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ABSTRACT

Cavers, Curtis G. M.Sc., The University of Manitoba, February , Lgg6. Characteristics
of Red River Clays Pertaining to Vertisolic Criæria and Mácropore Flow. Major
Professors; R. G. Eilers, Tee Boon Goh.

Clay soils predominately composed of montmorilloniæpossess ahigh shrink-swell

potential that has taxonomic and practical implications. The presence of slickensides and

evidence of high shrink-swell in these soils may meet revised criteria which would place

these soils under a Vertisolic Order, or as vertic intergrades of Chernozemic, Gleysolic,

Luvisolic or Solonetzic Orders in the Canadian System of Soil Classification. The

presence of large cracks and biological pathways in these soils may result in higher rates

of water flow and poæntial for pollutant transport than previously expected.

Several analyses we¡e conducted on three clay soils with contrasting hydrologic

regimes. The purpose was to identify features and processes which may serve as

diagnostic criæria for classification, and which may affect the permeability of the soil.

Visual analysis of contiguous cores from two siæs identifred physical features such as

texture, structure, carbonates, salts, mottles, slickensides, roots, cracks, andbiopores and

mapped their location according to depth. Micromorphological analysis of the soil

fabric, tritium analysis of groundwater, and r4C analysis of root material were conducted

to aid in assessing the potential fo¡ downward movement of water and dissolved materials

in these soils.
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theSaturated flux versus hydraulic gradient relationships were examined in

laboratory using a liquid bubbte flow meter and pressure transducer on four contiguous

core samples. At hydraulic gradients less than L.2 mlm, there is a deviation from the

súaight-line relationship of Darcy's Iåw, with saturated fluxes at low hydraulic gradients

about one order of magnitude lower than predicted by Darcy's Law. This non-Darcian

flow occurs due to a portion of the water molecules in the pores immobilized by the

attractive forces of the clay. Samples with pathways conducive to macropore flow follow

Darcian behavior but saturated flux may be an order of magnitude higher than expected

for samples of heavy clay texture.

Saturated hydraulic conductivity was measured at three depths on four different

cropping/tillage practices over two years on a Black I¿ke series (Cumulic Regosol)

using a Guelph Permeameter. Of the four cropping/tillage practices, soil under

continuous alfalfa had the highest saturated hydraulic conductivity at all three depths.

Analysis of slickensides and shrink-swell properties confirmed that the other two

soils investigated (Red River series, Dencross series) would meet criteria to be classified

as a Humic Vertisol and a Vertic Rego Black respectively. Analysis of water movement

through these soils revealed that under low-gradient flow these heavy clay soils is

conducive to non-Darcian flow. However, the presence of physical features that

produce preferential pathways may result in macropore flow that could have serious

environmental implications.



INTRODUCTION

Soils in the Red River basin of Manitoba have a heavy clay texture and have

developed from sediments of glacial I-ake Agassiz (Fenton et. al. 1983). The

montmorillonitic nature of these clays results in a high shrink-swell potentiat and

extensive surface cracking. The presence of slickensides at depth in these soils indicates

that soil shearing and displacement has taken place. These characteristics are typical of

Vertisolic soils found in several locations throughout the world (Jenny, 1980).

Prior to 7982, these soils in Canada could not be classified as Vertisols under the

American soil classification system (Soil Taxonomy) because of climatic limitations (Soil

Survey Staff, 1975). The Canadian System of Soil Classification has no Vertisolic order

to date, and as a result the clay soils of the Red River basin have been classif,red as

subgroups of the Chernozemic, Luvisolic, Solonetzic and Gleysolic orders. Evidence of

soil displacement has been recognized at the family level in the Canadian classif,rcation

system, where very fine textured, montmorillonitic soils may be classified as having

"grumicn properties (Expert Committee on Soil Survey, 1987). After lg12, however,

the climatic restriction for Vertisols was lifted in Soil Taxonomy and now many of these

Canadian soils either fully or partially meet the criteria for Vertisols. The updated

criteria for Vertisols in Soil Tæronomy (Soil Survey Staff, lgBT) is "other soils that:



1.

2.

3.

2

Do not have a lithic or paralithic contact, petrocalcic horizon, or duripan within
50 cm of the surface; and

After the soil to a depth of 18 cm has been mixed, as by plowing, have 30
percent or more clay in all subhorizons to a depth of 50 cm or more; and

Have, at some time in most years unless inigated or cultivated, op€D cracls at
a depth of 50 cm that are at least 1 cm wide and extend upward to the surface or
to the base of the plow layer or surface crust; and

Have one or more of the following:
a. Gilgai;
b. At some depth between 25 cmand 1 m, slickensides close enough to intersect;
c. At some depth between 25 cm and 1 m, wedge-shaped natural structural

aggregates that have their long axes tilted 10 to 60 degrees from the
horizontal. "

The Canadian System of Soil Classifrcation recently created a Vertisolic Order

together with intergrade subgroups for Chernozemic, Gleysolic, Luvisolic and Solonetzic

orders. In the key to soil orders, the Vertisolic Order was recognized immediately

following the Cryosolic and Organic o¡ders. The Vertisolic Order was described as

"other soils that have both a vertoturbic horizon and a slickenside horizon, the top of

which oæurs within 1 m of the surface. " A slickenside horizon contains more than two

slickensides which may be intersecting. A vertoturbic horizon is a horizon that has been

strongly affected by shrinking and swelling so that the formation of other diagnostic

horizons is prevented or severely disrupted. This horizon is characterized by the

presence of:

Irregular shaped, randomly oriented, intrusions of displaced materials within the
solum, and

vertical cracls, often containing sloughed-in surface materials.

4.

1.

2.
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To be classified in the Vertisolic order, both a slickenside horizon and a

vertoturbic horizon must be present in soils with at Least 60% clay and 30Vo of the total

soil made up of swelling clay (smectite). Vertic intergrades in the Chernozemic,

Gleysolic, Luvisolic and Solonetzic orders show evidence of shrinking and swelling and

have Vertisolic fe¿tures such as cracks and slickensides, but disruption does not occur

to the extent that it overrides the diagnostic horizons of the other orders (Expert

Committee on Soil Survey, unpublished literature).

Another area of interest is the movement of water through these soils. Soils with

high clay content contain a significant amount of water adsorbed onto the clay particles.

Under adsorbed conditions, a large portion of the soil water becomes immobile, and thus

water movement through the soil can no longer be described by conventional

relationships.

Since soils with vertic properties tend to crack extensively, these soils are

especially conducive to rapid downward movement, or macropore flow. I^arge

macropores formed from plant root channels, and other biological activity within the soil

(earthworms, ants, etc) also affect the permeability. These biopores tend to be more

stable than cracls and fractures because their tubular shape allows them to remain open

even when the soils swell and the cracks close upon wetting (Mellanby, 1971; Green and

Askew, 1965).

In this study the effects of salinity, groundwater movement, groundwater quality,

the number, distribution and age of roots, and the frequency and depth of biopores,

cracks and slickensides wilt be examined in contiguous soil cores to determine how
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macropore flow is influenced by these physical characteristics.

Obiectives

This study was undertaken to analyze the physical and morphological properties

of three clay soils under different hydrogeologic influences to determine whether these

soils meet the proposed criteria for Vertisols or vertic intergrades of other soil orders in

the Canadian System of Soil Classification.

In addition, the study examines the influence of physical features on the

permeability of high clay content soils. Two phenomena which affect permeabitity are

addressed: non-Darcian flow and macropore flow.



LITER,ATURE REVIEW

I. Vertic Prooerties of Ctays

The two distinguishing features of Vertisolic soils are slickensides and microrelief

(gilgai). Slickensides are polished, grooved surfaces on soil peds formed from the

sliding of one soil mass past another @udal and Eswaran, 1988). In terms of soil

genesis, slickensides form very rapidly (100-1000 years). Gilgai are mic¡o-knolls and

micro-depressions formed due to shrink-swell phenomena of these soils @udal and

Eswaran, 1988). The distance between the crests of these micro-ridges can be anywhere

from 3 to 25 metres or more.

1. Conceptual Models of Vertisolic Development

There have been at least three models developed to explain the movement of soil

responsible for the genesis of Vertisols. The most popular model has been the

@oturbation model @uol et al. 1980). This model proposes that during the period in

which the soil cracls, soil from the surface is sloughed into these cracks, at least

partially frlling them (Fig. 1). When the soil is rewetted, it swells and the pressures

exerted on the inf,rlled cracks results in soil displacement and the sequential development
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of micro-mounds and depressions at the soil surface. The main problem with this model

is that the effects of soil infilling cracks ('self-swallowing') should be confined to the

depth of profile where cracking occurs. Yet slickenside formation is known to occur

below the maximum depth of cracking (typically 2 to 3 m).

The soil mechanics model @itchie et al. 1972; Yaalon and Kalmar, lgTB)

describes soil displacement as the result of unequal wetting, which causes swelling under

confinement. When the swelling pressures become greater than internal forces resisting

shear, soil displacement produces slickensides at a particular depth range (Fig. 2). White

(1967) expected slickensides to rarely form below a depth of two metres because the

weight of overlying soil increases the packing and density of the soil, causing resistance

to shearing to increase with depth. Blockhuis (1982) and Ahmad (1983) contend rhar

slickensides found at depths below two metres were likely formed during ripening of the

sediments, large-scale land slipping, or mass wasting rather than via soil formation (ie.

geologic versus pedologic slickensides). The diffrculty with this model is that unequal

wetting near the soil surface has a limited effect on slickenside formation because low

overburden pressure and cracks retard lateral stresses required for slickenside

development. Consequently, unequal wetting accounts for slickensides below the

maximum depth of cracking but not for the formation of slickensides within 1.5 m of the

soil surface (Yaalon and Kalmar, 1978).

The least accepted model, the differentiat loading model, describes gilgai

formation to be the result of clays moving from areas of high to low confining pressure

(Paton, 1974). It is hypothesized that low plasticity surface soils with different
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thicknesses and densities exert differential pressure on underlying subsoils which are

much more plastic. The downfall of this theory is the absence of marked density

gradients required for the existence of differential pressure in the soil (Gustavson, 1975).

2. Classífieation of Vertisols

A new proposal for the Canadian System of Soil Classification currently advocates

including a Vertisolic order, which includes heavy-textured soils with high shrink-swell

characteristics and a lack of horizon development. The Vertisolic order contains Vertisol

and Humic Vertisol great groups, with each great group made up of Orthic, Gleyed and

Gleysolic subgroups. In this classification, intersecting slickensides must be present

within I m from the soil surface, along with a vertoturbic horizon, which displays

evident disruption due to shrinking and swelling, Írnd vertical cracls, often containing

sloughed-in surface material.

Also included in the proposed classification order are vertic intergrades for the

Chernozemic, Luvisolic, Solonetzic and Gleysolic orders. The intergrades all have a

slickenside horizon within I m of the soil surface, and may have a weak or juvenile

vertoturbic horizon. The intergrades contain the prefix "vertic" or "gleyed vertic". It

has yet to be determined if all the requirements have been met for Vertic intergrades

within the Gray Brown Luvisol, Solonetzic, and Regosolic orders (Soil Classification

Working Group, unpublished literature, 1993, lgg4).



II. Permeability of Clays

The movement of water through soil is a complex and dynamic process that

affects almost every type of land use. Infiltration rates determine the threshold at which

surface runoff, and subsequently, water erosion occurs on soil. The ease with which

surface waters and any solutes present may reach the groundwater and contribute to

groundwater recharge and/or pollution is also affected by infilration rates.

Hydraulic conductivity and permeability are terms that are used interchangeably,

since many of the older reports cited refer to hydrautic conductivity as the coefficient of

permeability. More recently published liærature distinguish between these two terms.

Hydraulic conductivity, K, is the proportionality constant of Darcy's l-aw and is a

function of both the porous medium and the fluid. Hydraulic conductivity has the

dimensions length per unit time (m/s). Permeability, or more coffectly known as the

specific or intrinsic permeability, is a function only of the medium and has the

dimensions length2 (Freeze and Cherry, 1979). Throughout this study, the measurement

of the rate of water flow through soils will be referred to as the hydraulic conductivity

(Fræzæ and Cherry, 1979).

A. Non-Darcian Flow

Saturated and unsaturated flow through soils is best described by Darcy's Law.

Darcian flow is defined by the mathematical expression:

9 = K(Hz-Hr)/L
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where

q is the flux;

K is the hydraulic conductivity;

(H2-H')/L is the hydraulic gradienr.

Darcian flow is a straight-line relationship between flux and hydraulic gradient with the

constant slope being defined as the hydraulic conductivity (Hitlel, LgBz). Darcian flow

implies that this line passes through the origin, implying no flow at zero gradient and

some flow at any other gradient. Under most circumstances, Darcian behavior

adequately explains saturated flow phenomena. However, in soils with high clay content

and low hydraulic gradient, flux values may be overestimated by Darcian flow. A

portion of the soil water may be tightly held by the clay particles, creating a shell of

immobile water- The resulting relationship is known as non-Darcian flow behavior, a

deviation from the directly proportional relationship betrveen flux and hydraulic gradient.

It is difficult to predict at what hydraulic gradient non-Darcian flow takes effect and by

how much it deviates from Darcian flow. In order to accurately predict flow of water

and other constituents through soil, it is imperative to understand non-Darcian behavior.

One of the difficulties in testing for non-Darcian flow in media with low

permeability is that most laboratory experiments must use gradients much higher than

what exists in the field in order to detect a flux that can be measured (Neuzil, 1986).

Neuzil (1994), in his assessment of the permeability of clays and shales, noted

that permeability is critical in the analyses of subsurface flow, and that many
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permeability values are lower than usually assumed. Data now suggest that hydraulic

conductivity values for clays and shales commonly assumed to be 10-12 to lga m/s for

porosities less than 0.4 are now more in the range of 10-t6 to 10-t0 m/s (Neuzil, lgg4).

One of the greatest diffrculties in determining the permeabilify of a material is the

inability to predict how and where heterogeneity affects large-scale permeability in

media.

B. Macropore FIow

The infiltration rate of a soil is influenced by the initial moisture content of the

soil and by several inherent properties of the soil. In clay soils, which generally have

matrices through which water moves slowly, the presence of several types of relatively

large openings, known as macropores, can dramatically increase the rate at which water

moves into and through the soil. Darcian flow theory assumes soils are rigid,

homogeneous and isotropic - none of which hold for soils with macropores. This

preferential movement of free water along large pores through unsaturated soil is known

as short-circuiting (Hoogmoed and Bouma, 1980), non-matrix flow (Bouma et. al. 1980)

or bypass flow (Bouma, 1991). Preferential flow in saturated soil involving rapid

displacement of water from macropores is called hydrodynamic dispersion @ouma,

1981). Throughout the remainder of the thesis this phenomenon shall be referred to as

macropore flow.

P¡eferential channels occur not only in heavy-textured, swelling soils but also in
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structured soils of moderately light æxture. Gallichand et. al. (1989) found preferential

channels near subsurface drain perforations in a weakly structured sandy loam.

Bouma and Dekker (1978) discussed the practical applications of short-circuiting,

acknowledging that preferential flow allows the soil surface to remain dry while

maintaining a relatively high mechanical stability which is crucial for highly mechanized

farming. Short-ci¡cuiting is favorable for deep rooted plants because water will be

concenmæd in the deep cracks along which the roots tend to grow. However, short-

circuiting is unfavorable for waste disposal or irrigation of shallow rooted crops.

Kluiænberg and Horton (1990) reported that increased soil macroporosity increased the

soil's sensitivity to the method of material application. Ca¡eful selection of management

pracitices must be exercised to avoid rapid transmission of solutes into the groundwater,

especially when macropores are present.

Radulovich et. al. (1992), measuring macropore flow in two microaggregated

Inceptisols in Costa Rica, found macropore flow to occur in noncapillary interpedal pore

space whenever the application rate of water exceeded the infiltration rate of individual

microaggregates. This phenomenon appeared to occur commonly in these

microaggregated soils because the matrix conductivity values were so much slower than

tlpical rainfall rates for tropical, volcanic and forest soils. With macropore flow playing

a larger role in these soils than previously expected, current assumptions regarding

nutrient cycling pathways and fertilizer application strategies in tropical soils used for

agriculture may need to be revisited and revised.
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1. Defining Macropores. Macropores in soil have been studied for many years, but only

recently the environmental implications of macropores have been seriously considered.

This is because macropores contribute very little to total ¡rcre volume, but in terms of

ûotal water flux, macropores confibute immensely. Douglas (1986) reported that air

filled pore volume occupied on average less than 10% of the totat soil volume and

functional (continuous) macroporosity occupied less than 0.3Vo of the total soit volume.

Macropores can be broken down into several types of voids, such as packing

voids (simple and compound), vugs, channels and planes. Bouma et al. (1977)

distinguished between three main void shapes by comparing the ratios of void area to the

square of the void perimeter. Rounded voids (channels) have a ratio greater than 0.04;

intermediate-shaped voids (vugs) with a ratio between 0.04 and 0.015, and a ratio less

than 0.015 for elongated voids (planes).

There is much speculation among researchers in defining the size at which soil

pores are considered macropores. Brewer (1964) defines macropores as voids greater

than 75 ¡rm equivalent diameter. Bullock and Thomasson (1979) included pores greater

than 60 ¡rm diameter as macropores. Bouma and coworkers (1979) found small pores,

40 pm in diameær, can conduct considerable quantities of water if they provide a

continuous path throughout the soil sample. Shipitalo and Protz (1987) classified

macropores as pores with an equivalent circular diameter of 200 pm or larger. Attempts

have been made to provide a standard range of pore sizes for all soil types (Luxmoore,

1981), but such an approach is not generally accepæd because the effects of hysteresis

and the continuity and torh¡osity of pores do not account for distinctions between large



l4
pores in clay soil versus large pores in sandy soil (Skopp, 1981). Beven (1981) also

points out that arbitrary boundaries for pore sizes should not be stândardized due to the

nonequilibrium behavior of macropore flow and because the differences in hydraulic

gradient between large and small pores may result in the breakdown of the Darcian

concept.

Bouma (1981) suggested that macropores simply be defined as pores which are

significantly larger than those which result from the simple packing of the individual soil

particles. He also critically examined morphological descriptions of soil pores in order

to distinguish between:

- macromorphological data from soil survey descriptions
- macromorphological data from tracing techniques
- micromorphological data from thin sections.

Several authors have noted structural differences within the same soil material

yield significantly different flow patùerns @lrick and French , 1966; Cassel et. al. 1974;

McMahon and Thomas, 1974). They found that texture alone is not adequate for

correlation with hydrodynamic dispersion, but there is a possible rough correlation if
texture is used along with structure þlanar neck sizes and amount of vertical infiltration

along ped faces a¡e factors as well).

Smettem (1986) noted that pore length exerts a large effect on volume flux over

the range of macropore diameters commonly encountered in agricultural soils.

Mackie (1987) producæd information on the orientation of interconnected soil

pores that would be useful for quantifying pore continuity. Photographs were taken at

different soil depths to trace the path of pores that had been filled with plaster of paris.
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This data was digitized and displayed in three dimensions on a computer monitor.

Therefore, to adequately understand the influence of macropores on soil

infiltration, one must consider not only pore diameter, but also the length, continuity and

orientation of the macropores.

2. Effect of Shrinkage Cracks. In Greece, on calcareous, alluvial soils with extensive

cracking, Kosmas et. al. (1991) measured cracks more than 7 cm wide and more than

1.5 m deep in the dry season. They found decreasing the moisture content by a small

amount in the 7-l3Vo range could more than double bypass flow. If the initial soil

moisture content increased, bypass flow decreased markedly.

Dasog and Shashidhara (1993) compared crack volume per unit ar(ä,, or index of

cracking intensity, of different crops after harvest (chickpea, wheat, sorghum, sunflower,

safflower) with fallow on Vertisolic soils in India. The volume of the cracks were

directly measured by inf,rlling cracks with sand. Cracks were longer and narrower in the

fallow treatment than in the cropped treatments, and only in the sorghum and safflower

plots were the cracks significantly deeper than in fallow. However, because of the deep-

rooting, efficient moisture extraction of safflowers, crack volume was highest in

safflower plots (445 m3/ha¡ and lowest in fallow plots (234 m3/ha¡. Overall, it was

estimated that the crack space could accommodatÊ,223-44 mm of rainfall, facilitating

moisture recharge in otherwise slowly permeable soils.

Wopereis and others (L994), worked on soil in a rice-growing area that had

previously been cracked and puddled (soil was mixed with water by plowing, harrowing
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and levelling !o creat€ a soft medium for transplanting). They observed cracks 10 to

30 mm wide, up ûo 65 cm deep, which allowed the vast majority of the infiltrating water

to blpass the bulk soil.

Bronswijk (1988) discusses the effect of swelling and shrinkage on water

simulation models for clay soils. By having macropore flow account for ZSVo of the fate

of precipitation, the results a¡e a drier topsoil, a higher groundwater table with very rapid

response after precipitation events, and a higher drain outflow than if macropore flow did

not occur.

3. Effect of Plant Roots. Tþkotær (1983) examined tubular macropores 0.1-l mm in

diameter in loess soils loc¿ted in Germany. He discovered a direct correlation between

the location of macropores 100-400 ¡rm in diameter and the depth of rooting (2.15 m).

Ants and earthworms were also responsible for the formation of tubular macropores, but

ants could not be found below 1 m depth, nor earthworms below 1.5 m depth. Based

on his findings, the author noted that tubular pores formed by roots should have the

following cha¡acteri stics :

- diameters similar to roots present or in the recent past
- dendritic character
- side channels smaller in diameter than main channels
- constant angles between side and main channels, close to 90.
- lateral spurs of subsidiary pores caused by root hairs
- fapering diameters of perennial roots

The management history of the soil, primarily the extent to which tillage is

employed and the selection of crop rotation strategies, influence the growth of roots in

the soil. Groenvelt et. al. (19S4) examined the suitability of a soil to accommodate
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growing roots based on existing pore space for unobstructed root growth, and obstruction

imposed by the soil matrix. The two heatments measured were continuous corn (five

years) and a forage rotation (th¡ee years forages, two years corn). In the long term,

roots could face fewer overall obstructions in the forage plots than in continuous corn

plots.

Examination of root systems reveal growing plant roots ænd to follow pathways

of least resistance (Jarvis and others, 1987). Living plant roots seem to either fill the

larger pores or cåuse them to decrease in size by rearranging soil grains during growth.

After the roots have died and decayed, the remaining macropores are most important in

solute transport at high gradients (Gish and Jury, 1983).

Macropores in the form of root channels can transport large volumes of water,

but the effectiveness of these macropores is determined by the quantity of water

conducted and how often water is conducted. Bouma et aI. (1981), working with cores

of 55% clay covered by a grass crop with a 20 cm effective rooting depth, conducted

infiltration experiments using irrigation events of various inüensities, durations and

scheduling patterns. Higher moisture content at the soil surface resulting after an initial

shower induced more rapid surface ponding and more short-circuiting in a subsequent

shower.

4. Effect of Earthworms. Zachmann and others (1987) observed on a silt loam soil

macropores were less continuous in tilled plots than those under no-till, resulting in more

bypassing of wate¡ to greater depths under no-till. Increased infiltration under no-till is
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also due to increased eafhworm activity, whose survival is much higher when tillage

does not occur, especially for earthworm species which a¡e both surface and subsurface

dwellers. Furthermore, earthworm activity which produces burrows open to the soil

surface is more than doubled when crop residues are left on the surface rather than

incorporated.

Ehlers (1975) found earthworm channels 2-11 mm in diameter reaching depths

as great as 80 cm, and observed any channel not connected to the soil surface did not

confibute to water infiltration. Conducting channels in untilled soil had a maximum

infiltration rate of 1 mm/min, but occupied only 0.2% of the pore volume.

fones et. al. (1993) added two earthworm species (Lt*nbricus tetestris L. and

Luwbrícus rubellus L.) to septic tank fitær fields. The earthworm species produced

channels 2.3 mm and 8.4 mm in diameter respectively, which, as demonstrated on soil

columns, increased effluent fluxes from 1.9-2.9x10{ m/s to 4.8-12.4x10{ m/s within

80 days.

Similar to macropores formed from plant roots, the effectiveness of earthworm

channels as flow pathways depends largely on the nature of the rainfatl event. Edwards

et. al. (1993) observed atrazine movement with water through earthworm burrows to be

greatest when high-intensity rainfall occurred shortly after atrazíne application. Atrazine

movement was greatly reduced by any delay in rainfall and low-intensity rainfall events

prior to high-intensity events that produced percolate.

5. Effect of Tillage Practices. The influence of various tillage practices on several
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environmental aspects is an area where macropore flow plays a key role. Management

practices such as reduced tittage oÍ zr.lÍo tillage have been demonstrated to have several

benefits for soil conservation. Logan and others (1987) define conservation tillage as a

variety of reduced tillage practices that leave 30% or more crop residue on the soil

surface at the time of planting. With reduced tillage, the presence of macropores at the

soil surface increases, and along with less incorporation of chemicals there is greater

potential for infiltration and chemical leaching. Isensce et. al. (1990) measured pesticide

residue levels in groundwater and found residue levels 2 to 50 times higher under no-till

than under conventional till, due to the increased occurence of preferential transport.

Given the risk of increased leaching poæntial and groundwater contamination

under no-till conditions, tillage may be an effective means of reducing macropore flow.

Carter (1988) found "a greater proportion of the tillage-induced macropores under

moldboard plowing, compared with direct drilling, were isolated pores or non-functional

in regard to water transmission". Similarly, Wopereis and others (Igg4) looked at

shallow (0-50 mm) surface tillage as a means of reducing bypass flow water losses in

rice-growing ¿ìreas where soils crack over highly permeable subsoil. By making the

cracks discontinuous, water losses were reduced by 45-60%.

Mwendera and Feyen (1993) concluded infiltration into freshly titled soils was

best described by exponentially decaying functions with the process controlled by

conditions and properties at the soil surface.

Although zero tillage prevents the destruction of macropores near the soil surface,

more pronounced effects of compaction on zero tillage tend to offset an inc¡ease in



20

macroporosity. Shipitalo and Protz (1987) found the macroporosity of no-till Ap

horizons of a silt loam soil in corn for seven consecutive years was approximately half

of that for conventional till Ap horizons. Compared to macropores under conventional

till, the macropores in the no-till plots were smaller in mean pore size, more elongated,

less tortuous and oriented paraltel to the soil surface rather than randomly oriented. An

increase in burrowing earthworm activity below the Ap horizon in the no-till pedon,

resulting in 2-9 times more bioporosity than under conventional till, may counteract the

loss of macroporosity in its surface horizon.

Instances have been noted where infiltration rates under conventional tillage are

considerably higher than under zero tillage. Pikul, Jr. et. al. (1990) measured spring

infiltration rates in the Pacific Northwest to be 9.2 mmlh in no-till, 22.3 mm/h in

chiseled stubble and 23.5 mm/h in paraplowed stubble. In the chiseled rreatment,

macroporosity decreased from 20% at7.6cm depth toless than 1% at25.4 cm. The

paraplowed treatment decreased to a minimum of 6.9% at L2.7 cm, then increased to a

maximum of 17 .ZVo at 25 .4 cm. The no-till treatment had a macroporosity less than l%

throughout the profile. Consequently, it is crucial to determine the amount of effective,

continuous macroporosity present in a soil regardless of the type of tillage practice in

use.

In summary, tillage can either increase or ¡educe preferential transport depending

on the conditions of the horizon to be tilled. If titlage breats up a horizon of continuous

macropores, preferential transport is reduced; if tillage breaks up a compacted surface

layer, preferential transport is increased.
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. Nitrate-nitrogen and leachable pesticides

must be managed carefully to prevent leaching and groundwater contamination due to

macropore flow. Under saturated conditions, such as during a heavy rainfall or irrigation

event, solutes in the macropore volume were lost much more rapidly than those in the

micropore volume. However, under less than saturated conditions, such as a light rain,

solutes moved into the soil mafix, reducing their potentiat for transport. It was

determined that if leachable solutes have more time to diffuse into the soil matrix and be

utilized, there is less chance of these solutes leaching down the soil profile by a heavy

rain (Steenhuis and Muck, 1988; Shipiralo et. al. l99Z).

Kosmas et. al. (1991) found the amount of nitraæ leached in the bypass water was

small (0.01-7.8Vo of that present in soil cores), particularly if the nitrates were allowed

to diffuse into the soil peds before irrigation began. Rainfalt timing was also an

important factor in pesticide movement, with the greatest leaching losses of pesticide

residues occurring when rain fell shortly after pesticide application (Isensce and

coworkers, 1990).

Lund et. al. (1974) concluded that profile characteristics such as particle size

distribution, organic matter content, cation exchange capacity and how these factors vary

with depth are highly significant in determining nitrate concentration in the 1.8-g m

depth. The presence of duripans and accessibility to groundwater are also major factors

deærmining the likelihood of groundwater contamination. Isensce and others (1990)

found pesticide residue levels two to four times higher in unconfined groundwater than

in confined groundwater.
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7. Using Tracers to Study Infiltration. Tracing techniques identify flow into macropores

which starts as soon as the application rate of water exceeds the infiltration rate of the

soil; therefore one expects a higher application rate to induce an earlier macropore flow

response. Other indicators of preferential flow are coatings of clay along the walls of

larger pores and mottling patterns on the walls of pores. Under unsaturated conditions,

iron is reduced on the pore walls but is oxidized some distance from the pore as water

moves from the pore to the aerobic soil matrix (Veneman et al., L976; Verpraskas and

Bouma, 1976). Tracers also distinguish between flow inside different types of

macropores. For example, flow of water into tile drains in heavy clay soils followed

only planar voids and not root channels. This knowledge was extremely important in

implementing the proper management decisions for effective tile drainage of this soil

(Bouma, 1981).

Bouma et. al. (1977) emphasized the need to use dyes to characterize pore

continuity which influences Ç,. Thin section analysis provides no indication of

macropore continuity and cannot determine whether a macropore contributes to flow.

Flow through macropores is governed by "pore necks" so that flow occurs along the

walls of macropores without filling the entire pore. Since these "pore necks,' can occur

anywhere along the pore, estimating Ç, from a thin section at the bottom of a pore may

give unrealistically high values.

Shortly thereafter, Bouma et. al. (1979) attempted to estimate the sizes of the

npore necks" in the flow system. nPore necks" a¡e assumed to determine Ç,, based on

the strong effect the variability in the width of the "necks" has on water flow. The
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active voids (stained voids) contributed less than I% of the volumetric makeup of the

soil, but affected the flow so extensively that calculated Ç, values were only close to

measured Ç, values when continuous vertical pores greater than 100 pm in diameter

were absent.

Iægsdon et. al. (1990) used methylene blue as an indicator of macropore

continuity. Pores greater than 0.4 mm in equivalent diameter ranged from 100 to over

3000 per square meter (0.1-2% of the total area). Based on the descriptions of biopore

area, cracks, soil structure and soil texture the authors could estimate Ç, within a range

out of eight deflned classes (Nowland, 1981).

Diab et. al. (1988) compared two tracers, methylene blue and oxygen-l8 (r8O),

in monitoring preferential flow. The soil horizon they studied was a Bt horizon (Soil

Taxonomy), consisting of a silty clay loam prismatic brown matrix 54 - 80 or 90 cm

below the surface. Within the matrix were subvertical grey, silt loam tongues

surrounding the prisms, consisting of many very fine to coarse tubular and vesicular

pores. Methylene blue is transferred in saturated conditions in the freld and in

undisturbed cores, and is a good indicator of functional porosity. r8O monitors the actual

behavior of water under natural conditions. In a degraded and leached soil, ttO revealed

mean water transfer was ten times faster in the "tongues" (preferential paths) than in the

Bt matrix, even though some of the tongues were non-functional. Methylene blue tracing

showed functional porosity under saturated conditions was comprised only of the coarser

and more continuous macroporosity inside the tongues. Compared to the soil matrix,

these tongues had a lower clay content and lower cation exchange capacity.
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Priebe and Blackmer (1989) surface-apptied tsN-labeled urea to undisturbed

20 cm diameter by 50 cm long soil cores at field capacitiy, then applied t8o-labelled

water to simulate a 25 mm rainfall event. Significant amounts of labelted water and urea

were present in the first increment of effluent sampled, and labelled urea and water

moved much deeper and was more dispersed in all of the soil cores than expected. yet

these rapid flow values were considered to be underestimates of the true values for two

reasons: the small sample size provided little opportunity for lateral flow or the effects

of microrelief, and the cement casing used to surround the cores may have blocked some

of the macropores.

Bouma and Dekker (1978) conducted methylene blue tracer studies on four dry

soils with different macrostructures under a variety of rainfall volumes and intensities.

The number of colored bands increased with increasing rain intensity at any given applied

water volume, and with an increase in the applied water volume at any given intensity.

Increasing rainfall intensity or rainfall volume increases the contact area between soil and

the water infiltrating through large pores, but this contact area was never more than 2%

of the total pore volume.

An experiment was conducted by Booltink and Bouma (1991) using undisturbed

soil cores and transducer tensiometers. Tensiometers within a few millimeters of

mac¡opores reacted quickly then showed a drying pattern afær the rainfalt. By contrast,

tensiometers inside soil peds reacted slowly and showed continued wetting after the

rainfall had ended, due to the internal catchment of water at the bottom of discontinuous

macropores and the redistribution of water that followed as a result.
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7¿chmann and others (1987) found Br- tracer movements deeper than 19 cm was

most frequent under no-till treatments with worms and residues present.

Other tracers which have been used effectively are Acid-Red l, an anionic,

water-soluble dye which moves slightly slower than water (Ghodrati and Jury, 1990), and

Lissamine green, or Acid Green 50 (Jarvis and others, l9g7).

8. Voids in Thin Section. Brewer (1964) noted that different flpes of macropores have

different degrees of effectiveness during water movement: planar voids or craclis may

close upon swelling whereas tubular worm and root channels may remain open.

Different types of macropores present throughout a soil profile may be examined using

thin sections.

Thin sections are 0.02 mm thick slides or polished blocks of soil. They do not

provide a continuous picture of soil morphological changes with depth, and they require

expensive technology and expertise. Dyes and trace¡s must be used when preparing thin

sections to examine the functional porosity and pore continuity of each sample (Bouma,

1981). Thin section preparation and analysis was discussed by Murphy and coworkers

(1977), using the method described by Bascomb and Bullock (L974).

Bullock and Thomasson (1979) compared macroporosity described through image

analysis to results from water retention measurements. Water retention experiments

measure the diameter of the smallest exit point of the pore, whereas image analysis

determines the maximum diameter of the pore. The greatest discrepancy between the

two methods occurs in soils with many large pores made up of n¿urow exit necks.
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On a silt loam soil, 9% slop, and in no.till corn since 1960 in Ohio, Edwards and

others (1988) found the number of pores was inversely proportional to pore diameter and

increased with increasing depth. Mean pore diameter was 1-2 mm at all observed

depths, and pores larger than 0.4 mm diameter occupied about 1.4% of the total area.

Pore counts of those greater than 0.4 mm in diameær ranged from 3369 -21 l5Urrt at

2.5 cm depth to 5673-289661m2 at the 30 cm depth. The overall average ¡rcre count was

14 5761m2, 160 of which were larger than 5 mm diameter.

9. K-, and T)'pes of Flow. Bouma (1991) explains the differences in notation for

various flow phenomena. K* is saturated hydraulic conductivity, or the flux at a

hydraulic gradient of unity and zero pressure when all pores are completely filled with

water. K-"",, in contrast, is unsaturated hydraulic conductivity, which is measured at a

given suction when only micropores are filled with water. In addition to these two

notations, there is K1.e, which differs from Ç, in that only the small pores are saturated

while water runs down the walls of the macropores without filling them entirely. &*o

is also measured at unit hydraulic gradient and zero pressure, but the values obtained for

&,"0, in which the soil is not completely saturated, are very different from the values

measured for Ç,. In fact, in soils with continuous macropores, Ç, may have a wide

range of values and may not be accurately defrned.

Bouma (1982) recognized the following problems in interpreting K*,

measurements for saturated soil horizons with continuous macropores:

- due to the shrinking and swelling of clay soils, Ç, continuously changes in
these soils
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- the effect of macropore continuity patterns results in K,"t being a function of
sample size

- underlying or overlying horizons can dramatically influence the measured flux
of a particula¡ soil horizon

- when infiltration occurs through a variety of light surface crusts, the fluxes can
have a wide range of values at saturation

For these reasons it is much easier to treat the flow system through macropores

separately from the one through the soil mafix. The flow contribution of macro¡rcres

can be found by subtracting the K,., value of the soil matrix from the K*, of the entire

soil.

I-ee and others (1985) measured saturated hydraulic conductivity (K*J on four

siæs in southern Ontario, each with a different soil texture, using three different

measuring techniques: an air entry permeameter, a Guelph Permeameter (constant head

well permeameter) and a falling head permeameter. At each site, there was a significant

difference between some or all methods used to measure Ç,. These values varied

increasingly with an increase in clay content, with values ranging over three orders of

magnitude for a clay soil. The authors summarize the optimum situations for using each

technique: the falling head permeameter is preferred for obtaining soil matrix dominated

flow in a structured soil; in situations where a combination of macropore and matrix

dominated flow is desired, the Guelph Permeameter is the instrument of choice; and the

air entry or Guelph Permeameters are best for estimating macropore dominated flow

through a structured soil.

I¿uren et. al. (198Ð found Ç, measurements obtained in the laboratory were
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neither reliable nor comparable with attached soil cylinders measured in the field because

of the increased short-circuiting occurring in the detached samples.

Clothier and Smettem (1990) observed on a fine sandy loam soil with large

connected macropores, hydraulic conductivity changed three orders of magnitude from

a tension of -100 mm to zero tension (saturation). The authors suggest a combination

of lab and field measurements in order to most accurately define the saturated and

unsaturated hydraulic properties of soil.

Bouma and others (1989) used soil morphological descriptions to determine which

of several sample volumes gave the optimal sample volume for Ç, measurements in

heterogeneous soil materials. Measuring horizontal areas made up of both materials gave

a Ç, which was successfully estimated by approximating the cross-sectional area of

materials and their proportional contributions to Ç,.

The "field saturated" hydraulic conductivity (KJ, as measured with a Guelph

Permeameter by Paige and Hillel (1993), is one to three orders of magnitude less than

K*, Íts determined by the other methods because of factors such as entrapped air,

anisotropic conditions, smearing of the well walls, and the sensitivity of this method to

hysteresis according to antecedent moisture conditions and discontinuous macroporosity.

Koppi and Geering (1986) demonstrated the effectiveness in using a quick-setting

epoxy resin to provide an unsmeared soil surface; inflrltration rates were 2.5 - 6 times

more rapid than cut and smea¡ed surfaces.

McKeague et. al. (1982) provided estimates of K*, based on soil morphology

observations and compared them with measured Ç, values from ÍLn air entry
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permeameter from 78 soil horizons of various textures. Soil morphology observations

included texture, structure, porosity (including counts of biopores), consistency and

density of the horizons. The estimates of K* were classified into one of eight classes

which related specific soil morphological features to a range of Ç, (Nowland, 19g1).

The predictability of K* when based on soil morphology was remarkably high. 45% of

the horizons had the same estimated class as the measured class, and 87% of the horizons

were estimated to be within one class of their measured class. For the horizons with

high Ç, values, the major contributing factors were abundant biopores, textures coarser

than loamy fine sand, and fine to medium blocþ structure. The major difficulties of this

method were estimating the effectiveness of biopores and the K*, of tilled near-surface

horizons.

10. Modelling Macropore Flow. Steenhuis et. al. (1990) developed a model for

macropore flow in the vadose zone to simulate solute movement. It involved a linear

approximation of hydraulic conductivity as a function of water content that identifies pore

groups in which water moves at distinct velocities.

Smettem and Collis-George (1985) studied macropore flow on a native pasture

soil (dark brown, fine sandy loam) and introduced the following equation to describe

macropore volume fluxes:

v:aRb

where v is the flow in cm3/s, R is pore radius in cm, and a and b are constants.

Hosang (1993) developed a fwo-phase model for preferential flow of water
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through soils. The first phase described redistribution and low infiltration of water into

soil (matrix flow), while the second phase modelled heavy infiltration which produces

macro¡rcre flow.
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METHODOI,OGY

A. Description of Sites and Samples

Sixteen contiguous core samples, obtained in 1991, from a hazardous waste

management site in the rural municipality of Montcalm (NE 2-3-18) were examined.

Properties such as üexture, color, and mottling were determined. In addition, features

such as roots, biopores, slickensides, carbonates and salt deposits were described and

their distribution measured with respect to depth. The soils were described according

to The Canadian System of Soil Classification (Expert Committee on Soil Survey, 1gg7)

and the M-u"l fot D"t.tibing Soilt in th" Fi"ld fot M-itob" Soil, (Canada-Manitoba

Soil Survey, 1992).

Two additional contiguous cores were sampled in September , lgg3 for analysis

of the pore water. One core was sampled at the waste management site (NE 2-3-1E) on

the Red River series (UMA Engineering Report, 1991). This is a lacustrine clay @ed

River clay) with hydrologic properties characteristic of a regional recharge area. The

other core sample was taken near the town of Warren, MB, from an area where the

groundwater was known to be saline (SW 35-13-2W) on the Dencross series (Canada-

Manitoba Soil Survey, unpublished literature). At this site, the soil is a silty clay with

hydrology evident of regional groundwater discharge (Betcher, 19g0).
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These locations were selected because of their contrasting hydrologic regimes; the

first site is a regional recharge site, whereas the second siæ is a regional discharge site.

Contrasting hydrologic regimes should provide insight into the degree of influence

groundwater and salinity have on the development of Ve¡tisolic features and the

permeability of clay soils.

The contiguous cores were obtained using a truck-mounted, split spoon sampler,

approximately 62 mm in diameter. After drilling was complete, the holes were

bacldrlled with bentonite pellets to l-2 m below the surface and then bacldilled with soil

to the surface. The co¡es obtained in 1993 were double wrapped in plastic and

transported back to the laboratory on a sheet of plywood fixed with small wooden slabs

to hold the cores stationary. The cores were refrigerated in the laboratory to minimize

evaporation. The physical properties according to depth were recorded as before and

subsamples were immediately froznn for nitrate content determination. Various sections

from each core were analyzed for stable isotopes (tritium) in the groundwater, soil

moisture content, saturated hydraulic conductivity, micromorphology and carbon-l4

content of roots found at depth in the subsoils.

Notation used on these samples consisted of:

- site name (Montcalm or Warren)
- year retrieved (1991 or l993)-abb¡eviated '91 or '93
- Iocation or test hole # - abbreviated TH
- depth of subsample (in meters)

(eg. Montcatm ,91 TH 16 0-0.S)

Twelve cores, approximately 35 mm in diameter, were sampled from the Black

Lake Series to a depth of 0.8-1.2 m using a Giddings soil sampler and probe. Samples
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were collected on four different types of crop rotation/tillage practices observed over two

growing seasons: alfalfa-alfalfa/no tillage, alfalfa-whealalfalfa removed by tillage,

wheat-wheatlzero tillage, and continuous summerfallow/conventional tillage.

B. Detemination of K* in the FTeld

Management practices, such as the frequency of tillage and type of cropping

¡ratterns, have been shown to dramatically affect the infrltration of a soil (Groenvelt et.

a1.' 1984; TJrchmann et. al. , 1987; Shipitalo and Protz, Lg87). A Guelph permeameter

was used in the field to investigate the effect of management and management history on

saturated hydraulic conductivity (K,.J of a Black l¿ke series (Cumulic Regosot). The

investigation site was the Department of Plant Science resea¡ch plots (The point) on the

University of Manitoba campus. The work was conducted during the summers of 1993

and 1994. Two replicates of four different treatment plots (alfalfa, summerfallow, and

zero'till wheat, before and after alfatfa) were measured using a Guelph permeameter at

three depths (25,50 and 75 cm). Soil samples were collected at25,50 and 75 cm

depths fo¡ moisture content and butk density. The loose samples were oven dried at

105"C and volumetric water content was calculated.

One of the difficulties of measuring K-, in a fine textured soil was the occasional

development of negative pressure, which resulted in water from the bore hole moving

into the Guelph Permeameter rather than into the soil. In order to reduce the possibility

of negative pressure developing, a spike tooth roller rather than a wire brush was used
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to clean the walls of the bore hole and reduce the likelihood of smearing and creating a

soil layer that inhibits water movement. It was discovered later that a J-cloth produced

more uniform bubbling and also prevented soil particles from clogging the outlet. The

large reservoir on the Guelph Permeameter was covered with aluminum foil to provide

shade and minimize temperature and pressure changes due to heating by the sun.

I-aboratory determinations of Ç, were performed on the soils at the Montcalm

and Warren sites in order to discover whether non-Darcian behavior occurs in these clay

soils. It was also desirable to compare Ç, values from the laboratory with those

obtained in the field from previous studies.

A total of five subsoil samples were used to determine the water flux at a range

of hydraulic gradients. Samples from above and below the water table from the two sites

were used in this experiment. Each core sample (approx. 62 mm diameær) was placed

into a plexiglass sleeve (approx. 58 mm inside diameter) using a cutting head placed over

the plexiglass sleeve on a hydraulic press, which shaved off the outer diameter of the

cores. Both faces of each sample were cut with a thin wire (guitar string) to give a flat

surface with minimal smearing. The ends of the sample were covered with cloth, porous

plastic screens and plexiglass endplates, then fastened with three bolts and six wingnuts

(Fig' 3). The endplates have an opening in the center which allows water to enter the

sample via plastic tubing. To saturate the samples, the cores with sleeves and endplates
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were placed in a chamber connected to a vacuum pump. The chamber was filled with

enough water to completely submerge the samples. To eliminate any ionic strength

effects on aggregate stability, groundwater was used to saturate the samples.

Groundwater was retrieved from the same site as the soil samples and from as close to

the same depth as the soil samples as possible to ensure that the solute content and pore

chemistry of the samples closely modelled field conditions. The samples were placed

under vacuum in submerged conditions for two to three weeks to remove any dissolved

air. Once saturated, the samples were removed from the vacuum chamber. Any bubbles

remaining in the ends of the samples were sucked out using a syringe with a rubber tube.

The endplates were each connected to plastic tubing filled with distilled, de-aired water

which served as the inflow and outflow for water moving through the sample once

connected to the flow meter. The inflow tube was connected to the top of the samples

to simulate percolation of surface waters.

Saturated hydraulic conductivity was determined in the laboratory. Soil samples

were placed in a controtled temperature (20"C+0.2) insulated box. Temperafure was

continuously monitored using a thermistor and a computer for data storage.

The plastic tubing connected the sample to two capillary tubes, 0.8 mm in

diameter, which were filled with water (Figs. 4 and 5). A small bubble of immiscible

red dye was placed in the capillary to detect movement (Fig. 6). Two adjustable burets

were used to establish a gradient. Water was pushed into one end of the sample and

forced out the other. V/ater flow caused the bubbles in the capillary tubes to move a

given distance in a specified amount of time. From this information, a value for the flux
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Figure 6. Detection of bubble movement in capillary tube (Karthigesu, 1994).
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at the inflow and outflow was determined.

The capillary tubes were frequently rinsed with distilled, de-aired water, usually

once a day. Rinsing prevented foreign particles such as dust or microbial growth from

reducing flow through the capillary tubes, which would underestimate flow through the

sample.

Rinsing was required when bubble movement was hesitant, due to increased

friction between the bubble and capillary wall, when the bubbles disintegrated, and when

reduced flow between replicates at a given hydraulic gradient occurred. To remedy this

condition, the capillary tubes were filled with CLR (phosphoric acid), left overnight, and

thoroughly washed with clean water the next morning. Because the dye in the bubbles

was broken down by CLR, the bubbles were removed with a syringe and replaced with

new ones afær rinsing. In extremely dirty situations, as with caked on residues, CLR

was added and a fine thread composed of a series of knots was pulled through the

capillary tubes using fishing line to dislodge any particles adhering to the capillary walls.

K-, of the first sample tested (Montcalm '91, T'H l, 43.5 ft) was measured at

gradients of 0.6, 0.8, 1.0, r.2, 1.5,2.0, 5.5,8.0, 12.0, and 16.0. This sample was

slightly longer than the other samples (44 mm) because, unlike the subsequent samples,

no spacers were included to provide additional room between the endplate and cover for

the syringe during air bubble removal.

Bubbles would often move in the same direction in both capillary tubles at low

gradients, indicating that the sample was adsorbing water. This problem was due to wide

temperature fluctuations in the laboratory which made constant temperature control in the
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sample chamber difficult. Hence, it was doubtful that additional measurements at lower

gradients would have been possible under these conditions. To remedy the problem of

temperature fluctuations, the entire apparatus was placed into an environmental chambe¡

under a relatively constant temperature of 2trC. The environmental chamber eased the

workload of the smaller sample chamber temperature regulator so that sample chamber

temperatures only varied between 19.7 - 20.lf.

K* of the second sample (Montcalm '91, TT{ 8, 5-7.5 ft) was measured at

gradients of 0.4, 0.6, 0.8, 1.0, 1 .2, 1.5,2.0,5.0,8.0, 12.0, 16.0, and 20.0. Measuring

low-gradient flow which approached the threshold gradient (i.) (Fig. 7) of the appararus

(0.4-0.45) was difficult because the resistance to flow in the capillary tubes was too large

to allow flow to occur @ixon, 1995). To remedy this problem a pressure transducer

was connected to the flow meter to monitor the actual hydraulic head that was imposed

on the sample. Preliminary use of the transducer showed interference from the capillary

bubbles of dye which made it difficult to acheive stable transducer readings. Friction

between the bubbles and the capillary walls resulted in back and forth, piston-type

movement of the bubbles, which resulted in erratic, pulsating readings on the transducer.

A wetting agent was contemplated to reduce the friction between the bubbles and the

capillary walls, but this was not attempted for fear of adverse effects on the solubility of

the bubbles and possible contamination of the sample. To overcome this, the bubbles

and some of the water in the capillary tubes were removed, leaving an air-water interface

whose meniscus could be traced by the microscopes. With air now introduced into the

capillary tubes, the pressure transducer could then be used to indicate the amount of head
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to which the sample was subjected. Gradients of 0.2,0.3, 0.4, 0.g, 1 .0, r.2, r.5,2.0,

and 3.0 were measured with the pressure transducer on this sample.

The third sample to be measured (Warren '93, 0.2-0.9 m) contained numerous

biopores and had a higher silt content. One or both of these factors ¡esulted in

transmission of water too quickly and at inconsistent pressures to be measured by the

capillary flow meter. Instead, a simple falling head permeameter was constructed, with

the sample connected to a ¡eservoir of distilled, de-aired water filled to a given height.

The outflow w¿ts open to the atmosphere and positioned at a height just below that of the

water level in the reservoir in order to establish a gradient and initiate flow. Gradients

of 0.2,0.3, 0.4, 0.6, 0.8, 1.0, I .2, 1.5,2.0, 3.0, and 5.0 were imposed in increasing

and decreasing order. It was determined that each drop of water formed at the end of

the outflow tube weighed 0.05 grams (and thus occupied a volume of 0.05 cm3). The

flux was calculated as:

q : v/(At)x100

where

I : flux (m/s)
v : volume of water drop (cm3)
A : cross-sectional area of sample (cmr)
t = time (s)

Unlike the other three samples measured, this saturated flow experiment was performed

outside the environmental chamber at room temperature (approximately z4c).

UnfortunatelY, the flow of water through the other three samples did not ahvays

move smoothly at gradients less than two. Because the samples were probably not
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compleÛely saturated and thus had not yet reached equilibrium, absorption of water would

periodically occur. As a result, water in the inflow and outflow capillary tubes would

flow in the correct direction for a short time, but at some point the air-water meniscus

in one or both of the capillary tubes would slow down and begin to flow in the reverse

di¡ection. There were times when this pulsating action of the meniscii could not be

visually deæcted but was displayed by the transducer as a series of cyclic high and low

readings. This was sometimes remedied by leaving the apparatus !o flow undisturbed for

one to three days, until flow was in the correct direction. Another hetpful strategy was

to begin the flow measurements with the meniscii at the centre portion of the capiilary

tubes to minimize disruption of the air columns. Unequal lengths of air columns between

inflow and outflow may affect pressure readings measured by the transducer. A

repeating cyclic pattern indic¿ted that the water passing through the sample required a

certain force to overcome the resistance imposed by the apparatus as well as the soil

sample itself. Any air trapped within the sample may be compressed and display elastic

forces, as may be the case for the plastic tubing connecting the sample to the glass

capillary tubes. Therefore, the water must overcome a repeating cycle of increased

resistance to flow followed by a period of low resistance. This phenomena could explain

the piston-tlpe movement, recorded by the transducer.

The fansducer is very sensitive to vibrations and jaming movements, so to

minimize reading fluctuations, foam was placed under the transducer and the capillary

tube apparatus. Occasional fluctuations in transducer pressure readings still occurred due

to bumping of the apparatus while taking measurements and from closing the door on the
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environmental chamber. Foreign material tends to collect at the ends of the capillary

tubes and impede movement of the air/water columns in this area. Also, not all water

is effectively removed when producing an air column in a capillary tube. Thus, thin

fi-lms of water remaining on the walls of the capillary tubes may coalesce to form water

drops in the air-filled portion of the capillary tubes which produce eroneous

measurements by the pressure tra¡rsducer. Therefore, care must be taken to ensure water

is kept out of the air-filled portion of the capitlary tube so that the air column remains

as one long, continuous bubble. A syringe or a piece of J-cloth with wire were effective

tools for water removal.

Usually six measurements of net meniscus movement in the capillary tubes were

timed in order to calculate the rate of flow through the sample at a particular gradient.

To do this, the cross-sectional areas of the sample and the capillary tube must be known.

The values calculated from the outflow capillary tube were plotted on a graph of the log

of hydraulic flux versus the log of hydraulic gradient. Similar plots of flux-gradient

relationships have been presented by Sri Ranjan and Karthigesu (1992), Sri Ranjan and

Gillham (1991), Dixon et al. (1993a) and Karthigesu (1994). Inrerprerarion of these dara

was based on Darcy's I¿w of water flow. If a series of IÇ, measurements for a given

sample yielded a straight line with a slope of one, then Darcy's I-aw was obeyed. If, at

the lower gradients, the series of points deviated from this line, then Darcy's I^aw

overestimated low gradient flow in clay soils, which is known as non-Darcian behavior.
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D. Electrical Conductivity/Soluble Salt Content

The amount and type of salts in the Montcalm and Warren soils were measured

to characterize the hydrotogic regime of each soil. The presence of salts also provides

clues Ûo the soil's moisture status and potential for downward flow of water.

Eleven samples of the cores obtained in 1993 from the two sites were made into

saturated pastes and filæred under suction in order to measure the electrical conductivity

of each filtraæ. The filtraæ samples were further prepared (diluted if necessary, treated

with Taz0¡) to measure the concentration of cations (ca**, Mg**, Na*) and anions

(SOo=' Cl', HCO3) using atomic adsorption for the cations and titrations for the anions.
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E. Thin Section Analysis

The core samples were examined in thin section to determine if nea¡ surface

slickensides a¡e formed by similar means as slickensides at depth.

Thin sections of eleven samples from both the Montcalm and Warren sites we¡e

prepared. The samples were saturated with aceûone tro remove the pore water. Once this

was complete, the samples were impregnated with resin to form hard blocks of soil. The

blocks were cut and polished into thin slides that can be viewed under a microscope or

image analyzer to examine soil fabric and pore cha¡acteristics. The samples analyzed

were:

Table 1. Samples used for thin section analysis.

Site and Year

Montcalm'93
Montcalm '91TH 2
Montcalm'93
Montcalm '91 TH I
Montcalm '91 TH 3
Montcalm '91 TII 1

V/arren '93
V/arren '93
Warren '93
Warren '93
Warren '93

Deoth lm)

0.2
3.8
4.8 - 5.5
4.9
6.4

13.1

0.1
0.3 - 0.4
1.0
4.0 - 4.1
5.4 - 5.5

Pedoloeic/Geologic features *

slickenside @ 30
biopores, root, fractures
2 slickensides @ 45,60"
slickenside @ 65'
slickenside @ 40o
slickenside @ 35'

slickenside @ 45"
2 slickensides @ 40,25"
matrix, carbonates, salts
clay/till interface
till/sandy till interface

*pedologic featu¡es refers to those features which are found within a I m deep control section
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Thin sections were observed under plane polarized light (ppl.) and cross-polarized

light Q(PL) for the number and type of voids, type of fabric, orienration of fabric,

illuviation of clay, and types of minerals present (Douglas, L. A. 1990; stoops and

Eswaran, 1986; Fitzpatrick, 1984).

An image processing system (Imagex), developed by Dr. L. I^amari of the

Department of Plant Science, University of Manitoba, w¿ìs utilized to photograph the thin

sections under plane light and to calculate the percent area occupied by voids (porosity).

Each slide was placed on a light table (orientation ¿urow pointing down so that image is

right-side up on the viewing screen) and viewed through a 100 mm macro camera lens

approximately 15 - 20 cm above the slide. The image of the slide was projected onto

a computer screen where it was frozen and the percent void space calculated.

F. Isotope Analysis of Pore Water

Tritium analysis of pore water is used to distinguish between waters of different

ages, which provides information on the hydrologic regime and the recharge potentiat

(penetration of recent water) in a given soil (uMA Engineering Ltd. , lggz).

Eight samples were measured to determine the tritium content, and thus the

relative age, of the pore water. The samples analyzed were:

- Montcalm 0.2-1.0 m
- Montcalm 2.8-3.2 m
- Montcalm 3.3-3.9 m
- Montcalm 5.5-6.2 m

- Warren 0.0-0.9 m
- Warren 2.3-3.1m
- Vy'arren 3.1-3.7 m
- Wa¡ren 6.1-6.5 m

Enough sample water was extracted from each sample to completely frll a I25 mL
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plastic bottle. The technique used by the Environmental Isotope Iaboratory to detect and

quantify tritium is known as liquid scintillation counting (I-SC), which has a lower limit

of detection of approximately six tritium units @rimmie et al. 1991.)

The analysis involved various treatment pathways according to the conductivity

of the sample and whether or not those samples with low conductivity are clear and

colorless. Distillation (if necessary) separates the salts from the water sample. The

sample was mixed with a low level tritium cocktail (Canberra-packard pico-fluor LLT)

which had a high carrying capacity for water and low background characteristics. The

laboratory standard contained tritium reference material diluted with background water

from a well with radiocarbon activify older than 3500 years and a conductivify less than

0.3 dS/m (Mary Ellen Patton, technician, Environmental Isotope I-aboratory, University

of Waterloo, personal communication).

The isotope to be traced was tritium (H¡, measured in tritium units (TU) which

is one tritium atom p¡esent for every 10tt atoms of hydrogen (tH) present. The half-life

of tritium was measured to be 12.3 years. Therefore, rainwater prior to 1952 was

estimated to contain 5-20 TU @ayne, 1972). Groundwater recharged before 1953 would

have 2-4 TU. Modern (post-1953) rainwater was measured between 50-100 TU

(Solomon and Sudicþ, 1991). Consequently, groundwater samples in which tritium

levels were greater than 5-10 TU would be considered "modern,' (post-1953).
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G. Determination of Age of Roots Using r¡C Analysis

Roots were carbon dated to determine the depth of rooting by modern plants.

Roots at depths well below the expected root zone for annual crops or native

grasses were found in two samples. One of the samples was a dense till sample from

SW 14-9-12E, approximaæly 3.5-3.7 m below the surface. Carbon dating of the roots

was conducted from this sample.
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RESI.]LTS AND DISCUSSION

I. Physical Featurrcs

A, Results - Montcalm Site

In the sixteen test cores from the Montcalm site, the texture was commonly heavy

clay, with occasional silt lenses which resulted in a silty-silty clay texture within 2 m

from the surface. Slickensides were found throughout the mapped area at various depths

(0.9 to 13.1 m) with greatest occurrence between 4 to 11 m below the surface (Fig. g).

Average angle of the slickensides was between 22 and 45 degrees, which remained

relatively constant regardless of depth (Fig. 9). Extremes in slickenside inclination

varied from 15 to 65 degrees from the horizontal. Gravimetric moisture content varied

from air dry (llVo) to saturation (60Vo), with the majority of the soil samples at a

moisture content of approximately 45 per cent.

Evidence of mottling in the form of iron and manganese staining was most

common a¡ound the 2 m depth. Carbonates were concentrated in silt lenses usually

within 2 m of the soil surface. Testing with dilute hydrochloric acid found carbonates

present in trace amounts below this depth. Overall salt content at the Montcalm site was

low, with electrical conductivities @C) from various cores and depths less than 1.3 dS/m

(Table 2).
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Figure 8. Distribution of slickensides at Montcalm site.
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Figure 9. Average slickenside angle at various depth intervals at Montcalm
site.



Table 2. Soluble salt analysis from the two sites.

Sample # Site Depth

Montcalm surface

Montcalm 1.5

Montcalm 3.2

Montcalm 5.8

Montcalm 8.2

Montcalm I1.5
Montcalm 13.0

Warren surface

Vy'arren 1.5

Warren 3.2

Warren 5.0

Warren 5.8

I
7

3

4

5

6

7

8

9

l0
1l

l2

Conductivity Ca+ +
(dS/m)

0.7 3.5

0.5 2.3

0.6 2.4

1.3 4.9

t.2 6.3

1.0 4.2

l.l 't.o

15.7 19.3

17.8 57.4

t2.9 28.7

6.t 10.3

5.8 9.9

Mg+ +

1.6

0.9

1.0

1.7

1.4

t.l
1.3

55.7

69.9

37.7

t3.l
7.7

Na* Total Cations SO4:
(meq/L)

6.4 N/A
4.8 1.0

6.1 5.8

12.3 11.6

13.6 10.5

9.6 4.2

12.8 7.t

176.4 66.4

223.8 96.7

131.5 55.4

74.2 26.4

64.2 23.3

1.3

t.6
2.7

5.7

5.9

4.3

4.5

101.4

96.5

65. I

50.8

46.6

cl- HCO3-

0.7

0.3

0.3

o.7

0.9

1.0

1.3

106. I
124.O

73.O

44.8

38.0

Total Anions

(meq/L)

N/A
4.8

6.1

12.3

13.6

9.6

12.8

176.4

223.8

l3 1.5

74.2

64.2

N/A
3.5

0.0

0.0

2.2

4.4

4.4

3.9

3.1

3.1

3.0

2.9

(Jrs
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Occasionally, salt deposits (gypsum) were found in old root channels; other samples

contained small satt precipitaæs throughout the soil matrix.

Roots, when present, occurred from the soil surface to depths of 6.5 m.

Generally, root abundance decreased sharply after 20 cm and again after 1.5 m. In some

instances, no roots could be found in an entire soil core. Root growth was most

restricted in those cores which contained high carbonates and prominent mottles within

the top 1 m of the soil profile. Old root channels frlled with gypsum, sodium sulfates

and sometimes partially decayed root material were found at 3-5 m depths in four of the

cores.

A brief summary of the core sample from Montcalm in 1993 showed the

following:

- slickensides were found much closer to the surface than previous samples
- average angle of the slickensides was 42 degreæs
- moisture content was approximately 35Vo in the top 2 m, and increased to an

average moisture content of 55 vo for the subsoil (Fig. 10a)
- weakly calcareous in the top I m, and except for small, occasional carbonate

lenses in the subsoil, carbonates decreased with depth
- evidence of mottling below 2 m
- electrical conductivity less than 1.5 dS/m at all depths
- roots were found in the top 130 cm, the bulk of which located in the top 35 cm
- nitrate-nitrogen less than 3 ppm throughout the profile.

Micromorphological analysis revealed features most indicative of slickenside

development occurred at depths between 3.8 and 6.4 m (Figs. 1l and 12). Above

3.8 m slickenside development was restricted because of large proportion of silt and the

calcareous nature of the material. Below 6.4 m (Fig. 13) slickenside features were less

common than above, suggesting that these forces were not strong enough to produce
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Figure 10. Gravimetric moisture content of continuous cores.a) Montcalm'93 b) Warren '93
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Scale: 5 cm = 0.1 mm

Figure 11. Sample 9351 @ 3.8 m depth under cross-polarized light (XPL).
Montcalm '91 - biopores, roots, fractures

Birefringent plasma clay oriented preferentially, approximately 30° from
horizontal; distinct circular regions fine to coarse grains of gypsum; nodules in close
association to pore space filled with gypsum crystals (formed in-situ) - may be
replacement features (a); occasional quartz of sand size; highly weathered mica remnants
in clay material; straight, horizontal channels with craze planes found near surface;
reddish-brown to black Fe/Mg oxide accumulations in upper portion of slide (b) 
diffuse, very rare concretions; diffuse mottles Fe oxides; also few reduced regions (light
gray) (c).
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Scale: 5 cm = 0.1 mm

Figure 12. Sample 9353 @ 6.4 m depth under XPL.
Montcalm '91 - slickenside with 400 L

All clay (slide orientation unknown - assume horizontal view); birefringent band
(d) due to swelling appears as plane closed due to plasma expansion between two blocks
of clay (e, 0; probable shear plane - orientation of clays different on both sides of plane
- pressure involved and possibly directed in different directions because of orientation 
could possibly be slickenside feature (but these usually associated with pores) - more
likely shear plane as portions can be matched up - probably the result of sediment being
laid down, very little to no weathering of mineral grains and high calcareous quality
suggests little soil formation; highly calcareous, very weak intersecting fabric, less
strongly pronounced than in Sample 9352 (Appendix C).
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Scale: 5 cm = 0.1 mm

Figure 13. Sample 9355 @ 13.1 m depth under XPL.
Montcalm '91 - slickenside with 35°£

Artifact from resin/epoxy of slide appears in shape of root (g); black deposit on
soil material is Mn (h), probably replacing deposit of organics when sediments laid
down; more crystals than in previous samples - fine sand and silt; some inclusions of
silt/sand sized material; no change in texture from Sample 9354 (Appendix C) 
calcareous; sediment (fragments of micas, clay nodules) very oriented, suggesting
possible mixing of sediments by water; superimposed onto this sediment some stress
planes (thin) crossing through at 25 - 30° to horizontal; large pores (probably cracks)
resulting from shrinkage of sample after sampling (expect sample to be fairly compact).

(See Appendix C for remaining micromorphology descriptions).
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shearing and thus create slickenside features. A less dynamic moisture status (ie. a

continuously saturated environment) may explain the reduced occuûence of slickenside

features at depths below 6.4 m. Within this depth range there are features such as

birefringent clay, oriented in a specific direction from the horizontal, with stress features

indicative of shrinking, swelling and shearing.

Isotope analysis of 3H revealed that nmodern" (post-1953) pore water was present

to a depth of 3.2 m below the soil surface (Table 3). Viith the exception of slickensides

slightly closer to the surface, this core is typical of the others previously sampled.

The presence of roots and "modern" water well into the soil profile, coupled with

few soluble salts and ca¡bonates, indicates an active zone of extensive downward

movement of water and groundwater recharge.

B. Results - Warren Site

The core sample from the Warren site had a clay-clay loam texture from the

surface to a depth of 4.1 m, where till was found. The till had a loamy texture with

increased sand content at 5.4 m depth. Bedrock was encountered at a depth of 6.5 m.

This core contained few slickensides which were confined to the top metre of the

profile, with an average angle of 34 degrees. Moisture content decreased sharply from

69% at the surface to20Vo in thetillat4.3 m depth (Fig. lOb, page56). Silr, sand and

gravel content was much higher in the subsoil (1-4 m depth) at Warren than at

Montcalm. The surface 20 cmwas moderately calcareous, which decreased only slightly
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in the subsoil and increased again in the till and bedrock. Mottles were observed at

1.5 m and continued to the bedrock. Electrical conductivity was very high at the surface

(15.7 dS/m) and decreased gradually with depth to a conductivity of 5.8 dS/m in the

bedrock. Micromorphologicat analysis found no evidence of slickensides because of the

high silt content, calcareous nature of the material, and lack of birefringent, oriented clay

(Figs. 14 and 15). 3H isotope analysis indicated that "modern" (post-1953) water was

loc¿ted within the top 90 cm of the soil profile. Roots were observed only in the top 90

cm of the soil. Nirate-nitrogen was less than 3 ppm throughout the entire profile.

These physical features showed that even though the rù/arren soil had a coarser texture

than the Montcalm soil, downward movement was more restricted in the Warren soil

because of the upward movement of saline groundwater into the soil profile.

Table 3. Isotope analysis of groundwater from both siæs.

Montcalm

Depth (m)

0.2 - 1.0

2.8 - 3.2

3.3 - 3.9

5.5 - 6.2

TU

29l.8

11+8

0

0

Warren

Depth (m)

0-0.9
2.3 - 3.1

3.1 - 3.7

6.1 - 6.s

TU

29+8

0

0

0
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Scale: 5 cm = 0.1 mm

Figure 14. Sample 9356 @ 0.1 m depth under XPL.
Warren '93 - slickenside with 45°L

Granular structure; granular units tend to be very rounded which may suggest
some movement (likely tillage); moderately calcareous; remnants of root material; very
organic rich; Fe/Mn oxide concretions (i); granic-porphyroskelic fabric with granic
dominates; smaller, more numerous voids (very interconnected vugs and channels)
because of granular structure.
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Scale: 5 em = 0.1 mm

Figure 15. Sample 9359 @ 4.0 m depth under XPL.
Warren '93 - clay/till contact

Porphyric fabric; sample contains more sediment than soil (unsorted); highly
birefringent because almost entirely calcareous; calcareous sand/gravel mixture (more
sand grains than above samples); lithorelic (j) (many colors under XPL) - fragments of
granite contain feldspar, quartz, olivine; possible evidence of twinning in feldspar - some
lithorelics are calcareous, bioclastic (fossils), limestone; no evidence of slickensides 
very little clay only in rare occurrences means this material will never get slickensides.

(See Appendix C for remaining micromorphology descriptions).
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C. Discussion

The depth at which many of the slickensides occurred in the Montcalm soil was

much deeper than previously predicted by several researchers (Dudal and Eswaran, lggg;

Yaalon and Kalmar, l97B; white, 1967). Furthermore, the average angre of the

slickensides does not change noticeably with depth, contrary to predictions by Dudal and

Eswaran (1988). Based on the core analysis, it appears that the presence of small

amounts of salts, carbonates and silt does not directty inhibit slickenside formation, as

long as montmorillonitic clay remains the dominant fraction. Groundwater movement,

wetting and drying cycles and degree of swelling appear to be the most probable

dominant factors determining the location of slickenside formation.

The presence of slickensides at depth raises some interesting scenarios. The

formation of slickensides at depths greater than two metres must occur by some means

other than the pedoturbation model @uot et al. 1980). Reduced soil colors indicate that

the average depth of oxidation/reduction in these clays is 5.5 m. The fact that

slickensides were mapped well below this depth (Fig. g, page 5z), in the presence of

blue/grey mottles, indicates that they can form and have formed in a continuously

saturated environment. This scenario would eliminate shrink-swell processes as a factor

of their development. Thus their origin must be attributed to other geologic processes.

The uniformity of texture, as indicated by a uniform moisture content @ig. 10a, page

56) with depth would ænd to minimize the effects of natural differential loading as a

factor in slickenside formation.
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A possible mechanism that could create an environment conducive to slickenside

formation involves the overall hydraulic gradients of the a¡ea. The long term downward

drainage t'?ical of groundwater recharge could promote greater dewaûering than

replenishment from incoming water. Yuen (1995) discussed the various shrinkage phases

of clays during desaturation. Structural shrinkage was the first type of shrinkage

undergone by a saturated clay. Structural shrinkage involved the removal of water from

'stable volumen macropores, in which the resulting water volume loss was greater than

the decrease in soil volume.

The greatest amount of cracking and volume change occurred during normal

shrinkage, the shrinkage phase where the decrease in soil volume was equal to the

volume of water lost. During this stage water was removed from the "variable volume,,

pores of aggregates, which remained ñrlly saturated while they decreased in volume.

Residual shrinkage, similar to structural shrinkage, occurred when water was lost

from "stable volumen micropores. At this stage, volume change associated with water

loss was greater than the observed volume change in the soil due to the entry of air into

the ¡nres.

The final stage, known as the no shrinkage phase, was encountered as soil

particles reached their densest configuration. Any subsequent loss of water was equal

to an increase in air volume.

This bDical series of shrinkage phases (Figure 16) may assist in our

understanding of slickenside formation. Stresses induced by collapse of the interstitial
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('variable volume") pores through drainage and normal shrinkage could result in

development of stress-induced slickensides. This stress-induced origin may be analogous

ûo those developed as a fi¡nction of the "ripening of sediments" referred to by Ahmad

(1983). In this case the formation of slickensides would be a one time event with their

subsequent preservation as a natural characæristic of these materials. The lower pore

water pressures in downward gradient environments may also explain the absence of

slickensides in clay sediments containing relatively higher pore water pressures in upward

gradient environments as occur at the warren sample site.

Yuen (1995) also noted that after shrinkage and re-wetting of Iake Agassiz clays,

volumes of the clay specimens were 15% lower than initiat volumes, and their diameters

were 4 Vo smallet than their initial diameters. It was apparent from these observations

that cracks formed in-siru in these clays do not fully heal. The formation of these cracks

may be a factor in serving as planes of weakness for slicknside development (Ahmad,

1983) or as cracks which may be infilled and produce slickensides as described by the

pedoturbation model @uol et al. 1980). Micromorphologicalanalysisof thin sections

from cores taken from each site was inconclusive in distinguishing between slickensides

formed near the soil surface and at depth. Since the thin sections display only a fraction

of the entire soil sample, the chances of having the face of a slickenside show up on a

thin section sample were remote. However, some of the thin sections did show evidence

of conditions conducive to slickenside development. Evidence such as birefringent clay,

stress features due to shrinking and swelling, shear planes and re-orientation of clays in

various regions suggest slickensides could develop at these depths.
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The presence of slickensides is related to the physical and chemical characteristics

of the clay. Bas€d on the micromorphology of the thin sections and the physical

characteristics of the soils of the Montcalm profiles, the levels of silt and calcite were

not too high to impede slickenside development (Fox, 1995, personal communication).

The V/a¡ren profile, on the other hand, was not expected to have any slickensides present

because of the high conænt of coa¡se, calcareous material present in the subsoil. Visual

analysis of the cores may have identified features that appeared to be slickensides but

may have actually been stress and sheð features caused by tillage or by removal of the

core from the drill sampler. Some of these features originally referred to as slickensides

did not completely intersect the soil core and did not have a flat surface, even though

they were shiny in appearance.

The occurrence of slickensides at the Montcalm site at such great depths is also

a counter argument against the direct correlation between slickensides and development

of surface gilgai @uol et. al. 1980). Unfortunately gilgai features are not evident at

either site, probably due to cultivation and landscaping.

Based on the physical evidence of the cores, clay soils at both the Montcalm and

'IVarren sites could be classified as either Humic Vertisols or vertic intergrades of other

soil orders, depending on the degree of near surface shrinking and swelling that is

evident in these soils. Both soils have slickensides within 1 m of the surface, even
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though they have different hydrologic regimes. Isotope analysis indicates contrasting

hydrologic regimes between the two sites since the movement of ,,moderl,, (post-1953)

lnre watrer into the soil is limited to the top metre of the profile at the Warren site, even

though this soil has a coarser texture than the soil at the Montcalm site. Restricted

movement of meteoric water into the soil is characteristic of a high water table. The

upward gradients of groundwater and salts at the Warren siæ may restrict slickenside

formation because the soil moisture content remains high (near saturation). Slickenside

occulTence is much more extensive at the Montcalm site where the water table is lower

and near-surface moisture conditions are more dynamic.

E. [nplications for ]Vlanagement

1. Engineering. Slickensides may be indicative of a long-term recharge zone in the soil

that has had unsaturated regions in the subsoil at some time in order to have shrinking

and swelling of the clay once the soil was rewetted. Slickensides may provide clues as

Ûo the relative stability of the soil and the potential for formation of preferential pathways

in the soil.

Placing certain clay soils in an order separate from more coarse textured soils

identifies a difference in engineering properties. These soils have unique characteristics

which affect their suitability for waste management and the size of loads they can

withstand in the form of roads and buildings.
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2. Agriculture. Clay soils which possess vertic properties, once classified under the

Chernozemic, Luvisolic, Gleysolic or Soloneøic Orders, may now meet criteria for a

Vertisolic Order. Many of these soils are now classified under the Vertisolic order

because of the Presence of slickensides and a vertoturbic horizon that overrides the

identification of other diagnostic horizons. Creating a new order for soils with

well-developed vertic properties also acknowledges the differences in soil formation,

leaching poæntial and shrink-swell poæntial from soils of other orders. placing these

soils in a different order may further distinguish them from other soils used for

agricultural purposes. It has been realized that clay soils require special management

practices for fertilization, tillage, seeding depth, and erosion control.

The creation of a Vertisolic Order with vertic intergrades in other orders would

make a distinction between clay soils that have a high shrink-swell potential and clay

soils which do not. In the case of agricultural soils, the Vertisolic Order would separate

high shrink-swell clay soils used for agriculture from the coarser-textured agricultural

soils. These distinctions should make it easier to develop recommendations for

m¿rnagement more suited to the heavy clay soil types.
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II. Macropore Flow Phenomenon

The Red River and Dencross soils studied in the previous section were used in

the laboratory ûo measure Ç,. The area sampled at the Montcalm site was seeded to

sunflowers in 1993. In previous years, the soil had been seeded to traditional crops such

as cereals and canola. In contrast, the V/arren site had been seeded to a mixture of salt

tolerant grasses with sod-seeded alfalfa. Ç, was measured on these two soils to compare

water movement in soils with different physical properties and contrasting hydrologic

regimes. A Black I¿ke soil was included in the study to assess the effect of crop

rotation/tillage on K* in a given soil.

The Black l¿.ke Series (well drained Cumulic Regosol) had a silty clay-clay

texture, non-saline, few localized ca¡bonates, and no slickensides found within I.2 m of

the soil surface. Soil structure and distribution of roots and cracks varies spatially and

with cropping practice (Appendix B).

A. Guelph Pemeameter Field Measurements

1. Results. Figure 17 depicts the saturated hydraulic conductivity of a Black I-ake

Series Qog scale) as affected by depth and crop rotation/tillage practice. At 25 cmdepth,

average hydraulic conductivity on the alfalfa-atfalfa plots was nearly two orders of

magnitude higher than any of the other crop rotations. Hydraulic conductivities of all

other crops tested differed little from each other. The increased flow rate through the
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soil is the result of numerous shrinkage cracks more than I cm wide at the soil surface

which extend well into the soit below the 25 cm depth. This clay soil consists

dominantly of montmorillonile, which is responsible for the extensive cracking under dry

conditions. The high demand for water by the atfalfa crop is also responsible for the

production of the shrinkage cracks, as this treatment consistently displayed lower water

contents than the other treatments. Biopores and root channels are expected to be more

numerous and more effective in the alfalfa-alfalfa rotation than in the other treåtments

because of the absence of disruptive tillage practices.

At 50 cm depth, the alfalfa-alfalfa and alfalfa-wheat rotations had soil hydraulic

conductivities approximately one to two orders of magnitude greater than the rotations

which have not recently been seeded to alfalfa. No explanation at this time could

describe the low Ç, value for zero tilt wheat at 50 cm other than the natural variability

of the experiment.

At 75 cm below the soil surface, there is a gradual decline in K"", among the

different crop rotations/tillage practices. Roughly an order of magnitude separates the

maximum and minimum values for this depth. Such a trend may be explained by the

decrease in root channel and biopore activity at this depth from a large tap root system

to a fib¡ous root system to a system with no recent roots at all.

It should be noted that the summerfallow treatment served as a long-term check

and may not accurately represent agriculture practices in which summerfallow is

practiced every second year or on a less frequent rotation.
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2. Discussion. Based on the saturated hydraulic conductivit¡r values, it is apparent that

macropore flow, and subsequently rapid infiltration, is most likely to occur on the alfalfa-

alfalfa rotation or the alfalfa-wheat rotation. Alfalfa, with its perennial growth habit,

deeprooted tap root system, and high demand for water, coupled with no tillage during

its establishment, is responsible for the development of effective, stable macropores.

Surface-applied fertilizers, pesticides and manures must be applied with care on sites with

extensive macropore development. The potential for macropore flow to occur is not

limited to only alfalfa sites, but also for other sites in which alfalfa has been extensively

used in recent crop rotations. Subsoil and groundwater contamination are possible on

soils with well-developed macropore networls. Excess surface moisture conditions could

dissolve contaminants and carry them downward in the macro¡rcres towards the

groundwater.

Since zero tillage takes several years to establish its effects of increased

infiltration, hydraulic conductivity on this site remains low, similar to the summerfallow

siæ. These types of management show little evidence of macropore flow, and surface

ponding and/or runoff are more likely to occur. In these instances, erosion control,

drainage and salinity prevention are the management practices that need to be addressed

because the infiltration capability of soils with few or no macropores is easily exceeded.

In order to model the effects of macropore flow, measurements of soil matrix

flow need to be conducted in conjunction with totat flow values as determined using the

Guelph Permeameter. The author suggests future research utilize both a Guelph

Permeameter and a tension infiltrometer or falling head permeameter to determine the
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relative contributions of matrix flow and macropore flow to total flow. This research

could aid in developing a model that can predict the hydraulic conductivity of a soil

based on its porosity and structure.

Darcy's I-aw is written in the form:

Q: K (H2-}J)lL

where
q is the flux;
K is the hydraulic conductivity;
(H2 - Hr)/L is the hydraulic gradient.

This can be translated into a relationship where the flux is directly proportional to the

hydraulic gradient, with the hydrautic conductivity serving as a constant of

proportionality. Therefore, if water moving through a saturated sample obeys Darcy,s

I-aw, the plot of saturated flux versus hydraulic gradient for the sample in question yields

a straight line with a slope of one.

Dixon (1995) pointed out that there may be instances when the flux-hydraulic

conductivity relationship deviates from Darcy's I-aw (stope É 1) but eventually returns

to a Darcian relationship (Figure 18). The shift in the location of the l:1 relationship

is interpreted as the change in the pore space available for flow. The cause of this

phenomena may be similar to the change the "variable volume" of pores during normal

shrinkage, as described by Yuen (1995). In this instance, however, the change in pore

volume is due to the amount of structured water present, which influences the effective
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Figure 18. Theoreticar plot of iog-flux versus iog-hydrauric gradient (Dixon,
199s).
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pore size of the specimen (Karthigesu , l9g4).

1. Results. Figure 19 is a plot of the log of flux versus the log of hydraulic gradient

conducted on a sample from one of the drill logs at the Montcalm site. This sample most

vividly displays the effects of low-gradient flow on the flux in clay soils. At hydraulic

gradients greater than one, flux values at each gradient were nearly identical, regardless

of whether the gradient was increasing or decreasing. This series of measurements at

gradients greater than one form a very straight line relationship, as predicted by Darcy,s

I-aw. Linear regression analysis of these points produced an R2 value greater than 0.99

and a slope of approximately 1.2. However, at hydraulic gradients of one or lower,

there was a greater discrepancy between increasing and decreasing gradient flux values.

Therefore, the critical hydraulic gradient (i.) for this sample occurs at a hydraulic

gradient of 1.0 (Yuen, 1995). Measurements of K-, at gradients less than one produced

a downward deviation from the straight line relationship with slope = 1 predicted by

Darcy's I¿w. This non-Darcian behavior was attributed to the formation of a hydration

shell in close proximity to clay particles. The attraction of clay particles for water

molecules results in a portion of the soil water becoming immobile during low-gradient

flow, and therefore water movement through the soil is less than what Darcy,s Iaw

predicts (Karthigesu, 1994). Thus if low-gradient flow occurs in the field in the absence

of macropore flow, flux values could be up to an order of magnitude lower than those

predicted by Darcy's I:w.

Average flux relationships of all four samples tested are depicted in Figure 20.
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determination.
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There appears to be a Fend of decreasing hydraulic conductivity with increasing depth,

which is expected since root and faunal activity (macropore production) also decrease

with depth. All samples appear to closely follow a Darcian relationship at high

gradients, but flux values, below critical hydraulic gradients of 1.0 - 1.5, deviate from

this relationship and variability of the measurements increases. Samples from the Warren

site have higher flux values than the Montcalm samples (Fig. 20, page 79), due to

increased macroporosity. this was confirmed by particle size analysis þipette method),

in which there were no significant differences between the samples. @efer also to

Appendix A).

Table 4. Average particle size anarysis for samples in laboratory K*,
determination.

SiIe

Warren

Montcalm

Warren

Montcalm

Deoth lm)

0.6

1.7

3.9

13.3

% Sand

1.5

6.0

14.0

0.5

% Silt

15.5

15.0

20.0

20.s

Vo Clav

83.0

79.0

66.0

79.0
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2. Discussion. The saturated hydraulic conductivity (m/s) obtained in the lab were

compared with those obtained in the field from previous engineering and soil survey

reports on the sites. Hydraulic conductivities at the Montcalm site were calculated

in-sin using the rising head test described by Hvorslev (1951). The values obtained

from this test were approximately lûrom/s from various depths in the ctay (UMA

Engineering Ltd., 1991). Hydraulic conductivities at the Warren site varied from l0{
to 10-t m/s within 1 m of the soil surface to approximaæly 1Ot0 m/s in the clay to

10-E m/s in the till (Fitzgerald, 1993).

Laboratory measurements of hydraulic conductivity closely resembled the field

measurements of each sample measured at high gradients in this instance. The effects

of temperature diffe¡ences, sample size, sample disturbance during collection and

continuity/discontinuity of pores ma¿ result in discrepancies between field and laboratory

Ç, values.

C. Measurement of Salts present in the Soil

Electrical conductivities of the samples and the relative quantities of anions and

cations in each sample are displayed in Table 2 (çtage 54). overall salt content at the

Montcalm site was low, with electrical conductivities @C) from various cores and depths

less than 1.3 dS/m.

Salt content at the Warren site was very high at the surface. An electrical

conductivity of 15.7 dS/m was measured, which decreased gradually with depth to a
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conductivity of 5.8 dS/m in the bedrock.

D. Thin Section Anal-vsis

Analysis of the percent porosity of various thin sections provided clues to the rate

of flow through specific portions of the soil. However, care must be taken in assessing

potential flow based on the porosity of thin sections. If the pores are not continuous to

the soil surface or if they tend to narrow off at "¡)ore necks", then flow potential through

these areas of the soil could be overestimated. Caution must also be excercised in

distinguishing a native pore or channel in the thin section from an air bubble or crack

that forms as a result of thin section preparation.

A comparison of the porosity of the surface samples from both sites (Montcalm

at 0'2 m and Warren at 0. 1 m) showed similar pore shapes and configurations with little

difference in percent void area - 21% and 15 % respectively. The pores in both samples

consist largely .gl1gfg.nlecredrug s and channels (Fig. 2 I ).

Fig.2la. Sample 9350
Montcalm @ 0.2 m
20.8% void area

Fig. 21b. Sample 9356a
Warren @ 0.1 m
14.6% void area

1cm:1.3
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Trends which appeared in the Montcalm profile indic¿ted that porosity was

highest in areas where plant roots and root channels, biopores and fractures were evident.

These features coincided with noticeable structural development - usually weak to

moderate, fine to medium subangular blocky structure

Soils in the Field, Canada-Manitoba Soil Survey, Igg2). Areas of low porosity and

massive structure were commonly found at depths where slickenside activity was

greatest.

In the Wanen profrle trends were more difficult to distinguish. It was difficult

to interpret because certain light-colored minerals may have been classified as voids.

Porosity may have been overestimated because of the abundance of light-colored

minerals. Highest porosity was located at depths of high biological activity; lowest

porosity occurred in the tilt which contained considerable amounts of varved clay that

showed evidence of distortion due to sediment p¡essures.
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Table 5. % Area occupied by voids as calculated by Image Analyzer
(Noæ: Successive measurements from the same orþt" are taken ãt increasing depth).

Samole

9350
9351
93s2
9353
9354
935s

9356a
9356b
9357
9358a
9358b
9358c
93s8d
9359a

SrE

Montcalm
Montcalm
Montcalm
Montcalm
Montcalm
Montcalm

Warren
Warren
Wa¡ren
Warren
Warren
Warren
Warren
Warren
Warren
Warren
Wa¡ren
Warren
Warren
Warren
Warren
Warren

Deoth lm)

0.2
3.8
4.9
6.4
5.2

13.1

0.1
0.1
0.6
1.2
1.2
t.2
1.2
4.1
4.1
4.1
4.1
5.5
5.5
5.5
5.5
5.5

% Yoid Area

20.8
23.7
3.3
4.5

18. I
10.8

14.6
15.9
33.6
22.3
11. I
13.0
8.7

9359b
9359c
9359d
9360a
9360b
9360c
9360d
9360e

11.2
13.8
r0.2
27.9
9.3

13.8
28.4
0.6
8.8

(See Appendix D for remaining images).
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Roots from a dense till sample from SW L4-g-lz9were carbon dated. Essentially

none of the ca¡bon-l4 present in the roots had undergone radioactive decay. The relative

age of the roots were measured to be 10g.4110.71 per cent modern. This indicates that

these roots found approximately 3.5-3.7 m below the surface are relatively young Qess

than 50 years old) and slow-growing. Therefore, it is possible for roots of modern plant

species to penetrate into dense subsurface materials over time. potential for leaching of

materials through dense materials via root channels is greater than initially assumed.

F. Implications for Management

The results of measuring K-, in the field on a soil series under various crop

rotations/tillage practices verifies that management and recent history of management

practices strongly influence the inf,rltration rate of a clay soil. It is unclear whether

management practices, such as growing alfalfa, would dramatic¿lly increase the hydraulic

conductivity of a coarse textured soil; however, for fine textured soils, in which water

movement could be greatly restricted because of low matric hydraulic conductivities, the

ability to increase macro hydraulic conductivity by more than an order of magnitude

using different crop rotations and tillage practices demonstrates the need for responsible

management of these soils. Not only must the inherent properties and production

capabilities of a soil be considered, but also the past and present management practices
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imposed on the soil.

If the inñltration and drainage of these soils is to be improved, then it would be

advisable ûo reduce or eliminate tillage and establish perennial crops with deep, extensive

root systems and a high demand for water, such as alfalfa. Susceptibility to erosion of

any kind will be low and infrltration will be increased. These types of effects could be

established on a reduced scale using perennial grasses or continuous cropping with zero

tillage. The risk of this type of management is that with increased infiltration comes a

higher potential for leaching of surface-applied substances, such as pesticides, fertilizers

and manures. Care and proper timing in applying these amendments to the soil must be

exercised even for some time afær the establishment of crops and practices that initially

improved the inf,rltration of the soil.

In order to reduce the effects of leaching, practices that limit the initiation of

macropore flow should be implemented. I¡gan and others (1987) suggested the

implementation of more effective methods to limit macrollore flow, such as point

injection of fertilizer and the lifting and replacing of mulch during pesticide application

to incorporate chemicals without incorporating residues. By injecting the ferttlizer

solution directly into the soil matrix, leaching as a result of macropore flow will be

greatly reduced. Another means of preventing leaching in soils with low residue crops

is through the use of wide-blade cultivators (noble plows). This tillage practice cuts off

some the root channels and other macropores from the soil surface, as well as providing

chemical-free weed control and maintaining adequate residue cover for erosion control.

For crops that produce large quantities of residue, such as cereals, conventional tillage
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methods that incorporate some of the residue while disrupting macropore continuity are

adequaæ.

If these soils a¡e to be used as impermeable barriers for waste confinement, then

management practices must be employed that will impede inñltration in favor of tocalized

runoff and containment. Addition of soil amendments that favor dispersion of soil

colloids, compaction, tillage, removal of excess water and establishment of shallow-

rooted plants all contribute towards minimal leaching in these soils. The risk in

implementing the above practices is the increased risk of soil erosion by water, since the

bulk of the water is not entering the soil, but leaving as surface runoff. Erosion control

measures other than plant cover may be used to maintain a low leaching potential, such

as artificial covers and structures which hotd the soil in place.

The difficulty in managing clay soils as either well-drained soils or impermeable

barriers is the lack of conf,rdence in assessing the actual hydraulic conductivity of the

entire soil due to the spatial variability that occurs in these soils. Regardless of the

management practices employed, the leaching potential of the soil is dependent on the

size, continuity and number of channels present in the soil. Since a contaiminant needs

only one continuous macropore to favel through in a significant quantity to reach the

groundwater, the focus in analyzing the leaching potential of soils must shift from finding

the average rate of infiltration to determining the worst case scenario - the maximum

possible rate of infiltration. To determine such a rate, the maximum rate of macropore

formation and how long such macropores cân senre as effective transmission pathways

under various management practices must be known. Further study must be conducted
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on resilience of various t¡pes of macropores under several management practices.

Development of non{istructive means of measuring macropore formation under various

tlpes of tillage/cropping practices would be the ideal procedure for studying this

phenomena. For example, if it were possible to discover or synthesizÊ aÍtinert, non-

t'oxic hacer whose mobility was similar to water or constituents we wish to study, tests

to identify macropore netwo¡ls would be greatly simplified.
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CONCLUSIONS

I. Vertic properties

The purpose of this study was to compare several properries of two clay soils

from the Red River Basin, one from a groundwater recharge area and the other from a

discharge area, to determine whether these soils would meet criæria for Vertisolic soils.

The presence of both a slickenside horizon and a prominent vertoturbic horizon are

required to classify soils under the Vertisolic order.

The presence of slickensides in both soils confirmed that these soils could be

classified either as Humic Vertisols or Vertic Black. Whether these soils are classified

in the Vertisolic order or as vertic intergrades of other orders depends on the degree of

expression of the vertoturbic horizon. Evidence of horizon disruption in the form of

tonguing was recognized in the Red River soil (UMA Engineering Ltd., 1991).

Therefore, the Red River soil could be classified as a Humic Vertisol. However, the

Dencross soil, due to lack of distinct slickensides present in the profile and due to

shallow cracking would be classif,red as a vertic Rego Black.

The cores of the Black I¿ke series did not contain any slickensides, nor was there

evidence of deep vertical cracking (pedoturbation). It was expected that this soil would

remain in its present classification as a cumulic Regosol.
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More research is needed to develop a model which better explains the genesis of

slickensides at depths greater than 2 m, the effects of slickensides on gilgai development

and the effects of other factors such as groundwater movement on slickenside

development.

If. Macropore Flow phenomenon

Based on the saturated hydraulic conductivities observed in Black Iá.ke, Red River

and Dencross soils, there is potential for macropore flow to occur in clay soils nea¡ the

surface as a result of recent and ongoing management practices, such as crop rotations

and frequency of tillage. Alfalfa stands exhibit the strongest potential for macropore

flow of all the observed management practices, with near-surface saturated hydraulic

conductivity values more than an order of magnitude greater than the other treatments.

These effects of alfalfa on soil porosity and hydraulic conductivity were evident one year

after the alfalfa crop was removed and may remain for some time beyond one year.

In this study it has become apparent that measurement and prediction of hydraulic

conductivity in clay soils is more diff,rcult than for coarser textured soils. Measurements

of low-gradient matrix flow in clay soils were lower than predicted by Darcy,s law.

Macropore flow does not result in a deviation from Darcy's Iaw, but rather an upward

shift of the 1:1 straight-line relationship, when compared to a similar soil in which

macropores are absent. Flow was higher than that expected for a clay soil at all

gradients, as a result of the presence of macropores.
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To adequately assess the risk of groundwater contamination on a particular soil,

all factors that influence macropore development and bypass flow must be considered.

Table 6 is a generic guide in assigning an overall risk for a soil based on several soil

properties. Many of the boundary conditions which define whether the risk is low,

moderate or high were a¡bitrarily assigned, and therefore could be subject to ûesting and

revision. rn addition, not all properties carry equal importance in risk assessment. For

instance, texture would be more important to consider than slickensides, because coarse-

sized separates would contribute more to rapid movement of materials than numerous

slickensides formed in heavy clay soils under confining pressures. Research and testing

is suggested to develop weighting factors for the individual properties. The purpose of

this table was to ensure that several soil properties were considered before making any

recommendations pertaining to the management of these soils where groundwater

contamination could occur.
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Clay Mineralogy

a) type

b) EC to 120 cm

a) abundance

b) continuity

IÇ, < l0€ m/s

low shrink-swell

a) abundance*

b) continuity

a) abundance*

b) continuity

soil peds remain as intact
core

( 30 cm long

Depth to Water Table

a) depth

b) angle

c) number

K*, 10" - lO-tm/s

Micromorphology

monovalent salts that favor dispersion

4-8dS/m

'Refer to

near field capacity

few

( 30 cm long

some soil @s fall apart from core

) 4mbelowzurface
(geologic)

< 45'(horizontal
movement favored)

< shrt

a) fabric

b) orientation

30 - l0O cm long

> 2mbelowsurface

few/plentiful

< 100 cm long

'modem' water confined
within 3 m of surface

(slow recharge)

K-, > lû5 m,/s

plenriful

30 - 100 cm long

divalent salts that favor flocculation

0-4dS/m

near wilting point

2-4mbelowsurface

5 - l0/m2

peds fall apart; core loses shape

> 100 cm long

'modern' water confined within I m
of surface (discharge)

Canada-Manitoba Soil Survey, 1992.

abundnnt

> 100 cm long

( 2 m below surface (pedogerdc)

) 45" (vertical movement favored)

> l0/m2

around porcs and cracks only

abUndnnt

100 cm long

12m trelow surface

'modern" water relatively
unconfined (rapid recharge)

coarse

highly oriented
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toThere are many factors that require a more complete understanding in order

quantify and accurately predict water movement through soil with macropores.

one of the difficulties in measuring hydraulic conductivity in soil with macropores

is spatial variability (Neuzil, 1994). Depending whether the Guelph permeamerer, or any

apparatus used to measure ín-situ hydraulic conductivity, intersects a macropore or is

confined within the soil matrix, the value of the hydraulic conductivity of the soil may

vary by one or two orders of magnitude. Thus, depending on the intensity of

macropores present in the soil, hydraulic conductivity may change within a few

centimeters across the soil. As a result, average values for hydraulic conductivity may

have little significance. Similarly, in micromorphological analysis of thin sections, the

area observed is very small compared to the area of the entire soil core. Therefore, even

within the soil core, spatial variability limits the reliability with which thin sections may

be used to determine the porosity of the soil or the presence of slickensides or other

vertisolic properties in the soil. What is needed is a more accurate method for measuring

and predicting flow through clay soils that accounts for the tremendous influence of

spatial variability. To evaluate risk for contamination, it may be more important to find

the maximum hydraulic conductivity of the soil rather than an average hydraulic

conductivity.

The resilience of tubular channels (biopores, root channels) in clay soils is an

important factor affecting macropore flow. Pores developed from bio-activity ¡emain

open below the plow layer and may serve as effective transmission pathways even if the

soil is relatively moist. Unlike planar shrinkage cracls, the tubular shape of these pores



94

resists closure as the soil is wetted and swells @rewer, ß6/;). Knowing the lifespan of

tubular pores would have implications for the long term hydraulic conductivity of the

soil.

The field and laboratory experiments both revealed a decrease in hydraulic

conductivity with increasing soil depth. This indicates that macropore pathways

terminate graduatly at some point in the soil, usuatly in the oxidized zone above the

water table. Discontinuities in macropore pathways can also occur as a result of tillage

and slickenside activity. To what degree macropore discontinuities affect flow through

macropores needs to be observed more closely @hlers, 1975; Logsdon et al. 1990).

This could determine if breaks in macropore pathways of various sizes at various depths

are more effective than others in reducing macropore flow.

The nature of the liquid being transmitted through the soil must also be addressed

when assessing flow rates. Temperature and its influence on the viscosity of the liquid

must be considered. If the liquid was something other than water, then factors such as

solubility in waûer, polarity, and relative stability in oxidizing and reducing conditions

to accurately predict rate of movement through a given soil.

Finally, there is a great deat yet to be learned about flow through macropores.

It is a challenging concept in that a fraction of the total number of pores is responsible

for the majority of fluid transmission. The difficulties in measuring and predicting flow

rates through clay soils with macropores require more understanding of the complex

nature of the soil and a new appreciation for managing clay soils, both in an agricultural

and in an environmental setting. CIay soils should no longer be assumed to be
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impermeable barriers; they should be managed responsibly with the realization that these

soils can also allow potential contaminants to be leached to the groundwater.
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T€st Depth Effervcsccr¡cct Moist colø Mofll.,^ slickcnsidcs Texû¡re st,uch¡reM Roors.* pøositlaM satt¡ Nd€sHole (m) (Io%Hclær), (loc¿tiorU angle)

I 0.0.8 W (0a.1 m)

M (0.1{.35 m)

I 0.8-t.5 M

1 1.5-2.3 v

I

I

I

I

2.3-3.O

3.0-3.8

3.84.6

4.6-5.3

5.36.t

6.14.9

6.9-7.6

7.6-8.4

8.+9.t

9.1-9.9

9.9-1o.7

t0.7-l L4

lt.4-12.2

t2.2-13.0

13.0-t3.7

loYRzl FFD_!0YR6/6 _ sic M MC SB

l0YR4ß

l0YR4ß cFDroYRS/6 _ sic MCSB
l0YR4ß CMP-5YR5/S - sic w FM SB

w

v
v
v

2.5Y4/2

2.5Y2.5/2

2.5Y2.5/2

5Y3t2

5Y3/2

5Y3/2

5Y3/2

5Y3/2

5Y3/2

sY3t2

sY3/2

5Y3/2

sY3/2

5Y3/2

sY3/2

Appendix A - Drill Log Examination

v
v
v
v
v
V

v
v
v
v
v

FFDIOYR5/6

FFÙz.5Y5/6

FFP.sYR3/4

FFP.IOYR5/6

35 crrL 50

sic

c
c

c

c
c

c

c

c

c
c
c
c

c
c

SL.MA

SL. MA

SL.MA

SL-MA

SL-MA

SL-MA

SL-MA

SL-MA

SL.MA

SL.MA

SL-MA

SL-MA

SL.MA

SL-MA

SL-MA

FFI AF/VF, Êacü¡¡rs

VF F/VF I A F/VF, fractures

A F/VF, frac{u¡es

F F/VF, ñacture¡

F F/VF, ñacùrres

F F/VF, ña¡â¡¡es

VF VF, Êacü¡res

VF VF, ñacû¡¡es

VF VF, Êa¡fu¡es

VF VF, fracû¡res

VF VF, Êactures

felv fractures

few ftactures

fractu¡es

few fi'actures

fer¡, Factures

few fractures

few fractures
l8 crn,35

brovm-bl¡ck *aim
in upper l5 cm

u,fütc ca¡bonales

wt¡itc c¡¡bmaes

wùitc ca¡borutcg

white ce¡ùon¡es

white ca¡bo¡r¡tes

*-r""*

hor fraaures cvery
8-10 cm

o5



T€st Depth Efferuesccnc€t Moil colo¡ Moüles^ slickensidð Texturc strucû¡fÊM Rooß*r poroeitr^ satls Not€s

2 0{.8 N/O

0.8-1.5

t.5-2.3

2 2.3-3.0

2 3.0-3.8

2 3.84.6

2 4.6-5.3

2 5.34.1

2 6.14.9

2 6.9-7.6

2 7.6-8.4

2 8.+9.1

2 9.1-9.9

2 9.9-10.7

2 to.7-11.4

2 ll.+12.2

2 12.2-t3.o

2 l3.o-t3.7

N/O

N/O

N/o

N/O

N/O

N/o N/o

N/o N/o

Nio N/O

N/o N/o

N/O N/O

N/O N/O

N/O N/o

N/O N/O

N/O

N/O

N/O l5 c:lt\20

45 crn,30

25 qtl'25

30cra l5

¿10 crL 45

40 cm,4{)

50 cr4,l0

55 ctn,30

20 ct¡140

30 ø4 30

20 cra 30

35 cnl25

40 cr4 60

N/O

N/O

N/O

N/O

N/o

N/O

N/O

Nio

N/O

N/o

N/O

N/O

N/o

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/o

N/O

N/O

N/O

N/O N/O

N/o

N/O

N/O

N/O

N/O

N/o FFI(o-tJcm) FvT

VT F I et5crn)
N/O _ vFvF
N/O - exthorfracturcs

N/O

Nio

N/O

N/O

N/O

N/O

N/O

N/O

N/o

N/o

N/O

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/O

- eri v€ft fract¡-¡res

F FM(root ch) VF VF, fr¡cû¡rec

!TFM(rootÐ VFVF,frech¡rcs

- smsll sand leftses

- sÍlåll sand lenses

¡alt¡ in r.c.& mabix

s¡lls in ¡.c.& mtrix

wfütc safts in mstrix

somc salts{nûix

gome s¡lts-m¡trix

som€ sålts.mûtrix

sorne sslb-rnâfix

gray satls*natrix

gray salts-matrix

ñaaures

hor fraclu¡eg

few l¡c ñact¡res

few hor fractureg

fer¡'hø fr¿ctr¡res

hor fracn¡res

hø fractures

hor fractr¡¡es

hor fracn¡res

hor f¿ctures

some sslts-ristrix

some sslb-matrix

some sålts-mslrix

gray & orange-matrix

gray salts-matrix o(,r



Test

Hole

Deplh Efervescarce. MoisColor

04.8

0.8-1.5

t.5-2.3

2.3-3.0

3.0-3.8

3.8-4.6

3

3

3

3

3

l0o/oHCl

N/O

Nio

N/O

Nio

N/O

N/O

Nio

N/O

N/O

N/O

Nio

N/O

Moüles^

4.6-5.3

5.35.t

3

3

3

3

3

3

N/O

N/O

N/O

N/O

N/O

N/O

Slickersides

N/O

N/O

6.t4.9

6.9-7.6

7.6-8.4

8.,t-9. r

9.1-9.9

9.9-10.7

Texh¡re

N/O

N/O

N/O

N/O

N/O

N/O

N/O

Nio

- N/O

- N/O

55 cr4 50 N/O

25 aa45 N/O

2Oø44O N/O

25 qry30

4O clry40

l0 cn¡,10 NiO

15 cna 35 N/O

25 c4 50

50 or¡ 45

- N/O

- N/o

- N/O

- N/O

20ctrl50 N/O

15 crl 20 NiO

Strucfurea

N/O

04.8 w(04.1m)

v(x).t m)

0.8-1.5 M (04.2 m)

s (0.24.3 m)

N/O

N/O

Nio

N/O

N/O

N/O

N/O

N/O

Nio

N/O

N/O

N/O

N/O

N/O

Rootsrr.

N/O

N/O

N/O

N/O

N/o

N/O

F F I (0-20cm)

VF F I Q20øn)

f f l<r"c 
"f,l

F F (rod ch)

2.5Y210(0-25øn FFF-l0yR3/3

l0YR3/l(>25øn)

2.5Y4.5t4 FFF-10YR4.5/4

Porositfa

F F I ñad¡res

VF F I fracû¡¡es

VF VF I fract¡¡rcs

hor/vefi fracû¡res

ext fracû¡¡es

ext frad¡res

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/O

M FM SB (0-35on)

SL - MA (>35cm)

SL. MA

VF F I (r c) ext fra¿t¡re¡

- ext ñactr¡¡es

sic

few hø fracû¡¡cc

few hor Fâ€turcg

feu, hø fr¿¿tr¡rcs

few hor ftactr¡¡es

few hm fracû¡res

few ho,r fra¿t¡¡es

PFMl(0-25cm) AFI(O-25crn)

FFMl(>25crn) PFI(>25cnr)

- FFI

while salts @ roots small cracks present

Oo\



Test

Hole

D€pth Effervescc¡rcet MoilColø

1.5-2.3

2.3-3.O

3.0-3.8

3.84.6

4.6-5.3

5.36.1

6.14,9

6.9-7.6

7.6-8.4

8.4-9.1

9.1-9.9

9.9-r0.7

0-1.5

1.5-3.0

3.04.6

4.64.1

6.t-7.6

l0%HClrcd.)

4

4

4

4

4

4

2.5Y41?\clty) FMp-l0yR4/6

2.5Y7/a\sitt)

t0YR4/2 cMP-t0YR4/6

v
v
v
v
v
v

v
v
v
v

Moú.les^

4

4

4

4

5

5

5

5

5

2.5Y4/2

2.5Y4t2

5Y3/L

5Y3/l

5Y3tr

sY3/l

sYSn

5Y3/l

sY3n

5Y3/l

Slickensides

CMP-I0YR4/6 ¡t0 cîL 35

cMP-l0YR4/6

FFP.IOYR4/6

- 4O qn'20

- 35 cnl 45

Texû¡rc StructurÊM

sic

N/O

N/O

N/O

N/o

N/O

sic

sic

sic

sic

sic

sic

sic

SL-MA

SL-MA

SL-MA

SL.MA

SL-MA

SL-MA

SL-MA

SL.MA

SL.MA

SL.MA

SL.MA

SL.MA

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/O

N/O

N/o

Roolsttr

45 ct4 55

N/O

N/O

N/O

N/O

N/O

Po¡æity¡-

vF vF l@38cm

sic

sic

sic

sic

N/O

N/O

N/O

N/O

N/O

FFI

VF F/VF I

F F/ÌT'I

VF F/VF I

VF VTI

VFVTI

VF VFI

VF VFI

VF VFI

VFVFI

VF VFI

vFVFI

VFVFT
,10 crq 20

55 cÍL 40

85 øa 30

fewúritêsrtts inp€d

s¡ltr inpêd

sstb iryd
salgirye¿

satts irped

srlts irpd

s¡lrriÌgÞd

¡¡tts i¡ped

Fe Mn d.pæitr

vcrr(0-20) &
hor(>2Ocrn) Êacturea

Fe, Mn deposfu in r.c.

Fe, Mn deposits

horizqrtål Êacû¡¡c

at 25 cm

wrriûe8slk@ 14ft. 
mot{es'sih

white & gray satts

whiûe & gray salts

hor ¡¡rd vcrt ñ¡cû¡¡e¡

O\¡



T€st

Hole

D€pth Effervescence.

7.6-9.1

9. l-10.7

(l0o/oHCl

MoitColo¡

N/O

N/o

to.7-12.2

t2.2-13.7

Motles^

N/o

N/O

0-1.5 W(04.t m)

s (0.t4.s m)

s (0.5-1.0 m)

Wel.om)

1.5-2.3 M (t.5-t.Z m)

V (>1.7 m)

2.3-3.0 v

3.0-3.8 v

3.8-4.6 v

4.6-6.1 v

N/o

Slickensides Texture

N/O

N/o

N/o

15 crn,45

80 crrl 40

25 qn¡ 4O

30 cr425

55 øra25

55 cnt25

100 ørL 50

75 crA 15

95 cÍL 15

lOO.ry ¡O

l0 crA 30

25 c:n\ 40

t0YR2/t

l0YR5/3

5Y4/3

5Y4/2

2.5Y4/4

5Y4/2

5Y4/2

5Y3/l

5Y3/l

5Y3/l

SlructurcM

N/o

FFDIOYR4i6

FFDIOYR4/6

CFDIOYR4/6

cMP-t0YR5/6

0MP-2.'Y4/4

MMP-2.sY4/4

MMP-2.5Y4/4

CMP-N4/

N/O

N/o

N/O

N/o

Roots.rt

N/O

N/O

N/O

N/O

c

siL

sic

sic

si

sic

sic

N/O

hor f¿ct¡¡res

MFMSB

WFMSB

MMCSB

SL. MA

MFMSB

SL. MA

SL. MA

SL. MA

SL-MA

SL. MA

whitc & gray salts

white & gray såtts

_ sic

100 crn,25 SiC

l0J crn 20

hor Sacturcg

ho¡ Fa¿tr¡res

PFI

sic

AFI

AFI

AFI

PFI

FFI

VF VF l,fractures

VF VFI

FVFI

F F/VF I

FVFT

ufrite & gray salts

whitc & gray salrs

root channels

FMI

FFI

Fe, Mn deposis

moüleq carb.
deposits on slickeruidc

few white salts

Fe, Mn deposits in
root channels

Fe, Mn deposits in
root channels

root cha¡urels
Vsome rools

gleying at 80 cm o
æ



6 6.1-7.6 v sY3/t - t00 aa 45 sic sL- MA

6 7.6-9.1 V Sy3A FMpgley sMll 55 crr¡ 45 SiC SL- MA
(80cm) 70 clrtt 4O

6

6

6

tt.+12.2 v 5Y3/t sic sL _ MA
I l.+13.0 v 5Y3/t sic sL - MA
13.0-13.7 v 5Y3/t sic sL _ MA

7

7

7

7

7

7

0-1.5

1.5-3.0

3.04.6

4.64.1

6.1-7.6

7.6-9.1

N/O

Nio

N/O

N/O

N/O

N/O

N/O

Nio

N/O

N/O

9.t-1o.7

N/O

N/o

N/O

N/O

N/o

N/O

N/O

N/o

25 cq 30

35 clq 30

20 cq 30

25 aa40

35 øtL 45

85 crrL 35

25 cn¡25

80 ørL 45

85 øu 45

100 cln, 50

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/O

N/o

N/O

VFVFI nr¡nyhorizor¡fat
fractrres

- fewwhites¡lts

- few whife sstts

- felvwhitesâtt8

- ferrwtrii€s¡tts

F F I fracü¡rc¡

VF VF I Êacû¡rcg

N/O

wl¡ile g¡lts-mtix

white salts-mrtrix

far wfiitc/grcyrnrtrix

fa,v whitdgrey-rnatrix

hor fra¿tr¡rcs

few hor ña¡fu¡es

hor ftach¡res

m<nles, sih

few whikr'grey-matrix

I



T€ßt DeÉh Dffervescqice. Moist Colü

8

I
I
I

I

04.8

0.8-1.5

1.5-2.3

2.3-3.O

3.0-3.8

N/O

N/O

N/O

Nio

N/O

I 3.8-4.6

8 4.6-5.3

I 5.36.t

8 6.14.9

I 6.9-7.6

8 7.6-8.4

8 8.+9.1

8 9.1-9.9

8 9.9-10.7

9 0-2.5

9 2.3-5.0

9 5.0-7.5

9 7.5-10.0

9 10.0-12.5

9 12.5-15.0

9 15.0-17.5

N/O

N/O

N/O

N/O

N/O

N/O

N/O

Múl€s"

N/O

N/O

Nio

N/O

N/o

N/O

N/o

Slickensides Terû¡re

Nio

N/o

N/O

N/O

N/O

N/O

N/o

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

30 ctq 50

35 ct¡L 30

45 o4 35

25 cttU21

40 crr¡ 65

35 o4 40

l5 crrl 55

Struch¡f€/u

N/O

N/O

N/O

N/O

N/O

N/O

Nio

N/o

N/O

Nio

N/o

Nio

N/O

N/O

N/O

N/O

Nio

N/O

Nio

N/O

N/O

N/O

N/O

N/O

N/O

N/O

Rodsr.t

FVFI

Pøosity^-

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/O

N/O

N/O

FFI

FFI

F F I fractr¡res

hor frach¡res

hor ñact¡res

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/O

N/O

N/O

N/O

N/O

VF VF I fracû¡res

- fcw wfiitdgrey-rnahix

far wtrilc/grey_mdrix

- fewwfiife/grey_matrix

horfracir¡res fa,r'white/grey-nratrix

fel¡ hor frsct¡r€s farr wtrfter'grey-matrix

few hor ñacû¡¡es few white/grey+natrix

few hor fraca¡¡e¡ few whilc/grey-malrix

ferv hor Facû¡¡cs fal white/grey+natrix

feu hor fractures fer,r, wfifter'grey-matrix

FFI FFI

FFI(0-20cm) FFI

- FFT

- FFlhorñactur€g

- horÊac{ures

rool/r.{35cm) few ho¡ fractures

few hor fractures v.few salts-mat¡ix
O



Test

Holc

Depth

9

9

I
9

9

9

9

Effervesce¡rcet MoistColor

17.5-20.0 Nio

20.0-22.5 N/O

22.5-25.0 N/O

25.0-27.5 N/O

27.5-30.0 N/O

30.0-32.5 N/O

32.5-35.0 N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/O

l0 0-1.5 v-w (04.2m)

w-M (>0.2 m)

1.5-3.0 W (1.5-2.1 m)

V(>2.1m)

3.04.6 v
4.64.1 v
6.t-7.6 v
7.6-9.1 v
9.1-10.7 v

04.8 M (04.3 m)

S (>0.3 m)

l0

N/O

N/O

N/O

N/O

N/O

N/O

N/O

Slic*ensides

l0

l0

t0

t0

l0

ll

"î*

35 
"tt, 

¿O

20 øn¡20

15 crrù 50

l0 cra,l0

35 on,45

4O qry40

Texture

t0YR2.5/ld

2.SY5t4d

2.5Y5/4

2.5Y4t2

5Y3/2

5Y3/t

5Y3/l

5Y3/l

5Y3/l

l0YR2/t

l0YR6/3

Strucü¡rgM

N/O

N/O

N/O

Nio

N/O

N/o

N/O

FMP.IOYRs/6d

(>50cm)

MMP.IOYR4/6,

7.5YR3/4

FFD.IOYR4/6

- 90 cn¡,30

rrP-l0YR5/6

- 75 o¡ry30

N/O

N/o

N/O

N/O

N/o

N/O

N/O

Roofsr.. Pqæit¡fM

c
sic

fe$,hor frscü¡r€t

hor ñ¡ct¡re¡

few hor fract¡rc¡

few hq ñact¡¡c¡

few hor fractr¡rcg

few hm Êacfures

few hor fraú¡¡ee

MMSB

MCSB

wcsB

SL. MA

SL-MA

SL.MA

SL- MA

SL.MA

SL- MA

MFMSB

MMCSB

s¡c

sic

sic

sic

sic

sic

sic

v.fan ¡alt¡rnûix

fau white/grcry+nalrix

few white/grey+nalrix

far wfüte/grey*nahix

fa,v whitc/grey-nralrix

PMI

PFMI

sicL

SiL

FFI

AFMI

PFMI

white cryretaÞmafrix

wfütc s¡lts-matrix

whiþ salts-m¡trix

wfüte salts-mal¡ix

whiþ salts-mabix

white salts-matrix

whiæ salæ-mahix

P F/VF

F F/VF

Fe, Mn deposfu

finesån{ Mn
dcpæits @ ped cdges

few horizorl¡l fr¡cû¡¡cs

A F/VF

AF/VF

horizonlal Êactu¡es

horizont¡l Factures



Test

Hole

Depth

lt 0.8-1.5

I I 1.5-2.3

I I 2.3-3.0

I I 3.0-3.8

ll 3.84.6

I I 4.6-5.3

I I 5.34.t

I r 6.14.9

I I 6.9-7.6

I I 7.6-8.4

I I 8.4-9.I

I l 9.r-9.9

I I 9.9-10.7

Effervesccncct MoilColor

l0'/oHCl

w

l0YR5l3

l0YR5.5/3

l0YR4.5/2

t0YR4/4

t0YR42

2.5Y3t2d

2.5Y3t2d

2.5Y3/2d

2.5Y3t2d

2.5Y3tzd

2.SY3t2d,

2.5Y3/2d

2.5Y3t2d,

N/O

v
v
v
v

v
v

Moüles^

Mn-t0YR4/3d

Fe'l0YR6/6d

MMP.IOYR4/4,

l0YR5/8

MMP-IOYR5/6d

FFDIOYR5/6d

Frù2.5Y4t2d

FFD2.JY6l8d

FFF-2.5YR5/6d

FFF-2.5YR4/6d

FFD-I0YR4/¿ld

Slickensides Texture StruclurcM

si

20 crn, 35

,10 crq 35

45 ctr¡35

4O era37.5

l5 crr1 35

25 ctq 4O

40 crn,40

sicL

MFMSB

MS MC SB

MS MC SB

SL-MA

SL-MA

SL- MA

SL. MA

SL-MA

SL.MA

SL.MA

SL-MA

SL- MA

SL. MA

N/O

sicl
sic

sic

sic

sic

sic

04.8

Roobr*r

FFDIOYR4/4d

F F/VF

VF F/VF

¡ml cha¡rnels

root cha¡nrels

root cha¡¡rels

root cha¡rnels

N/O

Porosi\f ^

50 cnl 35

25 qu45 SiC

45 cr4 35

25 øa 35 SiC

25ctnr35 SiC

35 c4 35

30 qq 40 SiC

_ N/O

A F/VF

F lvlF;A VF

F IúlF

FF

F M/F

FMÆ

FF

VF

VF

VF

VF

V F; Êaclures

V F; fractures

FFI

sic

N/O

eaft¡ in r.c.&rnatrix

e¡lls in r.c.&matrix

sEhs in Í¡strix

c¡¡bø¡afes in matrix

c¡¡b in r.c.&matrix

c¡rb in r.c.&matrix

ca¡b in ¡.c.&mat¡ix

c¡¡b in r.c.&,m¡rix

c¡¡b in r.c.&matrix

FFI

moülcs on or¡tside

ofaore

mottles on oùtsid€

ofcore

N)



Test

Hole

Depth

12 0.8-1.5

12 1.5-2.3

l2 2.3-3.0

12 3.0-3.8

12 3.84.6

12 4.6-5.3

t2 5.34.I

t2 6.14.9

12 6.9-7.6

12 7.6-8.4

Effervescencer MoilColo¡

t0% HCt

Nio

N/O

N/O

N/O

N/O

N/o

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

Mottles^

N/O

N/O

N/O

N/o

N/o

12 8.,1-9.1 N/O

l2 9.1-9.9 N/O

12 9.9-t0.7 N/o

N/O

N/o

N/o

N/O

N/O

Slickensides

locatior¡

l0 cr4 40

25 ca35

55 cÍL 20

35 crru 35

30 crn,40

30 cra 35

35 øa 45

45 cn¡ 30

40 cA 45

l3

Texture

0-0.8 W (0-0.2 m)

M (>0.2 m)

0.8-1.5 V (clay)

M(silt)

1.5-2.3 V (clay)

M(silt)

l3

N/O

N/o

N/O

N/o

N/O

SlructureM

N/o

N/O

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/o

Nio

N/o

N/o

N/O

N/O

N/o

FFP(l0YR5/6d)

FFP(l0YR5/6d)

cMP(l0YR5/6d)

Rooß*r*

l0YR2i td

2.5Y5t4d

2-5Y4t2

2.5y4t2

2.5Y4t2

2.5Y4t2

N/O

N/O

N/O

N/O

N/O

FFI

Porositl¡M

N/O

N/O

N/O

N/O

N/O

F F lhor Êactures

VF VF I Êacturqs

VF VF I ñacturcs

VF VF I fractures

VF VF I fractures

ext Êactures

few fracû¡rcs

few ñacfurcs

few ñacturcs

few Fact¡res

N/o

Nio

N/o

white satts-matrix

wfiite/grcy - matrix

whitcr'grey - matrix

white/grey - matrix

white/grey - matrix

N/o

N/O

N/O

C

si

sic

WFMSB

MMCSB

SL- MA

SL. MASiC

mottlcs

some sand

few hor Sactures

hor fractures

FFI

PFI

PFI

FFI

FFI

whitdgrey - matrix

whiær'grey - matrix

ca¡ùonates

ca¡bonates

c¡¡bonates

ca¡bonates

Fe, Mn deposits

sih mixed in with clay

mottles; silt mixed

in with clay

hor fractures; Si

mixed VC (50cm)

U)



Test

Hole

Deplh

(m)

l3

Effervescencet MoistColor

2.3-3.O W (clay&silr)

V (ctay)

3.0-3.8 vt3

l0%HCt

l3

l3

l3

l3

t3

t3

l3

l3

l3

3.84.6

4.6-5.3

J.34. t

6.t{.9

6.9-7.6

7.6-8.4

8.4-9.1

9. t -9.9

9.9-10.7

2.5Y6/4

2.5Y4/2

2.5Y412(<30an)

5Y3/2 Q30cm)

5Y3tl

5Y3/t

5Y3n

5Y3/t

5Y3/l

5Y3n

5Y3/t

5Y3/l

5Y3/l

v

v

Mottles^

cMP(t0YR5/6)

FFP(l0YR5/6)

Slickensides Texture

14 04.8 caft @0.4 m

t4 0.8-1.5 N/o

t4 1.5-2.3 N/O

14 2.3-3.0 N/O

t4 3.0-3.8 N/O

14 3.8-4.6 N/O

Slructurea

sic

25 cn¡ 30

20 crn, 50

15 crn, 20

t4

l4

sic

4.6-5.3 N/O

5.3-6.1 N/O

N/o

N/o

N/O

N/O

N/O

N/O

N/O

N/O

SL- MA

SL. MA

SL.MA

SL. MA

SL.MA

SL.MA

SL. MA

SL. MA

SL- MA

SL. MA

SL. MA

N/o

N/O

N/O

N/O

N/O

N/O

sic

sic

sic

sic

sic

sic

sic

sic

sic

Rooß*.t

N/o

N/o

N/o

N/O

N/O

N/O

VF VF I (55crn)

Porosit¡f^

45 c4 30

30 cr4 55

45 crrr' 35

20 cn,20

l5 crr¡ 45

40 cr& 40

VFVFI

VF VFI

N/o

N/O

N/o

N/O

N/o

N/O

N/O

N/O

c¡¡bcnatcs

F F I (<40cm)

N/O

N/O

fe$'sålls

few sslts

few salt¡

fcw salts

feü sshs

few sals

few s¡lts

few salts

few s¡lts

hodzorrlal fractures

N/o

N/O

PFI

F F Ifractures

fractures

fractures

f¿ctures

few hor fractures

few hor fractures

few hor fraaures

horizontal fr¿ctures

hodzontal ñact¡rcs

horizonl¡l ñach¡res

horizontal F¡ctures

v.few whiter'grey

few white/geylorange

few whibr'grey/orange

moüles

mottles

mottles

s



Test

Hole

Deplh Effervesc€ncet Moil Cotø

t4

t4

6.14.9

6.9-7.6

t4 7.6-8.4

t4 8.+9.1

t4 9.1-9.9

14 9.9-tO.7

15 0{.8

15 0.8-1.5

15 1.5-2.3

t 5 2.3-3.0

15 3.0-3.8

lJ 3.84.6

l5 4.6-5.3

15 5.3{.1

15 6.14.9

lJ 6.9-7.6

15 7.6-8.4

15 8.,1-9.1

15 9.t-9.9

l5 9.9-10.7

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

Møtes^

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

Slic*ensides Texû¡rr

25 c'rtl3|

30 øa 35

¿10 crn,35

20 cru35

50 qn,20

N/O

N/O

N/O

N/o

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

St¡uch¡reM

N/O

Nio

N/O

N/O

N/O

Nio

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/O

Nio

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/O

N/O

N/O

N/O

Nio

- N/O

- N/O

- N/O

_ N/o

35 cra 60 N/O

50 crr¡,10 N/O

¿10 cnu 50

Rootqrrr Porsity^-

few hc Êacü¡re¡ for wtrite/grcylmange

few hor ñach¡r€r far whikr'gre.y/øange

fervhorfr¡ct¡rcs fa,r'wñite/greyløange

fewhorÊaCu¡es fa,r,wfüter'grey/orange

few hq frach¡res few whikr'grey/orange

fetv hor fracû¡rcs føtt whitrJgrø¡/orange

FFI cs¡bonal€s

e)d. ñEct¡fcs

F F I frach¡res

F F Ifew fråcù¡rts

N/O

N/O

N/O

N/O

Nio

N/O

20 crr¡ 30

40 c¡q 5J

15 øa 30

20 cnU 50

FFI

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

rootchannel vert&horÊacü¡¡es

(35-55øn) vert&.hqfract¡res

verr&hor fr¡ctures few wtrite/grey

fewhorfractr¡res fewwhite/grey

few hø fracfu¡es fen¡ såtb-matdx

fewhorfracû¡res fessafts-m¿trix

fewhcfracûrcs largesattdeposits

few hor fractr¡res large sah deposits

fewhøfractr¡res fewwhite/grey

fewho¡fractures fewnrtriter'grey

while sdts-Íutrix

large s¡ft depositg

mdlcs

moüles

mottles

mdtles

gpsum crystals (35cm)

ut



Test

Hole

Depth Effervesccncer MoistColú

04.8 v(0{.3 m)

W (>0.3 m)

0.8-1.5 W(0.8-l.l m)

M(>l.l m)

1.5-2.3 w (1.5-1.9 m)

V (>t.9 m)

2.3-3.0 v

l6

t0%HCl

l6

l6

l0YR2/l

l0YR3.5/2

r0YR3/2

5Y4t2

5Y4t2

sY4t2

2.5Y4/2

2.5Y4/2l6

Mottles^

l6

l6

l6

t6

l6

l6

t6

l6

3.0-3.8

cFP-10YR4.5/6

MMP-10YR5.5/6

cMù2.5Y4/4

cMP-l0YR4i6

FMF-2.5Y4/4

cMD-r0YR3/6

FFD2,5Y4I4

FFÙ2.5Y4/4

FÀ'P-IOYR4/6

3.84.6 v
4.6-5.3 v

5.3{.1 v
6.149 V

6.9-7.6 V

7.6-8.4 W

8.+9.1 v
9.t-9.9 v

M (Si lenses)

9.9-10.7 v

Slicker¡sides Textr¡re

35 cñ,50

42ø450

52 ønr 45

25 cm40

35 ørL 35

25 a445

35 ørL 40

20 cra 50

2.5Y4/2

5Y3t2

2.5Y3t2

5Y3/l

5Y3/t

JY3/I

si - 5Y5/2d

5Y3n

5Y3/t

loYR7/2d

5Y3/l

Structur€ru

c

sic

c
sic

sic

t6

VW FM SB

VW FF SB

VW FM SB

VW FM SB

VW FF SB

SL-MA

SL.MA

SL. MA

SL. MA

SL-MA

SL. MA

SL.MA

SL.MA

SL-MA

SL-MA

SL.MA

SL.MA

SL-MA

SL.MA

Rootsrt.

AFilr,f I

PFI

FFI

FFI

FFI

Porosit/M

FMP-2.5Y5l6

FMP.IOYR3/3

FMP.IOYR4/6

c

c

c
c
c
c
si

c
c

Si

c

F F/VF I

F F/VF I

P F/VF I

P F/VF I

P FA¡F'I

F VFI

F VFI

VFVFE

F F/VF I

F F/VF I

VFFÆTI

VF VFI

VF VFI

VF VFI

WVFI

VF VFI

white satls-rcr'mafrix

wlrite salts-malrix

whikr'grcy - matrix

salts in matrix

va¡ious salts-malrix

various salts-matrix

s¡lts in matrix

s¡lts in maÍrix

few salts in matrix

few sslts in malrix

motles af 35cri

orange, b,rown and
blrck deposits

rod ú's to l0 fr
dprocipitates

root ch'e to 12.5fl
øsalk motles

aange rod -7cm
long @ 55cm

black stainc (Mn) @ 5cm

o\



T"*t DeÉh Effervescenccr Moil color Moülcs^ slickensid€s Textr¡re structureM Roois*. poræitt'M ssh! NoûesHole (m) (l0olo HCI rest) 
0ocatiorU angle)

M 93 04.2 w loYR2/t - @20 cnr,50

@23 crl¡30
M 93 0.24.4

M 93 0.44.6

M 93 0.64.8

M 93 0.8-1.0

M 93 1.0-t.3

M 93 1.3-t.8

M 93 t.8-2.3

M 93 2.3-2.8

M 93 2.E-3.3

M93 3.3-3.9

M93 3.94.4

M 93 4.44.6

M 93 4.64.8

M 93 4.8-5.5

M 93 5.54.2

M 93 6.24.8

M 93 6.8-7.2

M 93 7.2-7.8

M 93 7.8-8.4

w

M

w

w

M

l0YR3/l

l0YR4t2

l0YR4/4

l0YR4ß

l0YR4ß

l0YR4/4

l0YR4/4

l0YR4/4

r0YR4/4

l0YR4/4

l0YR4/4

l0YR4/4

l0YR4/4

l0YR4/4

l0YR4/4

l0YR4/4

l0YR4/4

l0YR4/4

l0YR4/4

M

w

v
v
v

N/O

N/O

N/O

N/O

N/O

@80aa40

@l l0 cra 40

@130 aa35

@215 cra35

v

V

v
v

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O AF/ì,1I pF/VF

N/O

N/O FFI pF/VF

N/o - F F/vF

N/O - F F/VF

N/O - p F/vF

N/O VFVFI PFA,Í

v
v

wtf

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

v
V

N/O

N/O

N/O

N/o

N/O

N/O

N/O

N/o

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/O

@a80 øry45

@495 aa6Û

Nio

N/O

N/o

N/O

- N/O

- N/o

- N/O

F F/VF

VF VF

VF VF

VF VF

VF VF

VF VF

vFw

root mal,erial?

N/O

N/O

silty

mdlcs

moüles

moüles

mottles

moflles

motlee, Fe taining
brown/grey clay @

365 crn

mdleq grey clay

mottles

moüles

moüles less frequøl

mofl.leg

mdtles

moüleß, Si lerß w/À,f

effer.

mottles \¡
moüles



Test

Hole

Depth

(m)

M 93 8.4-8.9

M 93 8.9-9.5

M 93 9.5-10.1

M 93 t0.l-10.7

M'93 10.7-l t.3

M 93 I t.3-l t.9

M 93 tl.9-12.4

M 93 12.4-13.0

w 93 04.2

w 93 0.24.9

w 93 0.9-1.5

w 93 t.5-2.3

w 93 2.3-3.1

w 93 3.1-3.7

w 93 3.7-4.5

w 93 4.5-5.3

w 93 5.3-6. I

w'93 6.1-6.7

Effervescørcer

t0% HCI þr
Moist Color

v

M

l0YR4i4

l0YR4/4

t0YR4/4

l0YR4/4

l0YR4/4

l0YR4/4

l0YR4i4

l0YR4/4

l0YR2/l

l0YR3/2

l0YR3/2

t0YR3/2

loYR3/2

l0YR3/2

l0YR5/2

l0YR5/2

IOYRJ/2

l0YR5/3

Motlles^

N/o

N/o

N/o

N/o

N/O

N/o

N/O

N/o

N/O

N/O

Slickensides Texture

À.t/s

ocation,

w

M

w

w

M

M

M

Structurea

N/O

N/o

N/O

N/o

N/o

N/O

N/o

N/O

N/o

N/O

N/o

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/o

N/o

Rootsrrr

@12 øra a5

@17 aa25

@27 ø¡40

@43 m¡25

N/O

N/o

N/O

Nio

N/O

N/o

N/O

N/O

Porositye

N/O

N/O

N/o

N/o

N/O

N/O

N/O

N/O

N/O

N/O

N/O

N/o

N/O

N/O

N/O

AMI

PFA4T

F F/VF

P FÆ\,f

VF VF

VF VF

VF VF

FVF

VF VF

mottles

mcttlcs

mottles

fcw mottles

ferv molles

few mottles

fcw moüles

few mottles

N/O

some wñitc astls

sslls

s¡lts

salts

salts

salts

salts

salts

salts

Fc staining @ 145 cm

Fe staining carb.
lerses, moüles

Fe staining moüles

Fe staining mottles

mofles, till @ 410 cm

mottles

mottleq till sandier

@ J40 cm

mottles, bedrock @
650 cm

æ



Test ryh Effervescmcer Moist color Mottles^ slicker¡sides Texhue structur€rq Roots*r p'.sit/M srtk NotcsHole (m) (t0% HCI tesr) flocarior,, angle)

N/O-NOTOBSERVED --ABSENT

rEffelvelcence:

V=veryweak

W = we¿k

M: moderate

S = frong

Abundance

F=few

C = common

^Motllc¡:

Size

F=fne

M = medium

Number

VF=veryfew

F = felv

P = ple,ntiful

r'rRoots

Size

VF = ve,ry fine

F=fine

M = medium

Contral

D = disrinct

P = prominent

"Te¡tu¡e
Si = silt

C = clay

SiC = silty clay

Di*ribution

I = irçed

E=e@
B = boür

Refer to
by Canada-Manitoba

Grad€

SL = sûuctureless

VW: very weak

W =weak

M = moderate

Class

FF = very fure 1,o fine

FM = fine to mcdium

M =medium

MC = mediumto ooarse

C = cosrse

Number

VF = veryfew

F=few

P = plentitul

A = abundant

^^Stn¡ctu¡e

Kirid

MA = massive

SB = rubangular bloc*y

^^^Pororþ

Size

VF = very fine

F = fr¡le

Distribution

I = inp"d

hor = horizorlal

vert = veflical

ext = extensive

\o



Appendix B - Examination of r.2 m long cores from The point

57

l5

l2

44

Alfalfa

53

C (0-50 crn) MS F SB

SiC (>50 øn)

C ({150 crn) vW F SB

SiC (>50 cm)

4l

> 50crn PFE FFI
followcracts infilldcrack

found entire lenglh 0.5 cm wide

ro 50 cm depth

PFIQ50crn)

V(localized) PFI pFI

>80crn PFI FFI(0-50crn)
infilled crack

0.5 c¡n wide

to 20 cm depth

PFI(>20øn)

V(<80cm) - FVFI
S Q80 cm)

Fallow

Fallow

Alf-Wheat

43 l0

sic sL- MA

C (0-50 cnr)

SiC (> 50 crn)

C(0-50 crn)

SiC (>50 cm)

sicAlf-Wheat

SL-MA

SL-MA
hor. fractures

SL- MA

>50 crn

(localized)

>60 crn

FFI
(old root channels)

PFI
to 90 crn

FFIto40cmMS (>40 cm)

FVF I

incre¡sed

cracking below

50 cm

infilled ctack

I crn wide

to 50 crn
N)
O



Core #
8

nt#

5l

Alf.-Wheat

tN

38

C (0-50 cm)

Alf-Wheat C (065 crn) SL - MA
SiC (>65 cm)

SiC (>50 cm)

re**
SL.MA

Wheat

MS Q50 cm)

tes*

SiC VW F SB loc¡lized

506i cm

MS (>65 cm)

PFIto20crn
FFIto53crn
infilled crack

2-3 nrn wide

at 60 c¡n

MS(>65cnr) PFIto50cm FVTIto50cm
root ch'sto 60 cm F F I (>50 crn)

(2-5 mm wide) incre¡s€d

cracking below

65 crn

Wheat

Porosi
FFIto20crn

FVFIto60crn
FFI>60cm

C(040cm) SL-MA MS(>45cm) pFIroljcm
SiC (>,10 crn) infilled crack

0.5 crn wide

to 40 cm

PFIro25cm
FFIto50cm

stErdrsped

infilldroddr
to 40 crn

FFItoS0cm
PFItoT5crn

incr€$€d

cracking >75 øn

FFIlo20cm
FVFIûo65crn
F F l, incre¡sed

cracking >65 crn

t\)



Plot # T

N/O - NOT OBSERVED

rEffelvescence:

V = very weak

W = weak

M = moderate

S = strong

C (040 cm)

SiC (>40 øn)

Abundance

F=few

C = common

-- ABSENT

^Mottlcs:

SÞe

F=fine

M = medium

SL. MA

Numbc¡

VF = vcry few

F=few

P: plentiful

MS (X0 an)

"'B*tt
Size

VF = very fine

F=fine

M = medium

Cont¡âst

D: dilinct

P = prominent

PFIto40cm

rrTexfurt

Si = silt

C = clay

SiC = silty clay

Distribution

I = inpd

E = exped

B = both

Refer to
by Canada-Manitoba Soil Survey.

infillcd crack

I cm wide

al 25 mm

PFIar l0crn
(cracks)

FFEat25cm
PFIto65cm
F F I, cracks

>65 cm

Grade

SL = slructureless

VW = very weak

W =wc¡k

M = moderate

^^Stnrctur¡
Class Kind

FF = very finc to fìne MA = messivc

FM = finc to mcdium SB = subangular blocky

M = medium

MC = mcdium to coa¡sc

C = coa¡sc

Number

VF = very few

F=few

p = plcntitul

A = abunda¡t

^^^Potrslt¡r

Size

W = very fìne

F = fi¡re

ânr

Dil¡iburion

I = inped

hor = horizontal

vert = vcrtical

ext = elensive
tJ
N)
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Appendix C - Thin Section Analysis· With Light Microscope

C. A. Fox, R. K. Guertin, T. B. Goh and C. G. Cavers

Scale: 5 cm = 0.1 mm

Sample 9350 @ 0.23 m depth under XPL.
Montcalm '93 - slickenside @ 0.23 m, 30°£

Vertical interconnected vughs and channels (may be some craze planes); irregular
Fe nodules; irregular vughs connected by channels (a); extremely calcareous, moderately
weathered, calcite < 60 Ilm; porphyroskelic fabric - compact silty clay, some sand
grains (quartz), no evidence of clay skins; no evidence of slickenside features (too silty
for clay re-orientation, also calcareous nature may be a factor).

*Thin sections were prepared from contiguous core samples by Mr. R. K. Guertin
of Agriculture and Agri-Food Canada at the Central Experimental Farm in Ottawa, ON.
Much of the interpretation of the micromorphology was performed by Dr. C. A. Fox of
Agriculture and Agri-Food Canada, London, ON.
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Scale: 5 em = 0.1 mm

Sample 9352 @ 4.9 m depth under XPL.
Montcalm '91 - slickenside with 65°L

Possible stress features due to swelling and shrinking, composed primarily of
calcareous material; preferred orientation along planes; extremely fine clay dominates,
highly calcareous, rare calcareous nodules - fill some pores; unique orientation of clays
(b) may be related to original sediments, or structure formation of relic soil, ie.
structural peds (portion of slide shows infilling with more silty material, also calcareous,
in this area with possible stress features); highly weathered mica fragments, very rare;
intersection of oriented plasma and clay band - stress cutan; fabric clino-bimasepic,
strongly expressed.
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Scale: 6 cm = 0.1 mm

Sample 9354 @ 4.8 - 5.5 m depth under XPL.
Montcalm '93 - slickensides with 45°L, 600L

Highly calcareous sediment, probably had particles of mica that are now
weathered; micas weather to clay to produce speckling; distortion and appearance of
movement may have been from pressures on the original sediments as in some areas
these large pockets of micas are parallel to each other; direction of orientation
approximately 65° from horizontal - therefore assuming sediments laid horizontally,
pressures have oriented material at some time in past to approximately 65°; bands/flecks
of clay (c); very straight birefringent band due to swelling; no slickensides - features
derived from extreme weathering of mica flakes.
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Scale: 5 cm = 0.1 mm

Sample 9357 @ 0.2 - 0.9 m depth under XPL.
Warren '93 - 2 slickensides, 400L, 25°L

Horizontal channels (d); some voids the result of biologic - earthworm activity;
no birefringence - higher silt content; for most part no orientation; remnants of
orientation of clays in granular units, this orientation from original sediment material;
lithorelic present (rare) (e); very weathered mica (rare); very few grains - diffuse Fe
stains; rare nodules; highly calcareous; granular structure weak; granoidic-porphyroskelic
voids around granular units due to shrinkage.
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Scale: 5 cm = 0.1 mm

Sample 9358 @ 0.9 - 1.5 m depth under XPL.
Warren '93 - matrix, salts, carbonates

Very fine clays layered with fine calcareous silt - possible varved clay; high
shrinkage - result of sample drying; rare occurrences of gypsum crystals in pores (0;
calcareous nodules rare; shattering (may be related to sampling technique).
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Scale: 5 em = 0.1 mm

Sample 9360 @ 5.4 - 5.5 m depth under XPL.
Warren '93 - till/sandy till contact

Porphyric fabric; very rare feldspar, frequent quartz grains (g) common within
fabric made up of calcareous clay and/or silt - very similar to sample 9359; lithorelic
dominantly calcareous limestones, granitic (igneous) - similar to 9359; more clay than
in 9359 because this region had more clay laid down in sediments; may have been
washed in when sediments laid down (located at bottom of 9360 - layered suggests water
laid, possibly varved); this region of clay associated with concretion, Mn deposit (b) 
therefore it suggests a wet environment; some evidence for distortion - more likely from
sediments pressures than vertisolic processes; material too coarse for vertisolic
development.



Appendix D - Image Analysis of Thin Sections

Scale: 1 cm : 1.3 mm
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Sample 9351 @ 3.8 m depth

Montcalm site
23.7% void area

Sample 9352 @ 4.9 m depth
Montcalm site
3.37o void a¡ea.

Sample 9353 @ 6.4 m depth
Montcalm site
4.5% void area
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Sample 9354 @ 5.2 m depth
Montcalm siæ
l8.l% void area

Sample 9355 @ 13.1 m depth
Montcalm site
10.8% void area

Sample 9356b @ 0.1m depth
Warren site
15.9Vo void area

Sample 9357 @ 0.6 m depth
Warren site
16.4% void area
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Sample 9358a @ 1.2 m depth
Warren siæ
22.3Vo void area

Sample 9358b @ 1.2 m depth
Warren site
11.l% void area

Sample 9358c @ 1.2 m depth
V/arren site
13.ÙVo void area

Sample 9358d @ I.2 m depth
Warren site
8.7% void area



r32

Sample 9359a @ 4.1m depth
Warren siæ
11.2% void area

-Sample 
9359b @ 4.t m deprh

Warren site
13.8% void a¡ea

Sample 9359c @ 4.1m deprh
Warren siæ
10.2Vo void area

Sample 9359d @ 4.1m deprh
Warren site
27.9% void area
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Sample 9360a @ 5.5 m depth
Warren site
9.3% void area

Sample 9360b @ 5.5 m depth
Warren site
l3.8Vo void area

Sample 9360c @ 5.5 m depth
Warren site
28.4Vo void area

Sample 9360d @ 5.5 m depth
Warren site
0.6% void area
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Sample 9360e @ 5.5 m depth
Warren site
8.8% void area
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appendix E - Field Measurements of satureted Hydraulic conductivity

Date Plot # Treatment # Treatment Depth Reservoir n",. K Avg.KK
cmÆr)

6/2/93 43

8ß0/94 56

6/I/93 50

6/tß3 43

7/t4/93 50

7il4/93 50

7/14/93 50

7/14/93 50

8/4/94 42

8/4/94 57

7/t4/93 50

8ß0/94 56

8ßt/94 42

8/26/94 56

8ß0/94 56

8ßt/94 42

6/2/93 44

6/2/93 44

6/t0/93 53

6/2/93 44

6/10/93 53

6/t/93 53

6/10/93 53

8/4/94 M
8/4/94 53

8/4/94 53

8/4/94 44

9/8/94 44

9/8/94 44

8/26/94 53

8/26/94 53

Alfalfs

Alfslfs

Alf¿lfa

A¡falf8

Alfelfa

Alfalfa

Alfalfa

Alfalfa

Alfalfa

Alfalfa

Alfalfe

Alfalfe

Alfalfa

Alfalfa

Alfelfa

Alfalfa

Summerfellow

Summerfallow

Summerf¡llow

Summerfallow

Sunmrerf&llow

Summerfallow

Summcrfsllow

Summerfallow

Sunr¡nerfallow

Sumrnerfallow

Sunrnerf¡llow

Summerfallow

Summerfallow

Sumrnerfallow

Summerfallow

2.501

2.501

2.50t

2.50t

2.501

2.50t

0.t536

2.501

2.501

2.50t

2.50t

2.501

2.501

2.501

2.501

2.501

0. I 536

0. I 536

0.1 536

0. I 536

0.1J36

0. r536

0.1536

2.501

2.501

2.501

2.501

0. l 536

0. l 536

0. I 536

0.1536

l0

l5

l0

l0

t0

l0

l0

l0

t2

12

t0

t5

t2

l5

l5

t2

(

J

5

{

s

5

5

f

5

5

25

2S

25

25

25

25

50

50

50

50

50

75

7S

75

75

75

25

2S

25

25

25

25

50

50

50

50

50

0.06 0.1501 4.2E,47

0.t2 0.3001 8.3847

0.20 0.5002 1.4E46

o.s2 1.3005 3.6E{6

0.76 1.9008 5.38 06

1.04 2.60t0 7.2F.46 3.1846

1.32 0.2028 5.6F.47

0.05 0.125t 3.5F.47

0.t2 0.3001 838 A7

0.r9 0.4752 1.3846

0.24 0.6002 1.7E46 9.5847

0.08 0.2001

0.08 0.2001

0.10 0.2501

0.t2 0.300t

0.22 0.5502

5.6E.47

5.6F.47

6.9E.47

8.3E.47

l.5E-06 8.3E47

0.05 0.0Æ77 2.ß,A8

0.05 0.0077 2.lE4S

0.06 0.0092 2.6F.48

0.06 0.0092 2.6F48

0.07 0.0t08 3.0E48

0.16 0.0246 6.8E{8 3.2E48

0.08 0.0123 3.4848

0.04 0.t000 2.8847

0.04 0.1000 2.8F,47

0.05 0.1251 3.5E47

0.06 0.1501 4.2E.47 2.7F.47

0.04 0.0061 1.7E48

0.06 0.0092 2.6F48

0.08 0.0123 3.48-08

0.r3 0.0200 5.5E-08

(

5

(

5

75

75

75

7S
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Date Plot # Treatment # Treatment Depth Reservoir Rate K K Avg.K

w6ß4 53 j sum¡nerfailow 7s 0.1536 0.19 o.o2g2 8.rE48 4.3E48

8/5/94 38

9/9/94 4s

8/23ß4 49

6/2/93 38

6/t/93 38

6/t/93 47

9/9/94 45

6/t0/93 38

8/5/94 38

9/9/94 45

8/23/94 49

9/8/94 45

9/9/94 45

9/9/94 38

8/5/94 38

8/23/94 49

8/23/94 5l

9/27/94 43

9/27/94 5l

8/31/94 4r

9/28/94 43

8/5/94 4t

9/27/94 43

9/27/94 5l

8ßt/94 41

8/5/94 4t

8/23/94 5l

9/8ß4 43

9/8/94 43

8/23/94 5r

8/3t/94 4l

8/5/94 4I

I

3

3

I

I

I

3

I

I

3

3

3

3

I

I

3

9

l0

9

9

l0

9

l0

9

9

9

9

25

25

25

25

25

25

50

50

50

50

50

75

75

75

75

75

25

25

25

25

25

25

50

50

50

50

50

0.1I

0. l3

0.t6

0.15

0.57

Whe¡t

Wh€¿l

Wheåt

ìilheåf

Wheát

Whest

Whest

Whe¿t

Wheåt

Wheåt

Wheår

Wheåt

Whe€t

Wheåt

Whest

\ryheåt

Whe¡t on Alfalfa

Wheat on Alfalfa

Whe¡t on Alfalfa

Whe¿t on Alfalfa

Wheat on Alfalfa

Wheaf on Alfalfa

Wheaf m Alfstfa

\ilhe¡r q¡ Alfalfa

Whe¡r m Alfhlfa

Wheat or¡ Alfslfa

\,Vhest on Alfalfa

Whe¿f on Alfalf¡

Whe¡r or¡ Alfalfa

\ilhe¡r on Alfalfa

Wheål ori Alfslfa

Whe¿t on Alfalfa

0. I 536

0.1536

0.1536

0. I 536

0.1536

0. I 536

0. t 536

0. I 536

0.1536

0. I 536

0.1536

0. I 536

0. I 536

0. I 536

0. I 536

0.1536

0.1536

0. I 536

0. I 536

0.1536

0.1536

0. I 536

0.1536

0.1536

0.1536

2.501

2.501

0. r 536

0.1536

0. I 536

0.t536

2.J01

0.02 0.003t 8.5E49

0.05 0.0077 2.tE48

0.09 0.0t38 3.8E48

0.16 0.0246 6.8848

0.20 0.0307 8.5848

0.2t 0.0323 9.OE-08 5.2E48

0.05 0.0077 2.1848

0.05 0.0077 2.tE48

0.05 0.0077 2.1E48

0.07 0.0108 3.0848

0.29 0.0445 1.2F.47 4.48_08

0.04 0.0061

0.t2 0.0184

0.14 0.0215

0.31 0.0476

0.83 0.t275

1.7848

5.lE{8

6.0E{8

t.3F.47

3.5E47 1.2F.47

0.01 0.0015 4.3849

0.09 0.0138 3.8848

0.r2 0.0184 5.1848

0.14 0.0215 6.0848

0.23 0.0353 9.88{8

0.26 0.0399 t.tE47 6.0E48

0.0169 4.7848

0.0200 5.5E48

0.0246 6.8848

0.3752 l.0E{6

1.4256 4.0E46 t.oE46

l0

l0

9

9

9

75

75

75

75

75

0.04 0.0061 1.7848

0.06 0.0092 2.6E48

l.t8 0.1812 5.0847

1.24 0.t905 5.3E47

0.14 0.350t 9.7847 4.1F.47



Hydraulic # samples

Sample: I
Montcalm

o.2
0.3
0.4
0.6
0.8
1.0
1.2
l.s
2.O

3.0
5.0
5.5
8.0
12.o
16.0
¿0.0

Appendix F'- Laboratory Measurunents of saturated Hydrautic trh,*

Average Saturated Hydraulic Flux
(ds)

ll 2.4F-n t.gE_ll
11 t.4E-11 9.OE_12
12 3. tE-l I 2.78-tt
t2 3.9E-11 z.tB_tl
t2 5.3E-11 3.0E_t l
12 7.88-ll 4.2F_lt

standard # samples

2
Montcalm

l2 3.3E-10 9.0E_l I
t2 5.6E-10 3.8E_11
t2 8.6E-10 l.4E_10
6 t.2E-O9 t.zB-to

Raw dat¡ follows rummary table.

¿

t2
t2
l8
18

l8
18

6
l2

l2
t2
t2
6

1.5E-t I t.zB-tl
5.0E-l I 4.28-tt
1.4E-10 8.9E-11
2.6F-10 r.5E-r0
4.2F-tO l.4E-10
5.7E-10 l.5E-10
8.5E-10 2.58-10
1.2E49 l.4E-10
2.9Ei+9 7.38-lt

5.2E.O9 3.0E-10
8.3849 6.08-10
l.2E-08 4.8E-10
1.sF-{lR z ,o-rnJ

standard # samples

3
Warren

6
6
6
6
6
6
6
6
6
6

6

m

3.6E48 l.8E{8
6.78{8 3.68{9
1.3E47 l.8E-08
2.2E47 3.0E{8
3.08{7 4.7E{8
4.1E47 3.9E{S
5.8E{7 5.78{8
6.9E47 2.5E{8
l.0E{6 4.08-16
1.6E-06 0
2.8E46 7.98-t6

standard # sarrples

4
Warren

t2
t2
t2
t2
t2
t2
t2
6
t2
24
t2

t2
t2
t2
6

m

mean standard

3.5E-l l 4.38-l I
8.4E-t I 6.3E-t I
1.lE-10 8.3E-ll
l.3E-10 3.9E-l I
l.3E-10 7.4E-ll
l.8E-10 6.9E-l I
2.6E-10 7.0E-l l
3.7E-tO 8.6E-l I
3.9E-10 7.8E-11
5.88-10 l.6E-10
l.2E-O9 3.0E-10

1.9E49 1.38-10
3.1E-09 8.8E-10
4.lE-09 8.18-t0
5.lE{e 1.0E-0e l

(¿){



Modc¿lm 9l
T}I I

l3.l m

0.6

0.6

0.6

0.6

0.6

0.6

0.8

0.8

0.8

0.8

0.8

1.0

t.0

1.0

1.0

1.0

1.0

t.2

t.2

t.2

t.2

t.2

t.2

Sample length =

Sanple dia¡rpter =

Senple CSA =

Clpillary nrbe dis¡neter =

Capillary CSA =

Aree R¡tio =

44 mm

56.96 n¡¡n

25.4818 sn^2.

0.8 nun

0.00503 cm^2

5069.44

1,1608

10071

6030

35J69

17256

15432

Co¡tinuous core s¡mple ñorn betow tlrc wafer lable (Montcalm)

Feb 2 - Ma¡ 2, 1994 138

4.4

5.696

0.08

In

6.98

t5.62

6.83

55.24

19.5 t

17.19

l,16l I

10069

6045

35558

t725t

15416

9.4E-l I

3.tE-t0

2.2F.-10

3.lE"l0

2.2F.-t0

2.2E.-t0

2.58

0.74

0.92

5.14

1.09

0.96

3.5E-l I

l.4E-ll

3.0E-r I

2.9E-l I

1.2&ll

l.2E-l I

6.45E-l I

t.6E-t0

1.26E-10

t.67E-t0

l.l8E-10

l.l6E-10

t8.24

23.9t

46.89

t4.22

124.89

6.94

6.l l
22.68

t8.35

48.60

15.63

6.49

24.86

14.80

20.56

48. l5

9.92

t44¡3

16086

29065

12639

77080

2.5F-10

2.98-10

3.2F-r0

2.2Ê-t0

3.2810

l.7E-10

l.3E-10

3.98 10

3.4Þ10

3.lE-10

3.lE t0

0.67

2.00

2.23

t.46

0.31

t44t5

t6064

29047

12609

76969

9.28-t2

2.58-11

l.5E-t I

2.3Þll

7.9F.-t3

1.29E-t0

1.598-10

1.67E-10

1.22E.-t0

l.6E-t0

7893

8992

I 1530

10576

3u03

9887

t.82

l.3l

0.74

0.36

1.07

0.16

7877

9014

ll5l5

10584

31107

9870

4.6E-l I

2.98-tt

t.3E-t I

6.78 t2
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10.34

25.75

16.91

56.58

9.1I

37.06

105.64

8.81

35.94

23.2r

26.63

40.38

I1.05

1s.67

42.26

37.02

38.06

54.u

27.76

50.33

80.32

59. l9

35.61

20. l0

38.48

23.U

16.48

63.67

502

299

307

N9

239

562

603

1864

313

l28l

3706

310

1380

969

t228

2036

594

861

3524

6l l4

4872

6887

3459

6615

4630

4672

3878

267

506

312

2ts

834

t.5E48

1.5E48

l.5E4r

l.5Fi8

l.5Fi8

1.7848

3.0E.08

3.3E48

2.9848

2.6848

2.28Ã8

8.9E49

8.4849

E.4E49

8.4849

8.5E49

9.0E49

5.5E49

6.0849

5.7]849

5.7E.49

5.6E49

5.6849

5.1E49

4.7E.49

4.3E49

3.9E49

3.7849

3.6E{9

2.4849

l.8E{9

t.5E49

r.5E49

r.6E49

l.5E{9

3.4E49

2.5E.49

t.8E{9

3t4

306

523

508

430

248

18.91

16.93

29.72

29.62

24.73

14.18

2t.32

t2.33

12.14

16.23

8.84

22.16

15.66

45.88

7.96

32.78

9t.79

7.74

21.64

t4.34

18.19

29.52

8.73

t2.70

18.58

3 t.43

26.5s

36.33

t8.t5

34.9t

15.58

16.31

t3.55

20.29

38.1 5

23.47

t5.26

6t.93

607

1866

313

1284

37tt

310

1388

968

t234

2042

597

870

3520

6l l5

4876

6897

3458

6618

4630

4672

3881

269

513

3ll
23t

u2

1.5E48

l.5E{8

1.5E48

1.3E48

1.5848

1.2E48

l.tE48

l.lE48

l.lE48

l.lE48

l.lE48

8.2E{9

7.9E49

7.7849

7.88 49

7.2F49

7.9r49

5.rE49

49849

5.0E{9

5.0E-09

4.9E.{9

4.9849

3.rE49

2.9EÆ9

2.9E,{9

2.9E49

2.9E,49

2.9849

3t7

305

524

512

435

252

510

308

309

413

241

555

l.0E{9

t.0E{9

l.lE{9
r.0E49

1.0E49

t.0E{9

6.68-10

6.9E-10

6.98-r0

1.49E-08

1.48E48

1.49E48

l.4lE48

t.48E48

1.45F-O8

2.048{8

2.2t848

2.04E48

1.84848

1.66848

8.58849

8.15E49

8.1E49

8.08849

7.88E49

8.46E.49

5.3t849

5.42E49

5.38E49

5.37849

s.25E49

5.27E.49

4.llE49

3.82F.49

3.59849

3.38E49

3.28E49

3.23Fn9

t.7E.49

I.43E-09

l.3lE{9

r.29E.49

t.3tE49

t.27849

2.04E.49

1.59E{9

r.25E,{9

144

1.4528E48

t.1272848

7.7928849

4.966E49

2.9202F{9

1.0407F.49



T

T

T

0.6

0.6

0.6

0.6

0.6

0.6

0.4

0.4

0.4

0.4

0.4

0.4

0.2

0.2

o.2

0.2

0.2

1.5

1.5

1.5

1.2

t.2

t.2

t.2

1.2

1.2

56.89

37.81

49.08

24.06

18.81

t8.73

1.0

1.0

1.0

1.0

t.0

1.0

78.56

52.t9

34.77

29.65

t7.20

2t.7t

0.8

0.8

0.8

0.8

0.8

0.8

79.12

37.28

19.05

9.2t

t9.57

24.16

18.93

21.s2

16.27

35.20

28.93

17.00

96.75

26.t2

18.04

21.00

69.60

30.71

2.19

3.89

2.73

20.49

27.58

35. l5

76.08

25.72

4936

3577

3666

5132

39t2

5660

5r98

3429

602t

4l t6

7642

to294

4266

5277

667t

23276

4942

4880

8765

5652

46,69

74o0

7303

10498

682t

4454

868t

5338

2961

4l l0

tt45l

5t20

3382

3279

6285

4l l5

3459

3601

t.7EÆ9

1.3E49

9.98-10

3.3E{9

2.3E,49

1.5E49

t.2E,49

l.rE49

1.0849

3.1849

2.9E.49

1.9849

l.tE-09

8.7E-10

7.68-rc

3.0849

2.1E49

6.2E-10

4.4E-t0

5.lE-l0

4.68-10

8.8810

8.0Þ10

4.8E-10

3.0E-10

1.2E49

6.9E-10

2.2E.49

9.rE-10

7.6E.-10

5.68-10

r.9E49

5.8Þ10

6.3E-l r

l.7F-10

6.28-tt

7.6F-10

1.8849

7.93

6.98

7.9t

t2.03

9.83

14.50

3.57

3.45

4.67

6.43

7.75

13.54

1.58

1.86

3.07

6.06

3.23

2.03

l.6l

0.2t

0.07

0.6t

0.83

0.39

2.66

0.58

2.36

0.08

0.75

14.38

43.1 5

19.94

8.91

10.23

17.48

l1.83

9.7t

10.84

4938

3577

3670

5134

3917

5662

520t

343 I

6023

4t2l

7645

10297

4246

5280

66'13

23276

4942

4883

8768

5652

4647

7382

7286

l03ll

6824

,+438

8683

5326

2943

4l 13

t1452

stzt

6.9E-10

7.4E lo

7.78-t0

5.28-10

6.lE-10

5.5E-10

5.7E-10

5.58-10

5.9E-10

3.2E-10

3.8E-r0

4.3E-t0

4.6E-10

5.0E-10

5.lE-10

r.4E-10

2.08-r0

l.5E-10

3.lE-10

2.0E-t0

2.68-10

7.3E-tl

6.9E-l I

9.lE-l I

5.lE-l I

l.3E-10

8.28-l l

3.6E-r I

7.3F-t2

3.0D12

l.6E-lt

2.28-tt

7.58-12

7.78-tt

2.6Blr

5.4E-l l
3.0F-12

5.0E-l I

3389

3287

6281

4tt9

3465

3605

t.l9E49

r.03E49

8.88-10

1.92E.49

t.44849

1.04E49

8.6E-10

8.138-t0

8. lE-10

1.73E49

t.63E49

l.l5E49

8.01Þ10

6.81Ë-10

6.31E-¡0

1.57E{9

l.t7E49

3.89E-10

3.75E-10

3.53E-10

3.61E-10

4.748-t0

4.378-10

2.86E-10

1.75E-10

6.42E-t0

3.858-10

l.llE49
4.59E-10

3.83E-10

2.88E-t0

9.5lBl0

2.928-t0

7.018-ll

9.9E-ll

5.78E-l I

3.8E-10

I.l9E-r0

t45

7.0702F-ro

5.6567F.-t0

4.3 I 55E-10

2.0897E-r0

8.2656E-l I

1.5459E-l I

5.2096E-t I

4.19048-1r



T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

1.0

1.0

1.0

1.0

1.0

1.2

t.2

t.2

t.2

1.2

t.2

1.5

1.5

1.5

1.5

1.5

t.5

2.0

0.3

0.3

0.3

0.3

0.3

0.3

0.4

0.4

0.4

0.4

0.4

0.4

12.67

17.07

12.99

2.89

8.36

2.t1

0.8

0.8

0.8

0.8

0.8

0.8

t.0

2.98

89.12

20.29

29.07

6.27

3.70

t6.29

20.39

t5.74

16.29

13.30

26.t6

25.12

19.55

t2.34

26.68

18.98

20.08

t2.36

44.39

14.35

15.38

28.64

40.63

20.M

t7.28

67.t0

t9.23

t8.72

2.67

12. l8

18081

&99
It92l

t6231

5685

tt602

I 1635

8r7l

10225

2576

10310

5167

æ07

46536

7325

t2546

5s96

3713

5288

8379

6672

s770

3705

10226

7574

10000

3233

72t2

5736

7075

4399

9091

8825

3t42

3722

t2s55

4848

t.9E-t0

2.lE-10

2.0E 10

2.38 10

9.3Þll

2.lF-10

2.lEr0

3.8E"10

2.5F-t0

2.28 10

l.6E-r0

8.lE-l I

9.2F-tt

3.8E-t0

5.58-10

4.68 t0

2.28-to

2.0E-10

6.lE-10

4.8E-10

4.7F-t0

J.6E-10

7.lF-to

5.0Þr0

6.5E-t0

3.9Þ10

7.5E-10

7.3D10

6.5E.t0

5.6E-t0

6.6F-10

7.0E-10

5.8E-10

6.9E-10

6.2E.-10

9.lDl0

4.70

0.24

5.83

3.43

12.0t

9.60

22.18

52.24

6.68

t2.6t

I1.55

8.09

t.62

9.45

9.85

4.67

1.02

t5.60

10.21

t9.78

2.99

6.t6

7.28

9.80

8.6J

32.32

I1.87

9.2t

22.82

9.08

5.28

2.08

2.29

3.62

0.t8

3.99

3.57

t8076

64493

I 8926

t6235

5666

I 1606

I 1645

t872

t0226

2562

103t0

5167

64t0

46566

732t

t2550

5604

3709

5290

8378

6671

5770

3700

10229

7573

10002

3234

7212

s740

7075

3725

12558

4852

4402

9096

8828

3135l.3E{9 1.66E-10

4.2647E.-t0

2.3Þll

7.08 12

3.8E-l I

2.28-t2

l.4E-10

6.lE-l I

8.0E-l I

5.3E-12

l.IE-r0

2.68-t0

2.38-10

3.7F-10

6.8E-10

2.28-to

l.8E-10

2.0E-r0

4.lE-10

4.3E-10

6.08-ll

2.2F.-t0

2.9E-10

l.6E-t0

5.4E-l I

3.0E-10

2.7E.-10

3.9E-10

l.8E-10

l.7E-10

2.58-r0

2.TE-t0

4.68-10

5.lE-r0

4.8E-10

4.tE-t0

4.9E-10

2.0E-10

3.3E-10

l.l2E-t0

l.l7E-10

6.52F-ll

1.05Þ10

6.958-l I
1.38F-10

1.65Þ10

Ll3E-t0

t.36E-10

1.72F-t0

l.l5E-10

2.29E,-tO

6.14E-10

3.398.10

2.018-10

1.97Þr0

2.038-10

2.t5E-t0

3.028-l I

l. I lE-t 0

1.46E-10

7.988-l I
2.72E.-tt

r.5E-l0

1.33E-t0

1.95E-10

9.t2E-l I

8.42F-tt

r.25F-10

1.37E.10

2.298;10

2.54F.-10

2.4t8-t0

2.06E-t0

2.478-t0

l.0lE-I0

4.4868E-r r

1.763E-10

3.53 I 5E-10

r.8t5lE-10

2.5506E-10



T

T

T

T

T

T

T

T

T

T

T

2.0

2.0

2.0

2.0

2.0

3.0

3.0

3.0

3.0

3.0

3.0

22.22

25.19

37.79

27.35

32.91

33.58

31.t6

t9.44

5.87

24.24

22.60

5334

4962

t466

42tl

3672

3780

4900

s999

4283

5t77

5395

t.2849

7.TE-t0

7.9F-t0

l.lE49

l.2E{9

l.2EÃ9

t.0E{9

1.2EÆ9

t.3E49

1.3E49

l.2E{9

I1.37

19.86

5.83

10.06

1o.76

26.29

34.69

33.06

23. l0

31.35

33.43

J338

4965

t46t

4213

3677

3780

4903

6001

4286

5t77

5.t01

4.28-t0

7.9E.-t0

7.9E.-t0

4.7F-t0

5.88-t0

2.lF-10

3.95E-10

3.94E 10

2.368"10

2.89E-r0 5.6281E-r0

1.4E49

l.4E{9

I.IE{9

l'lE49

1.2E49

1.2E49

6.86E-10

6.98E 10

5.43E-10

5.328 t0

5.97F-t0

6.lE-10 t.2222849

T = Used pressure trô¡rsduc€r to me€sure imposed gradient



Wa¡reî 93

0.2 -0.9 m

Csl.inuo¡s core sa¡ple ûm above lbe wst€r tsble

M,26, 1994

Sarple length =

Sanple diamaer =

Sarple CSA =

Volune ofwater &op =

r46

0.2

0.2

0.2

0.4

0.4

0.4

4l mm

56.96 mn

25.48178474 ø^2

0.05 crn^3

6.9E{8

3.0848

l.3E-08

7.1E48

7.1848

6.9E48

4.1 cm

5.696 crn

Head (cm)

0.82

0.82

0.82

t.23

1.23

t.23

2.46

2.46

2.46

3.28

3.28

3.28

0.3

0.3

0.3

0.05

0.05

0.05

0.05

0.05

0.05

284

644

t473

r62

t2l
165

92

93

70

70

50

67

t.2F.47

t.6EÆ7

l.2EÃ7

2.tÊÃ7

2.1E47

2.8E.47

3.7627848

t.3407847

2.3486847

0.6

0.6

0.6

0.05

0.05

0.05

0.05

0.05

0.05

0.8

0.8

0.8

1.0

t.0

1.0

t.2

t.2

1.2

s2

4l

5l

2.8847

3.98Ã7

2.9E.47

3.8E{7

4.8EÆ7

3.8847

3.2187847

4.t356847

0.05

0.05

0.05

32

29

36

6.rw7

6.8E47

5.5Fn7 6.1t62847



6.15

6.15

6.15

8.20

8.20

8.20

12.30

12.30

12.30

20.s0

20.s0

20.50

20.50

20.50

20.50

t2.30

12.30

12.30

8.20

8.20

8.20

6.15

6.15

6. 15

4.92

4.92

4.92

4.t0

4.t0

4.10

3.28

3.28

3.28

2.0

2.0

2.0

1.5

1.5

1.5

t.2

t.2

t.2

0.8

0.8

0.8

1.0

1.0

t.0

1.5

1.5

l.J

2.0

2.O

2.0

3.0

3.0

3.0

5.0

5.0

5.0

5.0

5.0

5.0

3.0

3.0

3.0

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

28

29

29

36

36

37

47

48

52

68

7t

74

28

30

27

l9

l9

l9

7

7

7

7

7

7

t2

12

t2

7.0F-07

6.5847

73847

l.0E-06

t.0F-06

l.0E{6

t.6E46

1.6E46

t.6846

2.8E46

2.8846

2.8846

2.8846

2.8E.46

2.8846

1.6E46

t.6E46

1.6E46

1.0E46

1.0E46

t.0E{6

t2

t2

t2

l9

l9

l9

7.0F.47

6.8847

6.8E-07

5.5847

5.5847

5.3E.47

4.2E47

4.1EÆ7

3.8E47

2.9F.47

2.8E.47

2.7847

r47

6.9386847

l.0E{6

1.6846

2.8846

2.88Ã6

1.6E46

l.0E{6

6.8847

5.4E.47

4.0E.47

2.8E47



2.46

2.46

2.#

l.ó4

l.&
t.u

1.23

t.23

t.23

0.6

0.6

0.6

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

93

95

98

165

168

t?3

304

314

306

2.1847

2.tEÃ7

2.0Fn7

t.2FÃ7

1.2E47

t.tE47

148

0.4

0.4

0.4

0.3

0.3

0.3

2.t847

r.2E.47

0.82

0.82

0.82

0.2

0.2

0.2

538

s7s

607

6.5E48

6.zEÆE

6.4E{8

3.6848

3.4E48

3.2E48 3.4848



'til¡¡ren 93

3.9 - 4.0 m

0.2

0.2

0.2

0.2

0.2

0.2

0.3

0.3

0.3

0.3

0.3

0.3

0.4

0.4

0.4

0.4

0.4

0.4

2.4E.-10

l.8E-10

2.98-10
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