.3 
4.3 
4.4 
4.4 
4.0 
2.3 
2.7 
2.3 
1.9 
2.8 
3.1 
2.3 
2.7 
2.6 
2.7 
2.6 
2.3 
2.5 
3.0 
4.1 
2.2 
3.3 

Soluble Ions in 1:1 Extract (uaJmn Soluble Ions 1 1:1 Extract <m .WL> 

H~ Ca .. t1g"H IC• Cl• 904= C03• HC03· Nl• iCe .. t1JJ'" K• C1• SD4a C03• HC03-

87 6 5 5 8 48 0.0 77 3.8 0.3 0.4 0.1 0.2 1.0 0.0 1.26 
1700 440 570 14 95 6450 0.0 127 73.9 22.0 46.9 0.0 2.7 134.3 0.0 2.06 
1500 172 372 13 79 4300 0.0 166 65.2 8.6 30.6 0.3 2.2 89.5 0.0 2.72 
1350 200 266 18 94 4000 0.0 1-16 5a7 10.0 :22.1 o.s :2.1 83.3 o.o 2.39 
1500 400 360 :20 92 4900 0.0 126 65.2 :20.0 29.6 0.5 2.6 1~.0 0.0 2.06 
1600 480 368 :21 92 5500 0.0 123 69.6 :24.0 30.3 0.5 2.6 114.5 0.0 2.20 
1550 480 364 21 91 5400 0.0 125 67.4 :24.0 30.0 0.5 2.6 11:2.4 0.0 2.05 
1500 440 336 25 76 5500 0.0 13'6 65.2 22.0 :27.6 0.6 2.1 114.5 0.0 2.23 
1500 480 328 24 74 5400 0.0 116 65.2 24.0 27.0 0.6 2.1 I 12.4 0.0 1.90 
1350 480 280 :24 55 4600 0.0 117 sa 1 :24.0 23.0 o.6 1.6 99.9 o.o 1.92 
1400 480 284 25 53 4950 0.0 124 60.9 24.0 23.4 0.6 1.5 103.1 0.0 2.03 
1300 440 264 25 46 4750 0.0 121 56.5 22.0 21.7 0.6 1.3 98.9 0.0 1.96 
1200 440 236 :29 32 4400 0.0 130 52.2 :22.0 19.4 0.7 0.9 91.6 0.0 2.13 
1200 440 228 :26 30 4500 0.0 122 52.2 22.0 18.8 0.7 O.B 93.7 0.0 2.00 
1200 440 236 29 35 4450 0.0 123 52.2 :22.0 I 9.4 0.7 1.0 92.7 0.0 2.0 I 
1200 440 228 28 28 4300 0.0 121 52.2 22.0 18.8 0.7 0.8 89.5 0.0 1.96 
1250 440 236 27 36 4350 0.0 120 54.4 22.0 19.4 0.7 1.0 90.6 0.0 1.96 
1200 440 192 31 14 4250 0.0 133 52.2 :22.0 15.8 O.B 0.4 88.5 0.0 2.18 
710 204 72 14 14 2100 0.0 119 30.9 10.2 5.9 0.4 0.4 43.7 0.0 1.95 
810 192 88 13 22 2400 0.0 120 35.2 9.6 7.2 0.3 0.5 50.0 0.0 1.97 
750 152 60 12 IS 2000 0.0 64 32.6 7.6 4.9 0.3 0.4 41.6 0.0 1.36 
640 60 32 8 19 1300 0.0 97 27.B 3.0 2.6 0.2 0.5 27.1 0.0 1.59 
960 216 96 10 15 2750 0.0 106 42.8 IO.B 7.9 0.3 0.5 57.3 0.0 1.73 
990 292 120 19 15 3200 0.0 99 43.1 14.6 9.9 0.5 0.4 66.6 0.0 1.62 
750 112 56 11 17 1650 0.0 66 32.6 5.6 4.5 0.3 OS 38.5 0.0 1.41 
960 204 108 17 16 2600 0.0 95 41.B 10.2 8.9 0.4 0.5 54.1 0.0 1.55 
900 144 96 16 15 2500 0.0 96 39.1 7.2 7.9 0.4 0.4 52.1 0.0 1.57 
960 116 100 21 15 2600 0.0 64 42.6 5.8 8.2 0.5 0.4 54.1 0.0 1.36 
89() 68 68 11 17 2300 0.0 59 3a7 3.4 5.6 o.3 o.5 47.9 o.o o.97 
760 44 48 13 15 1850 - - 33. I 2.2 3.9 0.3 0.4 38.5 - . 
690 144 128 17 12 2700 - - 3a7 7.2 10.5 o.4 o.3 56.2 - -
1150 236 208 25 g 3700 - - 50.0 11.8 17.1 0.6 0.3 77.0 - -
1600 356 304 42 12 5600 - - 69.6 17.8 25.0 I. 1 0.3 116.6 - -
730 31 44 18 1, 1700 - - 31.B 1.5 3.5 0.5 0.3 35.4 • . 
720 40 52 19 7 1700 0.0 102 3, .3 2.0 4.3 0.5 0.2 35.4 0.0 1.68 

I corrected from e 1:2 sofl-weterextrect toe 1:1 soil-watersi.ISpanaion eft• Hogg end Henry (1964) 

Total 
~auanrn,ni~~Salta 

meq/L 

4.7 1.2 4.5 
143.2 137.0 111.0 
I 04.8 91.6 89.1 
91.2 85.9 79.8 
115.3 104.6 94.B 
124.4 117., 99.8 
121.9 115.0 100.3 
115.5 116.7 96.4 
116.8 114.5 95.5 
I 06.3 101.5 89.5 
I 08.9 104.6 90.3 
100.9 100.2 85.4 
94.3 92.5 80.5 
93.6 94.5 79.4 
94.3 93.15 80.1 
93.6 90.3 80.2 
96.4 91.15 81.1 
90.7 88.9 76.15 
47.3 44.1 43.SJ 
52.4 50.6 48Jil 
45.5 42.t 43.5 
33.6 27.6 33.0 
61.6 57.7 57.1 
68.0 67.1 61.9 
43.1 39.0 41.2 
61.3 54.15 55.5 
54.6 52.5 51.5 
57.2 54.15 54.0 
48.0 48.4 46.; 
39.5 38.9 39.8 
56.9 56.15 53.5 
79.6 77.3 69.2 
113.5 116.9 94.7 
37.4 35.7 36.6 
38.1 35.6 38.4 

I 

S.A.RI 

6.2 
128 
14.7 
14.7 
13.1 
13.4 
13.0 
13.1 
12.9 
121 
12.5 
12.1 
11.5 
11.6 
11.5 
11.6 
12.0 
12.0 
10.9 
12.1 
13.0 
16.6 
13.9 
12.3 
14.4 
13.5 
14.3 
16.1 
18.3 
tag 
13.0 
13.2 
15.0 
19.B 
17.7 

1\) 

w 
0 



ADI endl8 ~ • c:onuau8d. 
E. C. 

~itA Depth pH I: 1 soll•weter 
3 (m) Extract 

(dSm•1 et25C) 
0•0.30 7.7 6.8 

0.30-0.61 6.5 13.7 
0.61•0.91 8.6 6.3 
0.91•1.22 8.1 6.1 
1.22•1.52 8.2 4.2 
1.52•1..83 8.2 3.9 
1.83•2.13 8.2 3.4 
2.13•2.43 8.3 2.1 
2.43•2.74 8.3 2.5 
2. 74·3.04 8.3 1.5 
3.04·3..35 8.1 1.3 
3.35•3.65 7.9 1.5 
3.65•3.96 8.3 1.6 
3.96•4.26 7.9 1.7 
4.26-4.57 7.9 1.2 
4.57•4.87 8.1 1.3 
4.87•5.1 B 8.3 1.3 
5.18-7.92 8.1 1.5 
7.9:2·8..23 7.8 1.6 
8.23-8.53 7.3 1.6 
8.53•8..84 7.4 1.9 
8.84•9.14 7.4 2.0 
9.14·9.45 7.2 2.3 
9.45•9.75 6.9 2.3 
9. 75•1 0.06 6.6 3.7 
10.06-11.58 5.9 5.0 

-not enough eemple far analysis 
* 1:2 soll•waterextnsct 

E. C. 
1:1 eoll·wet.er 
SUspans11ft 

(dSm-1 et25C) 
3.8 
7.3 
4.0 
4.2 
2.7 
2.4 
2.1 
1.6 
1.6 
1.2 
1.0 
1.2 
1.2 
1.3 
1.1 
1.1 
1.1 
1.2 
1.2 
1.2 
1.4 
1.6 
1.7 
1.9 
:2.4 
3.0 

Soluble Ions 1n 1:1 Elrtn!ct <ua 

Ne+ ca .. f1g+-t K• Cl- S04c CD3a 

1300 352 228 16 8 4400 0.0 
3350 360 JBO 5 23 6800 0.0 
1400 188 184 4 9 3900 0.0 
1050 440 216 13 6 4200 0.0 
820 172 92 13 7 2400 0.0 
750 140 76 14 7 2100 0.0 
670 108 56 13 6 1800 0.0 
470 31 18 8 7 890 -
520 48 27 8 8 I 120 0.0 
320 19 12 6 9 660 0.0 
270 12 7 4 14 535 0.0 
300 16 11 6 18 615 0.0 
340 21 14 6 17 660 0.0 
360 22 16 7 25 730 0.0 
250 14 7 4 16 480 0.0 
260 18 11 3 IB 520 0.0 
270 15 8 4 14 540 0.0 
310 14 10 7 20 575 0.0 
350 18 14 8 23 650 0.0 
340 14 11 7 14 675 0.0 
4100 22 17 5 IS 810 0.0 
410 25 18 10 15 635 0.0 
460 38 29 IS IS 1060 0.0 
~ 38 26 13 11 920 0.0 
6BO 112 eo 24 11 2100 o.o 
770 292 164 29 8 2800 0.0 

'ml) Soluble Ions tn 1:1 Extract (tTMO/LJ 

HC03- Na+ Ce++ ttg++ K• Cl• sew. C03• HC03-

132 5&5 17.6 IB.B 0.4 0.2 91.6 0.0 2.2 
139 145.7 18.0 31.3 0.1 0.6 183.2 0.0 2.3 
128 60.9 9.4 15.1 0.1 0.3 81.2 0.0 2.1 
118 45 7 22.0 17.8 0.3 0.2 87.5 0.0 1.9 
155 35 7 8.6 7.6 0.3 0.2 50.0 0.0 2.5 
157 32.5 7.0 6.3 0.4 0.2 43.7 0.0 2.6 
166 29.1 5.4 4.6 0.3 0.2 37.5 0.0 2.7 - 20.4 1.5 1.5 0.2 0.2 18.5 - -
223 225 :2.4 2.2 0.2 0.2 :23.3 0.0 3.7 
:292 13.9 1.0 1.0 0.2 0.3 13.7 0.0 4.8 
93 11.7 0.6 0.6 0.1 0.4 11.1 0.0 1.5 
111 13.0 0.8 0.9 0.2 0.5 12.8 0.0 1.8 
181 148 1.0 1.1 0.2 0.5 14.2 0.0 3.0 
117 1&5 1.1 1.3 0.2 0.7 15.2 0.0 1.9 
92 10.9 0.7 0.6 0.1 0.5 10.0 0.0 1.5 
111 11.3 0.9 0.9 0.1 0.5 IO.B 0.0 1.8 
109 11.7 0.7 0.7 0.1 0.4 11.2 0.0 1.8 
116 13.5 0.7 0.8 0.2 0.6 12.0 0.0 1.9 
122 15.2 0.9 1.1 0.2 0.6 13.5 0.0 2.0 
98 148 0.7 0.9 0.2 0.4 14.1 0.0 1.6 
106 17.4 1.1 1.4 0.1 0.4 16.9 0.0 1.7 
126 17.5 1.2 1.5 0.3 0.4 17.4 0.0 2.1 
119 20.0 1.9 2.4 0.4 0.4 :22.1 0.0 2.0 
82 20.0 1.9 2.:S 0.3 0.3 19.2 0.0 1.3 
71 29.6 5.6 6.6 0.6 0.3 43.7 0.0 1.2 
49 33.5 146 13.5 0.7 0.2 58.3 0.0 0.8 

I CGIT8cted from e 1:2 soil-wetere~etract to a 1:1 eoll·watere"'sp81lslon aftw Hogg and Henry (1984) 

Total 
jCationat AnionsJ Salt. 

(maq/L} 

93.3 91.8 8o.g 
IP5.1 183.9 172.1 
85.5 81.5 74.5 
85.7 87.6 71.0 
52.2 50.2 48.1 
416:2 43.9 43.3 
39.5 37.6 37.5 
23.7 18.7 22.7 
27.5 23.5 :26.fi 
16.0 14.0 15.§1 
13.0 11.5 13.4 
149 13.3 15. I 
17.1 14.6 17.0 
19.1 15.9 18.0 
12.3 10.4 12.2 
13.2 11.3 13.0 
13.3 11.6 13.2 
15.2 12.5 15.2 
17.5 14.2 17.1 
16.5 14.4 17.' 
20.0 17.3 :20.15 
20.8 17.8 :20.7 
247 :22.5 24.15 
245 19.5 25.1 
42.4 44.0 41.8 
62.3 58.5 57.4 

SA.R. 

13.3 
29.4 
17.4 
10.2 
12.6 
12.7 
13.0 
16.6 
14.9 
141 
15.3 
141 
142 
15.1 
13.5 
12.0 
13.9 
15.5 
15.1 
16.5 
15.5 
15.2 
13.7 
13.6 
12.0 
6.9 

1\ 
c, -



API enat• "' • COflti8U8d. 
E.C. 

Bit• Depth pH 1: 1 son •water 
4 (m) Etcti"''Ct 

(dS m-1 et 25 C) 
0·0.30 6.7 0.6 

0.30-0.61 7.7 0.5 
0.61·0.91 8.5 0.4 
0.91-1.22 8.1 5.1 
1.21-1.52 8.0 6.2 
1.52-1.83 8.0 6.9 
1.63•2.13 8.0 7.1 
2.13-2.43 8.4 4.6 
2.43-2.74 8.2 7.2 
2.74-3.04 8.1 8.1 
3.04-3.35 8.1 8.0 
3.35-3.65 8.1 7.1 
3.65-3.96 8.0 7.3 
3.96•4.26 8.1 2.7 
-4.26-4.57 8.2 2.0 
4.57-4.87 7.6 3.3 
4.87-5.16 7.9 :2.0 
5. 18•5.48 7.9 :2.8 
5.48-7.01 8.2 1.1 
7.01-8.53 8.2 1.0 
8.53-9.75 8.4 1.0 
9. 75• I O.fi7 8.0 1.3 
10..67-11.58 7.6 1.5 

-not enough aempla for et~alysis 
• 1 :2 soll•watv e~tract 

E. C. 
I: 1 sol l•weter 
Sa1111111i•n 

(dS m-1 et 25 C) 
0.6 
0.6 
0.6 
3.1 
4.2 
4.1 
4.4 
2.6 
3.3 
4.5 
4.7 
3.9 
4.2 
1.8 
1.5 
2.3 
1.6 
2.0 
0.5 
0.5 
0.6 
1.3 
1.4 

Solublalons 1n 1:1 Extract <u 1/_mU Soluble tons 1n 1:1 EKtnsct (mta/L) 

Na• ~ .... 11g .. K• Cl· sa.c. C03• HC03· Ha• ca .. Hg+• K• Cl• S04c CD3• HC03-

36 44 :22 3-4 8 190 0.0 129 1.6 :2.2 1.8 0.!~ 0.2 4.0 0.0 2.1 
IB 56 :24 8 4 34 0.0 :264 O.fJ :2.8 2.0 0.2 0. 1 0. 7 0.0 4.3 
62 13 13 7 5 31 0.0 .234 2.7 0.7 1.1 0.2 0.1 0.6 0.0 3.8 
560 400 316 34 2 3250 0.0 122 244120.0 :25.0 0.9 0.1 67.7 0.0 2.0 
820 480 340 35 2 4500 0.0 110 35.7 24.0 2t10 0.9 0.1 93.7 0.0 I.B 
1 050 440 356 33 2 4800 . 0.0 107 45.7 22.0 :29.3 O.B 0.1 99.g 0.0 I.B 
1130 440 344 30 3 411800 0.0 112 49.2 22.0 2aJ o.B 0.1 99.g o.o I.B 
970 52 I 08 15 6 :2500 0.0 :203 42.2 2.6 8.9 0.4 0.2 52.1 0.0 3.3 
1400 230 284 21 5 4350 0.0 138 60.9 11.6 23.4 0.5 0.1 90.15 0.0 2.3 
1500 440 324 :23 5 5300 0.0 120 65.2 2:2.0 26.7 0.6 0., 110.4 0.0 2.0 
1500 440 316 24 1 5300 0.0 118 65.2 2:2.0 26.0 0.6 0.2 110.4 0.0 1.9 
1300 344 252 25 8 4650 0.0 132 56.5 17.2 20.7 0.6 0.2 96.8 0.0 2.2 
1300 440 27:2 27 8 411600 0.0 126 56.5 2:2.0 2:2.4 0.7 0.2 95.8 0.0 2.1 
530 64 32 15 I 1 1300 0.0 177 23.1 3.2 2. 7 0.4 0.3 27.1 0.0 2.9 
390 37 18 14 10 820 0.0 196 17.0 1.8 1.4 0.4 0.3 17.1 0.0 3.2 
580 152 62 31 10 1700 0.0 180 252 7.6 5.1 0.8 0.3 35.4 0.0 3.0 
410 51 25 19 g 820 0.0 205 17.8 2.5 :2.0 0.5 0.3 17.1 0.0 3.4 
530 94 39 25 10 1400 0.0 177 :23.1 4.7 3.2 0.6 0.3 2g.2 0.0 2.D 
225 14 8 11 g 390 0.0 127 9.8 0.7 0.6 0.3 0.3 8.1 0.0 2.1 
:200 11 4 10 9 310 0.0 131 8. 7 0.6 0.3 0.3 0.3 6.5 0.0 :2., 
215 12 6 12 11 3:20 0.0 152 9.4 0.6 0.5 0.3 0.3 6.7 0.0 :2.5 
260 23 13 11 42 380 0.0 :278 11.3 1.1 I. 1 0.3 1.2 7.9 0.0 4.6 
310 29 15 11 g 610 0.0 206 13.5 1.5 1.2 0.3 0.3 12.7 0.0 3.4 

I CGrrected from e 1:2 soil-wetere~etract toe 1:1 aoll-watareusp.-slon eftw Hogg end Hanru (1984) 

Total 
~etton~.An1onsJSelts 

(meq/L) 

6.4 4.2 6.1 
5.8 O.B 4.6 
4.6 O.B 4.0 

71.2 67.7 58.3 
88.5 93.8 72.0 
97.8 100.0 82.1 
I 00.2 100.0 84.5 
541 52.2 52.0 
9ti4 90.7 85.8 
I 14.5 110.5 97.2 
113.8 110.6 95.6 
95.1 97.0 84.3 
101.6 96.0 8&.5 
:2ti3 27.4 29.4 
20.6 17.4 21.1 
Ja7 35.7 36.7 
22.9 17.3 :21.7 
31.6 29.4 30.3 
11.4 8.4 11.4 
9.8 6.7 9.8 
IO.B 7.0 10.5 
13.8 9.1 13.2 
1ti4 13.0 15.4 

S.A.R. 

1.1 
0.5 
2.9 
5.1 
7.0 
9.0 
9.8 
17.6 
14.6 
13.2 
13.3 
13.0 
12.0 
13.5 
13.2 
10.0 
11.8 
11.6 
12.0 
13.1 
12.6 
10.8 
11.7 

I 

I 

1\) 
w 
1\) 



ADJ en a•• c . - -···-
E. C. 

•iu Depth pH 1:1 aon-wet.ar 
5 (m) Extract 

(dS m-1 et 25 C) 
0·0.30 7.3 0.6 

0.30•0.61 8.5 O.B 
0.61·0.91 8.3 7.8 
0.91•1.22 8.3 11.2 
1.22- f .52 8.4 *6.6 
1.52- 1.83 8.8 *4.0 
1.83-2.13 8.7 *3.9 
2.13·2.43 8.7 *4.1 
:2.43-2.7 4 8.2 *6.0 
:2.74·3.04 8.2 *5.5 
3.04·3.35 8.1 *5.6 
3.35·3.65 8.1 *5.2 
3.65•3.96 8.0 *5.5 
3.96•4.26 8.0 *5.4 
4.26•4.57 8.0 4.2 
4.57·5.16 7.9 2.4 
5.18·5.48 7.5 2.6 
5.46•5. 79 7.8 :2.4 
5. 79·6.09 7. 7 2.3 
6.09·6.40 7.3 5.0 
6.40-6.70 7.0 5.6 
6.70•7.01 6.6 5.2 
7.01•7.31 6.9 4.9 
7.31·7.62 7.2 6.2 
7.62•7.92 7.2 5.1 
7.92•6.23 7.1 6.6 
a.23-a53 7.6 5.1 

·not enough sample for enalusts 
* 1:2 son-water extnct 

E. C. 
1:1 aoll•watar 
susp .. s11h 

!(dS m-1 et ~5 C) 
0.6 
0.8 
5.0 
6.5 

/4.8 
/2.9 
/2.8 
/2.9 
/4.3 
14.0 
14.0 
13.1 
/4.0 
/3.9 
2.3 
1.7 
2.0 
1.8 
1.6 
3.0 
3.6 
3.2 
:2.9 
3.7 
3.0 
3.3 
2.9 

Soluble Ions 1n 1:1 EMtracts (uc tmJ) Soluble Ions 1 1:1 EMtracl (m&OILJ 

No• Ce .. H(r+ K• Cl• Sa.4. [cDJ; HC03· Na• Ce .. f1~ K• Cl• SB4a Ca:J• HC03-

18 59 20 44 3 67 0.0 107 0.8 2.9 1.6 1.1 0.1 1.4 0.0 I.B 
158 18 9 6 4 160 0.0 243 6.9 0.9 0.7 0.2 0.1 3.3 0.0 4.0 

1430 328 371 14 12 5000 0.0 125 62.2 16.3 30.5 0.4 0.3 104.1 0.0 2.1 
2180 o468 760 23 16 8200 0.0 120 94.8 23.4 62.5 0.6 0.5 170.7 0.0 2.0 
1260 242 246 18 8 4400 0.0 83 54.8 12.1 :20.2 0.5 0.2 91.6 0.0 1.4 
840 39 74 11 7 :2100 0.0 119 36.5 1.9 6.1 0.3 0.2 43.7 0.0 2.0 
820 39 70 11 8 2100 0.0 117 35.7 1.9 5.8 0.3 0.2 43.7 0.0 l,g 
870 51 74 12 8 2200 0.0 113 37.8 2.5 6.1 0.3 0.2 45.8 0.0 l.g 
1060 382 179 16 7 3600 0.0 84 46.1 19.1 148 0.5 0.2 79.1 0.0 1.4 
980 316 148 19 7 35()0 0.0 89 42.6 15.8 12.2 0.5 0.2 72.9 0.0 1.5 
980 359 156 21 7 3500 0.0 89 42.6 17.9 12.8 0.5 0.2 72.9 0.0 1.5 
680 312 144 21 5 3200 0.0 98 38.3 15.6 11.9 0.5 0.1 66.5 0.0 1.6 
89() 429 156 24 6 3500 0.0 88 38.7 21.4 12.8 0.6 0.2 72.9 0.0 1.5 
660 429 144 :26 5 3400 0.0 90 38.3 21.4 11.9 0.7 0.1 70.8 0.0 1.5 
810 152 79 21 13 2500 0.0 112 35.2 7.6 6.4 0.5 0.4 52.1 0.0 1.8 
510 22 14 12 15 1000 0.0 67 22.2 1.1 1.2 0.3 0.4 20.8 0.0 1.1 
550 36 18 10 13 11:20 0.0 78 23.9 1.8 1.5 0.3 0.4 23.3 0.0 1.3 
510 21 :20 9 14 1010 0.0 156 :22.2 1.0 1.7 0.2 0.4 21.0 0.0 2.6 
510 21 19 10 14 1020 0.0 107 22.2 1.0 1.5 0.3 0.4 21.2 0.0 1.8 
1020 156 105 22 15 3000 0.0 132 44.4 7.8 8.7 0.6 0.4 62.5 0.0 2.2 
1120 199 129 30 13 3500 0.0 137 48.7 9.9 10.6 0.8 0.4 72.9 0.0 2.3 
1050 164 133 :26 12 3200 0.0 92 45.7 8.2 10.9 0.7 0.3 66.6 0.0 1.5 
980 144 125 26 I 1 3000 - - 42.6 7.2 1 0.3 0. 7 0.3 62.5 - -
1240 :226 164 30 12 3600 0.0 156 53.9 11.3 13.5 0.8 0.3 79. 1 0.0 2.6 
980 137 156 27 13 3100 - - 42.6 6.8 12.8 0.7 0.4 64.5 - -
11t10 300 230 33 14 4200 - - 51.3 15.0 1119 O.B 0.4 87.5 - -
960 172 137 25 13 3000 - - 41.8 8.6 11.2 0.6 0.4 62.5 - -

I corrected from e 1:2 soil-wetereJCtract toe 1:1 soil-water suspension eftar Hogg end Harry (1984) 

Total 

S.AAI ceuonfmm a~~ sans 
meq/L 

6.5 1.5 5.4 0.5 
8.6 3.4 6.0 7.7 

109.4 I 04.4 92.9 129 
181.3 171.2 137.9 14.5 
87.15 91.8 77.4 13.6 
44.9 43.9 45.3 182 
43.7 44.0 44.4 182 
46.8 46.0 45.9 182 
80.4 79.3 70.1 11.2 
71.1 73.1 64.7 11.4 
73.9 73.1 64.4 10.9 
66.3 6&.8 59.6 10.3 
73.15 73.0 63.4 9.4 
72.2 70.9 62.0 9.4 
49.8 52.4 47.6 13.3 
24.8 21.2 25.5 20.8 
27.5 23.7 27.6 18.6 
25.1 21.4 25.4 19.0 1\) 

25.0 21.6 25.3 19.7 
61.4 62.9 57.9 15.5 ~ 
70.0 73.2 65.4 152 
65.4 67.0 60.4 14.6 
60.8 62.8 56.6 144 
79.5 79.5 72.9 15.3 
63.0 649 58.9 13.6 
86.1 87.8 77.6 12.5 
62.2 62.8 58.6 13.3 



AOI en1111 \,; • eonu1ued .. 
E. C • 

• itA Depth pH 1: 1 soil•water 
fi (m) EICtrect 

!(dB m•1 et 25 Cl 
0•0..30 7.0 0.8 

0.30•0.6 1 8.6 7.8 
0.61•0.9 1 8.6 14.1 
0.91•1.22 8.5 12.0 
1.22•1.52 8.7 *5.5 
1.52•1.83 8.4 *7.3 
1.83•2.13 8.6 "'6.1 
2.13-2.43 8.4 "'6.9 
2.43-2.74 8.1 "'5.0 
2.74-3.04 6.2 .. 5.6 
3.04•3.35 8.2 "'5.7 
3.35-3.65 8.2 7.1 
3.65•3.96 8.2 4.8 
3.96·4.26 e. 1 3.6 
4.26-4.57 8.3 3.0 
4.57•4.87 8.2 2.7 
4.51•5.18 6.2 2.8 
5.18•5.48 7.9 4.5 
5.46-5.79 7.2 2.5 
5. 79•6.09 6.9 5.6 
o.og-6.40 o.P 5.6 
6.40•6.70 7.2 3.9 
6.70-7.01 7.5 3.1 
7.01•7.31 7.4 3.6 
7.31-7.62 7.7 41 1.7 
7.62•7.92 7.7 "'2.2 
7.92•8.23 7.7 "'2.3 
6.23•8.53 7 .B "'2.3 
8.53•8.84 7.5 "'4.3 
6.84-9.14 7.g "'2.7 
9.14-10.0 7.7 413.9 

• not enough ea11ple f.- enalua's 
"' I :2 aol1•wetar extn~c t 

E.C. 
I: 1 &oll•wetar 
SUsp•s1an 

i(dS m-1 et 25 C) 
0.7 
5.0 
7.5 
7.2 
/4.0 
15.3 
/4.4 
IS.O 
13.6 
/4.0 
/4.1 
4.3 
2.9 
2.5 
2.1 
2.0 
:2.0 
:2.8 
1.7 
3.3 
I.B 
2.8 
2.5 
2.8 
/1.2 
/1.6 
/1.6 
/1.6 
/3.1 
/1.9 
/2.B 

Soluble Ions ir 1:1 !)(tract (ufllmU Soluble 1 ons in :1 Extract mea 

Na• c ... Hg .. k• Cl- SD.C. CD3= Hal3• Na• co .. Hg.,. K• Cl- 80411 C03• 

133 18 13 17 5 67 0.0 137 5.8 OJL' 1.1 0.4 0.1 1.4 0.0 
1740 150 :218 11 15 4600 0.0 145 75.7 7.8 IB.O 0.3 0.4 gg,g 0.0 
3600 429 570 24 I 9 I 0000 0.0 130 156.6 21.4 46.9 0.6 0.5 208.2 0.0 
3100 429 418 20 14 8400 0.0 116 134.8 :21.4 34.4 0.5 0.4 174.9 0.0 
1170 101 109 13 6 32CO 0.0 113 50.9 5.1 9.0 0.3 0.2 66.6 0.0 
1400 374 222 17 5 4900 0.0 77 60.9 18.7 IB.J 0.4 0.1 10:2.0 0.0 
1270 137 133 15 5 3700 0.0 105 55.2 6.8 10.9 0.4 0.1 77.0 0.0 
13e0 304 187 17 5 4400 0.0 94 60.0 15.2 15.4 0.4 0.1 91.6 0.0 
880 324 113 22 5 32CO 0.0 104 36.3 16.2 9.3 0.6 0. 1 66.6 0.0 
1000 355 133 :21 5 354)0 0.0 99 43.5 17.7 10.9 0.5 0.1 72.9 0.0 
1050 332 137 :20 6 3500 0.0 99 45.7 16.5 I 1.2 0.5 0.2 72.9 0.0 
1420 312 172 20 11 4400 0.0 154 61.8 15.15 14.1 0.5 0.3 91.6 0.0 
970 1413 82 19 11 2600 0.0 170 42.2 7.4 fi.7 0.5 0.3 58.3 0.0 
800 66 35 18 14 1800 0.0 232 348 3.3 2.9 0.5 0.4 37.5 0.0 
670 34 18 14 31 1260 0.0 :265 29.1 1.7 1.5 0.4 0.9 26.2 0.0 
600 27 17 13 20 1130 0.0 207 26.1 1.4 1.4 0.3 0.6 23.5 0.0 
660 31 19 12 15 t190 0.0 220 26.7 1.5 1.5 0.3 0.4 24.8 0.0 
940 109 62 22 16 2400 0.0 208 40.9 5.4 5.1 0.6 0.5 50.0 0.0 
470 62 32 19 5 11:20 0.0 es 20.4 3.1 2.6 0.5 0. 1 23.3 0.0 
990 261 137 31 9 3600 0.0 104 43.1 14.0 11.2 0.8 0.3 75.0 0.0 
9SO 2SS 156 33 9 3500 - .. 42.6 14.2 12.8 0.8 0.3 72.9 -
690 140 90 29 6 2300 0.0 55 30.0 7.0 7.4 0.7 0.2 47.1il 0.0 
610 59 47 25 6 1420 0.0 73 26.5 2.9 3.9 0.6 0.2 29.6 0.0 
690 109 70 28 tS 1900 0.0 eg 29.6 5.4 5.8 0. 7 0.2 39.6 0.0 
300 23 16 16 fj 740 - - 13.0 1.1 1.3 0.4 0.2 15.4 -
* IS 16 21 8 960 0.0 95 20.0 0.7 1.-4 0.5 0.2 20.0 0.0 
490 :25 32 20 8 1040 0.0 116 21.3 1.3 2.6 0.5 0.2 21.7 0.0 
470 22 25 20 8 1020 0.0 107 20.4 1.1 2.0 0.5 0.2 21.2 0.0 
750 191 156 32 5 2700 0.0 73 32.6 9.5 12.8 0.8 0.1 56.2 0.0 
560 35 33 :25 7 1400 0.0 95 24.4 1.8 2. 7 0.6 0.2 :2g.2 0.0 
740 66 105 27 6 1180 0.0 73 32.2 4.3 8.7 0.7 0.2 24.6 0.0 

I corrected frum a 1:2 san-water-e1etrect toe 1:1 aotl·wotarsuspw~ston aftw Hogg end Hanrv (1~84) 

'lJ Total 

tiC03-
CattonS}Arrl ~~.at Salts 

(meq/LJ 

2.2 8.2 1.5 7.7 
2.4 101.7 100.4 93.44 
2.1 225.5 :208.8 177.5 
1.9 1.9 175.3 148.6 
1.9 65.3 fi6.6 64.2 
1.3 98.3 102.2 87.3 
1.7 73.3 77.2 71.1 
1.5 91.0 91.6 81.6 
1.7 64.3 66.6 57.9 
1.6 72.7 73.0 65.4 
1.6 74.0 73.0 65.8 
2.5 92.0 91.9 83.6 
2.8 56.8 5a6 54.6 
3.8 41.5 37.9 42.3 
4.4 32.7 27.1 33.2 
3.4 29.2 241 :29.2 
3.6 32.1 252 30.9 
3.41 52.0 50.4 51.0 
1.4 26.7 23.5 27.1 
1.7 69.1 752 65.4 - 70.5 73.1 65.6 
0.9 45.1 o48.1 43.9 
1.2 33.9 29.7 34.0 
1.5 41.5 39.7 -40.0 - 15.9 156 17.5 
1.6 22.7 20.2 23.4 
1.9 25.7 21.9 25.2 
1.8 24.1 21.5 24.8 
1.2 55.8 56.4 49.2 
1.6 29.4 29.3 29.1 
1.2 45.8 247 43.5 

S.A.R.! 
I 

I 

5.!J 
21.1 
26.6 
25.5 
19.2 
t4.2 
18.6 
15.3 
10.7 
11.5 
12.3 
16.0 
15.9 
19.6 
23.1 
22.3 
:23.1 
17.6 
12.1 
12.1 
11.6 
11.2 
144 
12.5 
11.8 
19.1 
15.3 
16.3 
9.B 
16.3 
12.7 

1\) 
~ 
~ 



AppendiK D. pH, electrical conduct1Yity, cencantratlon of &Glubla ions end eodtum adsorption ratios of 
oroundwater from lriezomet.-s on four sampling dates et the Aastn1baia studu stte. 

StiE I - -

We tar *Length Electrlciel roncentnuon of Soluble Ions Cua/m1l ~oncentret1on of soluble ions (I 180/L) 
Sampling of pH Conductivity 

Data Piezometer (cS m-1 et 25 C) Na• 
(m) 

Aug/20165 4.14 - - -
7.17 - - -

•10.39 8.0 9.6 1590 
•18.05 8.0 8.6 1580 

Oct/31/85 4.14 - - -
7.17 7.4 8.0 1600 

•10.39 7.7 9.0 1700 
•18.05 6.9 8.1 1700 

t1ar/04186 4.14 - - -
7.17 7.9 7.5 1250 

•10.39 7.6 9.1 1560 
•ta.os 6.9 7.4 1470 

Jul/14186 4.14 7.7 7.5 1020 
7.17 7.9 8.9 1450 

•t 0.39 7.8 9.2 1460 
•1a.os 7.3 8.1 1470 

SITE 2 
Aug/20/85 3.98 8.0 12.7 :2400 

•7.29 8.0 10.1 1890 
•6.61 8.0 . 10.4 1990 
13.43 6.3 14.8 2900 

Dct/31/85 3.96 7.5 10~0 2100 
•7.29 7.1 9.6 :2100 
•B.BI 7.5 10.0 :2200 
13.43 7.6 14.3 3300 

t1ar/04186 3.98 7.6 11.8 2300 
•7.29 7.3 9.7 :2100 
•6.61 7.4 10.2 1990 
13.43 7.6 14.6 3600 

..A&l/14186 3.98 7.9 13.2 :2600 
•7.29 7.1 10.1 1880 
•6.81 6.9 10.3 1910 
13.43 6.0 14.9 3051 

• piezometer 1nste11ed 1n the Eestend-ltke send layer 
•Length plastic pipe below ground surface 
• not enough water in plastic pipe for sampling 
I water in pipe wee frozen 

Ca•• Mr+ K• 

- - -- - -
400 440 :28 
:284 268 22 

- - -
396 360 27 
360 440 29 
:256 272 22 

- - -
312 31:2 26 
355 456 :29 
215 222 21 

356 447 18 
364 433 26 
384 447 28 
230 260 21 

364 640 19 
384 320 24 
372 344 :25 
360 800 45 

296 440 19 
384 320 :24 
376 340 26 
300 BOO 47 

312 570 :20 
355 293 24 
371 312 27 
320 760 51 

346 590 :20 
371 317 24 
358 332 :26 
130 722 46 

Cl• S04ta HC03· Na• ca .. Mr+ k• Cl• 804. HC03-

- - - - - - - - - -- - - - - - - - - -
186 5500 485 69.2 :20.0 36.2 0.7 5.2 114.5 7.9 
51 4900 370 66.7 142 :23.7 0.6 1.4 102.0 6.1 

- - - - - - - - - -
:27 5450 473 69.6 19.B 31.3 0.7 0.8 113.5 7.8 
175 5600 500 73.9 19.0 36.2 0.7 4.9 116.6 8.2 
48 5050 420 73.9 12.B 22.4 0.6 1.4 105.2 6.9 

- - - - - - - - - -
:21 4200 519 54.4 15.6 25.7 0.7 1.6 67.5 8.5 
142 5100 497 67.9 17.7 37.5 0.7 4.0 106.2 8.1 
43 4000 463 63.9 10.7 18.3 0.5 1.2 83.3 7.6 

14 4400 ~ 44.4 17.9 36.8 0.5 0.4 91.6 8.1 
12 5000 534 63.1 19.2 35.6 0.7 0.3 104.1 8.8 
63 5000 493 63.5 19.2 36.6 0.7 1.8 104.1 8.1 
44 4300 474 63.9 11.5 21.4 0.5 1.2 89.5 7.6 

310 7600 583 104.4 19.2 52.7 0.5 8. 7 156.2 9.6 
74 5600 1131 82.2 19.2 26.3 0.6 2.1 I 16.6 18.5 
61 6200 664 86.6 18.6 28.3 0.6 1.7 129.1 10.9 
60 9200 1524 126.1 I flO 65.8 1.2 1.7 191.6 25.0 

250 6000 458 91.3 14.B 36.2 0.5 7.1 124.9 7.5 
75 5750 1102 91.3 19.2 26.3 0.6 :2.1 119.7 16.1 
62 6300 704 95.7 lflB 28.0 0.7 1.7 131.2 11.5 
62 10000 1497 143.5 15.0 65.8 1.2 I. 7 :208.2 :24.5 

300 6800 547 100.0 15.6 46.9 0.5 8.5 141.6 9.0 
63 5300 1137 91.3 17.7 24.1 0.6 1.8 110.4 18.6 
56 5900 613 86.6 Ul5 :25.7 0.7 1.6 122.9 13.3 
51 6800 1560 156.6 16.0 62.5 1.3 1.4 183.2 :25.15 

330 7100 564 113. 1 17.2 48.6 0.5 9.3 147.8 9.2 
61 5200 1114 81.8 18.5 26.1 0.6 1.9 I 08.3 18.3 
56 5400 616 63.1 17.9 27.3 0.7 1.6 112.4 13.4 
54 8100 1521 132.7 6.5 59.4 1.2 1.5 168.7 24.9 

Total 
Cationsf.AnionsJ Salts 

(nwq/L) 

- - -- - -
126.0 127.7 116.4 
107.2 109.5 104.2 

- - -121.3 122.0 96.1 
129.9 129.7 109.1 
109.7 113.4 97.3 

- - -
96.3 96.5 69.4 
123.8 118.3 109.6 
93.5 92.1 87.B 

99.5 100.1 89.5 
118.5 113.2 107.9 
120.2 114.0 111.2 
97.3 96.5 97.3 

176.7 176.5 158.4 
126.3 137.2 123.8 
134.1 141.7 127.9 
211.1 218.2 187.1 

142.8 139.5 121.9 
1'$'1.5 139.9 117.6 
143.1 144.5 122.5 
225.5 :234.5 180.3 

163.0 159.0 146.7 
133.7 130.8 118.5 
131.4 137.8 124.9 
236.4 210.2 184.4 

1?g.4 166.4 165.2 
127.0 128.4 122.9 
128.9 127.4 126., 
199.8 195.1 188.5 

S.A.R. 

--
13.1 
15.6 

-
13.6 
14.1 
17.6 

-
12.0 
12.9 
16.8 

8.5 
12.1 
12.0 
15.6 

17.4 
17.2 
17.9 
19.5 

18.1 
19.2 
19.6 
22.6 

17.9 
20.0 
18.4 
:25.0 

19.7 
17.3 
17.5 
23.1 

II c 
( 



ADaendll __ p --~~-..C.DJillmJed. 
SJTE3 

Water I *Length 
Sampl1ng of 

Date Ptezo~ter 
(m) 

Aug/20/65 2. 78 

Oct/31185 

Mer/04186 

Jul/14186 

SITE4 ·--- --

•6.18 
11.98 

2.78 
•6.18 
11.98 

2.78 
•6.18 
11.98 

2.78 
•6.18 
11.98 

---

pH 

8.2 
8.6 
8.3 

7.9 
7.6 
7.1 

8.0 
I 
I 

7.5 
6.9 
7.5 

-

Elactr1cial 
Conductivity 

(dS m•1 et 25 C) 

18.1 
5.9 
7.9 

15.8 
5.7 
7.3 

14.4 
I 
I 

13.6 
6.0 
7.1 

---

concentnrttoiaolSoJublt_lomtiua/mll::: __ l ___ CoJt'*ltnt1on 01' Solubliflons (rnea7l.J 1 Total 

Na• fittan~mons 1 Salts I S.A.R. 
Ca .. I t1~ I K• I Cl• I 10411 I HCD3•1 Ne• I Ca .. I t1g .. I K • I Cl• I 804111 HC03- (maq/L) 

370o ---s-60~-,oeo-----n 64 ~-t2tcro-Tt31lt60.9 :27.9--Ens:rr--o.s-T.e 251.9 1as 278.1 272.3 --232~!r~-21.1 
34 3200 561 50.5 8.4 12.2 0.4 1.0 66.6 9.5 71.4 77.1 69.5 15.7 1160 168 148 14 

1420 348 276 22 33 <4600 211 61.B 17.4 22.7 0.6 0.9 99.9 3.5 102.4 104.3 946 13.8 

3700 480 920 
1400 164 152 
1500 284 244 

3400 386 912 
I I I 
I I I 

2625 370 620 
1070 160 159 
1210 259 202 

3700 306 1320 
2600 480 720 
BOO 128 72 

3900 296 1320 
:2700 440 600 
BOO 80 72 

4500 277 1330 
:2800 371 608 
770 125 82 

3277 320 1053 
:2300 280 534 
730 128 73 

11 55 11950 10371160.9 :240 75.7 0.3 1.6 248.8 17.0 260.9 267.4 200.9 22.8 
15 39 3550 634 60.9 8.2 12.5 0.4 1.1 73.g 10.4 e2.o 85.4 66.3 tag 
20 39 4600 406 65.2 142 20.1 0.5 1.1 95.8 6.7 100.0 103.5 86.7 15.6 

g 41 9100 1208 147.9 19.0 75.0 0.2 1.2 190.0 19.8 242.0 210.4 181.6 21.5 
I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I 

g 41 7600 1196 1~.9 18.5 51.1 0.2 1.2 158.2 19.6 192.6 179.9 170.7 20.8 
15 33 2900 647 <46.5 8.3 13.1 0.4 0.9 60.4 10.6 68.3 71.9 69.6 142 
19 40 3700 459 52.6 13.4 16.6 0.5 1.1 77.0 7.5 83.2 85.7 83.15 13.15 

51 77 12000 1761 160.9 15.4 108.6 1.3 2.2 249.9 28.9 296.2 280.9 245.5 20.4 
22 71 9200 800 121.8 240 59.2 0.6 :2.0 191.6 13. I 205.6 206.7 174.8 18.9 
12 25 1EJOO 861 34.B 6.4 5.9 0.3 0.7 37.5 14.1 47.4 52.3 46.2 14.0 

27 46 13100 1429 169.6 14B 108.6 0.7 1.3 :272.8 23.4 293.7 297.5 220.3 21.6 
21 77 8900 758 117.4 22.0 49.4 0.5 2.2 185.3 12.4 189.3 199.9 158.2 19.7 
12 26 1600 908 34.B 4.0 5.9 0.3 0.7 33.3 14.9 450 49 43.3 15.6 

26 23 11800 1424 195.7 140 109.0 0.7 0.6 :246.0 23.3 320.0 269.7 223.1 24.9 
21 67 7800 753 121.8 18.5 50.5 0.5 1.9 162.4 12.3 190.9 176.6 154.5 20.6 
12 23 1400 908 33.5 6.2 6.7 0.3 0.6 29.2 14.9 46.6 44.7 45.5 13.2 

23 22 9000 1041 142.5 16.0 86.7 0.6 0.6 187.4 17. 1 245.8 205.1 209.2 19.9 
18 68 7300 749 100.0 140 43.; 0.5 1.9 152.0 12.3 158.4 166.2 155.3 18.6 
10 23 1500 910 31.B 6.4 6.0 0.3 0.6 31.2 14.9 44.4 46.6 45.1 12.6 

• p1ezometar1nst.e11ad 1n tile Eastand-lttce and layer 
*Length plastic pipe below grounu surfeca 
-not enough weter1n plastic p1pe forsempllng 
I water1n pipe was frozen 

" (, 
Cl 



Aoaandl• D • contiMiad. 
SITE 5 

Water •Length El ectr1clal 
Sampling of pH CoruwcttYity 

Date Piezometer (dS m•1 et 25 C) Ne• 
(m) 

Aug/20/65 4.07 8.6 21.3 5100 
•6.23 8.3 11.2 2320 
8.65 8.3 11.6 :2310 

Dct/31185 4.07 7.8 20.6 5200 
•6.23 7.5 11.0 2500 
8.85 7.2 11.3 2500 

Mar/04186 4.07 8.0 17.9 4400 
•6.23 7.9 11.0 2310 
8.85 7.4 11.3 2340 

~1/14186 4.07 7.9 21.1 4533 
•6.23 7.4 11.5 2486 
8.85 6.6 11.8 2300 

-~------·---------

SITE6 
Aug/20/BS 2.69 - - -

•6.52 8.4 9.3 1980 
10.45 8.3 13.0 2500 

' 
Dct/31/85 2.69 7.9 ~9.3 8000 

•6.52 7.7 9.0 2100 
10.45 8.0 12.7 2800 

Mar/04186 2.69 8.0 28.2 7500 
*6S2 7.7 9.3 1900 
10.46 7.7 11.9 2320 

Jul/14186 2.69 7.9 30.6 7400 
*6.52 7.0 9.5 1890 
10.46 7.0 13.4 2500 

• ptezometer 1nstelled 1n the Eastend-ltlce sand layer 
•Length plastic pipe below ground slrlaca 
• not enough weter1n plast1c p1pe for sampling 
I water in pipe was frozen 

Concentret1on Gf_Soluble lon & (uotm I) 

Ca .. ttg .. K• Cl• 10411 HCil3~ 

480 1240 :29 eo 15000 1141 
JBO 320 19 56 6600 1182 
392 440 31 50 7300 850 

:296 1240 :25 82 15500 12:24 
400 328 20 57 6500 1178 
400 440 :29 52 7300 876 

:234 950 21 57 11400 1186 
343 293 21 50 5900 1198 
347 456 34 45 6900 847 

353 1200 ~1 67 14500 1190 
346 317 17 52 6100 1148 
358 404 28 -45 6400 834 

- - - - - -
304 228 19 50 5200 988 
376 128 41 45 8200 1347 

480 2000 23 58 25750 11 05 
:292 228 ~0 50 5300 947 
33:2 640 41 -48 7950 1391 

148 1900 21 35 21500 1227 
2n 21' 20 46 5100 1061 
308 570 4U) 39 7200 1394 

310 1956 22 44 23000 1272 
282 231 18 46 4800 1010 
346 606 41 47 7500 1385 

1 oncentret1 on of So uble IQns_(maatLl 

Na• Ca•• 11g .. K• Cl• S04tl HC03-

221.8 :240 102.0 0.7 2.3 312.3 1a1 
I 00.9 19.0 :26.3 0.5 1.6 137.4 19.4 
I 00.5 I 9.6 36.3 0.8 1..4 15:2.0 13.9 

:226.2 14.8 102.0 0.6 2.3 32:2.7 20.1 
108.7 20.0 27.0 0.5 1.6 135.3 19.3 
I Oft 7 20.0 36.2 0.7 1.5 152.0 14.4 

191.4 120 78.2 0.5 1.6 237.0 19.41 
100.5 17.1 24.1 0.5 1.4 122.9 19.6 
I 0 1.8 I 7.3 37.5 0.9 1.3 143.7 13.9 

201.5 17.9 98.7 0.5 1.9 301.9 19.5 
108.1 17.2 26.1 0.4 1.5 127.0 18.8 
100.0 17J~ 33.2 0.7 1.3 133.3 13.7 

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

- - - - - - -
86.1 15.2 18.8 0.5 1.4 106.3 16.2 
toa.7 tae 10.5 1.0 1.3 170.7 22.1 

348.0 240 164.6 0.6 1.6 536.2 18. I 
91.3 14.6 18.8 0.5 1.4 110.4 15.5 
121.8 16.6 52.7 1.0 1A 165.5 22.8 

328.2 7.4 156.4 0.5 1.0 448.0 :20. I 
82.6 13.B 17.3 0.5 1.3 106.2 17.4 
100.9 15.4 46.9 1.0 1.1 149.9 22.8 

321.9 15.5 161.0 0.6 1.2 478.9 20.8 
82.2 14.1 19.0 0.5 1.3 99.9 16.6 
I 08.7 17.2 49.9 1.0 1.3 156.2 22.7 

Total 
-=atton£4 AnionsJ Salts 

(meq/L) 

348.6 333.3 278.0 
146.7 158.4 138.2 
157.0 167.3 143.6 

343.6 345.1 268.1 
156.2 156.3 135.0 
165.7 167.8 139.0 

282.0 258.4 230.1 
142.3 143.9 135.5 
157.5 158.8 139.4 

318.7 323.3 275.1 
151.9 t47.3 141.8 
151.9 148.2 146.0 

-

- - -
120.5 125.9 113.1 
139.1 194.1 162.5 

537.1 555.9 393.2 
125.2 127.3 109.0 
19:2.1 169.7 158.4 

491.0 468.8 377.1 
114.3 124.9 122.9 
164.2 173.9 148.0 

498.9 501.0 415.1 
115.7 117.8 115.1 
176.9 180.2 168.0 

S.A.R. 

27Jil 
21.2 
19.0 

:29.6 
22.4 
:20.5 

:2a6 
22.1 
19.4 

26.4 
:23.2 
19.8 

-
20.9 
:28.4 

35.8 
22.4 
20.7 

36.1 
20.9 
1a1 

34.3 
20.2 
18.8 

N 
(,) 
-...J 



.a. 
..u. E. H\ldraulic CONllctivftu_ 00 IN 1usis of oxidized trn from tM Assiniboia stuc 

I Sit.' Dtpth .and I s.ts I 0 I A I t I 0/At 
O.OloGic Lauer (cm3) (cm2) (Sto.) (em/sec) 

1 1 1.2 H5.7 4!620 4.7 )( 1o-6 
(J.IS-3.81 m) 2 8.6 13.7 SS140 6.4 )( 1D-6 
( oxtdfztd tt11) 3 9.2 13.7 e6880 6.7 )( 1o-6 

4 50.1 H5.7 106800 2.9 )( 1o-5 
3 10.1 13.7 40020 1.6 )( 1D-3 
6 28.1 13.7 103740 1.e x to-s 

t'EAN 
2 1 2.0 15.7 341160 ~.7 )( 1D-7 

(2.74- 3.04 m) 2 17.1 U5.7 106800 1.0 )( 1o-3 
(oxidiztd till) 3 3.3 15.7 40020 5.2 )( 1o-6 

4 1.6 15.7 1on4o 2.2 )( 1o-6 
t-'EAN 

! t ·. 2.8 t3.7 4!620 4.t )( 1o-6 
(1.82-2.13 m) 2 1.7 15.7 85140 1.2 )( 1()-6 
(oxtdfztd ttll) 3 1.4 15.7 86880 1.0 )( 1o-6 

4 17.1 15.7 106800 1.0 )( 1o-3 
s 2.0 t3.7 40020 1.2 )( 1D-6 
6 4.6 15.7 103740 2.9x to-6 

t-EAN 
4 1 67..S H5.7 43620 9.9 )( 1D-S 

(2.4!- 2.74 m) 2 17.6 t5.7 85140 1.1x1Q-4 
(oxidiztd till) 3 11.6 15.7 86980 8.5 )( 1Q-6 

4 96.1 15.7 40020 1.Sx 1H 
5 ~.6 15.7 t03740 1.4 )( 1o-4 

I"£ AN 
4 1 44.9 15.7 43620 6.5 x 1D-S 

(2.74- 3.04 m) 2 18.4 15.7 86880 1.1x 1G-S 
(oxidiztd tm) ~ 45.9 15.7 106800 2.7 x 1D-S 

4 10.9 15.7 40020 1.7 X 1D-S 
5 16.4 15.7 103740 1.0 x 1Q-S 

t-£AN 
6 1 60.S 15.7 43620 8.8 x 1D-S 

(1 .32- 1 .82 m) 2 148.0 15.7 85140 1.1 )( 1D-4 
(oxidiztd till) 3 159.2 15.7 86880 1.1x1D-4 

4 11!.7 15.7 106800 6.7 )( 1G-S 
5 16.0 t5.7 40020 2.5 x 1D-S 

' 1705 15.7 10!740 1.0 )( 1D-5 
t-'EAN 

u sfl• ustlQ tM constant Maclm.thod • 
L/dH I( I( 

(em) (em/sec) (miSttO) 
0..61 2.9x 1D-6 2.9 )( 1o-e 
0.61 4.0 )( 1o-6 4.0 x to-e 
0.61 4.0x 1o-6 4.0 )( 1o-a 
0.63 1.8 X 1()-5 1.8 )( 1D-7 
0.6! 1.0x 1o-5 1.0 )( 10-7 
0.63 1.1 X 1Q-S 1.1 )( 1D-7 

8.4 X 1G-6 8.4 )(to-a 
0.34 2.0X to-7 2.0 )( to-9 
0.54 5.4 X 1D-6 3.4 )( 1o-a 
0.34 2.8x 1D-6 2.a x to-a 
0.54 1.2x1G-6 1.2 x to-a 

2.4 X 1o-6 2.4 x to-a 
0.55 2.2 X 1Q-6 2.2 x to-e 
0!55 6.6 X 1G-7 6.6 )( 1Q-9 
o.ss S.Sx 1o-7 5.5 )( 1Q-9 
o.ss 5.5x 1o-6 3.5 )( 1o-a 
0..55 1.8x1D-6 1.8 x to-e 
0.53 1.6 X 1()-6 1.6 )( 10-8 

2.0X 1G-6 2.0 )( 10-a 
0.57 5.6x 1Q-5 3.6 )( to-7 
0.57 7.4x 1o-6 7.4 )( 1o-e 
0.57 4.8x 1D-6 4.8 )( 10-8 
0.57 8.7x 1G-S 8.7 )( 1Q-7 
0.57 8.2 X 1()-5 8.2 )( to-7 

0.56 1.1 X 1o-5 3.7 )( 1D-7 
0.56 7.1 X 10-6 7.3 )(to-a 
0.36 1.5x1G-S t.5 )( 1D-7 
0..56 9.7 X 1Q-6 9.7 )( 10-8 
0!56 5.6 X 1Q-6 5.6 x to-e · 

1.6X1G-S 1.6 )( 10-7 
0..57 5.0 X 1()-5 3.0 )( 10-7 
0.57 6.2 )( 1Q-S 6.2 )( to-7 
0.57 6.3 X 1G-S 6.3 )( 10-7 
O.s? 1.8 X 1Q-S !.8 )( 10-7 
O.S7 1.4x 1G-S 1.4 )( 1D-7 
0.57 6.1 )( 1o-6 6.1 )( 10-8 

1.9 X 1G-S 3.9 )( 1Q-7 

I 

N w 
Q) 



at tM Assi\tMria sW site us;ng tM slug ttst mtthod. 
Sttt 1 Depth .. IC IC Sit•, Depth .. IC IC 
OeoloQic Lauer (cm/RO) (m/s.c) Otologic Lager (cm/s.c) (m/s.c) 

1 6.7 X 1Q-S 6.7 X 1Q-7 3 1.0 X 1Q-S 1.0 X 1Q-7 
(10.39m) (11.98 m) 

, ............ ac....cO (cllg shall) 

1 7.Jx 1G-4 7.J X 1o-6 4 2.1 X 1Q-J 2.1 X 1Q-S 
(18.0Sm) (8.87m) 

,.. ..... 1bAnd) frJ ..& ... 1lct Nftd) 
KAN 4.0 X 1o-4 4.0 X 1o-6 

2 6.9 X 1Q-S 6.9 X 1Q-7 s 3.7 X 1Q-6 3.7 X 1Q-8 
(7.29m) (6.2!m) 

,.. .... .& nc.And) trJ .... .& nc.And) 

2 2.0x UJ-4 2.0 X 1o-6 s 4.9x 1o-6 4.9 )( 1o-8 
(8.81 m) (8.85m) 

: ('- J. _.. .. And) (cllu shllt) 
l-EAN 1.3XUH 1.3X1Q-6 

2 1.Jx to-5 13 )( to-6 6 2.6 X 1Q-S 2.6 X 1Q-7 
(13.43m) (6~m) 

(clau shall) fr: ...... ... lbAnd) 

I J.4x 1G-4 1.4 )( 1D-6 6 1.6 )( 1o-4 1.6 )( 1o-6 
(6.18m) (10.46m) 

(Eastend-lb And) (oJiv sbllt) 
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Appendix G. **Yater ltftls m pitzCJmfters (P) and Gbservation wTis 00 from sitts 1 through tow 6 
at the AsstniMril site-• .... .............. ~ 

MouNallttd ~- 4.14m 10.39m 
0 .Mtl20185 *5.95 
47 Mtj/06/83 *6D6 
S6 Aug/15~ ~,.03 

61 Mtj/2018'5 *7.0S *6.G2 
117 Oot/15185 6..61 6.00 
133 Oct/31185 *6.29 *S.92 
161 Nov/28185 6.01 *5.96 *5.90 
2S6 Mir/04186 ~.11 ~JJ2 416JJ2 ~.97 2.89 
292 Apr/09186 4.08 5.79 6.D9 6.0S 2.81 
m Hav/22186 3.99 2.95 5.91 5.94 227 
371 .Mt/71186 3.26 3.17 6.D2 6.00 3D6 
388 Jul/14186 *!.M *!:.SO *5.91 *5.92 !:.47 
4!0 Nlg/25186 3.74 4.47 5.97 5.93 4.29 
+IS Sep/09186 3.76 4.68 S.83 5.79 4.48 
418 Oct/12186 3.87 4.91 5.92 5.86 4.76 

stt.2 Brew. S.WizM S..._tz 
AocwnulatH D s Oat. 3.98m(P) @9.81 m(P) 13.~m(P) 

0 .-.120185 *3.()2 *4.65 
47 IMJ/06~ *3.45 *3.00 *2.91 3.15 
56 Aug/15185 *3.39 *2.96 *5.79 3.18 
61 Nlg/20185 *3.32 *2.96 *6.15 3.10 
117 Oct/15185 2.68 2.80 2.88 3.0S 
133 Oct/31185 *3.D3 *2.69 *2.82 3.D6 
161 Nov/28185 3.10 2.70 *2.88 3m 
256 Mr/04186 83.22 82.86 82.85 3.23 
292 lfr/09/86 3.29 2.98 *2.85 3.25 
3§ Hag/22186 3.20 2.95 2.95 2.77 3.08 
371 .-.127186 2.69 2.94 2.94 2.91 2.60 
388 .111/14186 *2.60 *2.83 *2.83 *2.88 2..55 
430 #Ntgf2!JI86 2.68 2.80 2.80 2.97 2.69 
44S Stp/09186 2.73 2.69 2.69 2.98 2.74 
478 Oct/12/86 2.82 2.70 2.71 2.97 2.84 

* dat. that pwzon..ter was pwnptd 
** ~~ttr ltftl rteordld m mtttrs and is btlow ~ ~.,. •ltss othtrtra indicated 
+ ~~ttr ltvelibove 4J"'CMM'MM SW"fac. 
- dnj pitzoi'Mttr or obstrvation ...-.11 
[] wattr m ,.. was frozen 
• date that pieameter was bailed 
• pitzomtttr insta11td in tlw Etittnd-lib And bytr 
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Ai~Pe~Miix 0. contbJed lsu. 3 Alb.......... I I 

: #occuM!laW Dall~ o.t. : 2.78 m <Pl 11§.18 m 9"1111.98 m <Pll 2.71 m r-') : 
0 .Jta/20185 *1.69 *0.16 *2.93 0.96 
47 N~t/06185 *1.15 *0.28 *0.49 1.58 
~ Aug/1~/aS *1.89 *0.26 *2.99 1~ 

61 Mtj/20185 *1.90 *0.34 *3.52 1.54 
117 Oot/15185 0.25 0.11 0.14 0.()6 
133 Oct/3118S 40.36 *O.o6 *0.10 0.48 
161 Nov/28185 0.96 (+0.01 1 0.2S 1.Q7 
Z56 Har/04186 eo.96 (0.01 J (0.28] 0.99 
292 #tpr/09186 0.57 o.m (0.43) 0.71 
335 Hay/22186 0.42 0.00 0.16 0.66 
371 .lm/Z7186 0.96 0.1~ 1.0S 1.13 
!88 Jul/14186 *1.00 40.26 *0.§ 1.12 
430 ##Jt/25/86 1.50 0.43 0.49 1.71 
44S Sep/09186 1.51 0.29 0.49 1.66 
478 Oct/12186 0.61 0.26 0.38 0.63 

1su. ...... ._a--.. 1 
: #occuM!lllted ~!I D.t. I 2.68 m (P) I 4.57 m (P) I @8.87 m (P) I 4.78 m 00 : 

0 ~120185 *2.95 *1.86 2.Q9 
47 Aug/06185 *2.42 *2~ *1.99 2.30 
56 Aug/15185 *2.38 *2.74 *1.98 2.31 
61 Mg/20/85 *2.36 *2.98 *1.96 2.31 
117 Oct/1518S 2.18 2.16 1.66 2.00 
133 Oct/31185 *1.91 *1.94 *1.70 1.87 
161 Nov/28185 1.91 1.90 1.80 2.00 
256 Har/04186 82.22 82.15 •1.fTI 2.23 
292 lfr/09/86 2.29 2.31 1.96 224 
m HiV/22186 1.42 1.~ 1.66 1.37 
171 JG\/27186 1.74 1.57 1.90 1.84 
388 Jul/14186 *1.89 *1.66 *1.88 1.97 
430 Nlg/2'5186 2.26 2.26 2.()6 2.33 
44S Stp/09186 2.29 2.28 1.93 2.36 
478 Oct/12186 2.33 2.!0 1.94 2.37 

* cblt• tMt pieozo~Mt.r WIS pwnptd 
** ~attr ltv.l ncordtd in mtttrs and is btlow 9f"'WW sw'fac. tmltss othtrw • Wlicattd 
+ ~attr ... ._, abov. gi"CMmd strfact 
- *'v p-.zom.ttr or obHrv11tion wn 
(]water in pipt was froztn 
• date piecometer was ba11td 
• pitzoiMttr mbtltcl in tht E.asttnd-lib sand lagtr 
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Appendi: G. contillled. 

lstt. ~!~r .. 
AcowNilattd sl Dat. I 4D7 m ~l 186..23 m CP21 8.8:1 m CP} I 3.98 m 00 I 

0 .Ma/20185 *3.!0 *2.19 *2.01 2.28 
47 Nlg/06/85 *2.24 *1..89 *1.93 2.22 
:16 Aug/1~/a=s *2~ *1.92 *1.94 2.19 
61 IMg/20185 *3.02 *2.01 *1.96 2.18 
117 Oot/15/85 2.D3 1.SO 1.62 1.61 
133 Oct/!1185 •t:n *1.36 *1.47 1S7 
161 Nov/a/85 1.90 1.47 1.54 1.79 
2S Mir/04186 ~.24 •t.92 •1.93 2.1:5 
292 .109186 2.34 *1.99 *2.04 2.18 
335 Mag/22/86 1.13 1.64 1.84 0.95 
371 - .Ma/27186 1.46 1.63 1.80 1!59 
!88 .111/14186 *1.74 *1.6! *1.76 1.86 
430 luj/25/86 2.22 1.73 1.81 2.20 
445 Sep/09186 2.24 1.71 1.74 2.17 
418 Oot/12186 2.23 1.72 1.76 2.30 

Site 6 AlbliM S...._tz 
AccurMJlated s Oat. 2.69m(P) @6.52m(P) 10.46m(P) 2.61 m(Y) 

0 ,).mfJlJ/85 *1.12 *1.21 
47 N!f/06/a=s *2!53 *1.28 *1.32 2.23 
56 IMg/15185 *2!50 *1.30 *1.32 2.18 
61 ~Nt/2018'5 *2.47 *1.31 *1.31 2.13 
117 . Oct/15185 0.94 0.59 1.33 1.38 
133 Oct/31185 *O.SS *0.60 *1.26 1.00 
161 Novl28/rl5 1.35 0.97 1.26 1.32 
256 Mar/04186 •1.eo •t.~ •1.21 1.72 
292 l{tr/09186 1.56 1.17 1.23 1.37 
m Matj/22186 0.63 0.65 1.19 0.~ 

171 ..R./27186 1.!1 1.12 1.31 1.43 
388 Jul/14186 *1.49 *1.19 *1.28 1.60 
430 lwtg/25186 1.94 1.39 1.39 1.91 
445 Stp/09/86 1.96 1.35 1.32 1.95 
418 Oct/12186 1.:S:S 1.D6 1.3:5 1.63 

• date that pieozo~Mter vas pgnptd 
** .,.....,.ttr lew1 rtCGrdld m mtters ind is btlow gnM.Ild S\riac. cmltss other. iR Wlicattd 
+ ~ater ltwl ibcm gnM.Ild SW"face 
- ., piRomtt.r or observ~tion v.n 
• dat. that piftorMter was balled 
• piezometter mtalled in tM Eastend-ltb sand layer 
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