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. ABSTRACT

The infl-uence of hydrogeol-ogic factors on genetÍc so1l

distrÍbutions near Deloraine in southwestern Manltoba was studied

durtng a trrro year period. Ernphasls was placed on determíning the

detaíled hydrogeol-ogfc characteristics al-ong a narror,I 25 ml1-e long

strÍp of terraín beÈween Turtle Mountain and the Souris Plain. To

characteríze the hydrogeoJ-ogy, l-5 nests of piezometers were installed

in the Quaternary and bedrock deposits. Hydraulic heatl daÈa and

samples of the groundwaËer I'lere obtained from the piezomeËers. The

hydraulic head data, chemÍstry of the groundwater and knowl-edge of

the stratigraphy were used to interpret the patterns of groundwater

fl-ow. Seven hydrogeologíc areas rirere establÍshed. The hydrogeological

characteristics of each area \üere described and rel-ated to the

pedological characteristics of the soÍ1s. In addition, a detaíled

sampl-ing of the soil and sub-soil was conducted to evaluate Èhe degree

and source of sal-ínÍty 1n Èhe soil.

The pedologíc, hydrogeologic, and geocheurícal daËa Índicate

thaË the general soil saliníty pattern Ís controIled by a complex

configuration of the groundwater flow system. Saline soils occur ín

areas of dominant groundwater discharge. Leached soil-s occur in

areas of domÍnanÈ groundwater recharge. On a micro-scale l-ocal

groundwater fl-ow systems and the vertical and l-ateral distribution

of sallnity are governed by micro-relfef and mfcro-stratfgraphy of

the surface deposit.s. In some areas thLn sand and gravel lenses above

and s11ghtly below the waÈer Ëab1e strongly lnfluence the dfstributlon

flf



. of soluble salts 1n the so11. The major source of soluble salts

tn the region was attributed to the dissolution of sulphate minerals

in the glacial till.
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CHAPTER I

INTRODUCTION

, 
the classification of soils, based prirnarÍly on morphological

and chemical characterísÈics, has led pedologists t.o concentrate

thefr attention prÍrnarily on the upper 36 to 48 inches of the soil.

As a result, references Èo groundwater Ín relatÍon to soil developmenÈ

. studies have been brief, usually including only the depth to r,rater

, tabLe level- and,degree of groundwater urineralÍzation. On the other

hand, hydrologÍsts have general-ly studíed groundwater phenomena

wiËhout considerinþ ir, detaÍl the relatÍons beÈween the groundwater

environment ana lnä',soff genesÍs zone near the ground surface.
l

, Consequently, the two discíplines evolved with l-ittl-e attention

being paid to the relations which exist between geneÈíc soil devel-op-

nent änd groundwater flovr. ThÍs thesis attempts to clarífy some of

these relations occurríng Ín an area of doninantly chernozemic soils

in southwestern ManÍtoba.

I OBJECTIVE OF STUDY

This thesfs evolved, for the mosË part, from attempts to

characteríze cextain genetic soil dístributÍon patterns encountered

durlng the resurvey of the Southvrest Map Area of ManÍtoba (49"00r-

49"32t N. Lat..and 1-00o00t-L00"22' I{. Long.) whích was conducted from

1965 to Jl969. During the resurvey 1t was thought that the distributlon

of f.nperfectly dralned saline and non-sallne soil-s developed on
. J1.4.':rf

the same parent materf-al-, could be due to subsurface groundwater flow



rather than due to surface drainage. Therefore, Ít was decided

to lnvestlgate the groundwaËer flow phenomena and to determine

thefr relationshíps Èo so1l formation as exPressed by the distri-

bution of so1l proffle types. The uraln obJective of this thesis,

therefore, is to describe the hydrogeol-ogy of a.representative

area of sol-ls for the purpose of determÍning the relations beÈween

groundwater fl-ow systems and the general distribution of genetic

so1l profiles. To achieve thís objective the investigaÈion

fncluded:

1. The installation of nests of píezometers arranged in a

cross-section through the study area'

2. A compilaËion of prel-iminary soil- survey data, and

3. A detailed soíL inspection at preselected siËes along

the cross-section giving careful consideration to the local- facËors

of micro-topography, miero-stratigraphy, soil parent material-, and

genetl.c profile distribution.

, TT GEOGRAPHIC SETTING

The area studj.ed lies inurediately Ëo Ëhe west of the torrm of

Del-orafne in Southwest,eTn Manitoba (Figure 1-). This area was chosen

for three reasons: firstly, it included representative areas of each

of the major soil subgroups and catenas in the Southwestern Area of

Manltoba; secondly, it incLuded representative areas of each of the

major soil- clínatLc zones of southern Manitoba; and thirdly' it

transected the total range in topographic reLíef for the area.

The layout of the study area 1s located aLong the regional
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slope of the surface topography. It was thought that l-n this l-ocatlon

the area would be parallel to the slope of the regl-onal \nrater table

and that the flow of groundwater rvould be parall-el- to the 1-ong axis

of the study area. In this posÍt.ion, Èhe various groundwater flow

regimes within the area could be observed.

The study area occupies approximately 961000 acres of land

composed of glacial tills and thfn lacustrine sediments. The

t1lls are typlcal-ly dead ice deposits eharacterÍzed by knoll-

depression topography. The topography vari-es from hígh rel-ief on

top of Turtle Mountain, which has very steep slopes ranging from

30 per cent to 60 per cent, to very low re1íef in the Boissevain Til-l

Plain, having slopes general-ly l-ess than 5 per cent. The Turtl-e

Mountain Upl-and slopes steeply to the surrounding lowlands at,

approximately 250 feet per nile. The shallow glacial lake sediment

in the Sourís Plain and Ïlhitewater Lake Basin areas is characterfzed

by very 1ow relíef r,¡ith slopes generally l-ess than 2 per cenË. Local

variations Ín relief in the Souris Pl-aÍn are commonly due to aeolian

nodifÍcation of the coarse lacustrine sedÍments.

The specifÍc area of the hydrol-ogic investígation, enclosed

by the two dashed, para11e1 Lines, as shown in Figure 1, constítutes

approxÍmatel-y 38r400 acres.

Ueir (1-960) reporËs thaE the area has an average arrnrral'

poËential- evapotranspiration of. 2L to 65 Ínches and an average

annual precipitation of 20 lnches of whlch L2 to 14 lnches fall during

the growing season frorn May 1 to September 30. lIelr (L960) al-so

reports that the average annual January temperature ranges from



0.5o to 5l¡'rhtt. the average annual July ternperature ranges from

63.5" to 680F.



CHAPTER II

REVIEW OF LITERATURE

TTYDROLOGY

the hydrologic cycle as def ined by Davis and De tr^Iiest (L967 
'

p. 15) is the ttever changing rnígration of atmospheric, surface, and

groundwater as a cornplex interdependent system". Although the

movement of groundwater is the maÍn concern of this study, it is

lmportant that all aspecÈs of the hydrologic cycle be understood

in a general- way in order that an accurate pfeture of the sub-

surface portíon of Èhe cycle be achíeved.

Usfng a türo dimensional urodel- (FÍgure 2), Toth (1962) showed

that the theoretical groundwater flow syst,em in an isotropic homo-

geneous porous medium with a uniformly sl-opíng topography is composed

of a recharge area and a discharge area. The recharge area which is

upslope from the uridlíne posÍtion is characterízed by downward

moving groundwater, thaÈ is, !üat,er movement away from ths water

table l-evel. The dÍscharge area, which Ís dor¡nslope from the

nidline position is characLerizeð, by upward moving \^later' that is,

water movemenË toward the water table 1evel.

In general, groundwater fl-ow systems are influenced by three

baslc components: topography, geology, and climate. Topography in

a broad sense determines the scal-e of the hydrol-ogical system.

Hitchon (L969) in a study of the Inlestern Canadian Sedlrnentary Basln,

concluded that rnajor upland Èopographlc features are rnaJor recharge

reglons and that maJor lowlands are maJor regÍonal dfscharge areas.
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In his módel- he refers to the foothtll reglon of Alberta as reglonal

recharge and the exposed outcrops of sedimentary rocks near the contact

of the Precambrian Shield to the east as the regional discharge

area. On the other hand, Toth (l-963) showed thaË minor lrregularitíes

fn the surface topography resulËed in local- flor¿ systems being

superímposed on intermediate and regÍonal flow systems (Figure 3).

By applying Tothrs (1963) Ëheoretical flow systems (Figure 3) Ëo

the Western Canadian Basin, as discussed by Hítchon (l-969) the area

of the Turtle Mountain Upland and the I^Ihitewater Basin ís analogous

to a loca1 flow system superimposed on the regional discharge area

for llestern Canada. The terms regional, intermediate, and local

defÍned in this sense therefore have little meaning for purposes

of thís study. For this study Ëhe term local flor¿ system will be

defined as the fl-or¿ of groundwater from a slough or depression

at a given el-evation to an adjacent slough or depression of s1-lghtly

lower elevatíon. This defÍnition is analogous to the local flow

systems as descríbed by Lissey (1-968) ín the Oak River BasÍn of

Manitoba.

Hftchon (1969) also states, Èhat the rrdominant fluíd potentíal

in any pàrt of the basin corresponds cLosely to the fluid potential

at the topographic surface in that part of Èhe basin". Therefore,

topography determines the magnitude of the hydraulic poÈenLials withÍn

the hydrologfc system. He also concluded Ëhat variations in geology

such as the presence of highly permeabl-e beds, significantly

affected the regional fluid potentlal distribution.

Geology, according to Davls and De l{lest (L967, ch. 1-0 and 11)
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10

plays a'signlftcant role in determining the characteristics of ground-

hrater flow systems. Pore and ¡¡rain size, sedimentation and orientation

of rock structures and the síze and shape of the dralnage basln are

three aspects of geology which arê '' important i1r- tlete¡rnlrrm,g :the

volume, rate and directÍon of groundwater flow

The pore and grain sÍze of geologic materíal determine

perureability or hydraulic conductivity. Sediments such as clay

which have hÍgh porosities, generally have l-ow hydraulic conductíviËíes.

Sands, on the other hand, with low porosities, generally have a higher

percenËage of macro pores than clays and consequently have higher

hydraullc conductivities. Baver (l-963, P. 252) tras shown Ëhat under

saturated conditions the velocÍËy of water flow through soiLs

decreases in the order of sand > fine sandy loam > light clay > and

c1ay. Freeze and Witheïspoon (1967) have shown that lenses of

contrasting perrneabilíty wiËhín homogeneous deposits alter the directíon

of normal- groundwater flow and result in the occurrence of dÍscharge

areas in the centre of regional flow systems (rigure 4).

Davís and De trrliest (L967, ch. 11) suggest that the size and

shape of the hydrologic basin determines the volume of surface and

sub-surface hrater, the direcÈion of water movemenÈ and the velocity

of groundúrater flow r.¡ithÍn the basin. In addiËion, the size and

shape of the basin will- determíne the J-ength of time that the water

1s in contact wtth the basin and thereby influence the qualiÈy of

the rrrater.

Climatic factors such as the seasonal- distribuË1on of pre-

cipitation and temperature which deÈermfne the amounË of evaporatLon
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L2

and evapotransplratLon havg a slgnfffcant influence on the water

budget of the hydrologic cycle. Accordlng to Davls and De Ï^Iiest

(1967, ch.12) variatíons ln clímate affect the amount and distri-

bution of recharge and discharge, the magnítudes of the hydraulic

gradients, the eontinuity of aquifers and the dístribution of poor

quality ü¡ater r¡ithin a given hydroLogic envíronment. In addition,

Líssey (1-968) reports that the influences of climate dicÈate, either

directly or indirectl-y, Èhe Ëype and quality of vegetation which uray

develop in a basín. Vegetation then may ínfLuence the processes of

recharge and discharge eÍther by enhancíng or inhibitíng infiltration,

evapotranspiratlon and evaporation. By the use of piezometers,

Meyboom (1966) has shown thaË the vegetation on hummocky glacial drift

Ín the Canadian Praíries ínfluences the local- groundwater flow

systems and thereby influences the larger flow systems beneath.

Continuity Between Saturated and Unsaturated Systems

According to Moore (1939, as stated in Baver, 1963, p. 252)

the same propgrties which affecÈ hTater flow in the saturat.ed soil zone

also affecË hrater flow through the unsaturated soil zone rnrith the

exception that the order of permeability is reversed. Freeze (1967)

states that the unsaturaËed flow processes of infiltration and evapor-

ation are Ín physical and mathemaÈical continuiÈy with the parallel

saturated processes of recharge and discharge, thaË is, the Èerms

infiltration and evaporatÍon fn the unsaturated soÍl zone are contlnuous

råith the terms recharge and discharge in the saËurated soil zone,

respectively.

Freeze (L967) states tha! rra gÍven meteorol-oglcal condltlon
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whtch glves rlse to a certal-n flux at the ground surface will creaËe

dlfferent pressure head, total head, and moisture content profíles

depending on the condítions of groundwater recharge and discharge

which underlie the unsaturated soíl-". Freeze (1967) also staÈes that

t'soil- moisture conditions can therefore be expected to show areal

variatÍons even under homogeneous meteorological conditions and

uniform soil type".

As a result of the contfnuity beËween the saturated and

unsaturated soÍl zones, surfaee soil noisture conditions are a

direct reflecÈion of the depÈh to and the range of fluctuation of the

water table level. Fxeeze (1967) shows ÈhaÈ r¿at,er Èable fluctuatíons

result when the rate of groundwater recharge or dÍscharge is not

natched by the rate of infÍlËration or evaporation ín the unsaturated

soil zone and the end result ís a r,rater table whÍch is almost never

stable.

Groundwater Chemistry

According to Davis and De I{iest (L967, ch. 4) the'chemistry

of groundr^raËer 1s basl-call-y deterrnined by the conposition of the

geoJ-ogíc materials through which iÈ flor¿s. For example, groundwater

from linestone aquifers has dominantly a Ca# and HCOJ ion composítion

whereas groundwater in marine shales generally has a Na* and Cl- ion

conpositÍon. Rozkowski (Lg67) 1n a hydrological study of glacial

tills in Èhe Moose MounÈain axea of. Saskatche\¡Ian reports that Èhe

most common fons found 1n groundwater of calcareous gl-acial- drfft

are ca#, Mg+, Na+, so[, and HCol.

Sfnce the degree of rnineraLLzatLon of groundr.¡ater Ís dependent
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upon: temperature, pressute, area of fnterface betr¿een minerals

and groundwater, volume and Èirne of water contact, lt ls expected

that discharging groundwaters would be more ml-neralized than re-

charging groundwater. Rozkowski (L967) and Líssey (1968) applied this

concept to their studies in glacÍal drift and found Èhat the ground-

úrater chemistry paÈterns substantiated the groundwater flow paÈterns

which had been interpreted from hydraul-Íc head daÈa. It is apparent'

therefore, that areal- and vertical dlstributions of ionic concen-

trations in groundwater are a valuable aíd for i.nterpretíng the

characterístics and direction of groundwater movement.

II SOIL GENESIS

Soí1 genesÍs is basicall-y a two-fold process which involves

firstly the formation of the soil parent materÍal- and secondly the

formation of the soí1- profíle. The formation of soil- parent

material has resulted from the physical and chemical weaÈhering of

geologíc maËeríals and the subsequent redÍstribution of Èhese products

by waÈer, wind, and 1ce.

The formaËÍon of the soÍ1 profÍl-e, on Ëhe other hand, has

resulted from the dynarnÍc interaction of the six basic facËors of

soil formatíon, namely: cl-ímat.e, vegetation, parent. material ,

topography, time, and man. The result of this interaction is the

formation of varfous J-ayers or horizons within the parent material.

These horlzons constitute the soil profÍle. Horizon differentiaËlon

1s the result of addltlons, removals, Èransfers and transformatÍons

wtthfn the solL system. Each of Ehese processes depend greatly
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on the presence and movement of htater through or withln the so1l.

The concept of an interrel-atlonship between soll- deveLopment

and the movement of groundwater ls relatively ne!'r. Studies Ín

pedology have recognlzed Èhe depth to groundwat,er as an important

property of soil, however as Cairns and Bowser (1969) have staÈed,

"the functíon of groundwater ín the development of the soíl profíle

fs still noË clearl-y undersËood'r.

Sfgníficance of Water in the Soil System

Water is the key element in the genesís of soil profiles.

It is responslbl-e for nearl-y all chernical reactÍons in the soil- and

provÍdes a means of transport for all moveable soil constituent.s.

The physics of hrater movement in the unsaËuraËed zone has been studied

at great 1-ength, however, Èhe role of water movement as a factor in

soil- genesis has received littl-e aËtenÈion.,

The devel-oDment of soil- profiles resulËs from the flow of

rüater in both the saturated and unsaturated soil zones. According

to Toth (l-962) groundwater is generally in a staËe of constant

moËion and is therefore capable of dissolving and transporting

mineraL matÈer from one part of a flow sysÈem to another, fo11owÍng

flor,r trajectories defíned by weLl knornm physicaL principles. He

also shor,¡s that if the pattern of groundwater movement and iÈs

controLling factors \¡rere better understood, eonclusions regarding

both general principles and specific l-ocal- features associated with

the removal, transporÈ and deposition of saLts 1n soils, could be

derived.
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III SOIL-GROT]NDI.IATER RELATÏONS

For the most part, studl-es relating soil genesÍs to groundwater

flow have centered on saLine and solonetzlc soils. For exampl-e,

Pawl-uk, et al-. (l-969) concluded from fiel-d observations Èhat:

the Black Solod profile occurs in recharge areas, the Orthic Bl-ack

and Solodic Bl-ack profiles occur Ín either rnidl-ine or recharge areas,

the Black Sol-onetz occurs in the lower parts of rnidl-ine areas or the

higher parts of discharge areas, and Ëhat the Sal-ine Solonetzíc

Black soil-s occur in discharge areas. These observations, however,

erere not substantiated by hydrogeologÍc daÈa. Other scÍentists

such as Rozkowski (1967) and Sandoval, et al. (1961) studied soÍl

sal-ínity and groundwater Ín relation to topography. They concluded

that soil salinity was the result of groundwater flow and thaË

topography r¡ras a signifícant factor influencing the dÍstribution

of soluble salts. However, they díd not relate groundwat.er flow and

soí1 development.

More recentl-y, studies in the glacíal dríft of llesËern Canada

have indícated that a dírect reLatlonship exÍsËs between groundiater

flow and genetic soils other than Èhose assocíated with salinity.

Leskir¿ (1971), in a study near Vegrevílle, Alberta, examined surfÍcial

phenomena such as genetic so1l type, soil salinity, vegetation,

natural- springs, soap holes, surface lakes, streams, sloughs and

domestlc water wells and ínterpreted them as fndicaËors of specifÍc

types of groundvrater flow. Based on these observations and lnter-

pretatlons, he proposed a generalized cl-assification scheme for solls

fn rel-atlon to their expected hydrol.oglc narure (Table I). His
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observatl-ons and conclusíons lsere not subsÈantiated, however, wLth

subsurface measuremenËs of the potentlometrÍc or hydrochemlcai-

parameters. Lesklw (1971) based much of the hydrological lnter-

pretation on local fl-ow systems similar to Ëhose descrlbed by Líssey'

1968.

Although Llssey (1-968) did not sÈudy soil--groundwater relation-

ships, his int,erpretation of local flow systems has had considerable

lnfluence on pedology.

In a hydro-ecologícal investigation in the Oak Ríver Area of

Manítoba, Lissey (l-968) concluded Ëhat shallow depressions and

sloughs could be classífied in terms of their abtlity to transmit

water. IIe fdentified depressions as having fast and slow recharge,

fast and slow dÍscharge, and transitÍonal groundwater flow systems.

He shor^red that maxiurum ínfiltration to Ëhe groundwaËer zoÍte occurred

through the depressions rather than the local Ëopographic híghs.

IIis study, however, did not relate the movement of groundwaËer to

the development of soÍl- profiles.

PREVIOUS WORK IN THE STT]DY AREA

Ell-is and Shafer (1940) conducted a reconnaissance soil

survey of Southwestern Manitoba in which the soils were mapped

according Ëo sol-l associations. Areas of salÍne and soloneËzLc

solls hrere recognized and delineated but no attempt was made to

rel-ate these soils to groundwater flow systems. The soil map was

publfshed at a scale of 1:1251000 and Èherefore, only broad areas and

general soll conditlons could be presented.

Elson (1952) studied the glacial hlstory of the area and

IV
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produced a general surface'deposÍts map at a scale of l-:L25r000.

Elsonrs nap shows the raÈher lntricate nature of the various surface

deposiËs but no direct mention of soiLs or groundr^rater was made.

A survey of the general groundwater condít.ions of the area

was made in L949 by Halstead and Elson for the Geol-ogical Survey of

Canada. The groundwater fl-ow systems ín the area vrere not studied,

since the primary purpose of the survey r¡ras to determine the

occurrence of aquífers and the quality of r^rater available for domestic

use. Most of the well ínforrnation r¡ras based on personal contact r¿ith

farmers. A few $rater samples were analyzed by the National Testing

Laboratoríes, Limited, Iùinnipeg and by the Bureau of Mínes, OtÈawa

but the number of samples anal-yzed were not sufficÍent to characteríze

the area 1n terms of deLaÍled hydroehemical patterns. The hydro-

chemÍcal data were of liËtle use, therefore, for interpreting the

direction of groundwaËer flow



CHAPÎER III

},ÍETHODS Æ.TD MATERIALS

The methods and ¡naterlals used in Ëhis investigation can

best be described in te:¡ts of three categories: hydrological'

pedological and analytical.

TIYDROLOGICAI

Piezorneters gere consËructed of 0.8 inch ouÈside diameËer,

senf.-rigid, poLyvinyLchloride (p.V.C.) tubíng. A, 2-foot secËion aÈ

the botton of the piezomeÈer tlas slotÈed and wrapped with fiber

glass. Fiber glass was used Èo Prevent the accumulation of sil-t ln

the intake zone of the piezometer. Most of the piezometers T¡¡ere

lnstal-1ed using a t,ruck mounted rotary hollor¿ stemmed auger. Once

the auger reached the desired depËh the piezometer was inserËed ínto

the holl-ow core of the augeï. Coarse silica sand was added to the

bottom of Èhe bore hol-e to a thickness of about 30 ínches. Síx

iaches of fine si1íca sand were added on toP of the coarse sand.

The coarse silica sand pack at the bottom of.the piezometer formed

a 6ma11 porous voltme around the lntake zone. The fine sí1ica

sand Was added to Prevent contaminatíon of the lntake zone by the

cement grout. The auger \^ras subsequently renoved and a mixture of

water and portland cement was added Ëo form a grout plug above Èhe

sand. The hole was final-ly back filled to Èhe surface with the extracted

so1l. Other plezometers r¡rere installed followíng baslcal-ly Èhe sane

procedure except that a soltd stem auger was used Èo drll-l the hol-e.

Due to the fact that the auger stem was solid, it had to be removed
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from the hole prior to lnstalllng the pl-ezometer. The plezometers

were install-ed in groups or nests of 4 to 6 at various depths ranging

. from 10 to 98 feet below ground level. Thís enabled water samples

and hydraulic head measuremerits to be obtained from various depths

bel-ow the r¡raËer tab1e. The particular pÍezometríc design used in

thís study has been descríbed in.rnore detaí1 by Schwartz (1970).

A water table observatíon wel-1 was installed at each piezomeËer nest

'using a truck mounted Giddings Dri11. The wel-ls rüere constructed of

P.V.C. tubing and pl-aced at depths of l-0 to 18 feet. The P.V.C.

tubing was slotted to within 3 to 4 feet of the ground level. The

locatÍon of the pÍezometer sites is shornm in Figure 5.

The water 1evel in the piezometers and wel-l-s was measured

about twlce a month during the summer and abouË once every síx weeks

in the wlnter. Water sarnples were taken fron each well and piezometer

1n 1970 and 1971. A more detaíled procedure for the hydrological

ínvestigation is presenËed Ín Appendix A.

II PEDOLOGICAL

Pedological ÍnvesÈigations of the soils withÍn this study

area vrere l-inited to very íntensive examinations of several

specifical-ly chosen areas. Two smal1 areas (3/10 mí. x 3/l-0 mf.

each), one on stratífied lacustríne soÍ1, the other on veïy gently

slopíng glacial t111, were surveyed to detenníne the genetl-c soil

distributÍon at each slte. Soil inspectlons r¡rere made using a

30-foot grid pattern. Other pedological investigations were

conducted uslng a cross-sectlonal approach to determine the chrono-
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sequence of proffles developed 1n

SchenaËic diagrams Ítere prepared

chronosequences at both sites.

knoll-depression type Èopography.

showing the observed profile

Prevfous Pedological InvestÍgations

Previous pedological- Ínvestígatlons in the area Iüere conducted

by 811ís and Shafer (1940) and as recentl-y as 1968 and l-969 in a

resurvey of the soils by the ManiÈoba Soil Survey. The recent survey

data has been used for the coropil-ation of the generalized soÍls and

sallníty map of the particuLar area of Ëhis study.

The two scales or degrees of inÈensity of soil survey used

durfng the recenË resurvey program for the Southr¿est Area of

Manitoba has resulted fn a greater quantity of soÍl data for Ëhe

lacustríne areas than for the areas of glacial til-l. A detail-ed or

hlgh intensíty survey, whfch consisted of three traverses Per square

nile with systematic soil inspections every 1/10 nil-e along each

traverse, was conducted Ín Èhe Souris P1aÍn and the trlhitewaËer Basin

Areas. The sofl data collected was plotted on air photographs at

a scale of. 3 L/2 inches equal- L rnile. The basic map unit used

Ín this survey r.¡as the single soil series. The medír:m íntensity of

reconnaissance survey consisËs of systematic soí1 inspections adjacent

Ëhe the accessible roads bordering each sectíon of l-and. It was

used to nap the soils of the Turtl-e Mountain and the Bofssevain Til-l-

PlaLn. The so1l informatfon I'¡as plotted on air PhoËo mosaics at a

scale of 2 lnches equaL 1 rnlle. A compl-ex map unÍt conslsting of a

nr¡mber of soil series arranged in order of decreasing significance

was used to descrlbe Èhese sol1 map units'
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CriterÍa for Map Presentation

The soil catena map and the detailed soil- sall-nity map for

this study \¡rere prepared by transferring the preLlml-nary soil

survey map data at the scales previousl-y described onto NTS base

maps aÈ a scal-e of l-:50r000. This base map was then photographical-l-y

reduced for inclusion Ín the thesfs.

The util-ization of catenary nap units, the converslon to a

uniform scale and the subsequent reductfon of scale accounÈs for the

apparenË lack of detaif in some of the tiL1 portions of the map.

Each area, however, has been described in terms of its catenary

description and composiÈíon.

Saliníty Survev

In conjunction with the genetÍc soil survey, soÍL samp1es

were col-lecËed from approxirnately 3 sites Per traverse (9 sites per

square mil-e) at the 0 to 6 ínch and L2 to 24 inch depths, analyzed

for electrical conductivity and occasionally for the major soluble

fons. In addítion, soil samples were collected at 1 foot intervals

to a depÈh of 10 feet from the auger sÈem of a Gíddings Dril-L.

These sampl-es were also analyzed for EC to determíne the charact,er-

istÍcs and degree of the sub-surface (soil Parent material) sa1-ínity.

Composlte soíl samples were coLlected from the auger flíghts of the

deep dri11 used to ínsËal-l piezometers and later analyzed for EC

and soluble salt content. The salinity data thus collected was used

ln additlon to the visÍble presence of salts (crystaLs) wlÈhin Èhe

soil profile to prepare the so1I sallnÍty nap.
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IIÏ ANALYTICAL

The analytical meÈhods used in this study are al-l- standard

procedures. A portable conductivity bridge (Becknan Co.) wíth an

extended cable electrode was used to measure in situ electrical

conductivítÍes of the groundwater. A portabl-e pH meter üras used to

measure the pH of groundwater samples in the field followíng a

method descríbed by Barnes (L964).

InltÍally two samples of r^raËer were coll-ected from each

piezometer. One saurple was used for anion analysís, while the other

sample was acidified wfth a few drops of IICI- after reading Ëhe pH.

It was later used for cation analysÍs. The addition of HCl to the

sample proved to be detrímental to the ÍonÍc equilíbrlum of the

sampLe. In many of the samples there was sufficient sediment of

calcareous origin that a reaction wÍth the IIC1 resulted in erroneous

quantíties of Ca# ions in sol-utíon. All subsequent sampl-es rrere noÈ

acidified, therefore necessitating the collectíon of only one sample

for pH, anion and catÍon analysis.

The eLecÈrical conductivíty and the major ions in both the

groundwater samples and the saturated soil pasÈe eitracËs were

determined according to the meËhods described by the UnÍted SËates

Salfnity Laboratory staff (L954).
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RESULTS AND DISCUSSION

PART I

GENERAL DESCRIPTION OF THE AREA

PHYSIOGRAPTIY AND SURFACE DEPOSITS

The dÍstributíon of surface deposits Ín the Western Uplands

Regíon of Manitoba and their division into physiographÍc subdivÍsÍons

is shown in Figure 6. The study area ís comprised of portions of

the Turtle Mountaín, the Boissevain Tí11 Plain, the llhitewater Lake

Basin, and the Sorrrts Pl-aÍn subdivísions.

the Turtle MountaÍn subdivision is characterized by moderaËely

calcareous, moderaÈely fíne textured (cl-ay loam) glacíal Ëi1l. The

surface topography is irregular wÍth slopes ranging from undulating

(2 to 5 per cent) to very hil1y (over 60 per cent). The landscape

has ínnumerable depressions and sma1l permanent and semi-permanent

lakes. The Turtle MounËain slopes abruptly to the norËhwest and

intersecÈs the BoÍssevaín Till Plaín near the l-850 foot eLevation.

The Boissevain Ti11 Plain is characterized by sÈrongly to

moderately ca1-careous, medium to moderately fine textured (loarn to

clay loam) glaclal- till. The topography ís typÍcally Írregular

with slopes ranging from undulating (2 to 5 per cent) Èo moderately

rolling (9 to 15 per cenL). The slopes generally become more subdued

as elevatÍon decreases to the \,.Ihitewater Basln. At the higher

elevations the till ls cornmonly dissected by epherneral st,ream channels
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which gradually dlsappear fn the vicfnity of the trlhiter¿ater Basín.

Northwest of the basin, surface drainage patterns become less

pronounced, with surface vraters generally collecting in shallow

closed depressions.

The vrestern end of Whitewater Lake Basin lies beÈween L625

and 1675 feeÈ above sea level within Ëhe Boissevain Tí11 Plain. The

surface topography of the basin sediments consísts of regular

síngular slopes rangÍng from 0.5 to 2 per cent. The basÍn has a

gentl-e slope. The surface deposits consist. of numerous layers of

all-uvial and l-acustrine sedí¡ents ranging in texture from sands to

clay loams. The thíckness and straÈificatíon of these sediments

decreases dornmslope. A moderately fine-textured til1 underlies the

thin alluvial and lacusËríne surfaee deposits at depths ranging from

2 to 15 feet. A layer of poorly sorted ouËrnrash gravels (1 to 3 feet

thíck) usually occurs aÈ the til-l- contact.

Below Èhe l-625 foot elevation, the Boíssevain Till Plaín

contínues and slopes gently norÈhwestward to the Sourís Pl-ain at

L475 foot elevaÊion. The SourÍs Plain consísts of strongly calcareous,

coarse to medl-um textured (sands to l-oams) lacusÈrine sediments which

sJ-ope very gently to the Souris River. The sedÍments in the Souris

PlaÍn area are generally less stratified than those of the hlhitewater

Basin; however, they have sinil-ar condítíons of high moj.sture

status and hÍgh concentrations of soluble salts. Local changes in

topographic relief occur as a result of wlnd actÍon on the coarse

textured lacust.rlne sedlments.
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II RELIEF AND SURFACE DRAINAGE

The overall topographíc relief for the study area ranges

from a htgh of 2300 feet above sea level north of Flossie Lake on

Turtle Mountaín to 1450 feeË above sea level near the northwest

corner of the study area in the Souris Plain giving a maximum change

fn rel-ief of 850 feet (Figure 7)

The topography slopes very steeply (200 to 250 feet per rnile)

between the 2300 and 1700 foot el-evatíons ín a northwest direction

from TurËle Mountaín to Èhe Bolssevain Til-l Plain. The slope

gradually decreases to less than 50 feet, per nile across the

BoÍssevain Till Plaín and finally to less than I feet per mile

through the Souris Plain Area.

Numerous ephemeraL stream channels leadíng from Turtl-e

MounËain dísappear abruptly between 1650 and.1675 foot elevatíons.

Other smal-l íntermittenÈ streams origínate and disappear in the

vicÍnity of the L625 f.oot elevation. Some streams orígínate in the

area of the 1575 and 1550 foot elevations and subsequently dísappear

ínto Èhe coarse sediments of the Souris Plaln. The onl-y major \nlater

course in the area is Medora Creek which flows intermittentl-y

throughout the year, primarily after spríng tha¡¿ and occasíonal-ly

after heavy summer rains.

III GEOLOGY

Although the regional geology of Southwestern Manitoba has

been described by BannaËyne (1970), a more detalled knowledge of Èhe

QuaËernary geology, bedrock topography, and upper bedrock unlts fn
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the study area hras obtained during the drflllng program. Geologlc 
,

contacts and varíous outcrops of the underlying deposits were also

observed in road cuts and erosíon channels duríng the course of this

study.

Bedrock Geology

The bedrock geology of the study area ís composed of three

distinct geol-ogic unfts of Cretaceous and Tertiary age: the Riding

Mountain Formation, the Boissevain Formation, and the Turtle Mountain

Formation (Figure 8a).

The RidÍng Mountain Formation is composed of two members:

an upper member (Odanah) conposed of hard grey sllíceous shale and

a lower member (MilLwood) composed of a sofËer greenish brown

bentonitic shale.

A shale outcrop resembling the Odanah member occurs in a

road cut through the Dand Channel- in the vicinity of the Chain

Lakes which l-ie 6 mil-es to Ëhe east of the study area. This shale

ís thought Ëo be conËinuous with the shale r¿hich occurs as bedrock

Ín the minor escarpment which divides the Souris Plai-n and the

Boissevain Til-l Pl-ain. A hard fracÈured, non-calcareous shale was

encountered at a depth of 10 feeÈ on this escarpmenÈ at piezomeÈer

nests 7 and 13. This shale is similar to the Odanah member as

described by Bannatyne (1970).

The shale encounÈeied 1n the remaÍnder of the study area

was softer and appears to be more typlcal of Èhe Mlllvrood mernber.

Bannatyne (1970) staËes that occaslonal outcrops of the Mll-lwood
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occur al-ong the Souris River Valley but are usually accompanled

by a cap of the harder Odanah member.

In the viclnÍty of Turtle MounÈain the Riding Mountaín

Formatlon 1s overlain bv the Boíssevain Formation. The BoÍssevain

Formation consísÈs U""i.rffy of sandstone and shale and fs

approximatel-y 140 feet thick. Bannatyne (1970) has descríbed this

formatÍon ín a dril-l log (Hole MIIR No. l-: NI^115-32-1-22 WPl"Í

E1ev. 1970 feet) locaÈed approximately three mil-es east of this

study area. According to Bannatyne the Boissevain Formation consists

of a fine to mediurn gralned t'salt and peppert', non-calcareous

sandsÈone alternating wÍth thin (6 to 10 feet) Layers of non-

calcareous grey shale wíth 1íghË grey, fe1-dspathic siltstone, and

inclusions of plant and lignÍte fragments. He also reports that

the top of the Boissevain Formatíon occurs in several outcrops

on the northwesÈ slope of Turtle Mountaín which show sandstone

with kaolínized fel-dspar, kaoliniËic sand or kaolinitic shale.

One outcrop which BannaËyne describes (Sfl corner sec. 17, tp. 2,

rge. 23 WPM) occurs in the study area very close to Èhe piezometer

cross-section and pl-aces the contacÈ between the top of the

Boissevain Formation and the bottom of the Turtle Mountain Format.íon

at an elevation of. L740 feet above sea l-evel-.

The Turtle Mountaln FormatÍon conslsts of approximately

480 feet of sandstone, shal-e, and thin lignite beds. Bannatynefs

(1970) dr1l1 logs show that these materials are present ln alternatíng

layers. The sandstones are generally very fine to medlum grained,

lmpure, and non-caLcareous. The shales are usually s11ty, micaceous,
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grey to llght grey, and interbedded $rlth bentonl-te and sil-tstones.

Lignite is present as mixed fragments.

At the contact between the Boíssevain Formatíon and the

underlying Riding Mountaln Formation, a shaley gravel deposit,

herein referred to as the Basal Alluvial Unit, \^ras encountered and

sampled aË sites 3 and 15 (Figure Bb). This unit is composed of loose,

rounded, fragments of shale in a matrix of fine graíned sand and

sÍlt. This deposit probably was laÍd down in an a1luvia1 environment

r¡hich probabl-y existed along Ëhe escarpment durÍng Pre-glacíal times.

A sma1l depression or channel exists beËween the Boissevaín

Formation and Èhe Basal Al-l-uvía1 Unit (Èigure 8b, p. 32), whích coul-d

have been formed by Pre-g1acia1 groundwater springs eminating from the

Boissevain Formatíon or by surface runoff from the Turtle Mountain

Formation. Kohut (1972) also encountered a similar unÍÈ in the

vicinity of Inlhitewater Lake. However, he found it to be continuous

rdiÈh Ëhe Boissevaín Sandstone and concl-uded that it üras an Ínter-

glacÍa1 deposit. The dril-l holes at nests 3 and 15 dÍd not completely

peneÈrate this Alluvial Unit but, on the basis of other geological

elevations, it is Ëhought to be deposited on the Riding MounËain

Forrnatj-on and to gradually pinch out at some point between nest

15 and 11.

Quaternarv Geology

Throughout the sÈudy area the Cretaceous and Tertiary

units are bl-ankeÈed by deposfts of g1-acial till. The thickness of

ti1l ranges from 15 to 30 feet in the Souris Plain area bel-or^r the
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escarpment and from l-0 to 90 feet ln the Bolssevaín T111 Plain above

the Souris Escarpment. Bannatyne (Lg7O) reports that in some p1-aces

on Turtle MounÈain the drift is over 400 feet thlck. However, the

average depth to shale along the rnajor part of the study area \¡Ias

found to be approximately 50 feet (see Drill Logs, Appendix B).

Kohut (L972) found that the depth to shale often exceeded l-00 feet

lin the vícinity of Whitewater Lake and that Ëhere appears to be a

pre-glacial bedrock depression or valley beneath the lake. This

difference in Èill- thickness indicaÈes thaÈ the surface of Ëhe shale

slopes gentl-y to the east.

The till covering the study area'Ís bel-ieved to be composed

of two units. ThÍs statement is based partl-y on the fact Èhat a

,dístinct change in col-or was observed in the til-l- near the 25 foot

depth, and partl-y on hydrological daËa which will- be dÍscussed in

a later chapter. Kohut Q972) describes two til-l-s occurríng in the

vicíniÈy of ltrhitewaËer Lake. According Èo him, the upper part of

the lower tÍll Ís well fracËured and marked by iron and manganese

stainíng. The contact with the"overlying tÍll is generally sharp.

Kohut (L972) found Ëhat the upper till in the ltrhiter,iater Lake Area

hras approxirnately 30 feet thick.

The upper ti11 in the area of this study Ís approximately

20 to 25 feet thick, well- fractured, oxidized and generally olive

(5y 4/4) in color. The l-ower ti11 is dark to very dark grey

(5Y 4/1-3/1) ln color and the upper part of lt appeared to be more

fractured and jointed Ëhan the overlying tfIl. Both tíl1-s are

predominantly cl-ay Loam ln texture and appear to correspond to the
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tl1ls described by Kohut (L972) in the'vicínity of lühitewater Lake.

Holocene Deposlts

The lühitewater Basin and the Souris Plain are overlain by

Holocene deposits of lacustrÍne, a11uvial, and aeolian orÍgin.

The Whiter¿ater Basin sediments are generally thín, stratified .deposÍts

of sands, loams, and clay loams. The dominant Èexture is c1-ay loam.

A very thín deposit of aeolian sílt is couunonly found along the northern

and western edges of the basin.

The surface deposits of the Souris Plain are predominantly

stratÍfied, fine to nedium lacustrine sands. The dominant texture

of the soí1s is 1-oamy fine sand. Much of the area ín the vícinity

of the Sourís Ríver has been rnodifÍed and reworked by vrind, resulting

in a fairly extensive area of sand dunes
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PART II

CONSTRUCTION OF FLOW SYSTEMS FROM I{YDROLOGIC DATA

The naËure of the groundwater f1o¡,¡ sysÈems for the study atea,

as shown in FÍgure 9, has been derived by consideríng Ëhe measured

hydraulic head, the dístributÍon of the *à3or ion chemistry, .and the

most probable influence of surficial and bedrock geology. Using

thls criËeria, seven hydrologíc regimes rrere ídentlfied.

Hydraul-ic Head Data

The Ínterpretations of the hydraulic head data (Appendix C)

were baéed on the theoríes and procedures developed by Toth (Lg62),

Meyboom (1966), and Freeze and Witherspoon (L967). The vertical-

direction of groundwater flow was determined by comparing the

hydraul-ic heads of piezometers in each nest. The horizonËal- direcËíon

of groundwater fl-ow røas determined by comparing water 1eve1 dÍfferences

between piezometer nests.

In homogeneous geologic deposits, nests in rrhich piezomeÈer

hrater levels (hydraulic head) are below the rrater table level

(FÍgure 104) indicate groundwater recharge; that is, the direction

of ground\"¡ater movement is downward from the water table zorre. 0n

the other hand, piezometer !üater levels above the water table

(Figure 1-08) indicate groundwaÈer discharge; that is, groundwater

movement Ís upward toward the waËer tabl-e zone. Piezometer Inlater

levels colnciding wlth Èhe water lable and with each oÈher Índicate

zero vertlcal hydraullc gradient and are LnterpreÈed as Índlcating

lateral groundwater flow"
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Stratigraphlc changes in the geologlc deposíts may resul-t

1n alterations to the fl-ow system. These changes may be reflected

fn the vertical hydraul-i-c heads of piezometers fn a síngle nest.

For example, water level-s in deep piezometers above r^rater l-evels in

overlylng piezometers, but not above the water tabLe l-evel, lndicate

a positíve vertícal hydraulic gradient aË depth. Thís means that

groundwater movement Ís towards the area or íntake zone of. the over-

lying pÍezometer (see Figure 10C). The hydraulic head of the

overlyíng piezometer Ís also bel-ow the rüater tabl-e, indicatíng that

groundwater flow is generally downward from the wat,er table. The

area of the inÈake zone of the overlyÍng piezometer is interpreted,

therefore, as a zone of dorninantly lateral fl-ow.

Conversely, deep piezometers having T¡rater levels below

the water Ievels of the overlying píezometers (l'igure 10D) are

interpreÈed as having nagative verËical hydraulic gradient. Ground-

ürater zones having negative vertical hydraulÍc gradients probably

have water movemenÈ into them. The florv of r¿ater Ín the area of the

íntake zone of the overlying piezometer ís ínterpreted as dominanÈly

lateral- wíth díverging componenËs.

The concept of positive and negative vertícal hydraulíe gradient

is introduced.here to describe groundwater flow conditions Ín hydro-

geologic units below the water table zone.

The terms posítíve and nagatíve hydraulíc gradienÈs are used

lnstead of discharge and recharge, respectivel-y, because the Èerms

díscharge and recharge are most commonly used to refer to the

domínant flow conditlons near the srater tabl-e.
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The above mentÍoned varlations of hydraul-ic head vrere used

to lnterpret the general flor.r of groundwater in the study atea.

The actual orientation of the flor¿ arro\¡rs in relation to the

equipotential lines (figure 9) was deter¡¡íned according to a meËhod

described by van Everdingen (l-963). In theory the direction of

groundwater flow or stre¿rm l-ines are nornal to the l-ines of equi-

potential. Van Everdingen (1963), in a computer analysis, showed

that when there is an exaggeration'of the vertlcal scale ln cornparíson

to the horizonÈal- scale of groundwater fl-ow diagrams, the l-ínes of

groundwaËer flor,r cross the lines of equipotentíal- at angles less than

90 degrees. Thís accounts for the distortion of scale and gives

a more accurate pfcture of the natural groundwater flow.

Hydrochemical DaÈa

Hydrochernical data includes the major íon composition, pH

and electrícal conducËivlty of groundwater. These daËa are measure-

ments related to the degree of mineralization of groundwater, and

are imporÈanÈ parameters used in conjunction with, or to supplement

and verify, interpretatÍons based on hydraul-Íc head data.

Since the degree of míneralization of groundwaÈer in a

given mineralogical- medium is mainly dependent upon Èhe tine ít

has been l-n contact wlth mÍneraLs, íncreasing ionic concenÈrations

are interpreted as indfcating direction of groundwater flow.

Increasing mineraLízaÈlon r¿ith Íncreasing flow distance is a relatÍon

commonl-y observed in ground\,rater studÍ-es in trlestern Canada

(Meyboom, l-966 and Cherry et aL., 1-971). The maJor ions Ln ground-

water may al-so lndLcate the origin or source of the groundwater
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when compared to the mfneralogJ-c composltion of the aqulfer from

which it uras obtaÍned (Rozkowski, 1967).

The hydrochemical data for 1971- is shown 1n Ffgures 11, L2 and

l-3. Additional hydrochemical data 1s l-ncluded in AppendÍces D and E.

Figures 11-, 12 and l-3 show the distríbution of the urajor ions, pH

and elecÈrlcal- conductivi-Èy of the groundr¿ater.

The distribution pattern of the. cations as shown in Figure 1-1,

shows the relative concentrations of the various cations to one

another and the areas of apparent accumulation.

Calcfr.r¡n. The rnaxfmum concentration of Ca# is 30.4 neq./l-.,

the average concentration, however, is'generally much less than

20 rneq./1. Groundr^¡ater recharge areas commonly have concentrations

less than 10 rneq.lL., whereas groundwater discharge areas generally

, have concentraÈíons of approxÍmaËely 20 meq. /I. The concentration

of CaH 1s generally very lovr ín comparÍson. to the concentrations of

Mg# and Na+, probably due to Íts dependence on the carbonate

equilibrÍum conditÍons in the groundwater.

Magnesium. Low Mg# concenÈraÈions rangíng from 0.9 to 8.1-

rneq./1. (Figure 11) are comnon t.o areas of downward groundwater

flow Ín the study area. The areas of upward r,/ater movement Ëypically

have much hígher Mg# coneentratíons, ranging from 2.7 to 24L meq./L.

Areas with high Mg# concentration generally coincide with those of

high Ca+ concentrations.

Sodlum and Potassium. Analyses showed that the concentration

of K* in the groundwater r,ras very snall when compared to the con-

centrations of the other lons (Appendíx E-2). Therefore, the concen-

42
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tratlon of K* is not shown separately 1n Flgure 11, p. 43. The

values shor.¡n for Na* + K*, therefore, are dÍscussed as the general

values for the Na* concentration.

The vertícal dístributÍon pattern of Na* (FÍgure 11, p. 43)

is dlfferent from that for Ca# and Mg#, prirnarily due to the high

concentrations of Na* ín Ëhe bedrock shales. On the other hand, the

lateral distríbution pattern for Na* shows that areas of highest

Na* concentratíon generally coíncide with the areas of high Ca#

and Mg+ concentrations.

The dístribution of major anions C1-, SO4=, and HCO] Ís

shown in Figure L2, p. 44.

ChLoride. The highest concentrations of Cl- are generalJ-y

found in the marine shales and ín the glacial tÍl-ls of the three

najor discharge areas (rigure 1-2, p. 44). In the recharge areas,

the tills contain relatively srnal1- quantitíes of Cl- compared to

the underl-ying shales.

The concentration of Cl- is general-ly a good índicaÈor of

groundwater flow due to the fact that it does not readÍly combine

with other ions to form a precipitate nor is it affected by exchange

mechanisms.

Sulphate. 'Sul-phaÈe ís the most abundant anion in Èhe

groundwater (Figure L2, p: 4?. Concentratíon of 625 neq./L. and

694 rneq./1. occur in White\nrater Basin and Ehe Sourís Escarpment,

both of r,¡hich have been designaÈed as areas of groundwater dÍscharge.

Recharge areas commonly have much lower SO4= concentratlons. The

l-owest concentratÍons (2,7 neq.lL. and 0.3 meq. /L.) occur in the
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Leighton and Medora Rtdge areas, respectively.

Bfcarbonate. Although the concentraÈion of HCO] ís rnuch

lower than the other fons (2.5 to L5.5 meq./L.), the zones of highest

concentratíon generally occur in areas of groundwater díscharge.
: pH" The dístribution of fíe1d measured pH (Fígure 13) shows

a slíght differentiatíon with the dírection of groundwater flow.

Values of pH in the range of 7.3 to 7.5 are commonLy found ín ground-

water recharge areas, whíl-e higher val-ues of pH in the range of 7 .5 to

8.5 are characterístic of groundwater díscharge areas. Increasing

"alues of pH correlate with decreasing concentrations of HCO!. Cherry

(l-971) observed a símílar correl-ation l-n the Holocene and Pleistocene

, 
Ueposíts of the tr{ilson Creek area of ManÍËoba, where a decrease in

I the HCOI concentratíon htas associated wiÈh an increase ín pH.

Electrical- ConducÈiviÈy (EC). EC ís a measure of the abiLity

of a cube, one centímeter on a side, to conduct an electrical current.

In Èhe case of \^rater, EC is a function of temperature, type of ion

Present, and concentration of Íons. It is, Èherefore, a very easy

method of estj-mating the chemical qual_Íty of water (Davis and

De l,llest, 1967, pp. 83-84)

The EC values for the groundwater (Figure 13) reflect the

degree of mineralization or quantÍty of total díssolved solids

(TDS) according to

TDS=ECxK (t)

where K = some constant factor.

However, slnce TDS generally increases Ín the directfon of groundwaÈer

flow, EC wlLL al-so lncrease in the directfon of groundwater flow.
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The degree of mineral-Ízation, however, depends upon the number of

Íons fn sol-ution. Thus

TDS=ÎC+TA (2)

where TC = Total catfons

TA = Total anlons.

Therefore, TC + TA wfll also increase in the dlrection of groundwater

flo¡s. Increasing values of EC, TC, and TA can therefore be used

to lnterpret the direction of groundwater flow withín a unifom

geologfc medÍum. It should be noËed, however, Ëhat redox reactíons

and exchange mechanísms can reverse this trend for some Íons. Ca#

and Mg#, for exampLe, can be removed from soLution by absorption

onto the exchange sites of various mínerals with the subsequent dís-

placement of Na+. Under exchange conditions, therefore, the concen-

tratíons of Ca# and Mg# wí11 decrease as Nat increases in the

dfrectíon of groundwater fl-or¡. This sítuation cormonly occurs as

!üater rnoves from one geologic r:nit to another, for example, from a

calcareous ÈilI to a non-calcareous narine shale.

Geology

The ínterpretations of the groundwaËer flow systems (Figure 9,

p. 38) were also based, to some extenÈ, on the nature and propertÍes

of the surficial and bedrock geology of the study area. The fLow of

groundwater through any geologic unit is dependent upon the per-

rneabllity. In turn, perrneability ís dependenË upon texture'

bedding, and structure such as joínts and fractures of the different

geologlc units. For example, the flow of water through materials

wl-th laminar or horizontal- beddíng or whích have high intergranular
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permeabl-lities is generally expected to be ln a lateral dlrectlon.

Geologlc materíals vrhl-ch are predominantly characterizeð by a system

of vertical fractures and joints are expected to have a generally

vert.ical directíon of groundvrater flow.

Kohut (L972> suggests that the horizontal- component of

permeability in the Riding MountaÍn FormaËíon is greater than the

vertical component due to the horizontal bedding and fissility of

Èhe shal-e. It ís reasonable, to expect groundwater Ëo move 1aÈeral1y

northwestqrard through the shale lrith 1itÈ1e Èendency for verËical

circulation. He also suggests that the sandy texture and uncon-

solidated nature of the various geologic units in the BoÍssevaín

Formation results in a rel-atively trigh intergranular permeability.

This, coupled with the horizontal bedding of the Boissevain FormaÈion,

probably results ín a larger horÍzontal- Ëhan vertical- component

of hydraul-íc conductivity, thus causíng dominantly lateral ground-

hrater f1ow.

Kohut (L972) observed, in outcrops of the Turtle Mountain

Formation, that the permeability was maínly due to vertical joints

and fracÈures. He concluded from thís, that the dominanÈ componenË

of hydraulÍc conductivíty was vertical.

In this study, verticaL joÍnts and fractures were al-so

observed Ín the pverJ-yíng glacial tíll at many of the dríll sites.

It was expected, therefore, Èhat much of the groundrvater fJ-ow through

the ti1l would be vertical. In several Ínst,ances, however, 1t

was found that textural variations and/or lithological disconÈinuitíes

1n the t111 lnterrupted this verËical pattern of flow and l-n essence
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created smaLL zones \nrithin the t111 which had domlnanÈlv lateral-

flow. The lnfl-uence of these textural and stratigraphíc dlfferences

w1ll- be discussed in more detail in the following section dealing

with individual flow regimes.

Patterns of Groundwater Flo¡¿

The patterns of groundwater flor,r (Figure 9, p. 38) therefore,

based on hydrologíc and geol-ogic parameters, shor¿ that the study area

consÍsts of seven hydrologíc areas eharacterized by specífic condÍÈions

of groundwaÈer f1ow. These areas are: Turtle MounÈain, I{hiÈewater

Basin, LefghÈon, Medora, Medora Ridge, Souris Escarpment and Souris

Plain. Three areas, TurË1e Mountain, Leighton, and Medora Ridge, are

characterfzed by recharging groundwater conditions, while three other

areas, I^ïhite\,rater BasÍn, Medora, and Souris Escarpment are characterized

by dischargíng groundwater condítions. The seventh area, Souris

PIaÍn, is generally under the ínfl-u.n"" i, l-ateral groundwaËer flow.



PART TII

HYDROLOGY AND SOIL CHARACTERISTICS OF THE STUDY AREA

Part III of this chapter ís dlscussed in two sectíons.

Section I is a detailed interpretation of the hydrologic (hydraulic

head and hydrochemistry) data and the associated soil profíle 
.

types for each of the hydrologic area identified. SecËion II is

a deÈail-ed díscussion of Ëhe relatÍons between soil salinity and

hydrology.

I ITYDROLOGY AND SOIL PROFILE TYPES IN EACH OF TTIE SEVEN IÍYDROLOGIC AREAS

The hydrologic and pedologic data are discussed for each of

the seven hydrologic areas, in order of decreasing reglonal- elevation.

Although soil- salinity rrill be discussed in SectÍon II, some pertÍnent

discussion related Ëo surface and subsurface soÍl salÍnity withín

índividual areas will be presented in this section, Ín order Ëo

fu1ly descríbe the characteristics of each area.

TurÈ1e Mountain

Hydraulic head. Piezometers at Nests 1 and l-0 have negative

hydraulíc gradients indicaËing downward movemenË of waÈer. The

el-evation of Nest l- relative_ to the other nests (FÍgure Ba, p. 32),

and the fact that ít has a large dor,,mr¿ard gradient (waÈer level in

bottom piezometer ís approxirnately 45 f eet below \nlater table),

indlcates that 1t 1s an area of strong groundwater recharge. Nest 1

rras purposely located at one of the hlgher polnts on Turtle Mountain

to determlne the magnitude of the hydraulic head and the fnitfaL
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degree of mLneralization of the groundwater in the uppernosË Part

of the t111. Due to its topographic location and generally vertLcal

permeability, the hydrol-ogical data for this site 1s probably

typical of the groundwaËer characteristfcs in the upPer till of

the Turtle MounÈain aréa. The maJoríty of the Turtle MounÈaín Area,

fncluding Nest 1, has been excluded from all cross-section diagrarns

because of lts high elevation. This has resulÈed ín a more useful

cross:sectlon scale.

The plezometers at NesÈ 1-0, which is sitr,¡aÈed on a small

escarpment at the base of the Turtle Mountain, ínËersect the Turtle

Mountain and. Boissevain Formations. The piezometer at 68 feeÈ, whLch

intersects the Boíssevain Formation, has a consistenËly negatÍve

hydraul-ic gradienË (water level is approxirnately 32 f.eeË below

rúater table), indicatíng a downward flow of groundwaËer. The

piezometer at 43 feet, which i.nÈersecÈs the Turtle Mountain FormaËion,

also has a consístenËl-y negative hydraullc gradÍent; however, the

nagnLtude of the gradÍent is much less (waËer level- is less Ëhan

3 feet below ritater table) . The lÀ7ater leve1 in the piezometer

at 18 feet in the surface ti11 occasionally coineides with the waËer

table level-. However, when the water table fLucÈuates, because of

precipitation, there 1s a sma1l 1ag in Èhe píezometer waËer leve1

response. This results in periods of s¡nal1 positlve hydraulic

gradients duríng the fal1 and small- negatíve hydraulic gradients

during the summer.

Hvdrochemistry. The hydrochemlstry of the Turtle lfountaln

Area, as determined from the piezometers in Nest 1, indÍcates a

generally lncreasing degree of mineraLLzatLo¡ vith increasing depth
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beLow ground surface (Appendtx E) . SLnce the til-L at Nest 1 appeared,

to be relatlvely uniform in texture and ml-neraloglcal compositlon,

the hydrochemlstry of thLs site is considered to be representaÈive

of groundwater conditlons ln the Turtle Mountain Upland.

Each of the Ëhree differenÈ geologic units at Nest l-0 have

characterlstic major ion concentrations. The BoissevaÍn FormatÍon,

for example, has very low concentrations of Ca+, Mg#, and SO4=

(Flgures 11- and 1-2, pp. 43 and 44). The Turtle MounËain Formation,

situated immediateLy above the Boissevain Formation, appears to have

íntermedfate values of Ca# and Mg# and lower values of Na* and

Cl , than eíther the Boíssevain Ïormation or the overlying till.

The overlying tÍ1-1- has higher concentratíons of SO4=, Ca i and tUg+t,

than the other two units. The l-or¿ concentratíon of Ca#, MgH, and

SO4= indicates that the BoÍssevain Formation is non-caLcareous and

probabl-y has very low quantitíes of soluble saLts.

SoÍls. The soÍl-s on Turtle MounËain are typícally l-eached

(of soLubl-e salts) and well- draíned. These soil-s, which were mapped

as members of the Horton Catena (Figure 14) are developed on moderately

calcareous, medium to moderaÈely fíne textured til-L. The rnajority

of the soils are classifíed as OrthÍc Dark Grey, and Rego Dark Grey

Chernozems. The Dark Grey soils are generally found at elevations

above 1800 feet. Below 1800 feet, the soils are predomínanËly

rnapped as Orthic and Rego subgroups in Èhe Ryerson Catena (Figure 14).

The soils are predomlnantly well to moderately well drained, wfËh

mlnor areas of lrnperfect and poorly drained solls in lower sLope and

depressfonal positlons. The so1l profl-les are typlcally non-saline
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and weakly Èo non-cal-careous. This indlcates that leaching of sal-ts

and carbonaÈe mLnerals has occurred ln the soil proflle.

The local relief in Èhis area has resulted 1n some of the

sofls being moderately to severely eroded as a result of cultívation,

rapid surface runoff, and exposure t.o the rpínd. Soils r¿hich have

'been severely eroded are not leached and strongly calcareous. These

soils are evident in the Landscape as light grey colors on the tops

of knolls.

Although sal-inity in the near surface layers of the soils in

this area is very unconmon, deeper soil ínvestígatÍons showed that

consíderable quantÍties of soluble salis (as indicated by the hígher

EC val-ues) are presenÈ in the lower parts of the 10 foot dril-l-

samples (Appendix F-1, sites 81 and 4). Apparently, many of these

salts have been leached from the solum of the soil and deposiËed aÈ

these gieaterdepÈhs by ínfiltratÍng rnrater. The higher EC values

(Appendix F-1) at sÍte Y (Figure 5, p. 22) are considered to be

accumul-ation as a result of leaching and subsequent deposÍtion.

The EC values for surface and subsurface soil- samples at Nest 1,

(Appendix F-2) i.ndicate that Ëhe average values for EC of the regional

t111 rnay be in the range of 3 to 4 urnhors/cm. It appears, therefore,

that some redistríbution of soluble salËs has occurred in the near

surface zone of thls area of strong groundwater recharge.

In general, the major ion concentratÍons, Èhe hydraulic

head values, and the genetÍc soll properËfes of the TurtLe Mountain

Area lndicate a domlnanÈly downward movement of soil water and

groundwater causfng Èhe rnajority of the genetic solls to be leached
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and eLuvlated.

llhitewater Basln

Hydraulic head. Ilydraulic head data from píezometer

Nests 2, 3, 15 and l-l- nere used to interpret the groundwater flow

systems of Trrhitewater Basín. The hydrographs of the piezometers

in NesËs 3, l-5 and 11 show small posítíve hydraul-ic gradÍents,

whereas the hydrographs for the piezometers aË 98 and 38 feet' ín

Nest 2, show strong posíËíve hydraul-ic gradíents. The water levels

Ín the latter two piezometers are approximately L2 feet above the

nater table leve1. These strong, positíve heads at the 98 and 38 foot

depths belor.r ground l-evel are probabl-y due to the close proximíty

of the piezometer intake zones to the vert.ical contact between the

relatively permeable Boissevain Formatíon and the more compact

glacial tÍ11 (Fígure 9, p. 38). The strong vertical flow gradíents

at Nest 2 are ín direct conËrast to the lat.eral fl-ow in the Boíssevain

FormatÍon. Thís alteration in dírection of groundwaÈer flow may be

attributed to.the abrupL ehange in permeabílíty beËween the Boissevaín

Formation and the till. Thís ís analogous to the situatíon of the

aquifer pinchout at depth as descrÍbed by Ereeze and l,litherspoon

(L967) and shown in Fígure 4, p. 11-. The very low hydraulic

gradienË between the 38 and 9B f.oot piezometers is attributed

to the influence of the permeable Basal Alluvial Unit and the under-

lying Rtding Mountaín shales. The energy of the \^Iater belng dis-

charged from the Boíssevaín Formatíon, ln the viclnity of the intake

zone of the bottom piezomeÈer, is somernrhat dissipated as some of the

nater moves into the A1luvial Unit and inËo the underlylng shales.
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In contrast, the shallow piezometers (18 and l-0 foot depÈhs) in

Nest 2 have water l-evels whlch are similar to the water table as

measured fn the observation well. Srnall upward and downward heads

in the shallow piezometers were observed at various tímes duríng the

year. These small changes Ín head qrere aÈtributed to !,Iater table

fl-uctuations in response to precipit.atíon.

The shallow piezometers in NesË 2 are located in or near a

thÍn coarse gravel l-ens whích is overlaín in most cases by lacustrine

clay loam sediments. The gravel lens pinches out Ín the northwest-

ward part of the Ìihit'er¿ater Basin (tr'igure 9, p. 38). The lens

appears to behave as a seni-confined aquifer. Rain causes the \.{ateï

tabl-e to ríse in the zones r,rhere ttre i-ens is at or very near the ground

surface. This causes the hydraulic head to increase throughout the

l-ens and resul-ts Ín periodic artesían conditions ín the shallow

piezometers. This is deÈected by the surall posiÈÍve hydraulic

gradients in the shallor,r piezometers aË varÍous times during the year.

At Nest 3, the piezometer at 78 feet Ís Ín the Ba.s.al All-uvial

Unit and has a vrater level consistenË1y below the level in the over-

1-ylng piezometer. Sínce Ëhis píezometer is Ín the southeastern part

of the Basal Alluvíal Unit, it ís probable that the hydraulic head

is low because of energy dissipation as \^raËer moves ouË of the

Bol-ssevain Formation and crosses the narrorr channel of till and

enters Èhe Basal All-uvial- Unlt (Flgure 9, p. 38).

The piezometer at 38 feet also has a consistentl-y negative

hydraullc head gradienÈ. Since thls píezometer fs very near the

contacË of the Basal All-uvial Unit and the overlying tf1,1, some
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energy loss fs expected as the water moves into the upPer parÈ of the

Alluvíal Unít. This wouLd result in a low hydraul-íc head. The

general direction of groundwater flow, therefore, as índicated by

the hydraulic head at 78 and 38 feet, is probably from the tíll lnto

the upper part of the Basal- Alluvial Unit.

The shallower pfezometers aÈ the 18, 10 and 6 fooÈ l-evels

respond siní1-arly to those at Nest 2 and are probably influenced

by flow in the semi-confined gravel aquífer.

The píezometer at 45 feeÈ in Nest 15 was installed in

a soft shaley al-luvial deposit believed to be the loqrer end of the

Basal- AlluvÍal UnÍÈ. Although the waËer level Ín the piezometer hras

slow to respond after ínstaLl-atfon, iÈ eventually attained a level

above Èhe water table, thereby indicaËing an uPr^7ard component of

fl-ow. The upward flow is aËtributed Èo the northwestward pinchout

of the Basal Alluvíal Unit beËween the overlying ti1l and underlying

shale (Figure 9, p. 38). The pinchouË of this confíned moderaËe1y

permeable unit causes artesian pressure to occur in the norÈhwestern

part of the deposit. This type of deposit urould be expected to have

a larger horizontal component of perrneability than vertical com-

ponent due to the thin horlzontal 1-ayering which characterÍzes this

type of deposit (Ï1.4. Menel-ey, 1972, personal cornrn). It appears that

r.rater enÈers the souÈheastern end of this aquifer and flows lateralIy

towards the pÍnchouË zone, where Èhe artesian pressure condition

causes some of the flow to be dlverted upward, Ëhereby creaËing a

groundwater discharge area ln Èhe overlying water table zone at a

lower elevation.
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The water level in the piezomeËer at 25 feet 1s sllghtly below

the general- waÈer table level. Thts fndicates a smal1 downr¿ard

gradíenË whlch rnay be the result of one or both of the fo1-lowing:

the downward component of a divergent fl-ow from the pinchouÈ of the

thin gravel lens above, or the influence of the downward flow as

hrater enters the underlying Basal Alluvial Unit.

The piezometer in the shale aË 75 feet in Nest 1l- was installed

in 1971, whereas Ëhe other piezomet.ers in Ëhis nesË r'rere insËall-ed

ln 1970. Tt has water levels which are eonsistently lower than

the overl-yíng píezomeËer in the till- and indicates ËhaÈ the movement

of waËer ís downward from the til1 into the shale.

The pÍezometer at 44 feet Ín NesË 11, generally has water

l-evels which are above the water tabl-e in the fa1l and winter and

below the water table duríng the spríng and suÍEner. This indicates

that the upward gradient in the winter is reduced or reversed by the

ríse in the water table during the summer. On the other hand, the

piezometer at 18 feet generall-y has a l¡Iater level above the water

table during the summer, and although there Ís a slighÈ 1ag in the

tÍme of response for the \nrater level in the piezometer, it still

indicates an upward flow directíon.

It appears, therefore, from the hydraulic head daËa of

NesÈs 2, 3, 15 and 11, that the groundwaËer flow systems of the

tr{hlter^rater Basln are basicall-y controlled by stratigraphic changes

in the geologfc deposits. llhitewater Basln is characterfzed by

groundwaÈer díscharge through the overlylng glacial deposits. The

pattern of hydraulic head ln Èhe four nests of piezometers 1s

anal-ogous to the pattern of groundl,tater flow through a conffned
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partial aquifer as proposed by Freeze and !trlLherspoon (L967)

(Figure 4, p. 11) .

The flow from the Boissevain Formation ie analogous to the

flow from a semi-confined aqulfer which pínches out at some depth

below the surface. The flow is consequently diverted to areas of

l-ower hydraulic head, in this case upr¡rard to the water table zone

and dovrnward into the Basal AlLuvial Unít and underlying Riding

MounÈaín sha1e.

Hydrochemístry. The hydrochemistry of thn¡ groundwater in the
I

Í'ltriter¿ater Basín closely reflects the nature of 'the geologic units

in whfch it occurs. The major ion concentrations in the two lowest

piezoueters of Nest 2 are similar to the major ion concentration

of the botÈom piezometer in Nest l-0 which is in the Boíssevain FormatÍon

(Figures 11 and L2, pp. 43 ar.ð 44). The EC val-ues for the Lowest

píezometers ín Nest 10 and 2 range from 2.4 to 1.6 uunhots/cm.,

respectÍvely (Figure 13, p. 45). It appears, therefore, ËhaË the

groundwater i1 Ëhe lowesË piezometers of Nest 2 probably came from

Èhe Boissevain Fornatíon. Due to the proxímity of Nest 2 to this

formation, iÈ is probable that many of the original salts withín the

Èíl-l- have been leached and carried further along in the flow system.

Thís would account for the present simil-arity of the major ion

concentratíons ín Èhe groundwater of these two deposits.

As for the shallow piezometers ín Nest 2, the EC values

(Figure 13, p. 45) are some\^rhat rnisleading. The Na* and Cl- dis-

trÍbutions (Figures 11 and 12, pp. 43 and 44) suggest that ground-

rdaÈer from the TurËle Mountal-n FormatÍon probably does not contrÍbute
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to the shallow groundwaters at Nest 2. It appears that lateral

groundwater seepage from the upper part of the Boissevain Formation

is the major source of water in the shallow groundwater zone. The

concentrations of Ca#, Mg#, and SO4= are probabLy the result of

local- surface vrater infiltratlon whích subsequentl-y mÍxes with water

from the Boissevain Formation to produce the observed major ion

chenisÈry.

the water cheurÍ.stry in the upper piezometers at Nest 3

(Figures 11 and L2, pp. 43 and 44) shows a lateral and vertical

lncrease ín salf concentratíon from Nest 2. I{ater from the boËtom

pÍezometer has a much lower sal-È concentration than that Ín the

overlying piezometers. These lower concenËrations of Ca++, Mg#

and SO4= are attributed to the fact thaË Ëhe most probable source

of groundwaÈer for the Basal Alluvíal Unit ís Èhe Boissevain Formation

which conÈains small quantíties of these ions. Lower concentrations

of Ca#, Mg# and SO4= night also be due to Ëhe srnal-l volume of till

through which the water moves before it enÈers Ëhis unit. There may

not be suffÍcient minerals present in this narrow channel of tíll to

glve high concentratíon of these Íons. IË is assumed that the

solubl-e salts, whích may have been presenE Ínitiall-y ín Èhe till,

have been leached, and sínce Èhe Basal Alluvial Unít is non-calcareous,

low concentraÈion of Ca#, Mg+ and So4= would be expected at thl-s

síte.

The large increase 1n the Na* and CL- concentraÈions in

\rater from deep piezometers in shale is attríbuted to the presence

of large'quantltles of sodium chloride (NaCl) naturally found in these
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shal-ey materfals.

The Cl- concentraÈfon in the Basal Alluvial Unit is very

hígh cornpared to val-ues in the overlying til-l-. Very l-íttle water

therefore, moves upward from the Basal Alluviurn through the till.

I,Iater Ín the tÍll at Nest 3 must be derived mainly by lateral flow

through the till from the vícÍnity of Nest 2.

The Mg+, Nr#, SO4= and Cl- concentraÈions ín the uPPer

pÍezometer and wel-l aÈ Nest 15 are much greater than in Nest 3.

The piezometer aE 45 feet i.n Nest 15 was chemically conÈamínated by

the cement grout, therefore, useabl-e chemical data such as the major

Íon concentrations, pH and EC are not avail-abl-e.

Although the Cl- concentratj.on Ín the till at Nest 15 has

íncreased from Nest 3, it fs still- rather low compared to typical

Cl-- concentrations in the underlying Basal Al-luvium. This suggesÉs

that there is no !Íater discharged from the Basal Alluvial Unít into

the til-l- in the vicínity of Nest 15. The water Ín the ti11 is

pícking up salts but most of the pick up of major ions is probably

from the till ítself. Ca# and Mg# concentratíons are high in the

till- but very low in the shale and Basal A1luvia1 Unit. Therefore,

probabl-y no vrater from the till enters the Basal Alluvial Unit aÈ

NesÈ 15. The other possÍbility is lateral and ufward water flow

through the Ëill from the area of Nest 3. The tilI probably contaÍns

suffíclent soluble salts to account for the dístributíon of the

major ions as shown ín Figures 11 and L2, PP. 43 and 44. The concen-

trations of the major lons, therefore, is lncreasing along the paÈh

of groundwater flow.
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The concentratlon of maJor ions decreases lateral-ly to

Nest l-1 (Flgures 1-1-, 12, and 13, pp. 43, 44 and 45). The shape of

the isopleths for Mg#, Na+ + K+, SO4=, HCO3 , and EC suggest that

there is lateral water movement wiËhln the til-l-. This could be due

to a change in permeabil-ity resulÈíng from an ínÈertill contact or

fracture zorte. Although ríater chemistry at Nest lL is affected by

the constituenÈs pÍcked up from Èhe Basal- Alluvíal Unit, it probably

deríves much of íts character as Ít moves upward and latera11y frour

the Basal All-uvial Unit.

Therefore, it appears that the Ínterpretations of the ground-

!'rater chemistry data for l{hÍtewater BasÍn are in agreement with the

fJ-ow pattern interpretations based on the hydraulic head daËa.

The chemical- composÍtíon of the groundwater being discharged

from the Boissevain FormatÍon increases in concentration as it moves

through the til-ls and the Basal Alluvíal Unit. The presence of the

Basal Al-luvial Unit exËends Ëhe discharge area much further downslope

than rtrould normally be expected.

The thin, shal-1-ow, semi-confined, coarse gravel- aquifer in

the vi-cinity of Nests 2 and 3 facilitaÈes lateral ground!,lâËer flo\,I

i.n the upper 15 feet of sedimenËs. The pincho,tt o'f this graveL

aquifer results in artesian water pressures in the pínchout area

beÈween Nests 3 and 11. The discharge from thls aquÍfer Ís evldent

fron Ehe accumulatÍon of soluble salts ln the soil profÍle and on

the soil surface.

At some pofnt near midr¡ay between NesËs 11 and 4 the pre-

dominant groundwater flow dlrectlon appears to become lateral as would
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be expected ln a transitlonaL area between dÍscharge and recharge

aleas.

So1ls. The majoríty of soils in l{hite¡¿ater Basin are devel-oped

on straÈified, sal-J-ne, lacustrine sediments. Most of the soils are

fmperfecÈly drained and saline. The soils have predomínantly Gleyed

Orthic Black and sal-ine Gleyed CarbonaËed Rego Black profiles and

are mapped as members of the Elva and l^laskada Catenas (.FÍgure L4, p. 54).

The occurrence of wel-l devel-oped Solonetzic soil-s Ís also cornrnon in

this area.

A detaiLed fiel-d inspectíon in the vicinity of Nest 3 revealed

that the dÍstríbution of salinity was related Ëo hydrologíc conditions

of the near-surface gravel aquifer and to textural variatíons inherent

fn lacustrine sedíments. The presence of thÍn, coarse textured

layers appears to halt Ëhe upward movemenÈ of salts at the conËact

of these lenses, resul-ting in a relatíve1-y non-saline soil- profile

above them (PJ-ate 7, Appendix G) . hrhere these coarse textured layers

are absent, salt crysËals rnrere evident in the solum of the soils and

whíte sal-t crusts Ì'rere prevalent on the ground surface. Figure 15

schemaÈÍcally represents observations made in the fiel-d. The arrohrs

are interpretations of the nost probable direction of water flow

through the saturated and unsaturated soil zones. The hydrologic

data for Nest 2 and 3, as previously discussed, Índicate that

l,Ihitewater Basin Ís characterized by general-ly lateral and upward

groundwaLer flow, and that there is parËial-ly confined l-ateral- fLow

through the plnched out gravel aquifer. The interpretations of the

upward flow of rüater 1n the unsaturaLed soll zone are based on Lhe
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flow characterisÈics as discussed in Baver (1963, p. 252) and the

prinefples of capillary movement of ¡¿ater and salt solutíons in

stratified soils as discussed by Felitsiant (1961).

It was observed in several soil proffl-es ln areas under low

artesÍan pressures, that the presence or absence of thfn, coarse'

gravelly layers aË some poinÈ in the unsaturated soil zone' hras

very significanÈ in determining the occurrence, distribuÈion and the

concentratíon of solubl-e salts.

It appears, therefore, that large contrasts ín the texture

of different soil l-ayers determines the position of salt deposiËion

wlthln the soil profile. Coarse gravelly 1-ayers tend to acË as

semi-ímperneable boundaries at which point the capillarity is abruptly

broken. ThÍs results in salts being deposited at the bottom of the

coarse textured layers. Areas which had no coarse textured layers

cornnonl-y had white salt crystal-s aÈ or near Ëhe surface.

On the other hand, soil areas noË under small upward flow

gradients, and lackíng these coarse t.extured l.rr".s, tend Èo have no

salÍnity. They are l-eached and usually have moderately well draíned

profÍ1es

The genesis of soils ln the I'IhÍtewaËer Basin, therefore, ls

strongl-y influenced by surficial geology, 1n partÍcular, the micro-

stratigraphíc and texËural variatlons, and the groundwater flow

pattern fn the upper part of the glacial drift. The geologic and

groundwater conditions, to a large extent, control the movemenÈ of

rrater and salts fn the unsaturated zone above the water tab1e.



67

lgightï@

Hvdraulic head. The hydraulíc head Ín the Leighton Area was

determined aÈ Nests 4 and 5. With the exception of the pÍezometer

at 93 feet, the hydraulLc heads 1n the remalning piezoureters at

Nest 4 are generall-y colncident wíth the r,rater table (Appendix C).

The l-ack of apprecíable vertical hydraul-ic gradienÈs aË thÍs

NesÈ is indicatíve of a zone of lateral- groundwater fl-ow. The píezo-

meter at 93 feet has a consistently downward head indicating Èhat

the most probable dÍrection of groundwater movement is downward

from the till- to the underlyÍng shale.

The hydraulic head aÈ Nest 5 ís more Ëypical of groundwaËer

recharge. The piezometer at 93 feet has a very stabl-e head of

approximatel-y 6 feet belo\d average.waÈer table level-. Although the

piezomete r at 48 feet was inÍtí411y slow to respond it attained

a head of approximately 3 feet below average ï¡rater table level

durÍng L97L. The water levels ín píezometers aÈ 28 and l-5 feet

coïrespond closely to the \¡rater table, generally indicating zero

head. This condition of downward head Ín the deep piezomeÈers and

zero head in the shallow piezomet.ers, suggests Èhat water movement

1s downward ín the l-ower part of the till and laËeral ín the upper

part of the til-l-

The bedrock shale in the Leighton area has stable piezometer

hrater levels below that in the overlying till. l,Iater theref ore,

tends to move dornmward frorn the till into Èhe shale. Upon entering

the shale, the maln r.¡ater flow is probably horlzontal towards the

northwest.
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Hydrochemistrv. There Ís a signiffcant decrease in maJor lon

concentratíon of the groundwater between Nest 11 and Nest 4, indicating

that the flow system must have changed. The hydrochemístry at

Nest 4 1s probably the result of lateral flow in the Ëransition zone

' betr,reen discharge at Nest 11 and recharge at NesÈ 5.

Because Èhe waËer at Nest 4 has l-arger Íon concentrations

than Nest 5 (Figures 11 and L2, pp. 43 and 44), water must rnove

downward between 4 and 5, and therefore not reach NesÈ 5. The tTater

at Nest 5 ís recharged in the vicinlty of Nest 5 and moves with a

slgnifícant downward component. the increase Ín the Nal and Cl-

concentratlon with increasing depth below ground surface is nore

typical of the values which could be derived by downward flow through

r the tí1l than fron fl-ow through deposits of shale.

i fhe lateral distribution pattern of Ca+, MgH, and S04=

índicates that there ís a sI-ight irregularity in the normal downward

flow of groundwater Ín this recharge area. This lateral distríbution

of j-ons in a z.one the 20 to 30 foot depth between Nests 4 and 5,

suggest.s that the lateral- component of groundwater flo\^t is larger than

the vertlcal cornponenË of f1ow. A zone in whích the horízontal

permeability 1s greater than the vertical permeability would produce

thls type of groundwaÈer flow. A change 1n Èhe nature of the

permeability of a zone withín the till could occur as a contact

zone between t$ro units of ti1l or as the result of glacial thrusting

(W.4. Menelley, Lg72, personal comm.). Lateral groundr,raÈer flow in

this zone Ls also lndicated by Èhe l-ack of verÈlcal hydraulic head

1n the shallow pfezometers of Nest 5.
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So1ls. The soLls in the Lelghton Area are mapped prfmarily

as members of the Waskada Catena (Flgure L4, P. 54). These soils

are developed on a thin, discontinuous, medium textured aeolfan

and lacustrine deposit overl-ying medium Ëo moderatel-y fine (l-oam to

clay loam) textured glaclal- ti1l. These soils are generally found

in JuxtaposíËion to Ëhe till soils of the Ryerson Catena.

The najoriËy of these soils are well to moderatel-y well

draÍned Orthic Blacks. Most of the surface runoff r,taËer col-l-ects

1n shallow closed depressions. There are a few short ephemeral

streams whíeh disappear before they leave the area (Figure 6, p. 27).

Therefore, most of the surface tlater ín this area fs either taken

in directly by the soll-s or is eoll-ected in shal-low stream beds and

depressions. I^later is lost from these depressions by evaporatíon

from the water surface, evapotranspiratÍon from Èhe surrounding area'

and by Ínfiltration to the groundwater.

A deËaíl-ed examination of the soils in the vicínity of

Nest 5 shows that the shallor¿ depressions ín the upper part of the

landscape are generally characterized by Gleyed Eluviated Black

and Orthíc Bl-ack profiles; depressions at slightly lovrer topographic

positions by Humlc Eluviated Gleysols and Orthíc Humic G1-eysols; and

the lowest depressions by Saline Gleyed Carbonated Rego Black and

Sal-fne Carbonated Rego Humic Gleysols (Fígure 16). An ÍnÈerpretation

of thls dlstrlbution of soÍl types suggests that soíl-s in depresslonal

areas 1n the upper part of the landscape form as a resulË of con-

slderabLe leachlng by lnftltrating \^Iater and are indicatlve of local

groundwater recharge condftlons. Soils in the lower Parts of the
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landscape which are locall-y more moist or humld are carbonated,

sal1ne, and morphologicall-y show no slgns of leachlng. Much of the

so1l water loss is attributed to evaporation. These soils are

typical of areas with high urater tables, salfne groundwaters and

' are lndicatfve of local- groundwater discharge conditions.

Many of the soils on the upper slopes and knoll positf-ons

are carbonated and appear as greyish r¡híte eroded areas in the

landscape. These soils are not leached, due to a more rapid surface

runoff which l-eaves very little water for lnfiltration and l-eaching.

Any infiltration thaË does occur is likeI-y lost by evapotranspíration.

IÈ fs probable that very little or no Ííater eriters the water tabLe

as a result of normal ínfiltratíon Èhrough the soils on slopes and

knolls because of surface runoff.
i

Ihus, whíl-e Ëhe overall groundwater fl-ow ín the Leighton area

I tends to be lateral and downward, micro-relíef creaÈes significant

l-ocal dÍfferences that are reflected in the soiL morphology.

Medora Area

The hydrologíc segment designated as the Medora Area is

ínterpreted as an area of groundwater discharge from very shallow

depths in the glacial- till. Below the shallow discharge zone there

1s lateral flor¡ and downward flow Ëo the bedrock shal-e. These

interpreÈaÈions are based on the rather complex pattern of hydraulic

head and major ion distrlbutlons.

The most inportant evídence supporÈing the shallow groundwater

discharge lnterpretatl-on ls that the concenLrations of Na+, C"#,

Mg#, C1-, and S04= are very hlgh in the shallow plezomeÈers at
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Nests 6, L2, and 14 (figures 11 and 12¡ pp. 43 and 44); fn fact,

they are among the highest concentratlons encountered ln the entire

study area. The contrast between the dilute shaLlow groundwaÈer

chemlstry in the Leíghton Recharge Area and the saline dlscharge

segment of the Medora Area is very distinct.

Ilvdraulic head. The cause of the hydrochemical paÈtern becomes

more clear by consíderíng the hydraulíc head dístributíon. The

head in the bedrock shale is consistently much Lor¿er than in the

overlyfng till, indicating thaË flow in the deeper part of the til-l-

has a downward component. The discharging conditíons in the upper

most part of the till nust, therefore, be caused by a zone of higher

permeabil-ity. This causes the flow to be channel-led l-aterally north-

westward under confíned pressure conditions producíng dívergíng fl-ow

upward and downward from the channelling zorTe or zone of lateral

fLow. If thís condition exists, there must be higher hydraul,ic head

in the l-ateral- fl-ow or channel-ling zone than at the water table above

the zone and in the till- below the zone. This situation'is confirmed

by the hydraulic heads in the piezometers at Nest 6 where the 15 foot

piezometer commonly has water l-evels above the water Ín the 10 foot

tnTater tabl-e well and often slightly above Ëhe level-s in the under-

lyfng piezometers at 23 feet and 38 feet. These vraÈer 1evel

relations Índicate that a higher head zone occurs between 15 and 23

feet and, therefore, a higher permeability within thís depth interval.

Although not detected by obvíous changes in sample maÈerial obtained

durfng drllling, it is l-ikely that the hJ-gher permeabllity zone ls

associated with Ëhe contact between Èwo dlfferent tiLl units. As
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lndlcated previously, tt¡o tl-lls have been observed fn the regLon to

the east of the study area by KohuË (L972).

The shal-l-ow discharging gradients are noL detected Ín Nest 12

and 14, presumabLy because these nesËs do not have piezometers at

the appropriaÈe shallor¿ depth interval below the water Ëable we1ls.

The shaLlovr lateral groundwater flow in the uPPer part of

the ti11 of the Leíghton Recharge Area, therefore, aPPears to be

continuous ínÈo the Medora Discharge Area. Due to the decreasing

elevation of the !,rater ËabLe and Ëhe increased volume of water frout

recharge ln the Leighton Area, this lateral groundnrater fl-ow becomes

a semi-confÍned divergent flow with Part of Ëhe r¿ater flowing

upwards to the \üater tabl-e and part flowing downwards from the

l-ateral- fLow zone. The dominant trend in the ÍnÈerior of Ëhe

apparent tnter-till zone is probably lateral flow Ëor¿ards the

northwest.

Hydrochemistry. The hydrochemistry of Ëhe Medora Area

(Figures 11 and 12, pp. 43 and 44) shows that Èhe concenEration of the

major ion chemisËry decreases with i-ncreasÍng depth*. This distri-

buËion Ís typícal of groundwater dÍscharge areas. However, the

distríbutíon of C1- between Nest 6 and 14 reflects a zone of

significanË lateral- flow within the upper Ëí11-. The concentration

of Cl- increases upwards and downwards in the vÍciniÈy of the 25 fooÈ

depth of Nest 14. The LaËeral- flow 1s indicaÈed by the horizontal-

increase from 20.0 meq./l. at 23 feet in Nest 6 to 36.7 meq./L,

at 25 feet in Nest 14. The concentration of C1- subsequently

The groundwater samples
50 foot depth in Nest 14
no useable hydrochemical-

from the 35 foot depth ln Nest L2 and the
vrere conÈaminated with cement and, therefore,
data fs avallable.
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lncreases upward to the nater table and downward, away from the

25 foot depth.

The concentrations of the oÈher major ions show signifícant

upward increases at shallow depths near the vraÈer table. The lateral

flow zone in the til-l, as indicated by the Cl- concentrations, is not

readil-y apparent from the C"#, Mg#, or SO4= concentratÍons;

however, the concentrat.ion values are much lower below the 25 foot

depth than near the waÈer table.

The CL- conceritrations íncrease slightly across the Ëill--shale

contact suggestíng that \nrater probably does move into the shale.

The dístributfon of C1--, therefore, is in agreemenË r¿ith the

hydrauLic head data whlch showed lower heads in the underlying shale.

The other ions, however, behave differently. The concentraËions

of Ca#, Mg#, and SO4= decrease across Èhe tí1l-sha1e conÈact' whil-e

Na* shows corresponding increases. The lower values of Ca#, Mg#,

and SO4= in the shaLe indÍcaËe that if hrater from the Èill enters

the shale, as índícaËed by the hydraulic gradíents near the tíll-shale

contact, large concentrations of these ions must. be losÈ through

various mechanisms such as redox reacËions and cation exchange.

The Na* concentration which is much greater than the C1-

concentration can be attríbuted to Èhe exchange mechanÍsms. As

Ca# and Mg+ are absorbed onto exchange síËes ín the shale, Na+

is dísplaced. This would account for Èhe abrupt decrease in Ca#

and Mg# concentratíons r¿ithín the shale and at the same time accounÈ

for some of the excess tlaf (l.Ia* - cl- = eicess tl"+). The accompanying

decrease in SO4- concentration fs probably due to reduction processes
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wfthin the shal-e. The odor of hydrogen sul-fide (HZS) gas was very

evident in the pLezometers in this area, particuLarLy the piezometers

fn the shale.

It appears, therefore, that the pattern of downr"rard flow

which ls characteristÍc of the Leighton Area changes to a more complex

pattern of dívergenÈ groundr^¡ater flow in the Medora Area. Both

hydraulÍc head and hydrochernístry patterns indÍcate the presence

of a more perneable inter-till lateral flow zone r,rÍth diverging

upward flow to the water tabl-e and dor¡nr¿ard flow to the lor^rer tills.

SoÍls. The najority of soÍls Ín the Medora Area which are

developed on moderately calcareous, medíum to moderately fine textured

glacÍa1 Èil-1 are napped as menbers of the Ryerson Catena (Figure 14,

p. 54). Many of the well drained, upper slope soíl-s have eroded

Rego Black and Calcareous Black profíles, while the soils on lower

slopes aïe generally imperfectly drained, carbonat.ed and occasÍonally

saline.

Sal-ine soíIs commonly occur ín rings around sloughs and

depressÍona1 areas. Areas of higher 1ocal relief generally have

salts leached out of the solum. However, Ín Èhese areas salts are

qulte conspÍcuous at lower depths in the soil- profile.

Due t.o a slight íncrease in local- reLief, the surface runoff

Ís generally more rapid Ëhan that of the Leíghton Area. I^Ieak

dendritlc drainage paËterns (Figure 7, p.30) have developed probably

as a result of the more rapid runoff. Most of the groundwater that

fs discharged fn thls area probably col-lects in the deeper depressions

and drainage channels and forms snall, seml-permanent water bodies



76

and sloughs. Saline Carbonated Rego llurnic Gleysols are generally

typical of the soils in local dl-scharge areas.

In general, it is the microtopography which is the dominant

factor influencing surface runoff, so1l drainage and soiL sallnity

of the Medora Area.

Ile¿ora ¡¡4æ

Itvdrgglic hea4.. The hydraulic head data for this area r¡ras

obtained at Nest 7. The hydrographs indicate that Èhe r^raËer 1evel

in the píezometers quickl-y responds to changes in the overlying water

table. Ttris suggests that the groundwater flow system in this area

is rel-ativel-y dynamic.

The pÍezometer at 28 feet has the largest range Ín water

leve1 fluctuations. Strong positive gradients rirere measured during

the wfnter and smal-l negatÍve gradients were measured during the

surmer. The dril1 log for the piezometer at 28 feet suggests that

the piezometer íntake uray be situated in a zone of slightly different

permeabilÍty. This could cause the strong positive hydrauJ-ic gradíenÈ

encountered at this site.

A sÍmilar paËtern with a much smal1-er range Ín waÈer l-evel-

fl-uctuation r¡ras measured in the overlyíng píezometers. The duration

and magnitude of the posiËive gradienËs, however, are much less than

the underlyÍng piezometer at 28 feet. IÈ appears that duríng the

sprlng, sunmner and fa1-1-, the dorninant flor¿ of water in the upper

part of the shale and overlying t111 is basical-ly downward. However,

in the winter, 1t appears that the most probabl-e dÍrectlon of water

movement ls upward from the shale to the contact of the overlyJ.ng ti1l.
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The lack of ponded surface qrater, the lack of soluble sal-ts fn the

upper sofl-, and Èhe s1-ope of Èhe bedrock topography lndlcate that

any uphTard moving groundwater from the shale probably flows J-ateral1y,

efther Èor"rards the Medora Area or to the Souris Escarpment Area, along

the till--shal-e contacË zone.

HvdroqheruÍstry. The degree of mineralization of the ground-

rùater in all piezometers fs very low as is indicated by EC values

of 1.2 runhots/cm. or less (Figure 13, p. 45). These l-ow EC values

are probably lndícatÍve of a moderately shal-1-ow freshwater fl-ow

system.

The hydrochemisËry of this síte (Figures 11 and L2, pp. 43 and

44) shows that the concentratíons of Na* and Cl- increase with

depth. The Cl- in particul-ar, shows distÍncËive increases towards

the Sourls Escarpment Area and also, towards the Medora Area, Índicating

the probable direction of flow.

As r^¡ater ínfii-trates the thin overlyíng til-l-, some Ca#,

Mg#, and SO4= will be picked up; however, as it moves ínËo the shale

fn the grounduater zor:.e, cation exchange mechanisms cause a decrease

in Ca# and Mg+ concentratíon and resul-t.s in a correspondÍng increase

in Na* concentratíon. On the other hand, SO4= probabJ-y undergoes

reductl-on to H2S gas.

The larger concenËrations of lons in the plezometer at

28 feet suggest that lt coul-d be a part of a slightl-y different flow

system. Thls would be 1n agreement wlth the trends indicated by Ëhe

hydraul-1c head data

However, on the basls of the hydraulic head and hydrochemlstry
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and the Lack of surface soll sallnity thls area ls characteristic

of downward moving groundwater, and the area 1s referred Ëo as the

Medora Ridge Recharge Area.

Soils. The soils ín the Medora Rídge Area are developed

prinaríly on sÈrongl-y calcareous, medÍum to moderately fine textured

glaelal til-l. The soÍls have been mapped as rnembers of the Ryerson

Catena (Figure 14, p. 54). Soils of the Waskada Catena conrnonly

occur in depressional areas.

Soils in the immediate viciniËy of Nest 7 are Gleyed Eluviated

BLacks gradíng upslope to Orthic Blacks and fínally to Rego Blacks

on the top of the knol1. The depressi'onal areas at l-ower elevaÈions

in the aïea are commonly saline, and imperfect Ëo poorly drained.

These depressÍonal soil-s are usually only 1 to 3 feet deep, overlying

the Riding Mountain shal-e. Saline Gleyed Carbonated Rego Black and

Salíne CarbonaËed Rego Humic Gleysolie soils are the characterísËic

proflles of the thín deposíts in these depressÍonaL areas.

Surface r^rater runoff from this area occurs in small stream

meanders which orlginaÈe in the Medora Area and enpty into Ëhe

Souris P1ain.

Souris Escarpment

Hydraulic head. The piezometers at 20 and 40 feet in Nest 13

(Appendix C) generally have negative hydraulic heads. This sítuaËion

appears to be caused by the occurrence of shale which is relaËively

permeable, mainly in the horfzontal direction. Fl-ow ln the shale

appears to be channelled laterally to discharge zones along the

escarpment face. This wouLd expLain the negatlve hydraulic gradlents
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at Nest 13.

Nest I ls located near the base of the Sourís Escarpment

Area (tr'igure 9, p. 38). The hydraulfc head in the shale at Ëhis

site, as measured by a piezometer at 4B feet, is relativety sÈable

and consisËentl-y below the l-evel in the overlying piezometer.

The piezometer at 28 feet, however, has a positive gradient during

the fall- and winter and a small negative gradient during Èhe spring

and summer. The hydrograph generally has Ëhe same response as the

water table which indicates that it is a relatÍve1-y dynamic system.

The piezometers at l-0 and 18 feeË generall-y have positive

gradients through most of the year. This condÍtion is the result

of l-ateral groundwater discharge from the shale of the escarpment.

In general, the hydraulic head data for the Souris Escarpment

Area indicaËes that water is being discharged laterall-y frorn the shale

to the til-l in the vicÍnity of Nest L3. Th.e discharged water sub-

sequenÈ1-y flows downslope along the ti11 contact zone and into the

till at the bottom of the slope. ThÍs downsl-ope fl-ow of \n¡ater

creates sma1l posÍtÍve gradients in the shallow piezometers aÈ

Nest 8 and resul-ts Ín the díscharge of saline groundwater through

the till

Hydrochemistry. The distríbution patterns of the rnajor ions

(Figures 11 and 12, pp. 43 and 44) show Èhat concentrations increase

towards the face of the escarpment and dovrnslope into the till.

The Na* concentration at Ëhe water Èable Ín NesË 13 is high

(504 rneq,/L.), suggestlng that much of the groundwater probably

comes frorn the shales. Assuming that the dlstributLon of Cl- ls
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índicative of the direcÈion of fl-ow, Ít appears that lrater moves

downward through the tlll of the Medora Rtdge Recharge Area and

enters the sha1e. The vrater apparentl-y moves laterally through

the shale and is subsequently dlscharged at the escarPment face.

This small scale flow system would expLain the higher than average

Cr#, Mg#, and SO4= concentrations in the shale at 20 feet. These

íons were picked up ín the till and have been moved down into the

shale due to the dynamic nature of the flow regime.

The najor ion concentration ís much I-arger at Nest 8, however,

and appears to be the result of groundwaËer discharge from the shale

due to Ëhe high concent.ratÍons of Na* and C1-. Groundwaterr moving

latera11-y downslope from the face of the escarPment, has probably

introduced and concentrated these soluble salts in the groundwater

at NesË 8. In general-, Èhe concentration and distribution of the

various íons tend to subsËantiate the interpreËation of the hydraulic

head data. This area, therefore, is referred to as the Souris

EscarpmenË La:era_l Discharge Area.

Soils. The soils in the upper part of the Souris Escarpment

Díscharge Area are developed on sÈrongl-y calcareous' medium to

moderaËely fine textured glacial til-l. The wel-1 drained soils 1n

the area have Rego Black and Orthic Bl-ack profiles and are mapPed as

meuibers of the Ryerson Catena (Figure 14, P. 54). There are also

thin soils overlyíng the shaLe tn thís area, which occur near the

face of the escarpment. Some of Èhese solls have llttJ-e profile

development, probably due to their topographic positf-on, whereas

others tend to have accumulatlons of sal-ts and very llttl-e profile
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devel-opment mainl-y due to 1ateral1y discharging groundwater. These

soils occupy only a very smal-l portion of the area and therefore,

have not been shown on the map (Figure 14, P. 54).

The majority of the soils at the base of the escarpment are

developed on strongly calcareous, dominantly nediurn to moderately

coarse textured lacustrine sediments. The uredium textured soils are

rnapped as members of the tlaskada and Cameron Catenas, whereas the

moderately coarse textured soils are mapped as members of the Souris

Catena (Figure 14, p. 54). The doruinant subgroups in both of these

catenas in this area are the Gleyed Carbonated Rego Blacks, Sal-ine

Gleyed Carbonated Rego Blacks and CarbonaËed Rego lftnic Gleysol-s.

Most of these lacusËrine soils have carbonated and calcareous

profiles and many are moderatel-y sal-ine. The majority of these

soil-s are Ímperfectly draíned, some are poorl-y drained, and many

have white salt crusts on the surface. In general, these profile

characËeristics are Ëypical of soils ín groundwater discharge

areas.

Souris Plain

Hvdraulic head. Nest 9 is the onl-y piezometer nest located

1n the souris PLaÍn part of the groundr¿ater'flow system. The

piezometer aE 57 feet intersecÈs the Riding MountaÍ.n shale and,

except in the spríng and summer, generally has a posiÈive gradient.

A positlve gradient in the shale in thÍs area índícates thaÈ the mosÈ

probable dlrecËion of flow wouLd be from the underlying shale. This

condftion could not be conflrmed since no piezomeLers were lnstall-ed

at the shale contact.
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The overl-yLng plezometers responded much more quickly to

changes in the \^rater table, indicating that the flow regime ln the

upper 28 feet is very dynamic. The hydrographs for piezometers at

28, 18, 15, and 7 feet (Appendix C) show predorninanË1y zero gtadient.

This Ís an indication of lateral groundwaÈer f1ow.

Hvdroc-hemisÈry. The hydrochernistry of the souris Pl-ain Area

indicates that Ëhe mosÈ,.probabl-e direction of groundwater fl-ow

occurs in the direction of decreasing concentraËion of the major

fons (Figures 11 and L2, pp. 43 and 44). Thís decrease ín ion con-

centration could be due to'a dílution of Ëhe water as it flows

l-aterally away from the rnajor source of the Íons; in this case'

the shal-e and tíl-l of the Souris Escarpment. Consideraibl-y less

soluble salts are expected to occur in the coarse textured surface

deposÍts and also rapid Ínfíltration of rain and fresh surface

hraÈers would he1-p Èo dilute Ëhe saline groundwater.

IÈ appears that there is a general tendency for Ëhe lateral

fl-ow to pr:ocee.d more rapÍdly along zones of contact between the

varÍous geol-ogic deposits. It is also apparent from the hydrochemícal

data, thaÈ upl^rard seepage from the underlying shale is smal-l compared

to the lateral fl-ow in the til1 and overl-ying sediments. This parË

of the fl-ow system, therefore, is referred to as ühe Sourís Plain

LateraL Flor¿ Area.

Soils. The rnajority of the soils 1n the Souris Plain Area

are developed on moderately to weakl-y calcareous coarse textured

lacustrine sand and are mapped as members of the Sourls CaÈena.

Other solls whlch are developed on strongly calcareous, moderately
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coarse to medlun textured lacustríne sediments are mapped as members

of the Cameron Catena.

Most of the soils regardless of texture, are imperfectl-y

drained and generally have been mapped as Gleyed Carbonated Rego

Black soíls. Manv of the soils contain sol-uble salÈs which are

evident as small whíte crystals in the profí1-e and as thin whÍte

crystalline crusÈs on the surface. Coarse textured sandy soiLs wiËh

soloneËzic morphology and chernistry are also conmon in this areâ.

Ihe presence of the l-arge concentratíons of Na* in these síl-ica

sands Ís attributed to the flow of groundwater from the shale of the

Souris Escarprnent.

' The high Na+ in the groundwaters may have been the source

of Na* thaË is now found in the solonetzic soiLs. Soil salinity and

rùater tables may have been much hígher at one time; however, lor¿er

water tabLes in more recent times may have ínitiated the fornation of

these sandy sol-onetzic soils.

The well- and moderaËelv well drained soils are found assocíated

wÍth areas of higher 1ocal relief. The duned areas, in particular,

generally have Eroded Rego Black and Regosolic profiles.

The soils in the Sourís PlaÍn Area are generally infl-uenced

by high $rater Ëables (av. 2.9 feeE at NesÈ 9). Thís can be observed

in waËer table wells, sloughs and road ditches. Many of the sloughs

and ditches are deep enough to inËercepÈ the water table and as a

resulÈ Ëhey contain water for Longer periods durÍng the year. These

areas are general-ly characterized by Salíne Carbonated Rego llunic

G1eysollc proflles.
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General- Discussion of the Hydrogeologic Infl-uence on Genetíc Soii-
Dis tribution

The hydrological investigatíon has shor.rn that the study area

is comprised of seven different hydrologic fl-ow regimes. Each of

these seven areas has been characterized in terms of hydraulic head

and hydrochemícal dat,a, and general- soil distribuËion. The genetic

soil profiles found in each of the seven areas can be dtreetly related

to the condl-tions of groundwaËer fl-ow r¿hich in turn are affected by

Ëhe characteristics of topography and geology.

The genetic and morphologic properÈies of the soils in the

Turtle Mountaín Area are a refLection of strong groundwater recharge.

Most of the soils in this area ín the t¡e1l and imperfectly drained

positions are leached of soluble salts and carbonates and many of

them are moderately to strongly eJ-uviated. Poorly drained soil-s

occupyíng depressíonal- posiËions which retain free water for only

short perÍods are generall-y strongly eluviated. In depressÍons which

reÈain free r^¡ater mosÈ of the year, the soils are generally leached

of sol-ubl-e salts and carbonates but show little or no sígns of

eLuviaËÍon. This lack of carbonates and soluble sa1Ës in the poorJ,y

draíned soils of this area is probably the most sígnifícant factor

when compared to the poorly drained soils ín the other hydroLogic

areas. In the Leighton and Medora Ridge Recharge Areas the majority

of the soils are leached and eluviated. llowever, some of the poorly

dralned solls in depressions have not been leached of salts or

carbonates. Thls presence of solubLe saLts and carbonat,es is probably

one of the most notable features of soil profile development in
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comparLson to the Turtle Mountain Area. The lack of leaching in some

of the poorly drained depressional soLls ln the Leighton and Medora

Rldge Areas suggesÈs that these areas are not characterized by sÈrong

groundwater recharge as is the case in the Turtle MounÈain Area. It

has been shorun that the recharge gradienÈ 1n the Turtl-e Mountain Area

is much greater than that in the Leighton and Màdora Ridge Area.

The distributÍon of genetic sol1s in the Leighton and Medora

nidge Recharge and Ëhe Medora Díscharge Areas is largely dependenÈ

upon loca1 topography. The micro-relief in each area has resulted

in a complex confíguratíon of the upper parL of the larger flow system'

produclng recurring sequences of sma1l recharge and discharge flow

reglmes. These loca1 flow systems are reflected in the genetÍc and

rnorphologic properties of the soil-. For exampl-e, Gleyed El-uviaËed

Black and Humic El-uviated Gleysols are indicative of l-ocal groundwater

recharge, whereas the SaLine Gleyed Carbonatecl Rego Bl-ack and

Carbonated Rego Hr:mic Gleysols are characËeristic of 1ocal groundwaËer

dÍscharge. The larger hydrologic areas are characterized by the

predominance of varíous profÍle Èypes. ThaË is, recharge areas always

have higher percentages of leaehed and eluviat,ed soils, whereas

dlscharge areas ustral-ly have higher percenËages of sal-ine and carbonaÈed

sofls. Snal1 permanent LTater bodÍes are also more conmon fn díscharge

areas. ,

The dÍstribuËion of soil profile types also varies between

discharge areas. The l{hi.tewater Basin, Medora, and Sourfs Escarpment

areas are charaeterkzed by dischargíng groundwater buË have different
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types of sofl profJ-les. For example, Solonetzfc soí1s are qufte

common fn the hrhitewater Basln, whereas no solonetzlc soíls r.rere

found ín either of the other tr,ro areas. A possibl-e reason for the

lack of Solonetzic soils 1n the Medora Area míght be the Lower

quantity of Na* salts in the groundwater. Since Na* is a major

characteristic of sol-onet.zic soils and since the groundwater beíng

discharged in the area does not encounter any Na* rich deposits,

ít appears unl-íkely that Solonetzic soils would develop. The ground-

vrater in the Souris Escarpr.ent on the other hand does have high

concentrations of Nat obtained from lateral flow through the

RÍding Mountain Shales. However, iË appears that SolonetzÍc soils

have not devel-oped in this area either, possibly beeause iÈ still_

Ís a very active discharge area. The Solonetzic soils in the l¡IhitewaËer

Basin on the other hand, ur. ,'.rr.taIly found in areas where buríed

gravel lenses and high T¡Iater tables result in only very weak discharge

or even lateral flor,r in the upper 6 to 10 feet of sedíments. ThÍs

could account for the llat sal-Ës being transported into the soil

and also provÍde an opportuníÈy for some leaching to occur as the

üraÈer table 1evel decreases

The Sourís Plain is dominantly an area of lateral groundwater

flow. A comparison of Èhis area to the other hydrologÍc areas

on Ëhe basis of soils suggests that it may have certain groundwater

condiËlons Ín com¡non wÍth the hrhiÈewater Basín Area wíth regard to

the development of sol-onetzlc sofr proflles. The Na* salts ín the

sourfs Pl-aln very L1ke1-y originated ln the souris Escarpment Area

and were transported fnto the Plain Area by lateral groundwater
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flow. The subsequent development of the Solonetzlc sofls in this

area, therefore, rüas lfkely the result of a fluctuatlng high trater

table which contributed the Na* salts to the soíl zone. In this

respect, 1t is simílar to the l^Ihitewater Basin.

In general, ít ts difficult to compare the genetic soil

distribution patterns from one area to the next. because the disËri-

bution pattern wiËhj-n each area has formed as a result of sl-íghrly

different hydrogeologic parameÈers. For example, the nature of the

bedrock geology can al-ter the direction of a large flow system'

whereas the micro-straËigraphy and mícro-rel-íef can alter the directf-on

of local flow sysÈems.

The establishment of general hydrogeological- and pedol-ogical

relations, such as leached soils indicate recharge and saline soils

indicate discharge, is very conmon. Ilowever, on the basis of the

geneËic and morphological properÈÍes of a soíJ- profíle, ít is usually

only the l-ocal- flow system v¡hich can be identified. The extenÈ of

l-arger flow regímes can only be approximated by the areal dístribution

of soil profiLe patterns. It shoul-d be remembered, therefore, that

specÍflc soil subgroups (profiles) are only indicative of l-ocal

site condiËions of groundwater flow and thaË iÈ is the overall paËtern

of the subgroup distribution that must be used to describe the larger

hydrologic areas.

AnoÈher poinË to be considered is that soiLs and groundwater

exist in a dynamfc relationship and that the properties and

characteristícs of the present soils may not necessarily be indlcative

of the present groundwater conditions. The evolution and developmenË
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of soll subgroups, therefore, generally

of events which invariably are directly

hydrogeologic conditions of the area.

follows a sequence or cycl-e

assocfated r,rith the

II SOIL SALINITY AND HYDROLOGY

It has long been recognized thaÈ areas of groundwater díscharge

are invariably associated with areas of saline soils. Therefore,

slnce thÍs hydrologic sÈudy was conducted in an area where the

occurrence of sal-ine soil is very common, some aËtention was devoted

to determining the conditÍons control-l-ing salinity, the degree and

dlstributíon of salÍniËy, and the source of the soluble salts

responsible for Èhe salinity. 1o facilitate this díscussion, 1t is

fÍrst necessary to define the foll-or,ríng terms: soiL salinity, sub-

soil- salínity, saturated soÍl saliníty and groundwater salinity.

Sa1íniÈy

The term sa1-inity as used by soil scientisÈs denotes the

presence of soluble saLts in a medÍum. The quantity of salt Ís

usually expressed Ín terms of electrical conducÈivity. A soÍl is

consldered to be saline Íf a solution extracted from a saturated

paste has an elecÈrical conductivÍty value of 4 nrnhots/cm. or more.

The Systern of Soil Classification for Canada (1970) groups

sallne solls into the following classes: i) non-saline soils which

have an el-ectrlcal conductivity Less than 4 nmhors/cm.' il) weakly

saLine sol1s which have an eLectrical conductivity in Èhe range of

4 to I rmnhors/cn., fti) moderately salfne solls which have an
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electrlcal conductivity in the range of I to 15 rm¡hos/cm., and

Ív) strongly saline soils which have an electrical conductivity

great,er than L5 nmhos/crn. In addltion t,o the quantiÈy of soluble

: salt that has to be present, a saline soil musË have the salts

, Present in the soh¡n and/or Parent material'

The te::m sub-soíl is used here to refer to the zone betr,¡een

the bottom of the soil- profile and the Ëoþ of the traÈer tabl-e. The

degree of sub-soil sal-inity as defined here recognizes the same

crlteria for electrical- conductíviÈy as previously stated for Ëhe

four classes of surface soil saliníty: noner weak, moderate and

strong.

I . 
Saturated soil saliníty refers to the sal-inity of soíl- samples

i collected from varÍous depths belor¿ the water table duríng the
i

i drill-íng progïam. The críteria for determiníng class of salinity

as based on Èhe criteria established in Èhe System of Soil Classífícation

_ for Canada (l-970), ís none, weak, moderate and strong as previously

defined for soÍ1 profile or surface soíl sa1inity'

Groundtvater salíniËy can be defined in terms of the quantity

of dissol-ved míneral constituents which it contains. The fo1-lowing

ls the classification of groundwater based on the toËal- díssolved

m{neral constituents which Ís used by the InternaËional llydrologic

Decade and by the Uníted NatÍons Economic Scíentific and Cultural

Organization:
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Cl-asslf lcatlon TDS Approx. EC (mmhos/cm.)

Fresh less .than 1000 rng/litre <L-4

Sltghtly Brackish 1000 to 3000 mg/lítre 1.4 to

Brackish 3000 to i-0'000 mg/litre 4.3 to

Saline 10,000 Èo 35,000 ng/litre l-4 to

Brínes more than 35,000 rng/l-itre ) 50

(For cornparison, raín has about 15 mg/litre; sea water has
35,000 rngllitre)

Sal-inity Relations

The standard method of determÍning soil sal-iníty as described

in the USDA Handbook No. 60 Ís based on electrical conductivíty

measuremenÈs of saturated soil paste exËracts. According to the

USDA Handbook No. 60, the advantage of the saturation extract method

of measuring saliniËy lies in íts direct relatíonshíp to the field

moísture ïange. The sol-uble salt concentration in the saturation

extract tends to be about one half of the concentratíon of the soil

solution at the upPer end of the field moisture range (approximately

field capacity) and about one quarter of the concenËration that the

soil woul-d have at the l-ower, dry end of the fíeld moisture range

(permanent wílting point). Therefore, EC values obtained by the

saturation extract method, on soil samples from the unsaturated soil

zorre, wlJ-l generally be one half to one quarËer of the EC value of

the soil- solution in the unsaturated soil. On the other hand, soil

below the water table ls generally assumed Ëo be saËurated and,

therefore, the values of EC from so11 extracts should be very slmilar

or equÍvalent to the EC of soil $Iater or groundl¡7âter provlding that

4.3

L4

50
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no water was added to the sampJ-e and no hTater was lost during samplíng.

In general, measurements of EC for each of the four previously

defined zones ín an area r¿1th a uniform vertlcal distríbutl-on of

salinlty from the soíl surface Èo the saturated soíL zone could be

expected to show the following relationship:

EC(soit surf.) ( rc(sub-soil) ( Ec(""t. soÍl) ( tt(groundwater) (3)

The EC val-ues for all soil sarnples díscussed herein were all

measured according Ëo the saËurated paste method. These EC values

have not been corrected accordíng to the relationshÍp established

by equatÍon 3. Equation 3 Índicates that comparisons between EC

values of soils become more reliable as the origínal moisture content

of the soil increases. In other words, EC values of soil- samples

col-l-ected at or below the water table are uore representative of

actual sal-inity conditÍons than are EC values for surface soil

samples ín whích the original moisture content is unknown. In the

remaÍnder of this discussíon, EC values for soil salinity have not

been differentiaÈed ínto the soÍ1, sub-soíl or saturaÈed soí1

inËervals unless indicated.

Distribution of Saline Soils

Figure 17 shorvs the regional distribution of saline soils for

Èhe Southwest Map Area of Manitoba. As shorvn on this map, there are

two rnajor areâs of saLj-ne soils. The fírst area, referred to as the

Sourls Plaín, occurs between the 1500 and 1400 foot elevation, whíle

the second area, referred Ëo as the l{hlter,later Basin, occurs irnrnediately

below the 1700 foot eLevatlon fn the vícÍnity of hrhltewater Lake.
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Figure 18 shows, in more detall-, the portlons of these two maJor

areas of salLne soÍls whlch occur in the studv area. The first area

near the town of Deloraine corresponds Ëo the Whiter{ater Basin as

shown in Figure 9, p. 38. The second area, near the town of Medora,

includes part of the Medora Area, the Medora Ridge, the Souris

Escarpment and parË of the SourÍs Pl-ain Area. I^Iith the exception of

the Souris Plain, the areas of salÍne soils near the town of Medora

(FÍgure 18) coul-d not be separated on the basis of morphologic soil

properties alone; therefore, a detailed survey and extensive soil

sauplfng were conducted to determíne the saline areas.

Vertical- DlstributÍon of SalinÍty

During the drÍlling program, samples of soÍ1 were collected

aË one fooÈ inËervaLs from the surface to a depth of 10 feet, aÈ

various locations within the study area. AddiÈional samples were

collected at greater depths during piezometer installation. The

electrical conductivity data obtained from the saturated soil

exÈracts of these samples are shown in Fígure 19. The directíon

of Íncreasing values of EC ís indicated by the srnal-l vertíca1

arroürs imrnediatelv above or below each site.

Five distinctíve profiles of soluble salt accumul-ation, as

índicated by the magnitude of the EC, were established. These

profiles are: (a) increaslng accumulation towards the surface,

(b) lncreasíng accumulation away from the surface, (c) lncreasing

accumul-at.lon from the surface to the water table zone and subsequently

decreaslng below the water table zone, (d) lncreasing accumulatÍon

upwards from the water table zone to the soll surface and lncreasing
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downwards from the hTater table zoÍLe, and (e) no vertÍcal increase

or decrease throughouÈ the 10 foot profíLe.

In view of these vertical saLt distribution profiles, an

attempË was made to rel-ate each of these sal-inity condÍtíons to the

correspondíng condítíons in the groundwater. In this study, Ëhe

directíon of increasing values of EC r¡as ínterpreted as indicating

the general direction of vrater movement ín both the saturated and

unsaturated soil zones. According to the concepts descríbed by

Freeze (Lg67), "ürater movement in the unsaturated zone is ín physical

and mathematical contÍnuiËy with Ì,rater flow in the saturated soíl-

zonet'. Therefore, EC val-ues decreasing frorn the surface to the r,rater

tabl-e zone ûrere assumed to be the resul-t of evaporation processes

whÍch, according to Freeze (L967), woul-d be in physical continuity

wiËh discharging groundwater. On the oËher hand, EC values íncreasing

from the surface downward indicate that surface t'Iater infÍlÈration

is the most probable meËhod of \,raËer movement in the unsaturat.ed

soil zone. In this case, infiltraËion would be in physical conËinuity

with recharging groundwaËer conditions. The three remaíning distri-

buËÍon profiles (Figure 20, c, d,, and e) were attríbuted to trans-

ftÍonal and lateral groundwater movement rtrith infiltration and

evaporation accounting for the variations in the salt profile.

Using these ínterpretati-ons, the EC profiles \{ere coded usÍng

circles with shading and short vertical arro\¡Is corresponding to

the five distlnctive profiles as shown Ín Fígure 21-. The vertical

diameter of the circle represents a depÈh of 10 feet, the shaded

area of the circle ÍndfcaÈes EC vaLues greater than 4 mmhos/cn, the
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unshaded area indicates EC values less than 4 nnnhos/cm., and the

arro\¡Is represent the direcËion of fncreasing EC. The symbols and

arrovrs were placed at each of the lnvestl-gation sítes as shown ín

Figure 21.

The boundary 1-ines separatíng each of the seven hydrologic

areas generally approximated the eLevational contours as Índicated

on the rel-ief map (Figure 7, p. 30) . However, the boundary which

delineates the Medora Ridge Area does not foll-ohr any particular

cont.our of el-evatíon due to the dissecËed naËure of the top of the

escarpment,.

Figure 21 shows that the dístríbutíon and degree of saliníty

Ín the soils is much more severe in groundwater discharge areas than

fn recharge areas. It can also be noÈed that each of the hydrologíc

areas Ídentified has variable conditÍons of soil sal-inÍty.

Type and class of salínÍty. To determine the nature of sa1Ès

in Ëhe soÍl-s, eíght sites r¡ere chosen along the cross-sectíon and

analyzed for solubl-e salts. The data ís presenËed in Appendix F-1.

The dominant catÍon and anion r¡rere assumed to be the predominant.

salË present in the soi1.

' Tab1e II shor+s the change in type and class of salÍnity

with decreasíng elevation Ëhroughout the various hydrol-ogíc areas.

The najor ions throughout the study aïea vrere Mg# and SO4=. The

trlhf-ter¿ater Basin, ln addÍtlon to containing }fg# and SO4=, also

contal-ned signiflcantLy higher concentratíons of Na* and Cl- than

the other hydrologtc areas.

Table II also shows the change in dlstribuËion of the
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TABLE II

ITPE AI,TD CLASS OF SOIL SA],INITY I^IITH DECREASING

ELEVATION THROUGH THE VARIOUS IIYDROLOGIC AREAS

iite
Ío,

Approx.
Elev.

Hydrologic
Area

MaJor Ions Salinlty class Average
EC

(rnnhos/cn)
to I-0 r

B1

Y

H

G1

D.

J

K

T

22001

1_950,

1650 r

1630'

1610 t

1600,

t_590,

1_51_0,

Turtle MounËaín
(Recharge)

Turtl-e Mountain
(Recharge)

Whitewater Basin
(Díscharge)

trÍhÍtev¡ater Basin
(Díscharge)

Leighton Area
(Recharge)

LeighÈon Area
(Recharge)

Medora Area
(Discharge)

Medora Ridge
(Recharge)

c"#, so4=

Mg#, so4=

Na+, soo=

Mg#, so4=, Na+, cl

Mg#, So4=

Mg#, so4=

Mg#, so4-

C"#, So4=

none

none-weak

moderaËe-strong

moderate

weak

none

weak

none

0.2

3.5

L3.7

8.8

5.9

2.L

6.3

0.8
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major fons in the so1l wlth decreasing elevation. Slnce the dominant

anion throughouÈ Èhe study area l-s SO4=, the on1-y noticeable change

occurs ín the concentrations of the major catíons. Thís change

occurs betr¡een the top of Turtle Mountaín and the hThiÈertrater Basín,

where the sequence of cations changes from Ca# to Mg+ to Na+,

respectívely. In general, the major ions ín the soil-s range from

Ca# and SO4= to Mg# and So4= in the recharge areas, whereas in

discharge areas the major ions range frour Mg# and SO4= to Na* and

So4= with some site" i"rrirrg appreciabl-e concentrations of Na* and

Cl--. This sequence is somertrhat similar to thaË described by

Rozkor¡skí (L967) ín the Moose Mountain area of Saskatchewan where

he found a sal-È sequence of CaCO3 - CaSO4 - (Recharge Area) to

MgSO4 - Na2SO4 (Díscharge Area) in a hydrologic system with increasing

length of flow path, that is, decreasing el-evation.

Distríbution of Sal-Ínity ín Èhe Saturated Soil Zone

From the widespread distribution of salíniÈy, the range of

sol-ubl-e salt concentrations, and the relative posítions of soluble

salt accumulation ín the soil, it is apparent that the flovr of

groundwater is responsible for the movement and depositíon of soluble

salts.

By comparing the EC values of groundwater Ín pÍ.ezometers

(Figure 13, p. 45) Èo the EC val-ues of soil extracts Ëaken from

approxÍmately equivalent depths below ground level (Figure 19, p. 95),

1t ls apparent that some redístribution of soluble salts must have

occurred below the water table Level- to account for the higher EC

vaLues ln the groundwater than ln the saturatÍon extracts. These
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differences range from 2 Èo 16 nmrhos/cm.

Flgures 22 anð, 23 show the vertical dlsËributlon of the major

lons Ín soil extracts from bel-ow the water tabl-e. A comoarison of

these results to Èhe salt concentrations of Èhe groundwater (Figures L1

and L2r pp. 43 and 44) shows thaÈ the basic patterns of high concen-

trations in discharge areas and lor¿ concentrations ín recharge areas

are sirnilar. In many cases, however, the salt concentratÍons of the

groundwater are trrto to three times larger Èhan the sal-t concentïatíons

of the soil. This situation occurs predominantly in groundwater

diseharge areas as shor.rn in píezometer nests P-1-5, P-l-l, P-6 and P-1-4.

On the oÈher hand, the groundwater in recharge areas was found Ëo

have equivalent or lower salt concentraÈions tha'n the soÍl sample

extracts from equívalent deptlls as shown by píezometer nest P-4,

P-5, and P-7. It appears, therefore, thaË soluble salÈs are

redistributed from recharge to discharge areas a1-ong the groundr^rater

flow path.

Distríbutíon of Soluble SalÈs in the Till

The glacial ti1l Ín the study area can be described as a

strong to moderaÈely calcareous, loam to c1-ay loam text.ured glacial-

ti11 composed of mixed materials derived from shale, limestone and

granitic rock. Sínce the till was found to be quíte uniform j-n

compositíon, Ít is reasonable to assume that, at the time of

deposiÈion, the soluble salt minerals were also uniformly dÍstributed

throughouË the till-. However, the present dlstribution of solubl-e

salts (Figure 19, p.95) reveal-s that there are sorne areas of

htgh saLlnfty and other areas of l-ower sallnity. It is probabJ-e
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therefore, that these soluble salts have been dissolvedr transported,

concentrated and redeposited by the mechanisms of groundwater fl-ow.

Mechanisms of groundwaÈqr flow. The flow of groundwater

through any deposlt is dependent upon its permeabil-ity. The degree

of permeabil_ity is generally dependent upon the size and shape

of pores, and the extent, size, and shape of their interconnections.

The degree of permeability of glacial ti11-, therefore, is essentially

dependent upon structure. In this study Èhe glac1a1 t111 was found

to have a generally b1-ocky structure. The degree of permeabí1-ity

Ls detemined by the rather intrícate sysÈem of fractures and joints

whlch resulÈ in the blocky structure. The nechanism of groundwater

flow, therefore, through the tí11, can be described in sÍrnplífied

tems as a rblock and channelr flow sysÈen (FÍgure 24)-

The channel flow systen ís basi'ca1ly a free flow system

where rraËer flows directly through Ëhe openings or fracËures in

the till. Salts can be díssol-ved from or deposited dírectly on

the surfaces or interfaces of the fracËures, depending upon the

chetnlcal saturation staËus of the groundwaËer.

The mechanism of r.tater movement wÍthin the blocks is referred

to as iliffuse f1ow. Diffuse flol'¡ ís responsible for the transport

of soluble sa1Ès from ¡'¡iÈhin the soil- block to the surfaee or

lnterface of the fracture zones.

DLffuse flow t¡ou1d help to maintain a more consistent

groundr,rater chemistry by contlnually replenishing Èhe soluble salts

which are ïemoved by the fracture fLow system. A1-though no

perneabíl-ity measuïements r¿ere eonducted in this study, iÈ Ís assr:med
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Blocky Structure

Channel
Floq¡ (CF)

Diffuse Flow in
soíl bl-ock (DF)

Figure 24. SirnplÍfied tblock and' channelr groundr¿ater
flow systems of glacial ÈiL1 (CF ) DF).
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that water movement ln the fracture flow systen occurs at a faster

rate than nater movement in the diffuse flow system. If this is Ëhe

case, the chernical composition and concentration of a groundwater

sample, whlch is basfcally fron the fracture flow system' woul-d be

expected to be differenÈ from Èhe chemical composition and concentration

of the extract of a soil sampLe collected from Ëhe same depth viciníty

1n the til1. Therefore, Iüater samples Ín recharge areas would be

less mineraLized Ëhan the soíl- extracts taken from equivalent depths

(Figures 13 and 19, pp. 45 and 95 and P-4, P-5). Conversely, ï¡Iater

samples typical to discharge areas would be more mineralized than the

soil extracts frorn equívalent depths (Figures 13 and 19, PP. 45 and

95 and P-15, P-11-, P-6, P-14).

The difference in raËe of flow betr^¡een channel- flow and

diffuse flow nay also help explain some of the variation in the

sal-t profiles of Èhe unsaturat,ed soil zone. As the waÈer tabl-e

fluctuates with seasonal changes of precipítatíon the majorlty of

the groundwater flow is assumed to occur ín the network of fracÊures

or channels. If all flow occurred aÈ the rate of water table

movement the range of distributíon of solubl-e salËs should close1-y

correspond to the range of water Ëable fluctuation.

However, due to the slower rate of diffuse flow, there 1s a

lag effect which a11ows sol-uble salts Ëo be moved to the fracËure

planes or bl-ock edges. SubsequenÈ úrater loss due to evaporaËíon

causes the salts to precipitate long after the l7aËer table has

receded.
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Sources of Sal-ts ln Solls and Groundwater

Each of the major geologic deposits wíthin the study area has

a characterístic groundwater chemi.stry. The groundwater. Ín the till

contains moderate to hígh concentrations of Ca#, MgH, Na+, and

SO4=, and generally Low concentrations of Cl-. The concenÈrations

of HCOU range from 2.5 to 13.0 rneq./l. and pH values range from

7.1- to 8.0. The Boissevaín FormaÈion has very low concentrations

of Ca#, Mg#, and C1-. The concentrations of Na+, SO4= and HCO3

are general-ly J-ow to moderate. The pII ís about 8.5. The hydro-

chenistry of the Boissevain Formation \¡ras obtained frour the piezometer

at 68 feet in Nest 10. The hydrochemistry of the Riding Mountaín

Formation is characterízed, by hÍgh concentrations of Na* and C1-,

moderat.e Èo high concentrations of So4= and very low values of Ca#

and Mg#. The concenÈratíon of HCO3- ranges from 4.8 to 15.5 meq./l.

and pll ranges frorn 7.8 to 8.3. The hydrochemistry for Ëhese geol-ogÍc

unÍts ís presented in Appendix E-1.

IÈ ís apparent from the discussion of the hydrologic flo¡^r

systems in Part III of thís chapter Ëhat, with the exception of

the Souris Escarpment and the Souris Plain Areas, the Riding ì4ountain

FormaÈíon does not conÈribute signifÍcant groundr¿ater to the overlying

deposits of the study area. Therefore, the hydrochemístry of the other

five hydrologic areas may be attríbuÈed to the physical and chemical

weatheríng processes in the g1-acíal tÍl1-s.

The hvdrochemístry of the glacíal till-s ís conÈrolled largely

by the presence of cal-cite and dolomite. Consider flrst a sample

groundwater recharge area in the till near piezometer Nest 5 whtch has
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Low TDS. If dLssolutlon of dolomite or cal-clte occurred according

caMg(co3) 2 + 2ï2co3 -----> ca# + ug# + 4HCo3

caco3 + H2co3 ----) ca{.+ + 2Hco3- (s)

duríng inflltratlon, either simul-taneously or Ín sequence' the

molar ratío of ca#/ug# in diLute recharge groundwater would be

greater than l-. SummaËing the products of equations 4 and 5 indicaËes

that 61 mg/l HCo3 are produced with L5 me/I CaH and 3 ng/L ug#.

Since all- of the HCO3- is produced from calcite and dolomite the

field values of HCO3- can be used to det,ermine the quanÈíty of Ca#

and Mg# that wouLd be expected in the groundwater.

The observation well- at 10 feet at NesË 5 has 305 ng/l HCO3-

whích corresponds to 75 ngl\Ca# and'15 rng/l ¡tg+. However, the

total Ca# and Mg+ in the groundwater ís 73.2 ng/L and 37 .3 mg/L,

respectively. In thís case, all of the Ca# Íons can be accounted

for but there is a significant excess of Mg+. In areas of more

saline groundwaters there ís large excesses of both Ca+ and Mg+

and much highe.r concentrations of Na+, Cl- and So4=. It can be

concluded, therefore, that Ëhere must be other sources Èo supply

the excess ca#, Mg# and all of the Na+, Cl-- and So4=. The two

mosL common sources for C"#, So4 , Na+, and Cl- are gypsum and

hal-ite. This, however, still leaves excess qrl"rraiai"s of Mg# and

Naf. Three other posslbtlities could account for these excesses:

l-) al-L of the excess could be due to catlon exchange mechanisms,

2) all of the excess could be due to the presence of other sulphate

mlneraLs, or 3) al-l of the excess could be due to a combinatlon of

the above Èwo processes.

fo:

(4)
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As the hydrochernistry of the Bois_seval-n Formatlon is qulte

dÍfferent from that of the overlylng glacial tíll, this causes some

doubt as to whether groundwater from the gLacial tiLl actually enters

this formatlon. On Èhe basís of the hydrochemisÈry from on1-y one

piezometer ínstalled in this forrnation, it ís difficul-t to character-

ize thÍs groundwater. However, the hydrochernistry of the ürater sarnple

from the piezometer at 68 feeË in Nest 10 indicates that very littl-e

Ca# and Mg# are present and Èhat the predominanÈ ions are Na* and

so4='

Hvdrochemistry of the Riding Mountaín Toruratíon. The ground-

tlater of the Ríding MountaÍn FormaËíon generally has higher concen-

trations of Na* and Cl- and considerably lovrer concenËraËions of
JJ- J-L 'Câ", Mg", and SO4- than the overlyíng glacial tills. Since this

formation ís composed of non-calcareous marine shales the mosË probable

source for the Na* and Cl- concenËrations is halite (NaCl-). These

shal-es would also have Na* as the predominanË íon on the exchange

sltes. Cation exchange, therefore, coul-d produce some of the excess

-!Na' which ís not accounted for by the díssoluËion of halite. Cation

exchange could al-so accounË for the very l-ovr values of Ca# and Mg#

which occur in areas where groundwater from Èhe overlying tí1J- moves

lnto the shale.

The SO4= concentration is also much lower in the shales than

Ín the overlying tills. Sulfate reductíon processes probably result

Ín the productíon of hydrogen sulfide gas which was evident in nearly

all- the plezometers in Èhe shale. Sulfate reductlon processes in

shale have been reported by Schwartz (1970).
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In summarlzlng soil- sallnity, l-t ls apparent that the degree

of sallnity is dependenË upon the elevatlon and posítlon of the soíl

in the landscape, the lithology of the surface deposits, the depth

to Ìtrater Ëable, the qualíty of the groundwater and the direction

and mechanism of groundwater fl-ow.

PART IV

APPLICATÏONS OF SOIL-GROTJNDI,¡ATER RELATIONSHIPS

Hydrological and pedological relations as ínvestígaËed in

this study have many pracÈÍcal appi-Ícations. The present concern

about pollution of soils and shalLow groundwater flow systems

emphasizes the lmportance o! detailed knowledge of the relationships

r¡hich exfst between pedological processes and groundrvater flow

phenomenon. Such studies woul-d have applÍcation to: waste dísposal

programs, soí1 fertí1-ity programsr Írrigatíon programs' soil drainage

programs, \,rater managemenË programs related Ëo naÈural- and man-made

rnraËer bodies such as sloughs, dugouts, small dams and lakes, eËc.

Many groundwater conditÍons such as: range of water table

f1-uctuaËion, degree of saliniÈy, directÍon, and method of groundrvater

flow are refl-ected in the soil by pedologlcal condítions such as:

staining and mottl-ing,, color, presence or absence of carbonates and

soluble salts, and degree and type of soil draínage. Since there is

thls close relaËionship betr¡een soil and groundwater, any major

change or alteratlon Ëo one, will invariably result Ln a corres-

pondlng change or alteraÈlon to the other

By knowlng speclfic soll-groundwater rel-atlonshlps one can
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arrive at a bet.ter understanding of the dominant soll- forming

processes from r¿hÍch the present sol-ls have evol-ved. It must be

remembered, however, thaÈ ín these types of studies, the systems

as presently described, exist in a dynamic equilibriurn and are

subject to changes either natural or artificially induced.
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SI'MMARY

The maín objectíve of the study vras to describe the hydro-

geoLogy of a representative area of soÍls for the purpose of deÈer-

miníng the relations between groundwater flow systems and the general

distribution of genetic soil profíles.

In order to characterize the groundwater f1-ow system, fifteen

nests of píezometers were ínstalled usíng a pohrer driven auger.

Each nest consísted of 5 to 6 píezometers placed at dífferent depths

bel-ow ground 1evel . Depth Èo \.{ater level- measurements and samples

of the groundwater ürere taken from each piezometer. Soil samples

were col-l-ecÈed from various.depths below the ground l-evel during

the ínstallatíon of the piezometers. 4L1 saropi-es \rere analyzed

for saLíníty. Some of Ëhe soíl samples and al-l of the groundwater

samples were analyzed fot the major íon concentrations.

The hydraul-íc head and hydrochemícal data of the groundvrater

indicate a complex flow system controlled largely by Ëopography and

geology. This complex flow system is composed of seven disÈinctive

hydrologic areas. They are as fol-lows: 1) Turtle Mountain (Recharge),

2) Whitewater Basín (Discharge), 3) Leighton (Transitional- to

Recharge) , 4) I'tedora (DÍscharge), 5) Medora Ridge (Recharge), 6)

Souris Escarpment (Lateral Díscharge), and 7) Souris Plain (LaÈeral

Fl-ow). Each of Ëhese seven areas ís characterízed by a different

groundwater flor¿ regime.

The domlnant directfon of I^rater movement in each of the seven

hydrol-ogic areas ls reflected fn the genetic and morphologic

propertles of the soiL. The solLs in recharge areas are predominantly
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leached and eLuviated with good internal- draínage. The solls fn

discharge areas are conmonly carbonated and sallne wfth poor to

imperfecË internal drainage.

the predominant factor affecting r¡rater movement through the

soil in the areas of lacustrine sediments is the texËural variatlon

of the micro-st,ratigraphy. In the Whiter,raËer Basin, thín, coarse

textured, discontinuous gravel lenses occur above and below the

tlater table zone. Bel-ow the v¡ater table zone these gravel- lenses

tend to channel- the groundr¡ater 1atera1ly, creatíng smal1 positive

hydraulic pressures in the lower end of these deposits. Above Èhe

r'rater table zone they tend to behave ab imperrneabl-e boundaries

through whích capi-llary !ìrater does not move. This causes soluble

salts to be deposited belor^r Èhe lens and resul-ts in a generalLy

salt free soil above. I^Ihere the coarse textured l-ens ís absent,

soluble salts are deposiÈed at the soil surface. The t.extural

variatíon of the micro-stratígraphyr Ëherefore, plays a major role

in determining the genetic soil dístribution in Èhe Whitewater

Basin Area.

Local topograpb.y is a ppomiaent factor in areas of glacial

ti1l and affects the distribution of geneËi.c soils. Topography

determines the dÍrection and rate of surface runoff and thereby

the quantity of T.ùaÈer infilËratíng into Ëhe soil. The volume of

r.rater and the rate of infiltration are generally reflected in the soil

by the degree of profile development and leaching. Due to the

Lnfluence of mlcro-relÍef, areas of glacial tfl1 general-J-y have a

larger number of different genetic profiles in a glven area than an
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area of lacustrlne sediments ruith uníform topography.

The hydrochemistry of the groundwater índlcates that, wlth

the exception of the Sourls Escarpment area, the rnajority of the

soluble sal-ts ín the soil and groundwater have been deríved from

the glacíal till-. Their present concentraÈions and disÈributions are

the resul-t of a complex system of groundwater flow. The major Íon

chemistry of Ëhe soils and groundr¿ater in areas of glacial till shor¿s

that Ca# and SO4= are the most common ions Ín recharge areas, while

Mg+ and SO4= are the most conìmon ions in discharge aïeas. The most

common ions in thin lacustríne sediments with discharging groundwaters

.Lare NaT and SO4=. The bedrock or Riding Mountain Formation does

not appear to conÊríbute sol-ubl-e salts to the overlyÍng tills wíth

the exception of the Souris Escarpment where signÍficanÈly larger

concentrations of Na* and Cl-- ín the soil have probably originaËed

fron the shale at the face of the escarDment.
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CONCLUSIONS

From this study it can be concluded that:

1. The study area is characterízed by a complex hydrogeological

flow system consisting of seven distÍnct groundwater flow

regÍmes; three recharge, three discharge and one area of Lateral

f1ow.

2. The geochemical data of the groundwater in addÍtion to hydraulic

head, proved to be a very useful parameter for ínterpreting the

groundwater flow systems.

3. The nature of the geologÍc deposits is a major factor determÍning

the di.rectÍon and rate of groundwater flow.

4. The terminol-ogy of l-ocal, ÍntermediaËe, and regional, Ín reference

to groundwater flor,r systems as defíned ín hydrogeology, ís vague

and needs to be defined ín Ëerms of each hydrogeological study.

These terms cannot be readily used or defÍned by interpretaËions

based on soÍl profíle characteristics.

5. The micro-stratigraphy, Èexture, and local topography of the

surface deposits are ÍmporÈant site parameters which affect. soÍl

profile development due to their influence on infiltrating and

upward capillary novement of soiL vrater.

6. there is a definÍte relationshíp betr¿een groundwaËer flow and

soil genesl-s. Leached and eluviated soils are ÈypÍcal of ground-

water recharge areas, while sa1Íne and carbonated soj-ls are

typlcal of discharge areas.

7. The soluble salts fn the so1l and groundwater fn the area above
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the. Sourls Escarpment are derlved for the most part from the

glacíal ti11. The solls below the Souris Escarpment are affecËed

by sodlum salts fron the underlyíng Riding Mountal-n Formation.

8. Soils can be used to make interpretatíons of Local groundwater

flow conditions; however, some deep drilllng should be done to

gather fnfornaÈíon on the groundwater, depth and composition of

the surface deposits, and the nature of the bedrock to facilítaËe

a more comprehensive interpretatÍon of the groundwater flor¿ systems.
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APPENDIX A

Field Procedures Employed During the tlydrogeological Investígation

To facilitate the interpretation of groundwater hydrology,

l-5 nests of piezometers were installed in a cross-section extending

frou the Turtle Mountain to the Souris Plain. Each nest consists of

5 to 6 píezometers set at various depths rangíng from 10 to 100 feet

below ground l-evel. Each nest also has a shallow $rater table well-

slotted from 3 to 10 feet below ground 1eve1 for observati.on of local

groundwater tabl-e fl_uctuations .

Ihe design and installation of the piezometers has been

previously described in the MeÈhods and MaÈeríals. Table A-r,

however, presents a comparison of the hollow stemmed auger versus

the solid stemmed auger for the installatíon of plastic piezometers.

After installation a1l- piezomeÈers T¡rere cut off at a uníform

elevation rvhich was subsequenËly deÈermined for each nest by p.F.R.A.

surveyors. Each piezometer nest r,¡as numbered consecutively and each

piezometer rvithÍn the nest was labeled wíth a number corresponding

to íts depth below ground 1eve1

Maintenance

During the course of Èhe hydrologic investigation, it r¿as

found that the plastic construcËion of the piezometers necessitated

perfodfc maintenance and repairs. At several'locations adjacent Èo

maJor public roads, Ëhe piezometers rÁrere broken off and smashed by

vandals and some were damaged by farm machÍnery. some of this damage

lÍkely coul-d have been reduced by making thelr presence Less obvfous
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TABLE A-I

CO}4PARISO}T OF THE HOLLOT.I STEMMED

STEMMED AUGER FOR THE INSTALLATION
AUGER vs. THE SOLID
OF PLASTIC PIEZOMETERS

I^Iork Function Hollow Stern Solid Stem

Soil sarnpling poor t 1o feet excellent t 1 foot

Speed of drÍlling average average *

Posítíoning of
piezometers

excellent danger of caving
and sloughíng

Pl-acÍng of
sand pack

excellenÈ poor - sand sticks
to r^ret edges of bore
hol-e and does not
reach intake zone

Placing of
cement grout

moderate moderate

Probabílity of
water conÈam-
ínation

low - sand pack
properly installed

moderate - sand pack
did not always cover
íntake zone

Sensitívíty to
changes in
permeabilíty

lovr moderately hÍgh

Versatllity one directÍonal
rotatíon

tr¿o directÍonal
rotation - forward
and reverse

Appraisal of job
accomplishment

superlor for
piezometer
lns tallation

superior for soil
samplíng and strat-
lgraphy dÍffer-
entiatlon
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from the publ-íc road.

Depth to .l,later Level (llvdraul_ic Head) Measurements

Depth to vtater l-evel measurements r^rere determÍned by three

different methods: 1) canvass tape, 2) electrical tape, and 3)

a length of stiff Tygbn-,tubíng.

The canvass tape nethod consisËed of lor¿eríng the tape,

weighted at the end, into the piezometer to a sufficient depth Ëo

ensure \,7ater contact. This depth was noted and the tape v¡as removed.

The depth to which the bottom end of the tape hras wetted was then

subtracted fron the initial reading. The difference r,¡as determined

to be the actual depËh to !'rater level. Thís method was found to have

several disadvantages:' 1-) once the bottom of the tape became rñreË,

each subsequent reading \¡ras moïe difficult to read unless the Èape

was completely dried beEween readíngs, 2) the depth to $rater level

is not a direct reading since it ínvolves a calcul-ation which, due

to its ËedÍousness, can be a source of error, and 3) when the tape and

weight are lov¡ered into the water some díspl-acement of water occurs

due to the narrow díameter of the pÍezometer. The amount of dísplace-

ment must be deterrníned and the proper adjustments made.

The second method used was. Èhe electrical tape. This instrumenË

is essentiàlly tr.ro disconnected electrodes which are lowered into the

piezometer to the waÈer contact. The electrolyÈic properties of the

htater complete the círcul-È between the two el-ectrodes. The vrater

contact is observed as a needle deflection on a sma1l resistance

meter. The depth to Ì^rater level can then be read directly from Ëhe

col-or coded footage tags whlch have been used to cal-lbrate the Length



L25

of the electrode cable. This ÍnsÈrumenË was found to have the

following disadvantages: f) once the electrode became wet, 1t

had to be dried before taking the next reading. The rnrater fílrn on

the electrode r,¡as often sufficient. to give a s1íght readíng, which

caused sorne difficulty in determining the ç¡ater leve1 of slightly

mineralized groundrvater. 2) It was found that after repeated use,

cracks developed in the wÍre i.nsulation and allowed moÍsture to enter

and short circuit the elecËrode.

The third method used to read water l-evels $ras a 1/4 inch

dÍameter stíff . Ty¿o¡r.' tube calibrated in unÍts of 0.1 feeÈ. The

tube was inserted ínto the wells and pÍezometers while compressed

air was forced through. the tube. DeËection of a bubbling noíse

fndicated that r¡aÈer contaet had been made. The tube was adjusted

so that it just touched the r¿ater surfaee; the depÈh was then read

directly at, the top of the piezomeÈer. No major disadvantages \rere

found usÍng this rneËhod. Occasionally the tubing caught on the

consÈructíon joints of the wa11s of the piezorneters but due to iËs

rigidity 1t was twisted and easily manipulated to the desÍred

position. Due to the narrornr diameter of the piezometer Èhere r{as no

appreciable distortion in depth due Èo foldíng and binding on the

plezometer. r,ralls. Several aspects of this method were found to be

superlor to the two prevíous methods: 1-) depÈh to \Àrat.er 1evel

readings could be read direcËly, 2) it is simple to use and gives

consistent results, and 3) iÈ could be used for water sampl-ing and

thereby reduce the amount of equiprnent required for servicing the

piezometers.
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MeÈhods of Collecting l^later Samples from Piezometers

tr^Iater samples from each v¡e1l and piezometer rrrere collected

in 1970 and 1971. Two meÈhods were used to obtain \,üater samples

from the srnall diameter piezorneter tubes. The first method consísted

of three types of metal balers while the second rnethod employed a

vacuum Pr¡mp connected to a vacuum boËtle whích in turn is connected

to a 100 foot length of sÈiff Tygon .tubíng..

In the first method, three types of metal_ balers (1/2 ínch in

diameÈer and 24 inches ín length) were used. The first type had the

bottom sealed and the Èop open. rt was lowered Ínto Èhe piezometer

by means of a thín strong cable. As it was lowered into the vrater,

the water flowed upwarils between the walls of the baler and Ëhe

piezometer and entered the baler from the top. rt was then removed

and eurpitied by pouring the r¿aÈer out of the top into a collectíon

bottle. This rneÈhod was found to have Èhe following dísadvantages:

l-) it caused considerable rnixÍng and aeraÈion duríng the filling

and emptyíng processes, 2) the r.rater sample could be collected only

from the upper T¡raters ín the píezometer, and 3) there had to be a

minimum of 2 feet of water ín the piezometer before a sample could

be collected.

The' second type of baler which r¡ras a slightly modified

version of the first, had the bottom sealed and the top fítted with

a spring loaded plunger, rvhich was acËivated by a separate cable.

The baler was l-owered to the bottom of the piezometer wlth one cable;

the second cable was then pulled to raise the pLunger and al-low the

rùater to enter. Á'fter removal- from the píezometer the Èop portfon of
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the sampLer r¡ras unscrer¿ed and the waÈer poured into a collecÈion

bottl-e. Thís had basÍcally the same disadvanÈages as the first wíth

the addition of Ëhe tangling of the two cabLes.

The thírd sampler hras a further modífication of the first

tr{o Èypes. This sampler whÍch }¡as open at the Èop, also had an

opening ín the boËËom which l¡/as covered by three smal-l metal balls.

As the sampl-er was beÍng lowered into the píezometer qrater entered

the bottom opening past the metal balls and out Ëhe top of the baler.

After reaching the bottom of the piezometer the metal bal-ls closed

the openíng thus ïetaining the waÈer sampl-e from the boËËon of the

piezometer. Although this sampler worked better Ëhan the first two,

there rìras no way of knowing whether the water actualLy flor¿ed through

the sampler as expected.

Considerable difficulty was encountered in geËËing al-l- three

samplers to pass through the joins in the piezometer Èubing which

had become const.ricted wíth plasËÍc cement used to construct the

piezometers. A second problern hindering the movement of Ehese balers

in the píezomeÈer Íras the spirallation of the plastíc piezometer

tube as lt was instalLed in the dril-L ho1e. This phenomena created

a twisting ÈorËuous path for the samplers to follow.

As a result of the probl-ems encountered in 1970 with the above

mentioned three sarnpleis, a fourth method was developed and used in

1971 whlch proved to be a more satfsfactory for collecting water

samples. This method consisted of using a stlff Tygon tube,

' L/4 fnch ln diameter and 100 feet in length which was caLibrated ln

0.1- foot intervals. Thls was the same tube used to take water Level
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readÍngs.

The tube, open at both ends, v¡as inserted ínËo the plezometer.

I^later entered the bottom and rose ín the tube. Irrhen the tube had

reached the Íntake zone of Èhe piezometer a vacuum vras applied to the

top end of the tube. At first this vacuum \¡ras applíed manua11y,

later a vacuum pump hTas obtained and used. A sufficíent vacuum

was applied to raíse the level of water in the tube 10 to l-5 feet

above the íniÈíal water level- in the piezometer. The tube was then

removed from the piezomeËer whíle carefully maÍntaining the vacuum.

The botto¡n 10 to 15 feet of water in the tube was collected as a

, r.latively undlstrubed sample. The sampl-ing apparatus is shown in

i Plate 3, Appendix G.

This method was found to be superior to the other methods for
I

the foll-owing reasons: 1-) the Èube was easily 1-owered Ëo any desired

I depth ín the pÍezometer, 2) it reduced the mixing and aeration of

the rrater sample to a rninimum, 3) an adequate sample could be

collecËed ín o1e operation, whereas the baler methods requíred

, ".veral repetÍtions to collect a suffÍcienË volume of water, and

4) this rneÈhod proved to be an excel-lent procedure for flushíng the

piezometers, since most of the water could be removed by vacuum

and, Èhere.fore, elímínated the necessiËy to add foreign rùaÈer to the

plezometer.
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APPENDIX B

Dr1ll Logs For Geologic Cross-section

Piezometer nest no. 1 Date: JuLy 2L, L970

Location: NII 27-1-23VJ (L/2 ni-Le north of Flossie Lake)

Elevationz 2296.5 feet A.S.L.

Depth (feet) Description

O - 2 Clay 1-oarn soÍ1 (profile destroyed by road construction).

2 - 76 TÍ11, clayey 1oam, mixed pebble composition,

carbonates and very abundant shal-e fragments.

StÍff, no free hrater, very dry, crumbly, moisture

content gradually Íncreases with depth, oxidÍzed

colors in the 5Y (olives) range gradually, darkenÍng

with depÈh, becoming unoxidÍzed (dark grey) at

30 to 35 feet.

PÍezometer nest no. 2 Date: July 20, L970

Location: SC ZO-2-23W

Elevation: 1687.3 feet A.S.L.

Depth (feeË) Description

0 - 1.5 Clay loam (Saline Gleyed Carbonated Rego Black profile).

1.5 - 6 Llght clay loam, clayey, sÍ1ty and sandy, massÍve;

noÈ typical- l-acusÈrine appearance.

6 - 10 Gravel: pebbly, sandy and cobbLy, rounded frag-
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10-98

Pfezoneter nest no. 3 Date: July 20, L970

Location: SW 20-2-23I^I

ELevationt L675.3 feet A.S.L.

DepÈh (feet)

Depth (feet)

0-2

2-8

8-L0

10-60

60-78

Description

ments, very oxidfzed, perhaps somewhat silty,

water saturated layer, very penneable.

Tfll-, very dark grey (5Y 3lL), clay loam to clay,

mlxed pebbl-e composiÈion, limestones, shale, and

Boissevain Sandstone chíps, unoxÍdized, stiff,

very homogeneous

Deseríptíon

Loamy sand, part of depositional- bl-ow bank (Regosolíc

Proflle).

Sandy clay 1oam, lacustríne, slighË1y pebbly

wÍth tfny granules, oxidized (olives 5Y).

Gravel, very coarse, very poorl-y sorted sand,

rüater saturaÈed.

Tfl1, clay loam, (very elayey) unoxidÍzed, very

dark grey (5Y 3/1) mixed pebble composition,

predominantly liurestone and shal-e pebbles, moderaËe1y

stlff.

Shale, very dark grey (5Y 3/L), no r¡hite carbonate

specks, s1lght1y sandy, sLÍghtLy silty and comes

off Ëhe auger as soft chips (shale eonglorneraËe),
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Depth (feet) DescrípÈion

drills moderately easily indicating soft loose

shales, shale chips.are rounded and appear to

have been eroded,

Piezometer nest no. 4 Date: July 17, 1-970

Location: NE 36-2-241,1

Elevationz 1622.3 feeË A.S.L.

Depth (feet) Description

0 - 2 Loam to clay 1oam, lacustrine (profile destroyed

by road construcËion).

2 - 25 Til-l, stíff clayey l-oam, míxed pebble composition,

predominantly limestones, massive, hard, breaks

along welL defíned very irregular surfaces,

occasíonally appears r.iet on ouËside, inËerior

is moist. Grades from olive (5Y 5/4 and 5Y 4/4)

oxidized Èo very dark grey and dark grey (5Y 3.5/L)

25-38

38-50

unoxidized.

Unoxidized, same as above.

Lighter texture, loam, clay approximately 10 to

15 per cent, more moist, dark grey.

50 - 82 Stiff clayey loam tillr very dark grey.

82 - 93 Shale, very dark Breyr (5Y 3/1), comes up on the

auger as chips (sl'rale conglomerated) , massive

no calcareous sp.ec-kq'
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PLezometer nesË no. 5 Date: Jul-y 18, l-970

LocatÍon: NE 12-3-24I^I

Elevatlon: 1600.6 feet A.S.L.

DepÈh (feet) DescrlpÈ1on

O - 2 Clay loam topsoil- (Orthic Black Profile) '

2 - 23 T111' stiff clay J-oam, oxidized, olives (5Y 5/3) '
gradlng to dark grey (5Y 3/1) unoxidized.

23 - 85 Tf1L, stiff clayey l-oam, homogeneous, mixed pebbly

composition, moist, breaks along very Írregular

well- defined surfaces.

85 - 93 Shale, very dark grey (5Y 3ll), massive, no calcar-

eous specks, moderately soft dril-ling' very wet'

rüater probably comíng in near bedrock contacË.

Piezometer nest no. 6 Date: July 18' L970

Location: NI.I 24-3-24I,I

Elevatlon: 1583.9 feet A.S.L.

Depth (feet) DescriPtíon

O - 2 Clay loam topsoil (Carbonated Rego Profile).

2 - 20 T1lL, clay l-oam, pebbl-y, becomes slightly unoxídized

from ol-ives (5Y 5/3) grading to

20 - 25 dark grey with fncreasing tlepth to

25 - 30 where it becones very dark grey (5Y 3/1-) and

unoxldfzed.
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Depth (feet)

30-40

40-56

Piezometer nesÈ no. 7 Date: Jul-y 18, 1970

Location: NE 4-4-24I.I

El-evationz L562.8 f eet A. S.L.

Descríptfon

Tfll, stfff, clay loam, mixed pebble compositlon

breaking along well-defined, very irregular surfaces.

Shale, very dark Brey, massfve, no. white calcareous

specks, flrst fÍve feet very hard, beeomes softer

and ¡uet between 45 and 56 feet.

Depth (feet)

0-2

2-9

9-28

Descríption

Clay 1-oam topsoll (Cleyed EluvÍated Black Profile).

TÍ11, clay 1oan, oxídized, olive (5Y 5/4 to 5/6)

nixed pebbl-y composiËion, mainly shale and limestone

fragrnents, moisÈ soft, saËuraËed below 4 f.eet.

Shale, very dark Breyr (5Y 3/1) massive, no whÍte

specks, very hard below 22 f.eet. Upper 1-0 feet very

fractured, drills easíly, chips very hard, 20 to 22

feet 1s a very soft zone, some soft benLoníte, 22

to 28 feet comes up as sma1l moíst chips, samples

are lnterbedded. Ilo1e is wet below 20 feet, it

contained several feet of trater by the time the auger

was removed. Samples from the 9 to 20 foot zone came

up as I U2 - 2 inch very hard chíps. Upper few feet

drilled somewhat l1ke gravel or bouldery ti11 beeause

of fractured, very hard charact,eristics.
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Depth (feet) Descriptíon

7 - 22 Till, calcareous, olive in color, clay loam texture,

mixed pebbles primarily limestones and shales,

very oxidized in the upper 10 feet, gypsum crystals

abundanË aË 10 to 20 feet.

22 - 45 Till, calcareous, clay loam, dark grey (5y 4/I),

many of the pebbles are rounded.

45 - 50 Shale, grey and dark grey (5Y 4lÐ, sofË, contact

appears gradatÍona1, non-calcareous, crumbly, dry.
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Píezometer nest no. B Date: July 1-9, L970

LocaÈion: Nll I6-4-24W

Elevationz 1493.4 feet A.S.L.

Depth (feet) Descriptíon

O - 2 Clay loam topsoil (Saline Gleyed Carbonated Rego

Black Profile).

2 - 24 Till, clay 1-oam, mixed pebble composition pre-

dominantl-y shale and limesËone fragments, soft

moist, saturated oxidized, olive color, grading

to slightly darker colors at 20 to 24 feet.

24 - 48 Shaler.verl dark grey, (5Y 3/1) shale ís much

softer than at, sites 4 to 7. Easy drilling at

48 feet, moist, occasional free r¡rater.

PiezomeÈer nesË no. 9 Date: July 19, L970

Locatíon: NE 30-4-241^l

Elevatíonz L464.1 feet A.S.L.

Depth (feet) Description

O - 2 Sandy topsoil (SalÍne Gleyed Carbonated Rego Black).

2 - L5 Sand, medium to fine, well sorted, oxÍdized,

very uniform, no pebbles, most probably lacustrine.

15 - 36 Til-l-, clayey loam (very clayey)¡ very dark grey

(SU Z¡7¡, stiff, mixed pebble composition of

lfmestone and shale.
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Depth (feet) Description

36 - 59 Shale, very dark grey (5Y 3/1), soft, drílls

faírly easíly in upper 15 feet, no white specftg

of 1ime, dri1líng becoming moderately slow at

59 feet.

Piezometer nest no. 10 DaÈe: July 21, I97O

Location: NC 8-2-23I^I

Elevatíon¡ L776.3 feet A.S.L.

Depth (feet) Description

O - 2 Clay loam soi-l (Orthic Black Profile).

2 - 36 Till, very c1-ayey loam, mixed pebble compositíon

nosÈ1y carbonates, shale and coal, stÍff oxidized

to 36 feeË, unoxidized below, (very dark grey,

5Y 3/1).

36 - 50 Turtle Mountain Formation, shale, sofË, carbonaceous,

rviËh coal- fragments, very dark grey and black

(5Y 3/1 anð, 2/L) occasional lime specks (very--'

small).

50 - 68 Boissevain Formation, sand, unconsolidated, very

fine grained, lamínated, light grey to medium

grey somewhat silty and clayey in some samples.

Piezometer nesÈ no. 11 Date: July 21, L970

Locatlon: NE 30-2-231,¡

Elevat,f.on: 1-641.3 feet A.S.L.
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Depth (feet) Description

O - 2 Salíne , cLay loam topsoil, gypsum crystals present,

(Saline Gleyed Black Profíle).

2-7 Clayey si1È, lacustrine, s1íghtly lamínated oxídized,

occasíonal pebble, no sand or gravel.

7 - 62 Till, very clayey 1oam, mixed pebble composition

predomínantly linestones and shale fragments,

stiff , no free \.rater apparent, oxidized (olive

eolors) to 25 feet, gradual transition to very dark

grey (5Y 3/1) appears to be reduced.

62 - 75 Shale, soft, non-calcareous, dark grey (5Y 4/I)

crumbly, dry.

Piezometer nest no. 12 Date: June 30, 797I

Location: SC 24-3-24\l

Elevation: 1595.7 feet A.S.L.

Depth (feet) Description

0-3 Loam topsoil, (thin Orthic Black Profile).

3 - 30 Till, clay loam, pebbly, calcareous, mixed pebble

compositíon (limestones and shales), o1Íve (SV¡

colors, grades darker with depth to

30 - 64 Tí11, as described above but unoxÍdízed, very

dark grey (5Y 3/1), calcareous pebbles rnuch more

frequent than silicates 1n all samples, gypsum

crystals 1/4 lnch.es 1n lengLh were noted at 35

feet, t111 ts damp but no free ï¡ater presenË.
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Depth (feet) Description

64 - 70 Shale, very dark grey (5Y 3/1), non-calcareous

crumbly, massive, drí11s very hard, distinct

contact was evidenË.

PÍezometer nest no. 13 Date: June 30, L97L

LocaËion: NC 9-4-241ñ

Elevationz L546.9 feet A.S.L.

Depth (feet) Description

0 - 1 Topsoil has been removed by road cut, (Saline

Gleyed Carbonated Rego Black profiles in adjacent

areas).

I - 9 Till, clay 1oam, oxidized, calcareous, pebbly,

olive in colo::, limestone and shale pebbles

predomínant, damp, no free $rater.

9 - 40 Shale, dark grey (5Y 3/1), non-calcareous, inÈerior

portions of shale fragments are 1íght grey, inter-

bedded soft and hard units, some zones appear Èo be

saturated.

PiezomeLer nest no. L4 Date: July 1, I97I

Locatíon: NI,¡ 35-3-241,1

Elevation 1569.9 feet A.S.L.

Depth (feet) Descrlption

0-1 Topsoil has been removed by road cut (thln Orthic
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Depth (feet) Description

Black Profile in adjacent areas).

1 - 3 Sílt, olive in color, slightly lamínated, calcareous,

some salt crystals and gypsum present.

3 - 27 Till, calcareous clay loam, olive in co1-or, mixed

pebble composition of carbonates and shales,

precambrian pebbles rare, grades to dark olive

at 25 feet, slightly oxidized and gypsum crystals

common at 20 xo 25 feeÈ.

27 - 45 UnoxÍdized, dark grey (.5Y 4/L), apparent boulder

layer aE 25 to 26 feet, Large enough to obstruct

dri1Ling, tíll below 27 feet becomes more shaly,

seems to grade gradually into shale bedrock.

45 - 60 Shale, relatively soft, crumbly, dark grey (5y 4/I

to 3/1), non-calcareous

Piezometer nest no. 15 Date: July 1, L97L

Location: NE 19-2-231^I

Elevatíon: 1656.4 feet A.S.L.

DepÈh (feet) Description

O - 2 Road fill, gypsum and salt crystals very evident,,

(Saline G1-eyed Carbonated Rego Black Profiles Ín

adJacent areas).

2 - 7 Grades into a pebbly, silty lacustrine clay,

irregul-arly laminated, salt crystals prominent.



APPENDIX C

Ilydrographs of Piezometers and I{ells

Nests 1 to l-5
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APPENDIX 8.1

Groundwater Chenistry at Piezometer Nests 1- to 1-5, L97:-.
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15. 50

40.39

A^ /,1

F
o\
\j



INSTALLED

F[USHED

SA}fPtED

ATiAI,YZED

Analyzed By

P-6-10I^I

pH-FieId

plI-Lab

Cond-Fle1d

PIEZOI'ÍEIER NTI}ÍBER AI{D DEPTH BELOW GROUND ST¡RFACE

Àrro 1'l | 71

Cond-Lab

oc-Field

P-6-15

8.006

7 .9\

Na

700r'r

Ârro 11171

15. 780

K

Ca

to
.+

P-6-23

ns/1

Hg

7. 38B

2L99.95

T.CAÎ.

7 .85

c1

6000

neq/1

Arro 11171

4LL.62

so4

13.860

EC03 (titr. )

233L.19

95.65

P-6-38

4"

HC03 (calc. )

¡ne/1

7.t6L

20.54

)-449.50

7.65.

233.33

cog

LgL,7T

Aus,. JL/7I

14146.27

500

neq/1

1.4¡¡S.

307. 90

)770

4rL.62

TDS

106.50

457 .57

4"

.523.40

6.58

P-6-57

294.53

ng/1

7.235

20.54

1899. B0

7. 80

624.8r

7 .50

r25.28

4000
nt 3Or

L0674.L

252.32

neq/1

Aus

8550

380.76

732.L2

L7.62

82.60

lnR - Á1

510.11_

1,L/7L

4"

Eg/1

616.51

222.2t

7 .935

19.00

l_2 .00

L749.Ls

708. 14

8.10

4L.95

2900
at 30

54L2.98

143. 55

rneq/1

342.48

67L.LL

L9.97

76.05

586

251. 86

L97.24

s04.18

4"

LLz.70

nslL

L7 .09

11.00

499.60

924.79

L6.22

3439.43

neq/L

109.36

69.34

67L.\L

26.08

65.20

L43.67
287.22

L5.20

¡og/L

7L.6t

3.46

_383. 29

11.00

rneq/1

r.25

1064. 83

69.9L

518. 5B

39.01

108.69
218. 05

22.I7

8.50

69. 68
139. 59

H
o\
@



INSTALLED

È¡

ã
ç1

FLUSHED

SA}fPLED

AI{ALYZED

Analyzed By

P-7-B

pH-Fteld

pH-Lab

Cond-Fle1d

PIEZOMETER NT'}ÍBER AI{D DEPTH BELOT{ GROUND ST'R3ACE

Aus. L2/71

Cond-Lab

oc-Ffeld

P-7-10I'I

7 qrìq

7Cn

800

Na

Arro 'l ) 171

1,220

K

t,o.t

Ca

P-7-13

ÃslL

Hg

', l, ah

I,CAÎ.

88.09

7 <rì

c1

neq/1

750

L07.82

Àrro 1t 171

1090

so4

HC03(tftr. )

3. 83

48.27

4"

P-7-18

IICO3 (calc. )

ng/1

1 2.Q7

5. 38

L6.66

104. 6s

7 aE

co¡

3O2,LL

?-q7

Aug, 1

meq/1

/¡80

1.AI.IS.

13.18

396.s6

TDS

92.38

680

4.55

0.47

2/7L

40

57 .L5

P-7-28

7 -7"1

r¡lBIL

6,29

4.6r

6.50

Rnn

L44.90

L6.66

4.70

153. 69

neq/1

600

r3. B6

Arrø

67L.TL

23.05

820

0 .47

610

L3.26

4"

2 171

2,?.17

26.44

3.20

ns/1

o ôô â

11.00

1.15

ó îE

159 .85

24,82

/oo
e¡ )Ll

1-P.2

raeq/1

16. 33

q ,27

s49.09

1??O

7 .62

0.70

L4,67

6-9s

0.34 |

LO

'l'l â7

28.53

ûglL

9 .00

0.38

279.4s

L6.66

o-96

meq/1-

36.98

8.29

427 ,O7

1?

9. 81

o.47

ns/1

1\-1?

15

19 .08

0.77

7.00

99.99

rneq/1

'1 .26

89.33

1?

s49,09

t!'l

2,82

8.24
16.53

1.86

9.00

13-6R

27.09

H
o\
\c)
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INSTALLED

FT

ã
Ê

TLUSHED

SAI.ÍPtED

AI{ALYZED

Analyzed By

P-9-7

pE-Fteld

pH-Lab

Cond-Fte1d

Aue. L2/7L

PIEZOI'ÍETER NI'MBER AI{D DEPTTI BELOII GROUND SI'NFACE

Cond-Lab

oc-Flel-d

P-9-9I,ü

7 .778

7. 80

1300

Na

Aug.

1500

K

Ca

L2/7L

40

f¡,sl].

P-9-15

7 .602

Mg

7 .70

T.CAT.

284.97

1150

c1

neq/1

Aug. L2l7L

1900

so4

LL.62

L2.39

Ec03 (rtrr. )

P-9-18

t,o

50.22

HCO3(calc. )

mg/1

7.4L9

0.58

7 .55

3L4.87

25.L7

co¡

4 -17

Aug. 1

1 700

neq/1

558. 10

1.AI.IS.

17 .53

30r_0

TDS

L52.52

38.47

L3.69

0.7r

2/7t

P-9-28

40

78.L9

r¡lglL

IL.62

7.378

135. 00

7.5s

L.92

s80.06

2.50

L6.66

6 .43

1750

Aus. L2/7L I

ûeq/1

7L9.48

2L.40

2B50

183.03

25.22

76.95

4.5

P-9-59

0.47

1g-33

4"

85. 12

36. 86

ng/1

L4.98

7.589

120.00

3. 84

7.60

509.91

3.00

318.78

Aus. I2l7I

1500

7.00

LL47.91

neq/1

36.06

2930

4.00

96.L9

533. 84

22.r7

8.99

22.45

5L.32

4"

8.232

43.85

23.90

ûelL

7 .70

4. B0

8.75

29L.48

3500at 24

559.81

4.22

65L.28

neq/1-

31.19

6840

564.34

24.34

42.2t

8.22

40

16 6A

ns/1

72.70

13.56

35 .0'

L47 4.',

2.LI

9.25

624.8C

roeq/1

2.88

29.33

57 .63

38.4;

64.L2

640.60

L7.62

31.03

35.0'

62.32

L.20

L.92

2224.7

10.50

2. 88

68.92

73.97

289.79

62.74

29

58. 65

1.54

32

4.75

69.04
L37.96

Þ
H



INSTALLED

FLUSHED

SA}fPLED

ANALYZED

Analyzed By

P-10-l_4rd

pIl-Ffe1d

pH-Lab

Cond-Fle1d

PTEZO}IETER NT'MBER A}TD DEPITT BELOW GROUND ST¡RFACE

Aue. L0171

Cond-Lab

oc-Field

7 .590

P-10-18

7.6s

1600

Na

4s60

Aue. L0l7L

K

4"

Ca

P-10-43

m9lL

7.580

Mg

469.89

T.CAT.

7 .65

2300

c1

neq/1

Aus. L0/7L

8270

365.52

so4

20.43

EC03 (rirr. )

307 -O4

P-10-68

40

HC03 (calc. )

mg/1

7 .875

L8.24

L449.4

8.00

49.99

Gog

25

Aug. 1

2774.3L

2300

rueq/1

l.Alils .

25

63.9L

7540

rDs

323.24

442.32

63.02

1.41

0/7L

5L2.42

4"

55. 68

ng/1

8. 510

16.13

t469.70

8.00

L66,66

7.25

42.L4

L250

302.51

neq/1

LzL.29

2440

226.4s

4LL.82

63.90

64.34

4,70

L27.r9

4"

110.40

L28.25

!ûg/1

l_1. 30

t79.83

6.75

224.82

10. 46

t495.L4

¡ceq/L

8s. 69

427 .07

23.05

25.2L

121. 85

6.34

,=.u*yt,

243.L4

s.84

D/glL

1. 15

99.99

7.00

0. 48

n¡eq/l-

26.84

s03.33

86. 11

2.82

171.80

wlL

15. 28

8.25

neq/1

26.35

53.19

N)



INSÎATLED

È¡
ts

È

FLUSITED

SA}IPtED

AI{A],ÏZED

Analyzed By

P-11--121^f

pH-Ff e1-d

pH-Lab

Cond-FleLd

Aus. LL/71

PIEZOIIETER NT'T4BER AI.TD DEP]H BEI.OW GROUND STTRFACE

Cond-Lab

oc-FfeLd

P-11_-18

7 q,7A

7 .60

3000

Na

Aue. LL/77

6790

K

Ca

Lo

P-LL-44

ûglL

Mg

7 noq

ro75.02

T.CAT.

7- i5

4000

c1

neq/1

Aug.

338.67

LL,790

so4

HC03(tttr. )

46.74

397 .99

LLITL

40

P-11_-75

HCO3(calc. )

mg/1

7 1C1

16.90

7^35

2349 .4

49.99

co¡

32.73

zðuu
ç¡ )îl

4352.47

Aug. 7

neq/1

1.AIIS.

96.37

6840

3s3. 90

305.05

TDS

102.15

1.41

826. 88

Ll7L

40

90.62

7 .863

ng/1

7 .95

L7 .66

5. 00

27 4.82

L299.51

2400 -l
at 30!

68.00

8018.l_:

neq/l

L87.87

5000

3L5.4:

56. s0

838. B!

o7

4"

7.75

180.91

L66.94

L93.40

ng/1

rì?

L5,74

L3.75

rL24.7(

37 4 .81

14.88

3379.8i

rceq/1

87.L2

381.31

r-0.57

48. 90

Lt.4t

18R ¿¿

I
70.37 |

29.Lt

376.3r

tr,slL

0.57

_L49,97

6.25

2,40

484,L4

Eeq/1

5L.87

594. 85

32.43

R7,1ß

¡ûg/1

10.08

L74.30

9.75

roeq/1

s2.26
04. 13

H\¡
ls)



I.NSTALLED

TLUSHED

SA}fPLED

AI{ALYZED

Analyzed By

P-12-

pH-Field

16T^I

plt-Lab

Cond-Ffeld

PIEZOT.IETER NT'MBER AI{D DEPTIT BELOW GROUND ST'RFACE

Aus. L1 171

Cond-Lab

oc-Fteld

P-12-35

7 .3s5

t.5>
3800

Na

L2,360

Ârro - 11 171

K

Ca

40

P-L2-70

E,glL

10.838

Hg

1449.0

T,CAÎ.

4UUU
ar ?51

c1

roeq/1

Ârrs - 11 171

so4

609.82

Ec03(rtrr. )

63.00

1111. 30

40

HCO3(calc. )

r'¡g/1

7.987

30.43

3L83.24

7 "70

co3

9r.39

J)UU
at 40r

4302.05

ureq/1

T.Ar{S.

184.82

7,890

lDS

320.30

89.77

40

m8/L

89.57

L549 .7 4

5.25

neq/1

26.85

67.38

1 84- 59

96,92

ns/1

369 .4r

249L.42

L.34

7 .97

neq/1

119.59

76.68

289.79

70.26

t¡glL

2.49

4.7s

neq/1

77 \O

ng/1

154.18

Beq/1

F\¡
s.



INSÎALLED

H
ã
Ê

FLUSEED

SA}fPLED

AI{ALYZED

Analyzed By

p-1?-oT^T

pH-FteId

pH-Lab

Cond-Ffe1d

Aue

PIEZOT.'EIER NT'}IBER A}TD DEPTTT BELOW GROT'ND ST'R3ACE

Cond-Lab

2/71

"c-Fleld

p-l ?-?n

7.650

8.50

\ 8000

Na

Arø- 1? 171

34,200

K

Ca

4"
E,glL

p-1 ?-/,ô

7 .390

Mg

l1qqR qr

T.CAT.

8.5s

c1

5 5nn

neq/1

Arrø - 1? 171

t5,080

so4

4L9 .4:

gc03 (rtrr. )

504 - 30

2226.r:

t,o

HCO3(calc. )

mg/1

7 ,B2I

20.93

7 ,9s

lt6LS - tt\

co3

L33.32

183. 07

33322.72

?5no

neq/t

T.Al{S.

708. 30

8550

TDS

357 .9L

?o? ^15

686 .36

3t_l_.66

3.76

t,o

693.79

ng/1

L7.86

717t1 6\

LL.25

84.04

25.63

.L222.6

neq/L

245.64

s79.s9

80. 76

g¿-55

708. B0

2.37

L73.89

233.66

L4T7 .LI

ng/1

4.03

9. s0

299.99

14. 30

i449 .49

raeq/1

1_12.88

640.60

245.53

8.46

49L,T7

92.64

8¡elL

10.50

neq/1

u_l.60

ng/1

¿24.48

¡oeq/1

H\l
(Jl



INSTALLED

Þ¡
¡.r

Ê

FLUSHED

SAI'ÍPLED

AI{AIïZED

Analyzed By

P-14-12t^I

pH-Fle1d

pH-Lab

Cond-FleLd

PIEZO}ÍETER NT'},ÍBER AITD DEPÎH BELOST GROTßTD ST'RTACE

Aus. LLllt

Cond-Lab

"c-Ffeld

P-14-25^

7 .699

8. 40

4000

Na

17680

Aug. LL/lt

K

Ca

P-L4-258

mglt

Mg

7-110

3199. 30

8.25

T.CAT.

3200

c1

Aug. 1

neq/1

438.67

9320

so4

Ec03 (rirr. )

r-39. 10

1901.70

Ll7L

4"

HCO3 (cal.c. )

P-14-50

mg/1

7 -370

2683.25

2L.89

B.4s .

L699.7(

cog

156. 39

11139.59

3200

neq/1

T. Ali¡s .

Aug. LLITI

3r7 .37

8690

TDS

325.01

73.90

s49.09

I).Ot

40

436.5,

23L.93

rflg|L

11.855

16.22

1299.9(

L599.65

9.00

35. 90

2600
e¡ a)l

3900.9

126.02

neq/1

309.81

36.66

488.0{

69.55

316. 60

40

346.6t

8L.22

¿.41 õ-,

ng/1

]..5.46

1033. 3(

8. 00

28.51

3780.91

¡neq/1

LL3.52

396.5(

:25. B8

29.L4

)q1 0n

úelL

78.72

6. 50

neq/1

LL4.36

ng/1

),7 AA

roeq/1

\¡
Or



INSÎALLED

È¡
F.t

Ê

!.ï,USEED

SA}ÍPLED

A¡{ALYZED

P-15-12tI

fuialyzed By

pH-Ftel-d

pH-Lab

Aus. LI/7L

Cond-Ffe1d

PIEZO}IETER MffBER A¡TD DEPTTI BEIOW GROUND ST'RFACE

Cond-Lab

oc-Ffeld

7.571

P-t_5-25

7 .45

5s00

Na

2R snn

Aus. LL/7L

K

Ca

Lo
I

nglL

P-15-45

Hg

7 -717

8199. 5

T.CAT.

7 .50

c1

neq/1

6000

0

Aus. LLITL

373.L4

so4

33- Og0

EC03 (tltr. )

2LL6.T9

356. 50

40

EC03 (caIc. )

ng/1

'12 -935

78.62

383.32

9049.3:

cog

L73.09

25239.76

7000

1.4¡TS.

neq/1

548.27

TDS

388. 5:

793.13

393.45

10.81

2928.8(

4"

525.50

ltglL

19.39

13.00

649.9t

240.86

3000s. ;

ûeq/1

6s3.70

70L.62

18. 33

s49. 31

L097.52

ng/1

624.7

1l_. 50

neq/1

54.56

308.26

ûslL neq/L ng/1 ¡neq/1

F



APPENDIX E-2

Groundr¡ater Chemistry at Piezometer Nests 1 to 11, L970
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PIEZO}TETER NT'}ÍBER AI{D DEPTT{ BELOW GROUND SI'R3ACE

o

L4.35
29.L3

4L.66 
-

80 .05

cog

ros



INSÎALLED

FLUSHED

SÄ}ÍPLED

P-3-6

AI{ALYZED

Ar.alyzed By

pE-Fleld

pH-Lab

Cond-Ffe1d

Scnf- 1617O

PIEZOUETER NT'}IBER AìTD DEFTH BELOW GROUND ST'RFACE

Cond-Lab

T¡n - \/71

oc-Fleld

P-3-10tr

Na

Sanr 16/7O

dry

K

Jan.5l7L

Ca

P-3-l_0

r¡gl1-

llg

drv

T.CAl .

t,o

c1

neq/1

Sen r'- 16 l7O

7 .58

so4

+ -tJån. >l

Ec03 (rfrr. )

HC03(calc. )

P-3-1_8

mg/1

7L

8. 70

r490

cog

Sepr. L6/70

Lo

meq/1

T.Ar{S.

7.4L

44,2

îDS

244

Jan. 5/7L

65

394

.2

P-3-38

ng/L

1. 13

7.86

12.22

L420

111

32.34

40

110.89

neq/1

7.33

5110

Sept. 16/70

36.4

19s .0

Jan.5/7L

6L.9

P-3-78

366

3.r2

106.45

294

ÃglL

0.93

8. r-9

9.78

6. 00

L470

165

24.06

4'

Sept. L6l70

4310

meq/1

7.40l,

46.67

37.9

Jan.5/7I

244

572

65.9

LLs.57

2.95

268

226 .46

89. 96

rylr

0.97

10.68

L2.22

9. 38

2200

109

22.00

t,o

7.36

4520

rneq/1-

99.09

57 .5

2LB

244

L02.29

95.4s

3.07

2L0

198.96

n8/1

94.36

5.r7

L.47

10.91

4. 00

990

4"

428

L7.L7

neq/1

5680

2L.:

129,64

13.00

22.6

450

L2.07

101. 43

0.54

13. 8

118.16

200.42

r. 13

l_320

1. 13

7. 38

15. 80

401

37. 15

442

I

8. 37

a7

¿67 .25
Á1

7,25

.77

@
H
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PIEZOI{EIER NI'MBER A¡TD DEPTIT BEIOI,Í GROUND STIRFACE

2L6.L9
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PIEZOI.ÍETER NT'HBER AI.TD DEPNI BEIO!.I CROTN$D ST'RFACE

F
@
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205. 48



lÈ¡I t{t<lê

INSTALLED

FLUSHED

SA¡fPLED

AI{ALYZED

P-9-7

Analyzed By

pH-Fleld

pH-Lab

Sept. L5/70

Cond-Ffeld

PIEZOMEÎER MfiBER AI{D DEPÎH BEI¡T{ GROUND ST'RFACE

.Ten- \/71

Cond-Lab

oc-Ffeld

P-q-qlJ

Na

Sanr- 1\l7O

'1 La

K

Tnn \ 171

Ca

P-9-1 5

ûsll

Mg

2P'9

T.CAÎ.

520

c1

40

neq/1

Sent- 1\l70

7?1

36 .0

so4

Ten - \171

HC03(tlrr. )

22.6

P-9-18

ECO3(calc. )

59. 5

ÚEIL

,92

lBg

co3

460

7R5

4.89

I+o

meq/1

T.A}TS.

Senf- 15170

28.4L

-7 l,'1

31. 3

Jan. 5

4.32

TDS

'¡ 300

20 .0

)t1

P-9-30

. .80

75.6

rf¿glL

0 .09

/7L

2 ^71

27 -25

362

lL7.\

Lo

6.22

neq/1

Seo t

26.2

36 .0

27.02

7 -73

T¡n < 171

L5.7

870

P-9-59

28-5i

1 att

105

5170

56

ns/1

0. 75

,67

qtt

2 ^26

1tt-?\

116

8. 6s

350

Sanf 1\17ñ

40

roeq/1

306

25.02

7 qq

Jan - \ /7'l

26.2

870

r0.34

L5.2

7)6

t+1 -i6

ûslL

6.39

45.7

.67

L.49

L4.25

220

t+ø

17tl

L Ir^

3.7 6

neq/L

635

L9.2

19. 63

900

23. e0 _l

48. I

9.58

4. B0

ngll

16. I

48.92

L3.27

7. 80

.49

2.44

1460

14.7s

¿+o

170

neq/1

L.32

309

JJ. ¿

13. 83

63.5

45.2

229

4. B0

22.7 6

11. 4

.85

6.44

42.39

2.26

2440

0.94

3.75

o/.))

11. 0

68 59

L37

L4.99

0.23

28.82

2.25

7L.07

138. 62

H
\!



INSÎATLED

trl
ts

Ê

FLUSHED

SA}fPIED

AI{ALYZED

Analyzed By

p-1ô-1åTJ

pH-Ffe1d

pIl-Lab

'..':

:rì

Cond-Ffe1d

Sept. L6/70

PIEZOI,IETER NT'I,TBER AITD DEPÎTT BEIOT{ GROTNSD STTRFACE

lPCond-Lab

Jan.

#c-rrer¿

P-l 0-1 I

ffi,

/tt

ña

7.35

Sept. L6170

K

t F t-.Jan. )t tt

Ca

P-1_0-4

ûEl1.

Mg

7 .02

1.CAT.

910

3

c1

rneq/1

Sept. L6/70

44.2

7.3L

so4

308

EC03 (ttrr. )

Jan.

395

503

P-10-68

HC03(calc. )

ns/1

/77

11. 70

1. 1:

15 .42

co¡

18/¡ô

7L.7

Sept L6/70

4L.L7

1.AIIS.

neq/1

7 ,5s

54.0

97.20

lL?1i

TDS

Jan.5/7L

3s8

20.L

7.02

153

760

ng/1

qô

1. 38

8.94

L7.86

qo

L670

2.50

40L

62.23

neq/1

L6L.57

70 i0

66.0

7 ,63

. l_1. 33

zTL

72.8

550

q5-51

151

192 -71

L46.07

L.69

ng/1

10.53

2.66

9.00

500

L2,4L

249

¡oeq/1

47 .43

3960

]-9.2

166.40

7.01

s49

2L.7

82.53 |

183

t?7 -97

E,slL

0.49

9. 00

L02

1.50

neq/1

54s

23.69

557

98.54

2.BB

ng/1

]-95.97

11.33

9.13

neq/1

23.34
47 .03

H
æ
@
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APPENDIX E-3

Groundwater ChernisËry of Farm l¡Iel-l-s (I to XI)

Along the Study Area, 1970



Farn
l^Ie11s

Location

GROUNDWATER CÌIEMTSTRY 0F FARM ÌüELLS (r TO Xr) ALONG THE STUDy AREA, 1970

T

II

III

IV

v

VI

VII

i'III

f,r

x

XI

SE

SE

NC

SC

c

NC

I^TC

SC

NE

SC

SW

Es timated
Dep th

by Farmer

4-2-23tñ

L7-2-23w

36-2-24w

7-3-23W

L3-3-24\r

L4-3-24W

25-3-24W

35-3-24Í,1

34-3-24W

L0-4-24r,1

L5-4-24W

pH

271

lBl

l_85 r

Conductívíty
(rnrnhos / crn)

7.25

7 .35

7.90

7.80

8. 70

7 .85

7 .90

7. 80

7.70

7.r5

8.55

2.78

2.69

7.02

8.19

2.93

7.74

8.06

7 .45

8. 86

2.88

1.38

Ca{*

L20l

901

140 r

L20l

60'

97',

Mg#

26.I5

l_2.30

2.45

2.80

0 .50

3.0

2.L5

3.20

3.95

7,40

0

Na*

l_6. 10

1t_.l_5

4.20

- 6.7

L. B0

2.4s

2.05

2.05

3.50

10.45

,70

M.q. /t.
Total

Catlons

.9r

L3.91

76.08

86.9s

27.39

8L.52

80.43

76.08

90.22

L6.96

13. 91

so4-

43.16

37,36

82.73

96.45

29.69

86.97

84.63

81. 33

97 .67

34. 81

L4.6L

c1-

30.75

25.00

0. 20

1. 50

0.50

1. s0

0.90

16. 50

0

20.18

5.15

HCO3-

2.25

0.65

69 .90

83. B0

19.90

75,L5

74.40

49.2s

86. 35

2,60

.50

Total
Anions

9. 50

11.00

13. 75

11.00

11. 25

IT.25

L0.25

L4.25

L2,25

8.25

8.25

42.50

36.65

83. 8s

96. 30

31.65

87,90

85. 55

80.00

98.60

31.03

13.90

ts
\o
H



APPENDIX F-1-.

Soluble Salts of Soil Samples Taken at One Foot Intervals to
Ío-¿'''å 1¡ r'r r í.

Varlous neptlisìiBelow Ground Level at Eight Locations Ín the Study Area



Site No.

LocatÍon

B1
sI{ 4-2-23tñ

Depth
of

Sampl-e
(feet)

El-ectrlcal
Conductívity

mmhos / crn

Y
sr,{ 9-2-23v

0-1
L-2
2-3
3-4
4-5

0. r-0
o.2L
o.L2
0.1_7
0.16

0.32
0.34
0.63
3. 33
4.27
4.s7
4.9L
5.58
5. 9s
s .46

6.06
l_3. 84
L1.04
12.28
10. B0
L0.92

Ca#

0-1
L-2
2-3
3-4
4-5
5-6
6-7
7-B
8-9
9-10

0-1
L-2
2-3
3-4
4-5
5-6

Mg+

0.94
l-.88
0.38
0.94
0.94

0.56
0.56
2.44

28.20
25.38
26.r3
28.20
27 .82
28.38
26.L3

19.18
25.L9
2L.24
22.56
22.00
21.43

NC

G1
L9-2-2311

Na*

0.75
0.30
0.00
0.9L
1.69

2.63
L.62
L.62

24.25
40.o4
4s .49
53.39
65.0s
68.62
62.42

28.20
7 4.64
5L.70
52.08
48. 50
48.1_3

Meq. /t.
Total

Catl-ons

| 0.43
I 0.30

0.L7
0.22
0,22

L,22
2.09
3,78
6.3s
9.78

10.52
12.83
19. 1_3

L9.56
2L.7 3

47 ,83
L59.78
107. 60
L16.30
r-07.60
117.38

2,L2
2.48
0.55
2.07
2.85

4.4L
4.27
7 .84

58.80
75.20
82.L4
94.42

L1_2.00
LL6.s6
110.28

95.2L
259.6L
180.54
L90.94
178. 10
L86.94

so4

0.19
0.52
0. 28
0,75
0. 80

L.46
l_.55
5.26

56,49
73. 98
81.03
92.97

L09.23
r.14. 30
L07.87

94.94
2s8.96
L78.L6
188. 87
L75.54
183.01

c1 trc03

0.00
0 .00
0.00
0.00
0.09

0 .05
0.00
0.09
0.38
0.5 3
0.5 3
0.09
0.67
0.67
0.77

0.90
4. r_8

3.31
3. 36
3.L7
3.r7

Total
Aníons

0.50
1.50
0.25
L.25
2.00

2.50
3.00
1. 50
I.25
1.00
L.25
1. 75
1.50
1. 00
l_ .50

2.75
3.25
r-. 50
t_.00
1. 00
0.50

0.69
2.02
0.53
2.00
2.89

4.01
4.55
6. 8s

58. 12
75.5L
82. 81
94. 8t

111. 40
Lrs.97
110.14

98. s9
266.39
L82.97
L93.23
L79.7r
186.68

H
\o
UJ



Síte No.

Locatíon

Depth
of

Samp le
(feet)

J
NhI 12-3-24W

ElectricaL
Conductívíty

mrrhos/cm

6-7
7-8
8-9
9-10

0-1
L-2
2-3
3-4
4->
5-6
6-7
7-8
8-9
9-10

0-1
L-2
2-3
3-4
4-5
5-6
o-l
7-8
8-9
9-10

l_3. 10
L6.94
2T.84
20.9L

L.27
2.06
1.61
r.32
1.19
1. 11
1. 19
2.84
4.36
3.93

0.40
0.40
1. 85
3.L7
7 .28
9.36

r-0.03
l_0.03
LO.92
9.36

CaJ-f

13.16
L7.67
20.68
22.56

IL.47
L7.48

7 .33
4.5L
3. 3B
4.L4
4.5r

15.04
18. 99
9.02

2.44
2.82
5.08
6.20

23.50
22.56
22.I8
22.75
26.5L
23.r2

Mg#

NI,l

K
L3-3-24W

62,79
94,56

L43.63
1 35.17

7 .L4
T5.4L
15. 60
L4.29
11. 28
7.L4
8. 84

26.88
44.55
39.29

L.96
1. 98

L5.42
28 .01
87.40

L23.5L
r40.2s
L37.99
r23.77
90.59

Nai

Meq./1.

L64.L3
L92.38
268.48
248.90

1.04
1. 35
1.39
2,09
3. 83
4.82
4.43
8.57

L6.95
19.56

0.48
0.87
9. 30

16.08
36.52
48.69
52,60
55.2L
60. 86
44.78

Total
Cations

240.08
304.61
432.79
406.63

l-9.65
34.24
24.32
20.89
18. 49
16. t_0

17.78
50.49
B0;49
67 .87

4. 88
5.67

29.80
50.29

L47 .42
L94.76
2L5.03
2L5,95
zLL.L4
t-58.49

so4=

235,53
294.51,
418. 95
397.60

16.31
29.75
22.42
18.l_9
r_5.93
L3.82
L5.70
47 .75
77 .08
64.67

0.99
1.00

27.2r
46.72

l_40.06
184. 99
202.48
L98.97
191.90
144.03

c1-

5.42
6.72
9.50
7 .39

3.L7
r.97
0.72
0. 91
3,L2
3.07
0.67
r.92
r.73
2.78

0.48
0.38
0. 86
2.02
4.42
7.39
9. 89

L3.34
16. 70
13.63

IICO3- Total
Anions

2.00
3.50
4.75
4.50

1.50
2.50
L.25
2.00
o.75
0. s0
I.75
L.75
2.50
0.75

3. 00
2.75
L.25
1.50
2.00
2.00
2.00
2.00
2.75
r.75

242.95
304.73
433.20
409 .49

20.98
34.22
24.39
21. 10
19. 80
]-7.39
18. 12
5L.42
81. 31
68.20

4 .47
4. 13

29.32
50.24

L46.48
194.38
2L4.37
2L4.3r
2LL.35
159. 41

H\o
s.



Site No.

Location

H
NE 3-3-24

Depth
of

Saurpl-e
(feet)

Electrl-cal-
Conductivity

rnrnhos / cm

0-1
L-2
2-3
3-4
4-5
5-6
6-7
7-B
8-9
9-10

D

NVr 30-2-23r{

0.57
L.96
3.02
s.L7
b .5)
7 .67
B. 19
8.77
8.54
8. 19

5.61
9.36
8. 05
7 .50
8. 19
8. 0s

10. B0
l_0. 34
9.83
9. 83

L¿44
1.06
0. 98
0. 39
0. 36
0.34

Ca{* MgÈF

3.20
3.s7
4.5L

20.68
23. 3l_

23.69
22,75
2L.24
2L.62
22.00

33.46
14. 85
8.08
7 .7r
8.46
s.83

23.I2
23.L2
23.L2
25.00

6.02
6.20
5.08
0.75
0.75
0.56

0-1
L-2
2-3
3-4
4-)
5-6
6-7
7-B
8-9
9-10

0-1
L-2
2-3
3-4
4-5
5-6

1. 85
L4.29
28,9s
54.40
72.99

103.64
98,97

1 02.08
102.90

88. 31

29.52
78,27
68.48
59.3s
65.O7
6s.48
87 .58
85 .56
73.78
t).to

3.48
3. 81_

4.43
2.44
1. 31
1. 31

Na*

T
NE 8-4-24ril

Meq. /t.
Total

Cations

0.78
7 .48

L3.48
20.43
26.08
33.47
3L.73
34.34
36.52
32.60

t_t_. 87
52.L7
47 ,39
43.47
44.5s
46.72
54.32
s6.50
55.48
s6.50

L.57
0.87
0.69
0.56
1.09
1. 65

5. 83
25,34
46,94
95.51

L22.38
1 60.80
l_53. 4s
L57.66
161_. 04
L42.9L

74.85
L45,29
r23.95
110.53
t-r_8. 08
118.03
L65.02
165. l-8
152.38
L57.26

11.07
r_0. 88
10.20
3.75
3. 15
3.52

so4=

2.50
22.32
44.9s
94.L3

L22.4L
1s8.57
L52.9L
1 56.3s
ls6. 95
r_40.9s

39,99
114.13
98.17
88. 88
95.75
94.L3

L38.77
t 3B. 37
L26,65
130.90

9.9L
6.9L
6.36
1. 06
0.9r
0. 86

c1- HCO3-

0. 38
0. 34
0.53
0.77
1.06
L44
r.44
1. 82
L.92
t.92

32.45
28.32
23.23
L9.49
]-9.97
20.45
22.75
24.09
24.00
24.29

0. 20
0.10
0.10
0. 00
0.00
0.00

Total
Ani.ons

2.00
2.00
L.75
r.75
0.50
2.75
L,25
0. 75
t.75
1. 00

L.75
2.75
2.25
2.50
2.25
2.50
3. 00
2.75
2.50
1.50

L.75
2.25
2.00
2.75
2.25
2.50

4. 88
24.66
47 .23
96.65

L23.97
762.7 6
155. 60
158.92
L60.62
L43.87

74.9r
L45.20
r23.65
110. 87
rI7.97
117.08
L64.52
LO). ¿L
153.15
L56.69

11. 86
9.26
8.46
3. 81
3. 16
3. 36 Þ

\o
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Soluble Salts

DepËhs Below

Program for

APPENDIX F-2'

of Soil Sampl-es Taken at Varíous

Ground Level DurÍng the Dríllíng

the InstallatÍon of Pi_ezometers



Piezometer
Nest l{o.

Depth
of

Sam.ole
(feet)

P-1
P-1

P-3

P-4
P-4
P-4

P-5

P-6
P-6

P-7

P-B
P-B

P-9

P-11
P-11_
P-11
P-11
P-11

Electrical
ConductiviËy

(mnhos/cn)

t_0-t-B
20-30

18

9-L2
18-20
40-44

45-48

20-23
35-38

10

20
40

15-t B

L4
T9
28
30
35

0.31
3.38

5.6

L.L4
2.07
3.34

3.60

7 .60
6.4L

o.52

6.00
9.00

2.93

7 .23
6.29
3.57
3.64
3.63

Ca{*

1.30
26.35

3. 80

5 ,45
t_6. 90
27 .40

28.00

23.00
22.70

1.00

22.85
19.95

9.95

2r.70
20.20

8. B0

10.60
10.20

Mgs

L,25
20.93

r_5.00

6.35
6.60

L3.45

11.55

33.75
L2.45

r_. 80

l_3. 95
6.05

4.s9

47 .L2
33.40
13. 83
10.20

9:'40

Nat

0.48
3. l_3

51. 30

0.74
2.00
7.L3

9.56

5L.29
49.56

3. 30

42.60
87 .82

l-9.56

49.99
41_. 30
22.L7
24.78
24.78

Meq . /1-.

Total
Cations

3.03
50.4L

70.10

1,2.54
25.50
47 .98

49.LL

108.04
84.7L

6.10

79.40
l_r_3. B2

34.10

1_t_8. 81
94.90
44. B0
4s .58
44.38

SO¿

0. s5
48.66

64.80

11. 1_0

24.00
46.8

46.50

101. t_0

74.30

2.L0

69.50
99.60

28.43

11_6.0
90.00
4L.70
40. 60
39.10

cl--

0.72
0.55

2.64

L.20
L.20
1.43

0.72

6.96
8.40

0.72

8. 88
L3.44

2.97

2.86
4.56
3.L4
3. 60
4.08

HCo3 Total
Anfons

L.25
1.00

3.25

L.25
L.25
L.25

0.50

L.75
0. 75

2.50

L.25
0. 75

1.50

I .00
2.25
1.00
L.25
2 .00

2,52
50.2r.

70.69

13. 5
26.45
49 .50

47 .72

109. 81
83.45

5.32

79.63
Lr3.79

32.90

119. 86
96. 81
45.84
4).4)
45. 18

P\o\



Piezometer
Nest No.

Depth
of

Sample
(feet)

P-l-1
P-11
P-11_

P-13

P.L4
P.T4
P.L4

P-15
P-15
P-15
P-15
P-15
P-15
P-15
P-l_5
P-15

Electrical-
Conductívity

(rnmhos / crn)

50
65

65-75

15-35

25
35
50

5

10-15
20
25
30
40

40-45
4s-49

50

4. r_0

3.48
8.48

7.98

6.29
4.77
7.08

L3.24
L4.66
r.9 . 36
L6.29
L4.66
6.62
5 .13
6.4L
3.02

Ca{* Mgff

1L.65
0.95
7 .20

6.55

21.00
L2.40
15. 30

r_9 .00
20. 30
9.40
9.60
7.20
3.30
2.30
4.10
0. 30

9.35
0.95
2.30

3.95

L9.75
10.4s
7.25

52.02
62.L3
94.37
82.76
64.74
4,60
3.60
7 .55
1.08

Na*

3L.74
38. 03
97.82

88. 69

46.5L
36.95
63.90

138.04
1_48. 91
2L7.39
t-82.60
r59.77
69.55
52.L6
64.77
29.56

Meq . /1.

Total
CaËions

52.7 4
39.90

LO7.32

99.L9

87.26
59.80
86.4s

209.06
23r.34
32r.L6
274.96
23L.7L
77.45
58 .06
76.42
30. 94

so, =
1+

46.70
30.50
97.98

96.60

76.20
50.95
76.85

205.57
225.22
315. 30
263.70
218. B

71.60
s3.30
70.10
26.40

c1

4.56
5.04
B. 88

L.92

LT.52
B. 40
B. 88

r.92
2. 88
5.76
8. 88
8.40
4.56
3. 84
5.04
3.L2

nCo3 Total
Anions

2.00
3.75
0.25

L.25

I.25
L.7 5
o.25

2.50
2.50
3. 50
2.00
5. 50
3. 00
2.25
L.75
2.7s

53.26
39.29

107. 11

99.77

88.97
61. 10
85.98

209.99
230. 50
324.56
27 4.98
232.70
79.16
59 .39
76.89
32.27

H\o
æ



APPENDIX G

Plates Showing Landscape, Methods of Investigation,

and Genetic Soils in the Study Area








