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. ABSTRACT

The influence of hydrogeologic factors on genetic soil
distributions near Deloraine in southwestern Manitoba was studied
during a two year period. Emphasis was placed on determining the
detailed hydrogeologic characteristics along a narrow 25 mile long
strip of terrain between Turtle Mountain and the Souris Plain. Tq
characterize the hydrogeology, 15 nests of piezometers were installed
in the Quaternary and bedrock deposits. Hydraulic head data and
samples of the groundwater were obtained from the piezometers. The
hydréulic head data, chemistry of the groundwater and knowledge of
the stratigraphy were used to interpret the patterns of groundwatef
flow. Seven hydrogeologic areas were established. The hydrogeological
characteristics of each area were described and related to the
pedological characteristics of the soils. In addition, a detailed
sampling of the soil and sub-soil was conducted to evaluate the degree
and source of salinity in the soil.

The pe@ologic, hydrogeologic, and geochemical data indicate
that the general soil salinity pattern is controlled by a complex
configuration of the groundwater flow system. Saline soils occur in
areas of dominant groundwater discharge. Leached soils occur in
areas of dominant groundwater recharge. bn a micro-scale local

groundwater flow systems and the vertical and lateral distribution

of salinity are governed by micro-relief and micro-stratigraphy of

the surface deposits. In some areas thin sand and gravel lenses above

and slightly below the water table strongly influence the distribution
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of soluble salts in the soil. The major source of soluble salts

in 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 primarily on morphological
and chemical characteristics, has led pedologists to concentrate
their attention primarily on the upper 36 to 48 inches of the soil.

As a result, references to groundwater in relation to soil development
studies have been brief, usually including only the depth to water
table level and degree of groundwater mineralization. On the other
hand, hydrologists have generally studied groundwater phenomena
without consideriﬂé:in detail the relations between the groundwater
environment éﬁ&‘fhéﬁéoil genesis zone near the ground surface.
Consequently, the two disciplines evolved with little attention

being paid to the relations which exist between genetic soil develop-
ment éﬁd groundwater flow. This thesis attempts to clarify some of

these relations occurring in an area of dominantly chernozemic soils

in southwestern Manitoba.

I  OBJECTIVE OF STUDY

This thesis evolvéd, for the most part, from attempts to
characterize certain genetic soil distribution patterns encountered
during the resurvey of the Southwest Map Area of Manitoba (49°Od'-
49°32' N. Lat. and 100°00'-100°22" W. Long.) which was conducted from
1965 to 1969. During the resurvey it was thought that thé distribution
of imperfectly drained saline and non-saline soils developed on

. PR -

the same parent material, could be due to subsurface groundwater flow




rather than due to surface drainage. Therefore, it was decided
to investigate the groundwater flow phenomena and to determine
their relationships to soil formation as expressed by the distri-
bution of soil profile types. The main objective of this thesis,
therefore, is to describe the hydrogeology of a representative
area of soils for the purposerf determining the relations between
groundwater flow systems and the general distribution of genetic
soil profiles. To achieve this objective the investigation
included:

1. The installation of nests of piezometers arranged in a
cross—section through the study area,

2. A compilation of preliminary soil survéy data, and

3. A detailed soil inspeétion at preselected sites along
the cross-section giving carefﬁl consideration to the local factors
of micro-topography, micro-stratigraphy, soil parent material, and

genetic profile distribution.
« I1  GEOGRAPHIC SETTING

The area studied lies immediately to the west of the town of
Deloraine in Southwestern 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
Manitoba; secondly, it included representative areas of each of the
major séil climatic zones of southern Manitoba; and thirdly, it
transected the total range in topdgraphic relief for the area.

The layout of the study area is located along the regional
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slope of the surface topog;aphy. It was thought that in this location
the area would be parallel to the slope of the regional water table
and that the flow of groundwater would be parallel to the long axis
of the study area. In this position, the various groundwater flow
regimes within the area could be observed.

The study area occupies approximately 96,000 acres of land
composed of glacial tills and thin lacustrine sediments. The
tills are typically dead ice deposits characterized by knoll-
depression topography. The topography varies from high relief on
top of Turtle Mountain, which has very steep slopes ranging from
30 per cent to 60 per cent, to very low relief in the Boissevain Till
Plain, having slopes generally less than 5 per cent. The Turtle
Mountain Upland slopes steeply to the surrounding lowlands at
approximately 250 feet per mile. The shallow glacial lake sediment
in the Souris Plain and Whitewater Lake Basin areas is characterized
by very low rélief with slopes generally less than 2 ber cent. Local
variations in relief in the Souris Plain are commonly dug to aeolian
modification of the coarse lacustrine sediments.

The specific area of the hydrologic investigation, enclosed
by the two dashed, parallel lines, as shown in Figure 1, constitutes
approximately 38,400 acres. |

Weir (1960) reports that the area has an average annualz
potential evapotranspiration of 21 to 65 inches and an average
annual precipitation of 20 inches of which 12 to 14 inches fall during
the growing season from May 1 to September 30. Weir (1960) also

reports that the average annual January temperature ranges from




0.5° to 5°F while the average annual July temperature ranges from

63.5° to 68°F.




' CHAPTER II
REVIEW OF LITERATURE

I  HYDROLOGY

The hydrologic cycle as defined by Davis and De Wiest (1967,
p. 15) is the "ever changing migration of atmospheric, surface, and
groundwater as a complex interdependent sysfem". Although the
movement of groundwater is the main concern of this study, it is
important that all aspects of the hydrologic cycle be understood
in a general way in order that an accurate picture of the sub-
surface portion of the cycle be achieved.

Using a two dimensional model (Figure 2), Toth (1962) showed
that the theoretical groundwater flow system in an isotropic homo—
geneous porous medium with a uniformly sloping topography is composed
of a recharge area and a discharge area. The recharge area which is
upslope from the midline position is charaéterized by downward
moving groundwater, that is, water movement away from the.water
table level. The discharge area, which is downslope from the
midline position is characterized by upward moving water, that is,
water movement toward the water table level.

In general, groundwater flow systems are influenced by three
basic components: topégraphy, geology, and climate. Topography in
a broad sense determines the scale of the hydrological system.
Hitchon (1969) in a study of the Western Canadian Sedimentary Basin,
concluded that major upland topographic features are major recharge

regions and that major lowlands are major regional discharge areas.
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In his model he refers to the foothill region of Alberta as regional
rechargé 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 (1963) showed that minor irregularities
in the surface topography resulted in local flow systems being
superimposed on intermediate and regional flow systems (Figure 3).
By applying Toth's (1963) theoretical flow systems (Figure 3) to
the Western Canadian Basin, as discussed by Hitchon (1969) the area
of the Turtle Mountain Upland and the Whitewater Basin is analogous
to a local flow system superimposed on the regional discharge area
for Western Canada. The terms regional, intermediate, and local
defined in this sense therefore have little meaning for purposes
of this study. For this study the term local flow system will be
defined as the flow of groundwater from a slough or depression
at a given elevation to an adjacent slough or depression oﬁ slightly
lower elevatién. This definition is analogous to the local flow
systems as described by Lissey (1968) in the Oak River Basin of
Manitoba.

Hitchon (1969) also stateslthat the "dominant fluid potential
in any part of the basin corresponds closely to the fluid potential
at the topographic surface in that part of the basin". Therefore,
topography determines the magnitude of the hydraulic potentialé within
the hydrologic system. He also concluded that variations in geology
such as the presence of highly permeable beds, significantly
affected the regional fluid potential distribution,

Geology, according to Davis and De Wiest (1967, ch. 10 and 11)
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plays a‘significant role in determining the characteristics of ground-
water flow systems. Pore ana grain size, sedimentation and orientation
of rock structures and the size and shape of the drainage basin are
three aspects of geology which are = important in'aefermining;thﬁ
volume, rate and direction éf groundwater flow.

The pore and grain size of geologic material determine
permeability or hydraulic conductivity. Sediments such as clay
which have high porosities, generally have low hydraulic conductivities.
Sands, on the other hand, with low porosities, generally have a higher
percentage of macro pores than clays and consequently have higher
hydraulic conductivities. Baver (1963, p. 252) has shown that under
saturated conditions the velocify of water flow through soils
decreases in the order of sand > fine sandy loam > light clay > and
clay. TFreeze and Witherspoon (1967) have shown that lenses of
contrasting permeability within homogeneous deposits alter the direction
of normal groundwater flow and result in the occurrence of discharge
areas in the centre of regional flow systems (Figure 4). .

Davis and De Wiest (1967, ch. 11) suggest that the size and
shape of the hydrologic basin determines the volume of surface and
sub-surface water, the direction of water movement and the velocity
of groundwater flow within the basin. In addition, the size and
shape of the basin will determine the length of time that the Qater
is in contact with the basin and thereby influence the quality of
the water.

Climatic factors such as the seasonal distribution of pre-

cipitation and temperature which determine the amount of evaporation
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and evapotranspiration have a significant influence on the water
budget of the hydrologic cycle. According to Davis and De Wiest
(1967, ch. 12) variations in climate affect the amount and distri-
bution of recharge and discharge, the magnitudes of the hydraulic
gradients, the continuity of aquifers and the distribution of poor
quality water within a given hydrologic environment. In addition,
Lissey (1968) reports that the influenées of climate dictate, either
directly or indirectly, the type and quality of vegetation which may
develop in a basin. Vegetation then may influence the processes of
recharge and discharge either by enhancing or inhibiting infiltration,
evapotranspiration and evaporation. By the use of piezometers,
Meyboom (1966) has shown that the vegetation on hummocky glacial drift
in the Canadian Prairies influences 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 properties which affect water flow in the saturated soil zone
also affect water flow through the unsaturated soil zone with the
exception that the order of permeability is reversed. Freeze (1967)
states that the unsaturated flow processes of infiltration and evapor-
ation are in physical and mathematical continuity with the parallel
saturated processes of recharge and discharge, that is, the terms
infiltration and evaporation in the unsaturated soil zone are continuous
with the terms recharge and discharge in the saturated soil zone,
respectively.

Freeze (1967) states that "a given meteorological condition




which g;ves rise to a certain flux at the ground surface will create
different preséure head, total head, and moisture content profiles
depending on the conditions of groundwater recharge and discharge
which underlie the unsaturated soil". Freeze (1967) also states that
“"soil moisture conditions can therefore be expected to show areal
variations even under homogeneous meteorological conditions and
uniform soil type".

As a result of the continuity between the saturateﬁ and
unsaturated soil zones, surface soil moisture conditions are a
direct refleétion of the depth to and the range of fluctuation of the
water table level. TFreeze (1967) shows that water table fluctuations
result when the rate of groundwater recharge or discharge is not
matched by the rate of infiltration or evaporation in the unsaturated
soil zone and the end result is a water table which is almost never

stable.

Groundwater Chemistry

According to Davis and De Wiest (1967, ch. 4) the chemistry
of groundwater is basically determined by the composition of the
geologic materials through which it flows. For example, groundwater
from limestone aquifers has dominantly a catt and HCO3 ion composition
whereas groundwater in marine shales generally has a Nat and Cl‘ ion
composition. Rozkowéki (1967) in a hydrological study of glacial
tills in the Moose Mountain area of Saskatchewan reports that the
most common ions found in groundwater of calcareous glacial drift
are Catt, Mgtt, Na, 507, and HCO3.

Since the degree of mineralization of groundwater is dependent

13



upon: ‘temperature, pressure, area of interface between minerals

and groundwater, volume and time of water contact, it is expected
that discharging groundwaters would be more mineralized than re-
charging groundwater. Rozkowski (1967) and Lissey (1968) applied this
concept to their studies in glacial drift and found that the ground-
water chemistry patterns substantiated the groundwater flow patterns
which had been interpreted from hydraulic head data. It is apparent,
therefore, that areal and vertical distributions of ionic concen-
trations in groundwater are a valuable aid for interpreting the

characteristics and direction of groundwater movement.

II SOIL GENESIS

Soil genesis is basicaliy a two—-fold process which involves
firstly the formation of the soil parent material and secondly the
formation of the soil profile. The formation of soil parent
material has resulted from the physical and chemical weathering of
geologic materials and the subsequent redistribution of these products
by water, wind, and ice.

The formation of the soil profile, on the other hand, has
resulted from the dynamic interaction of the six basic factors of
soil formation, namely: climate, vegetation, parent material,
topography, time, and man. The result of this interaction is the
formation of various layers or horizons within the parent material.
These horizons constitute the soil profile. Horizon differentiation
is the result of additions, removals, transfers and transformations

within the soil system., Each of these processes depend greatly

14
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on the presence and movement of water through or within the soil.
fhe concept of an interrelationship between soil development
and the movement of groundwater is relatively new. Studies in
pedology have recognized the depth to groundwater as an important
property of soil, however as Cairns and Bowser (1969) have stated,
"the function of groundwater in the development of the soil profile

is still not clearly understood".

Significance of Water in the Soil System

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

It is fesponsible for nearly all chemical reactions in the soil and
provides a means of transport for all moveable soil constituents.

The physics of water movement in the unsaturated zone has been studied
at great length, however, the role of water movement as a factor in
soil genesis has received little attention.

The development of soil profiles results from the flow of
water in both the saturated and unsaturated soil zones. According
to Toth (1962) groundwater is generally in a state of constant
motion and is therefore capable of dissolving and transporting
mineral matter from one part of a flow system to another, following
flow trajectories defined by well known physical principles. He
also shows that if the pattern of groundwater movement and its:
controlling factors were better understood, conclusions regarding
both general principles and spécific local features associated with

the removal, transport and deposition of salts in soils, could be

derived.
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I1I SOIL-GROUNDWATER RELATIONS

For the most part, studies relating soil genesis to groundwater
flow have centered on saline and solonetzic soils. For example,
Pawluk, et al. (1969) concluded from field observations that:
the Black Solod profile occurs in recharge areas, the Orthic Black
and Solodic Black profiles occur in either midline or recharge areas,
the Black Solonetz occurs in the lower parts of midline areas or the
higher parts of discharge areas, and that the Saline Solonetzic
Black soils occur in discharge areas. These observations, however,
were not substantiated by hydrogeologic data. Othér scientists
such as Rozkowski (1967) and Sandoval, et al. (1961) studied soil
salinity and groundwater in relation to topography. They concluded
that soil salinity was the result of groundwater flow and that
topography was a significant factor influencing the distribution
of soluble salts. However, they did not relate groundwater flow and
soil development.

More recently, studies in the glacial drift of Western Canada
have indicated that a direct relationship exists between groundwater
flow and genetic soils other than those associated with salinity.
Leskiw (1971), in a study near Vegreville, Alberta, examined surficial
phenomena such as genetic soil type, soil salinity, vegetation,
natural springs, soap holes, surface lakes, streams, sloughs and
domestic water wells and interpreted them as indicators of specific
types of groundwater flow. Based on these observations and inter-
pretations, he proposed a generalized classification scheme for soils

in relation to their expected hydrologic nature (Table I). His



*Amount of Water Entering the
Low &-- Saturated Zone --» High

POTENTIAL
L e L L S GROUNDWATER RECHARGE GROUNDWATER DISCHARGE

—->

Humic Eluviated Gleysol . Carbonated Saline Gleyed Regosol

Orthic Humic Gleysol Carbonated Saline Rego Humic Gleysol
Rego Humic Gleysol Carbonated Saline Humic Gleysol
Carbonated Gleysols

Rego Black

Carbonated Eluviated Black

Gleyed Eluviated Black

Thin Black Solonetz

Eluviated Black Black Solonetz

Truncated Eluviated Black Solodic Black and Black Solod

TABLE I. Proposed Generalized Classification in terms of Spring Season Groundwater Flow
Patterns at the Vegreville Study Area.
* Amount per unit area of the particular soil (after Leskiw, 1971).
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observations and conclusions were not substantiated, however, with
subsurféce measurements of the potentiometric or hydrochemical
parameters. Leskiw (1971) based much of the hydrological inter-
pretation on local flow systems similar to those described by Lissey,
1968.

Although Lissey (1968) did not study soil-groundwater relation-
ships, his interpretation of local flow systems has had considerable
influence on pedology.

In a hydro-ecological investigation in the Oak River Area of
Manitoba, Lissey (1968) concluded that shallow depressions and
sloughs could be classified in terms of their ability to transmit
water. He identified depressions as having fast and slow recharge,
fast and slow discharge, and transitional groundwater flow systems.
He showed that maximum infiltration to the groundwater zone occurred
through the depressions rather than the local topographic highs.

His stpdy, however, did not relate the movement of groundwater to

the development of soil profiles.

IV  PREVIOUS WORK IN THE STUDY AREA

Ellis and Shafer (1940) coﬁducted a reconnaissance soil
survey of Southwestern Manitoba in which the soils were mapped
according to soil associations. Areas of saline and solonetzié
soils were recognized and delineated but no attempt was made to
relate these soils to groundwater flow systems. The soil map was
published at a scale of 1:125,000 and therefore, only broad areas and
general soil conditions could be presented,

Elson (1952) studied the glacial history of the area and
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produced a general surface deposits map at a scale of 1:125,000.
Elson's map shows the rather intricate nature of the various surface
deposits but no direct mention of soils or groundwater was made.

A survey of the general groundwater conditions of the area

was made in 1949 by Halstead and Elson for the Geological Survey of
Canada. The groundwater flow systems in the area were not sﬁudied,
since the primary purpose of the survey was to determine the
occurrence of aquifers and the quality of water available for domestic

use. Most of the well information was based on personal contact with

farmers. A few water samples were analyzed by .the National Testing
Laboratories, Limited, Winnipeg and by'the Bureau of Mines, Ottawa
but the number of samples analyzed were not sufficient to characterize
the area in terms of detailed hydrochemical patterns. The hydro-
chemical data were of little use, therefore, for interpreting the

direction of groundwater flow.




CHAPTER III
METHODS AND MATERIALS

The methods and materials used in this investigation can
best be described in terms of three categories: hydrological,

pedological and analytical.
I  HYDROLOGICAL

Piezometers were constructed of 0.8 inch outside diameter,
semi~rigid, polyvinylchloride (P.V.C.) tubing. A 2-foot section at
the bottom of the piezometer was slotted and wrapped with fiber
glass. Fiber glass was used to prevent the accumulation of silt in
the intake zone of the piezometer. Most of the éiezometers were
installed using a truck mounted rotary hollow stemmed auger. Once
the auger reached the desired depth the piezometer was inserted into

“the hollow core of the auger. Coarse silica sand‘was added to the
bottom of the bore hole to a thickness of about 30 inches. Six
iﬁches of fine silica sand were added on top‘of the coarse sand.
The coarse silica sand pack at the bottom of the piezometer formed
a small porous volume around the intake zone. The fine silica
sand was added to prevent contamination of the intake zone by the
" cement grout. The auger was subsequently removed and a mixture of

~water and portland cement was added to form a grout plug above the

sand. The'hole was finally back filled to the surface with the extracted

soil. Other piezometers were installed following basically the same
procedure except that a solid stem auger was used to drill the hole.

Due to the fact that the auger stem was solid, it had to be removed
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from the hole prior to installing the piezometer. The piezometers
were installed in groups or nests of 4 to 6 at various depths ranging
sfrom 10 to 98 feet below ground level. This enabled water samples
and hydraulic head measurements to be obtained from various depths
below the water table. The particular piezometric design used in
this study has been described in more detail by Schwartz (1970).

A water table observation well was installed at each piezometer nest
using a truck mounted Giddings Drill. The wells were constructed of
P.V.C. tubing and piaced at depths of 10 to 18 feet. The P.V.C.
tubing was slotted to within 3 to 4 feet of the ground level. The
location of the piezometer sites is shown in Figure 5.

The water le&el in the piezometers and wells was measured
about twice a month during the summer and about once every six weeks
in the winter. Water samples were taken from each well and piezometer
in 1970 and 1971. A more detailed procedure for the hydrological

investigation is presented in ‘Appendix A.

II  PEDOLOGICAL

Pedological investigations of the soils within this study
area weré limited to very intensive examinations of several
specifically chosen areas. Two small areas (3/10 mi. x 3/10 mi.
each), one on strafified lacustrine soil, the other on very geﬁtly
sloping glacial till, were surveyed to determine the genetic soil
distribution at each site. Soil inspections were made using a
30-foot grid pattern. Other pedological investigations were

conducted using a cross-sectional approach to determine the chrono-
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sequence of profiles developed in knoll-depression type topography.
Schematic diagrams were prepared showing the observed profile

chronosequences at both sites.

Previous Pedological Investigations

Previous pedological investigations in the area were conducted

by Ellis and Shafer (1940) and as recently as 1968 and 1969 in a

, resurﬁey of the soils by the Manitoba Soil Survey. The recent survey

.data has been used for the compilation of the generaiized soils and

salinity map of the particular area of this study.

The two scalés or degrees of intensity of soil survey used
during the receﬁt resurvey program for the Southwest Area of
Manitoba has resulted in a greater quantity of séil data for the
lacustrine areas than for the areas of glacial till. A detailed or
high intensity survey, which consisted of three traverses per square
mile wifh systematic soil inspections every 1/10 mile along.each

traverse, was conducted in the Souris Plain and the Whitewater Basin

Areas., The soil aata collected was plotted on air photographs at

a scale of 3 1/2 inches equal 1 mile. The basic map unit used
in this survey was the single soil series. The medium intensity of

reconnaissance survey consists of systematic soil inspections adjacent

" the the accessible roads bordering each section of land. It was

used to map the soils of the Turtle Mountain and the Boissevain Till

Plain. The soil information was plotted on air photo mosaics at a

scale of 2 inches equal 1 mile. A complex map unit consisting of a
number of soil series arranged in order of decreasing significance

was used to describe these soil map units.
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Criteria for Map Presentation

The soil catena map and the detailed soil salinity map for
this study were prepared by transferring the preliminary soil
survey map data at the scales previously described onto NTS base
maps at a scale of 1:50,000. This base map was then photographically
reduced for inclusion in the thesis.

The utilization of catenary map units, the conversion to a
uniform scale and the subsequent reduction of scale accounts for the
apparent lack of deéail in some of the till portions of the map.

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

description and composition.

Salinity Survey

In conjunction with the genetic soil survey, soil samples
were collected from approximately 3 sites per traverse (9 sites per
square mile) at the O to 6 inch and 12 to 24 inch depths, analyzed
for electrical conductivity and occasionally for'the major soluble
ions. In addition, soil samples were éollected at 1 foot intervals
to a depth of 10 feet from the auger stem of a Giddings Drill.

These samples were also analyzed»for EC to determine the character—
istics and degree of the sub-surface (soil parent material) salinity.
Composite soil samples were collected from the auger flights of the
deep drill used to install piezometers and later analyzed for EC

and soluble salt content. The salinity data thus collected was used
in addition to the visible presence of salts (crystals) within the

soil profile to prepare the soil salinity map.
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ITI  ANALYTICAL

The analytical methods used in this study are all standard
procedures. A portable conductivity bridge (Beckman Co.) with an
extended cable electrode was used to measure in situ electrical
conductivities of the groundwater. A portable pH meter was used to
measure the pH of groundwater samples in the field following a
method described by Barnes (1964).

Initiaily two samples of water were collected from each
piezome;er. One sample Qas used for anion analysis, while the other
sample was acidified with a few drops of HCl after reading the pH.
It was later used for cation analysis. The addition of HCl to the
sample proved to be detrimental to the ionic equilibrium of the
sample. In many of the samples there was sufficient sediment of
calcareous origin that a reaction with the HCl resulted in erromneous

quantities of catt

ions in solution. All subsequent samples were not
acidified, therefore necessitating the coliection of only one sample
for pH, anion and cation analysis.

The electrical conductivity and the méjor ions in béth the
groundwater samples and the saturated soil paste extracts were

determined according to the methods described by the United States

Salinity Laboratory staff (1954).




CHAPTER IV

RESULTS AND DISCUSSION

PART I
GENERAL DESCRIPTION OF THE AREA

I PHYSTOGRAPHY AND SURFACE DEPOSITS

The distribution of surface deposits in the Western Uplands
Region of Manitoba and their division into physiographic subdivisions
is shown in Figure 6. The study area is comprised of portions of
the Turtle Mountain, the Boissevain Till Plain, the Whitewater Lake
Basin, and the Soﬁ?is Plain subdivisions.

The Turtle Mountain subdivision is characterized by moderately
calcareous, moderately fine textured (clay loam) glacial till. The
surface topography is irregular with slopes ranging from undulating
(2 to 5 per cent) to very hilly (over 60 per cent). The landscape
has innumerable depressions and small permanent and semi-permanent
lakes. The Turtle Mountain slopes abruptly to the northwest and
intersects the Boissevain Till_Plain near the 1850 foot elevation.

The Boissevain Till Plain is characterized by strongly to
moderately calcareous, medium to moderately fine textured (loam to

‘clay loam) glaciél till. The topography is typically irregular.
with slopes ranging from undulating (2 to 5 per cent) to moderately
rolling (9 to 15 per cent). The slopes generally become more subdued
as elevation decreases to the Whitewater Basin. At the higher

elevations the till is commonly dissected by ephemeral stream channels
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which gradually disappear in the vicinity of the Whitewater Basin.
Northwest of the basin, surface drainage patterns become less
pronounced, with surface waters generally collecting in shallow
closed depressions.

The western end of Whitewater Lake Basin lies between 1625
and 1675 feet above sea level within the Boissevain Till Plain. The
surface topography of the basin sediments consists of regular
singular slopes ranging from 0.5 to 2 per cent. The basin has a
gentle slope. The surface deposits consist of numerous layers of
alluvial and lacustrine sediments ranging in texture from sands to
clay loams. The thickness and stratification of these sediments
decreases downslope. A moderately fine-textured till underlies the
thin alluvial and lacustrine surface deposits at depths ranging from
2 to 15 feet. A layer of poorly sorted outwash gravels (1 to 3 feet
thick) usually occurs at the till contact.

Below the 1625 foot elevation, the Boissevain Till Plain
continues and slopes gently northwestward to the Souris Plain at
1475 foot elevation. The Souris Plain consists of strongly calcareous,
coarse to medium textured (sands to loams) lacustrine sediments which
slope very gently to the Souris River. The sediments in the Souris
Plain area are generally less stratified than those of the Whitewater
Basin; however, they have similar conditions of high moisture
status and high concentrations of soluble salts. Local changes in
topographic relief occur as a result of wind action on the coarse

textured lacustrine sediments.
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II RELIEF AND SURFACE DRAINAGE

The overall topographic relief for the study area ranges
from a high of 2300 feet above sea level north of Flossie Lake on
Turtle Mountain to 1450 feet above sea level near the northwest
corner of the study area in the Souris Plain giving a maximum change
in relief of 850 feet (Figure 7).

The topography slopes very steeply (200 to 250 feet per mile)
between the 2300 and 1700 foot elevations in a northwest direction
from Turtle Mountain to the Boissevain Till Plain. The slope
gradually decreases to less than 50 feet per mile across the
Boissevain Till Plain and finally to less than 8 feet per mile
through the Souris Plain Area.’

Numerous ephémeral stream channels leading from Turtle
Mountain disappear abruptly between 1650 and61675 foot elevatioms,
Other small intermittent streams originate and disappear in the
vicinity of the 1625 foot elevation. Some streams originate in the
area of the 1575 and 1550 foot elevations and subsequently disappear
into the coarse sediments of the Souris Plain, The only major water
course in the area is Medora Creek which flows intermittently

throughout the year, primarily after spring thaw and occasionally

after heavy summer rainms.

I11 GEOLOGY

Although the fegional geology of Southwestern Manitoba has
. been described by Bannatyne (1970), a more detailed knowledge of the

Quaternary geology, bedrock topography, and upper bedrock units in




30

R25 | R24 [ R23 ' ]
s ¢ oS
- ¥ .
Tp S N, A !-J“' ,rf\
e g ‘\_L\rv
& ¢ ’\p\;
r‘? v » &2 o . })%:m 7‘?\
o
¢ N P9 I
\n2 g ot o 13 C‘r; ’
LW ’2; fahe AT '&’_/
> A
s v - 3 ~€‘.. S
pd |2 Cd;"’ 89; 84 rr (;E'i?;z, o4
? p{" e {'\.
‘,}N‘ { {-4
d Al A% i
NI i
, Q‘;: g2 -4
". (,, AR 7 P-7 &8
ST Nt
- . 1,, o bl \ Ly
‘.\ ( ) Q 4 L4 ’)
| ? =P, A 7 -
» é‘Z‘/ z? Fp‘u "J%\QJ'A
BMEDORA N de . oA
i paa T B ey 7N
gl »\,,,\rjaf ;
YANs A
A s g l. [
S AR =
N
<L |3 Rh
N 3 "
Ea ‘?’ 3’ rh_;?r’:_ - —1\ 4 TDB
72 oY
~ g S,
- 3 7
. ;? / e
N~

fiqwe 7. RELIEF and SURFACE DRAINAGE ~ |/
{Adopted hum 1:50,000 National  Topographic  Shests)

Major contour intervals — 100 fest
1600
e e AE25— = Minor Contours s

o2 o

- Streans

ﬁ - Open Woter

Location of Piezometers and other Investiqation Sites
withn study Arec.

& - Piezometers (P! fo P-11) nsmtled 1970,
@ -Pezometers (P-12 10 P-15) instatied 1971
(3]~ Detail tovestigation . kacustine sediments.
<)~ Detail ivestigation i ;kzcial il deposits
G- Obsarvation wells 13 1017 instalied 1967,
Q@ ~10 foot test holes {11010} sampled for salinty survey ©969.

© -0 foof wstholas (A 1o Z,and A, 10G,} sampled for saiwuly
srvey 1370.

= Mojor Contours

p2

Ti" Tpt

R 25 ] R 24

R23




31

the study area was obtained during the drilling program. Geologic
!
contacts and various outcrops of the underlying deposits were also

observed in road cuts and erosion channels during the course of this

study.

Bedrock Geology

The bedrock geology of the study area is composed of three
distinct geologic units of Cretaceous and Tertiary age: the Riding
Mountain Formation, the Boissevain Formation, and the Turtle Mountain
Formation (Figure 8a).

The Riding Mountain Formation is composed of two members:
an upper member (Odanah) composed of hard grey siliceous shale and
a lower member (Millwood) composed of a softer 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 lie 6 miles to the east of the study area. This shale
is thought to be continuous with the shale which occurs as bedrock
in the minor escarpment which divides the Souris Plain and the
Boissevain Till Plain. A hard fractured, non-calcareous shale was
encountered at a depth of 10 feet on this escarpment at piezometer
nests 7 and 13. This shale is similar to the Odanah member as
described by Bannatyne (1970).

The shale encountered in the remainder of the study area
was softer and appears to be more typical of the Millwood member.

Bannatyne (1970) states that occasional outcrops of the Millwood
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occur along the Souris River Valley but are usually accompanied
by a cap of the harder Odanah member.

In the vicinity of Turtle Mountain the Riding Mountain
Formation is overlain by the Boissevain Formation. The Boissevain
Formation consists basically of sandstone and shale and is
approximately 140 feet thick. Bannatyne (1970) has described this
formation in a drill log (Hole MNR No. 1l: NW15-32-1-22 WPM
Elev. 1970 feet) located approximately three miles east of this
study area. According to Bannatyne the Boissevain Formation consists
of a fine to medium grained '"salt and pepper', non-calcareous
sandstone alternating with thin (6 to 10 feet) layers of non-
calcareous grey shale with light grey, feldspathic siltstone, and
inclusions of plant and lignite fragments. He also reports that
the top of the Boissevain Formation occurs in several outcrops
on the northwest slope of Turtle Mountain which show sandstone
with kaolinized feldspar, kaolinitic sand or kaolinitic shale.

One outcrop which Bannatyne describes (SW cormer sec. 17,vtp. 2,
rge. 23 WPM) occurs in the study area very close to the piezometer
cross—section and places the contact between the top of the
Boissevain Formation and the bottom of the Turtle Mountain Formation
at an elevation of 1740 feet above sea level.

The Turtle Mountain Formation consists of approximately
480 feet of sandstone, shale, and thin lignite beds. Bannatyne's
(1970) drill logs show that these materials are present in alternating
layers. The sandstones are generally very fine to medium grained,

impure, and non-calcareous. The shales are usually silty, micaceous,
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grey to light grey, and interbedded with bentonite and siltstones.
Lignite is present as mixed fragments,

At the contact between the Boissevain Formation and the
underlying Riding Mountain Formation, a shaley gravel deposit,
herein referred to as the Basal Alluvial Unit, was encountered and
sampled at sites 3 and 15 (Figure 8b). This unit is composedAof loose,
rounded, fragments of shale in a matrix of fine grained sand and
silt., This deposit probably was laid down in an alluvial environment
which probably existed along the escarpment during Pre-glacial times.

A small depression or channel exists between the Boissevain
Formation and the Basal Alluvial Unit (Figure 8b, p. 32), which could
have been formed by Pre-glacial groundwater springs eminating from the
Boissevain Fofmation or by surface runoff from the Turtle Mountain
Formation. Kohut (1972) also encountered a similar unit in the
vicinity of Whitewater Lake. However, he found it to be continuous
with the Boissevain Sandstone and concluded that it was an inter-
glacial deposit. The drill holes at nests 3 and 15 did not completely
penetrate this Alluvial Unit but, on the basis of other geological
elevations, it is thought to be deposited on the Riding Mountain

Formation and to gradually pinch out at some point between nest

15 and 11.

Quaternary Geology

Throughout the study area the Cretaceous and Tertiary
units are blanketed by deposits of glacial till. The thickness of

till ranges from 15 to 30 feet in the Souris Plain area below the




escarpment and from 10 to 90 feet in the Boissevain Till Plain above
the Souris Escarpment. Bannatyne (1970) reports that in some places
on Turtle Mountain the drift is over 400 feet thick. However, the
average depth to shale along the major part of the study area was
found to be approximately 50 feet (see Drill Logs, Appendix B).
-Kohut (1972) found that the.depth to shale often exceeded 100 feet
din the vicinity of Whitewater Lake and that there appears to be a
;pre—glacial bedrock depression or valley beneath the lake. This
.difference in till thickness indicates that the surface of the shale
slopes gently to the east.

The till covering the study area ‘is believgd to be composed
of two units. This statement is based partly on the fact that a
‘distinct change in color was observed in the till near the 25 foot
depth, and partly on hydrological data which will be discussed in
a later chapter. Kohut (1972) describes two tills occurring‘in the
vicinity of Whitewater Lake. According to him, the upper part of
the lowér till is well fractured and marked by iron and manganese
staining. The contact with the overlying till is generally sharp.
Kohut (1972) found that the upper till in the Whitewater Lake Area
was approximately 30 feet thick.

The upper till in the area of this study is approximately
20 to 25 feet thick, well fractured, oxidized and generally olive
(5Y 4/4) in color. The lower till is dark to very dark grey
(5Y 4/1-3/1) in color and the upper part of it appeared to be more
fractured and jointed than the overlying till. Both tills are

predominantly clay loam in texture and appear to correspond to the
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tills described by Kohut (1972) in the vicinity of Whitewater Lake.

Holocene Deposits

The Whitewater Basin and the Souris Plain are overlain by
Holocene deposité of lacustrine, alluvial, and aeolian origin.
The Whitewater Basin sediments are generally thin, stratified.deposits.
of sands, loams, and clay loams.‘ The dominant texture is clay loam.
A very thin deposit of aeolian silt is commonly found along the northern
and western edges of the basin.

The surface deposits of the Souris Plain are predominantly
stratified, fine to medium lacustrine sands. The dominant texture
of the soils is loamy fine sand. Much of the area in the vicinity
of the Souris River has been modified and reworked by wind, resulting

in a fairly extensive area of sand dunes.
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PART II

CONSTRUCTION OF FLOW SYSTEMS FROM HYDROLOGIC DATA

The nature of the groundwater flow systems for the study area,
as shown in Figure 9, has been derived by considering the measured
hydraulic head, the distribution of the m;jor ion chemistry, .and the '
most probable influence of surficial and bedrock geology. Using

this criteria, seven hydrologic regimes were identified.

Hydraulic Head Data

The interpretations of the hydraulic head data (Appendix C)
were based on the theories and procedufes developed by Toth (1962),
Meyboom (1966), and Freeze and Witherspoon (1967). The vertical
‘direction of groundwater flow was determined by comparing the
hydraulic heads of piezometers in each nest. The horizontal direction
of groundwater flow was determined by comparing water levél differences
between piezometer nests.

In homogeneous geologic deposits, nests in whichvfiezometer
water levels (hydraulic head) are below the water table level
(Figure 10A) indicate groundwater recharge; that is, the direction
of groundwater movement is downward from the water table zone. On
the other hand, piezometer water levels above the water table
(Figure 10B) indicate groundwater discharge; that is, groundwater
movement 1s upward toward the water table zone. Piezometer water
levels coinciding with the water table and with each other indicate
zero vertical hydraulic gradient and are interpreted as indicating

lateral groundwater flow.
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Stratigraphic changes in the geologic deposits may result
in alterations to the flow system. These changes may be reflected
in the vertical hydraulic heads of piezometers in a single nest.

For example, water levels in deep piezometers above water levels in
overlying piezometers, but not above the water table level, indicate
a positive vertical hydraulic gradient at depth. This means that
groundwater movement is towards the area or intake zone of the over-
lying piezometer‘(see Figure 10C). The hydraulic head of the
overlying piezometer is also below the water table, indicating that
groundwater flow is generally downward from the water table. The
area of the intake zone of the overlying piezometer is interpreted,
therefore, as a zone of dominantly lateral flow.

Conversely, deep piezometers having water levels below
the water levels of the overlying piezometers (Figure 10D) are
interpreted as having nagative vertical hydraulic gradient. Ground-
water zones having negative vertical hydraulic gradients probably
have water movement into them. The flow of water in the area of the
intake zoﬁe of thé overlying piezometer is interpreted as dominantly
lateral with diverging components.

The concept of positive and negative vertical hydraulic gradient
is introduced here to describe groundwater flow conditions in hydro-
geologic units below the water table zone.

The terms positive and nagative hydraulic gradients are used
instead of discharge and recharge, respectively, because the terms
discharge and recharge are most commbnly used to refer to the

dominant flow conditions near the water table.
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The above mentioned variations of hydraulic head were used
to inte?pret the general flow of groundwater in the study area.
The actual orientation of the flow arrows in relation tb the
equipotential lines (Figure 9) was determined according to a method
described by van Everdingen (1963). In theory the direction of
groundwater flow or stream lines are normal to the lines of equi-
potential. Van Everdingen (1963), in a computer analysis, showed
that when there is an exagggrafionof the vertical scale in comparison
to the horizontal scale of groundwater flow diagrams, the lines of
groundwater flow cross the lines of equipotential at aﬁgles less than
90 degrees. This accounts for the distortion of scale and gives

a more accurate picture of the natural groundwater flow.

Hydrochemical Data

Hydrochemical data ihcludes the major ion composition, pH
and electrical conductivity of groundwater; These data are measure-
ments related to the degree of mineralization of groundwater, and
are important parameters used in conjunction witﬁ, or to supplement
and verify, interpretations based on hydraulic head data.

Since the degree of mineralization of groundwater in a
given mineralogical medium is mainly dependent upon the time it
has been in contact with minerals, increasing ionic concentrations
are interpreted as indicating direction of groundwater flow.
Increasing mineralization with increasing flow distance is a relation
commonly observed in groundwater studies in Western Canada
(Meyboom, 1966 and Cherry et al., 1971). The major ions in ground-

water may also indicate the origin or source of the groundwater
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when compared to the mineralogic composition of the aquifer from
which if was obtained (Rozkowski, 1967).

The hydrochemical data for 1971 is shown in Figures 11, 12 and
13. Additional hydrochemical data is included in Appendices D and E.
Figures 11, 12 and 13 show the distribution of the major ions, pH
and electrical conductivity of the groundwater.

The distribution pattern of the cations as shown in Figure 11,

N

shows the.reiative concentrations of the various cations to one
another and the areas of apparent accumulation.

Calcium. The maximum concentration of Ca'h is 30.4 meq./1.,
the average concentration, however, is generally much less than
20 meq./1. Groundwater recharge areas commonly have concentrations
less than 10 meq./l., whereas groundwater discharge areas generally
have concentrations of approximately 20 meq./1. The concentration
of Ca'™t is generally very low in comparison to the concentrations of
Mg++ and Na+, probably due to its dependence on the carbonate
equilibrium conditions in the groundwater.

Magnesium. Low Mg++ concentrations ranging from 0.9 to 8.1
meq./l. (Figure 11) are common to areas of downward groundwater
flow in the study area. The areas of upward water movement typically
have much higher Mgtt concentrations, ranging from 2.7 to 241 meq./1.
Areas with high Mg++ concentration generally coincide with thoée of

high Ca™ concentrations.

Sodium and Potassium. Analyses showed that the concentration

of Kt in the groundwater was very small when compared to the con-

centrations of the other ions (Appendix E-2). Therefore, the concen-
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tration of K' is not shown separately in Figure 11, p. 43. The
values shown for Na® + K+, therefore, are discussed as the general
values for the Nat concentration.

The vertical distribution pattern of Na* (Figure 11, p. 43)
is different from that for Ca'’ and Mg++, primarily due to thevhigh
concentrations of Nat in the bedrock shales. On the other hand, the
lateral distribution pattern for Na' shows that areas of highest
Na' concentration generally coincide with the areas of high catt
and Mg++ concentrations.

The distribution of major anions C1™, 804:, and HCO; is
shown in Figure 12, p. 44.

Chloride. The highest concentrations of Cl™ are generally
found in the marine shales and in the glacial tills of the three
major discharge areas (Figure 12, p. 44). In the reéharge areas,
the tills contain relatively small quantities of Cl~ compared to
the underlying shales.

The concentration of Cl™ is generally a gqod indicator of
groundwater flow due to the fact that it does not readily combine
with other ions to form a precipitate nor is it affected by exchange
mechanisms.

Sulphate. Sulphate is the most abundant anion in the
groundwater (Figure 12, p. 44). Concentration of 625 meq./l. and
694 meq./l. occur in Whitewater Basin and the Souris Escarpment,
both of which have been designated as areas of groundwater discharge.
Recharge areas commonly have much lower SO4= concentrations. The

lowest concentrations (2.7 meq./l. and 0.3 meq./1l.) occur in the
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Leightoﬁ and Medora Ridge areas, respectively.

Bicarbonate. Although the concentration of HCOE is much
lower than the other ions (2.5 to 15.5 meq./1l.), the zones of highest
concentration generally occur in areas of groundwater discharge.

PH. The distribution of field measured pH (Figure 13) shows
a slight differentiation with the direction of groundwater flow.
Values of pH in the range of 7.3 to 7.5 are commonly found in ground-
water recharge areas, while higher values of pH in the range of 7.5 to
8.5 are characteristic of groundwater discharge areas. Increasing
values of pH correlate with decreasing concentrations of HCOE. Cherry
(1971) observed a similar correlation in the Holocene and Pleistocene
deposits of the Wilson Creek.area of Manitoba, where a decrease in
the HCOS concentration was associated with an increase in pH.

Electrical Conductivity (EC). EC is a measure of the ability

of a cube, one centimeter on a side, to conduct an electrigal current.
In the case of water, EC is a function of temperature, type of ion
present, and concentration of ions. It is, therefore, a very easy
method of estimating the chemical quality of water (Davis and
De Wiest, 1967, pp. 83-84).

The EC values for the groundwater (Figure 13) reflect the
degree of mineralization or quantity of total dissolved solids
(TDS) according to

TDS = EC x K L
where K = some constant factor.

However, since TDS generally increases in the direction of groundwater

flow, EC will also increase in the direction of groundwater flow.
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The degree of mineralization, however, depends upon the number of
ions in solution. Thus
TDS = TC + TA (2)

Total cations

where TC

TA = Total aniomns,

Therefore, TC + TA will also increase in the direction of groundwater
flow. Increasing values of EC, TC, and TA can therefore be used

~ to interpret the diréction of groundwater flow Within a uniform
geologic medium. It should be noted, however, that redox reactions
and exchange mechanisms can reverse this trend for some ions. Catt
and Mgt+, for example, can be removed from solution by absorptioﬁ‘
onto the exchange sites of various minerals with the subsequent dis-
placement of Nat. Under exchange conditions, therefore, the concen-
trations of Ca*t and Mg++ will decrease as Na' increases in the
direction of groundwater flow. This situation commonly occurs as

water moves from one geologic unit to another, for example, from a

calcareous till to a non-calcareous marine shale.

- Geology

The interpretations of the groundwater flow systems (Figure 9,
p. 38) were also based, to some extent, on the nature and properties
"of the surficial and bedrock geology of the study area. The flow of
gropndwater thfouéh any geologic unit is dependent upon tﬁe per—
meability. In turn, permeability is dependent upon texture,
bedding, and structure such as joints and fractures of the different
‘geologic units. TFor example, the flow of water through materials

with laminar or horizontal bedding or which have high intergranular
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permeabilities is generally expected to be in a lateral direction.
Geologié materials which are predominantly characterized by a system
of vertical fractures and joints are expected to have a generally
vertical direction of groundwater flow.

Kohut (1972) suggests that the horizontal component of
permeability in the Riding Mountain Formation is greater than the
vertical component due to the horizontal bedding and fissility of
the shale. It is reasonable, to expect groundwater to move laterally
northwestward through the shale with little tendency for vertical
circulation. He also suggests that the sandy texture and uncon-
solidated nature of the various geologic units in the Boissevain
Formation results in a relatively high intergfanular permeability.
This, coupled with the horizontal bedding of the Boissevain Formation,
probably results in a larger horizontal than vertical component
of hydraulic conductivity, thus causing dominantly lateral ground-
water flow.

Kohut (1972) observed, in outcrops of the Turtle Mountain
Formation, that the permeability was mainly due to vertical joints
and fractures. He concluded from this, that the dominant component
of hydraulic conductivity was vertical.

In this study, vertical joints and fractures were also
observed in the overlying glacial till at many of the drill sites.

It was expected, therefore, that much of the groundwater flow through
the till would be vertical. In several instances, however, it
was found that textural variations and/or lithological discontinuities

in the till interrupted this vertical pattern of flow and in essence
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created small zones within the till which had dominantly lateral
flow. The influence of these textural and stratigraphic differences
will be discussed in more detail in the following section dealing

with individual flow regimes.

Patterns of Groundwater Flow

The patterns of groundwater flow (Figure 9, p. 38) therefore,
based on hydrologic and geologic parameters, show that the study area
consistsvof'seven hydrologic areas characterized by specific conditions
of groundwater flow. These areas are: Turtle Mountain, Whitewater
Basin, Leighton, Medora, Medora Ridge, Souris Escarpment and Souris
Plain., Three areas, Turtle Mountain, Leighton,‘and Medora Ridge, are
characterized by recharging groundwater conditions, while three other
areas, Whitewater Basin, Medoré, and Souris Escarpment are characterized
by discharging groundwater conditions. The seventh area, Souris

)
Plain, is generally under the influence of lateral groundwater flow.
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PART III
HYDROLOGY AND SOIL CHARACTERISTICS OF THE STUDY AREA

Part III of this chapter is discussed in two sections.
Section I is a detailed interpretation of the hydrologic (hydraulic
head and hydrochemistry) data and the associated soil profile
types for each of the hydrologic area identified. Section II is
a detailed‘discussion of the relations between soil salinity and

hydrology.
I HYDROLOGY AND SOIL PROFILE TYPES IN EACH OF THE SEVEN HYDROLOGIC AREAS

The hydrologic and pedologic data are discussed for each of
the seven hydrologic areas, in orde? of decreasing regional elevation.
Although soil salinity will be discussed in Section II, some pertinent
discussion related to surface and subsurface soil salinity within
individual areas will be presented in this section, in order to

fully describe the characteristics of each area.

Turtle Mountain

Hydraulic head. Piezometers at Nests 1 and 10 have negative

hydraulic gradients indicating downward movement of water. The
elevation of Nest 1 relative to the other nests (Figure 8a, p. 32),
and the fact that it has a large downward gradient (water level in
bottom piezometer is approximately 45 feet below water table),
indicates that it is an area of strong groundwater recharge. Nest 1
was purposely located at one of the higher points on Turtle Mountain

to determine the magnitude of the hydraulic head and the initial
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degree of mineralization of the groundwéter in the uppermost part

of the till. Due to its topographic location and generall& vertical
permeability, the hydrological data for this site is probably
typical of the groundwater characteristics in the upper till of

the Turtle Mountain area. The majority of the Turtle Mountain Area,
including Nest 1, has been excluded from all cross-section diagrams
because of its high glevation. This has resﬁlted in a more useful
cross~section scale.

The piezometers at Nest 10, which is situated on a small
escarpment at the base of the Turtle Mountain, intersect the Turtle
Mountain andeoiséevain Formations. The piezometer at 68 feet, which
intersects the Boissevain Formation, has a consistently negative
hydraulic éradient (water level is approximately 32 feet below
water table), indicating a downward flow of groundwater. The
piezometer at 43 feet, which intersects the Turtle Mountain Formation,
also has a consistently negative hydraulic gradient; however, theb
magnitude of the gradient is much less (water level is less than
3 feet below water table). The water level in the piezometer
at 18 feet in the sufface till occasionally coincides with the water
~ table level. However, when the water table fluctuates, because of
precipitation, there is a small lag in the piezometer water level
response.  This results in periods of small positive hydraulic
gradients during the fall and small negative hydraulic gradients

during the summer.

Hydrochemistry. The hydrochemistry of the Turtle Mountain
Area, as determined from the piezometers in Nest 1, indicates a

generally increasing degree of mineralization with increasing depth
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below ground surface (Appendix E). Since the till at Nest 1 appeared
to be relatively uniform in texture and mineraiogical composition,

the hydrochemistry of this site is considered to be representative

of groundwater conditions in the Turtle Mountain Upland.

Each of the three different geologic units at Nest 10 have
characteristic major ion concentrations. The Boissevain Formation,
for example, has very low concentrations of Ca++, Mg++, and SO4=
(Figures 11 and 12, pp. 43 and 44). The Turtle Mountain Formation,
situated immediately above the Boissevain Formation, appears to have
intermediate values of Ca't and Mg++ and lower values of Na' and
Cl—, than either the Boissevain Formation or the overlying till.

The overlying till has higher concentrations of SO4=, Cé*F,,andeg+f

s
than the other two units. The low concentration of Ca++, Mg++, and
804= indicates that the Boissevain Formation is non-calcareous and
probably has very low quantities of soluble salts,

Soils. The soils on Turtle Mountain are typically leached
(of soluble salts) and well drained. These soils, which were mapped
as members of the Horton Catena (Figure 14) are developed on moderately
calcareous, medium to moderately fine textured till. The majority
of the soils are classified as Orthic 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 predominantly‘
mapped as Orthic and Rego subgroups in the Ryerson Catena (Figure 14).
The solls are predominantly well to moderately well drained, with

minor areas of imperfect and poorly drained soils in lower slope and

depressional positions. The soil profiles are typically non-saline
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and weakly to non-calcareous. This indicates that leaching of salts
and carﬁonate minerals has occurred in the soil profile.

The local relief in this area has resulted in some of the
soils being moderately to severely eroded as a result of cultivation,
rapid surface runoff, and exposure to the wind. Soils which have
been severely eroded are not leached and strongly calcareous. These
s0ils are evident in the landscape as light grey colors on the tops
- of knolls.

Although salinity in the near surface layers of the soils in
this area is very uncommon, deeper soil investigations showed that
considerable quantities of soluble salts (as indicated by the higher
EC values) are present in the lower-parts of fhe 10 foot drill
samples (Appendix F-1, sites Bl and 4). Apparently, many of these
salts have been leached from the solum of the soil and deposited at
these greaterdepths by infiltrating water. -The higher EC values
(Appendix F-1) at site Y (Figure 5, p. 22) are considered to be
accumulation as a result of leaching and subsequent deposition.

The EC values for surface and subsurface soil samples at Nest 1,
(Appendix F-2) indicate that the average values for EC of the regional
till may be in the range of 3 to 4 mmho's/cm. It appears, therefore,
that some redistribution of soluble salts has occurred in the near
surface zone of this area of strong groundwater recharge.

In general, the major ion concentrations, the hydraulic
head values, and the genetic soil properties of the Turtle Mountain
Area indicate a dominantly downward movement of soil water and

groundwater causing the majority of the genetic soills to be leached
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and eluviated.

Whitewater Basin

Hydraulic head. Hydraulic head data from piezometer

Nests 2, 3, 15 and 11 were used to interpret the groundwater flow
systems of Whitewater Basin. The hydrographs of the piezometers

in Nests 3, 15 and 11 show small positive hydraulic gradients,

whereas the hydrographs for the piezometers at 98 and 38 feet, in
Nest 2, show strong positive hydraulic gradients. The water levels

in the latter two piezometers are approximately 12 feet above the
water table level. These strong, positive heads at the 98 and 38 foot
depths below ground level are probably due to the close proximity

of the piezometer intake zones to the vertical contact between the
relatively permeable Boissevain Formation and the more compact

glacial till (Figure 9, p. 38). The strong vertical flow gradients

at Nest 2 are in direct contrast to the lateral flow in the Boissevain
Formation. This alteration in direction of groundwater flow may be
attributed to the abrupt change in permeability between the Boissevain
Formation and the till. This is analogous to the situation of the
aquifer pinchout at depth as described by Freeze and Witherspoon
(1967) and shown in Figure 4, p. 11. The very low hydraulic

gradient between the 38 and 98 foot piezometers is attributed

to the influence of the permeable Basal Alluvial Unit and the under-
lying Riding Mountain shales. The energy of the water being dis-
charged from the Boissevain Formation, in the vicinity of the intake
zone of the bottom piezometer, is somewhat dissipated as some of the

water moves into the Alluvial Unit and into the underlying shales.
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In contrast, the shallow piezémeters (18 and 10 foot depths) in

Nest 2 have water levels which are similar to the water table as
measured in the observation well. Small upward and downward heads
in the shallow piezometers were observed at various times during the
year. These small changes iﬁ head were attributed to water table
fluctuations in response to precipitation.

The shallow piezometers in Nest 2 are located in or near a
thin coarse gravel lens which is overlain in most cases by lacustrine
clay loam sediments. The gravel lemns pinches out in the northwest-
ward part of the Whitewater Basin (Figure 9, p. 38). The lens
appears to behave as a semi-confined aquifer. Rain causés the water
table to rise in the zones where the lens is ét or very near the ground
surface. This causes the hydraulic head to increase tﬁroughout the
lens and results in periodic artesian conditions in the shallow
piezometers. This is detected by the small positive hydraulic
gradients in the shallow piezometers at various times during the year.

~ At Nest 3, the piezometer at 78 feet is in the Basal Alluvial
Unit and has a water level consistently below the level in the over-
lying piezometer. Since this piezometer is in the southeastern part
of the Basal Alluvial Unit, it is probable that the hydraulic head
is low because of energy dissipation as water moves out of the
Boissevain Formation and crosses the narrow channel of till an&
enters the Basal Alluvial Unit (Figure 9, p. 38).

The piezometer at 38 feet also has a consistently negative
hydraulic head gradient. Since this piezometer is very near the

contact of the Basal Alluvial Unit and the overlying till, some
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energy loss is expected as the water moves into the upper part of the
Alluviai Unit. This would result in a low hydraulic head. The
general direction of groundwater flow, therefore, as indicated by
the hydraulic head at 78 and 38 feet, is probably from the till into
the upper part of the Basal Alluvial Unit.

The shallower piezometers at the 18, 10 and 6 foot levels
respond similarly to those at Nest 2 and are probably influenced
by flow in the semi-confined gravel aquifer.

Tﬁe piezometer at 45 feet in Nest 15 was installed in
a soft shaley alluvial deposit believed to be the lower end of the
Basal Alluvial Unit. Although the water level in the piezometer was
slow to respond after installation, it eventuélly attained a level
above the water table, thereby indicating an upward component of
flow. The upward flow is attributed to the northwestward pinchout
of the Basal Alluvial Unit between the overlying till and‘pnderlying
shale (Figure 9, p. 38). The pinchout of this confined moderately
permeable unit causes artesian pressure to occur in the northwestern
part of the deposit. This type of deposit would be expected to have
a larger horizontal component of_permeability than vertical com—
ponent due to the thin horizontal layering which characterizes this
type of deposit (W.A. Meneley, 1972, personal comm). It appears that
water enters the southéastern end of this aquifer and flows 1aferally
towards the pinchout zone, where the artesian pressure condition
causes some of the flow to be diverted upward, thereby creating a
groundwater discharge area in the overlying water table zone at a

lower elevation.
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The water level in the piezometer at 25 feet is slightly below
the general water table level. This indicates a small downward
gradient which may be the result of one or both of the following:
the downward component of a divergent flow from the pinchout of the
‘thin gravel lens above, or the influence of the downward flow as
water enters the underlying Basal Alluvial Unit.

The piezometer in the shale at 75 feet in Nest 11 was installed
in 1971, whereas the other piezometers in this pest were installed
in 1970. It has water levels which are consistently lower than
the overlying piezometer in the till and indicates that tﬁe movement
of water is downward from the till into the shale.

The piezometer at 44_feet in Nest 11, generally has water
levels which are above the water table in the fall and winter and
below the water table during the spring and summer., This indicates
that the upward gradient in the winter is reduced or reversed by the
rise in the water table during the summer. On the other hand, the
piezometer at 18 feet generally has a water level above the water
table during the summer, and although there is a slight lag in the
time of response for the water level in the piezometer, it still
indicates an upward flow direction.

It appears, therefore, from the hydraulic head data of
Nests 2, 3, 15 and 11, that the groundwater flow systems of the
Whitewater Basin are basically controlled by stratigraphic changes
in the geologic deposits. Whitewater Basin is characterized by
groundwater discharge through the overlying glacial deposits. The
pattern of hydraulic head in the four nests of piezometers is

analogous to the pattern of groundwater flow through a confined
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partial aquifer as proposed by Freeze and Witherspoon (1967)
(Figure 4, p. 11).

The flow from the Boissevain Formation is analogous to the
flow from a semi-confined aquifer which pinches out at some depth
below the surface. The flow is consequently diverted to areas of
lower hydraulic head, in this case upward to the water table zone
and downward into the Basal Alluvial Unit and underlying Riding

Mountain shale.

Hydrochemistry. The hydrochemistry of th? groundwater in the
Whitewater Basin closely reflects the nature of fhe geologic units
in which it occurs. The major ion concentrations in the two lowest
piezometers of Nest 2 are similar no the major ion concentration
of the bottom piezometer in Nest 10 which is in the Boissevain Formation
(Figures 11 and 12, pp. 43 and 44). The EC values for the lowest
piezometers in Nest 10 and 2 range from 2.4 to 1.6 mmho's/cm.,
respectively (Figure 13, p. 45). 1t appears, therefore, that the
groundwatgr in thg lowest piezometers of Nest 2 probably came from
the Boissevain Formation. Due to the proximity of Nest 2 to this
formation, it is probable that many of the original salts within the
till have been leached and carried further along in the flow system.
This would account for the present similarity of the major ion
concentrations in the groundwater of these two deposits.

As for the shallow piezometérs in Nest 2, the EC values
(Figure 13, p. 45) are somewhat misleading. The Nat and C1™ dis-
tributions (Figures 11 and 12, pp. 43 and 44) suggest that ground-

water from the Turtle Mountain Formation probably does not contribute
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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 grouﬁdwater zone. The
concentrations of Ca++, Mg++, and 804= are probably the result of
local surface water infiltration which subsequently mixes with water
from the Boissevain Formation to produce the observed major ion
chemistry.

| The water chemistry in the upper piezometers at Nest 3
(Figures 11 and 12, pp. 43 and 44) shows a lateral and vertical
increase in salt concentration from Nest 2. Water from the bottom
piezometer has a much lower salt concentration than that in the
overlying piezometers. These lower concentrations of catt, Mg++
and 804= are attributéd to the fact that the most probable source
of groundwater for the Basal Alluvial Unit is the Boissevain Formation
which contains small quantities of these ions. Lower concentrations
of Ca++, Mg++ and SO4= might also be due to the small volume of till
through which the water moves before it enters this unit. There may
not be sufficient.ﬁinerals present in this narrow channel of till to
give high concentration of these ions. It is assumed that the
soluble salts, whiéh may have been present initially in the till,
have been leached, and since the Basal Alluvial Unit is non-calcareous,
low concentration of Ca++, Mg++ and 804= would be expected at this
site.

The large increase in the Nat and C1~ concentrations in

water from deep piezometers in shale is attributed to the presence

of large-'quantities of sodium chloride (NaCl) naturally found in these

S
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shaley materials,

The C1~ concentration in the Basal Alluvial Unit is very
high compared to values in the overlying till. Very little water
therefore, moves upward from the Basal Alluvium through the till.
Water in the till at Nest 3 must be derived mainly by lateral flow
through the till from the vicinity of Nest 2.

The Mg++, Na++, SO4= and C1~ concentrations in the upper
piezometer and well at Nest 15 are much greater than in Nest 3.

The piezometer at 45 feet in Nest 15 was chemically contaminated by
the cement grout, therefore, useable chemical data such as the major
ion concentrations, pH and EC are not available.

Although the C1™ concentration in the till at Nest 15 has
increased from Nest 3, it is gtill rather low compared to typical
Cl1~ concentrations in the underlying Basal Alluvium. This suggests
that there is no water discharged from the Basal Alluvial Unit into
the till in the vicinity of Nest 15. The water in the till is
picking up salts but most of the pick up of major ions is probably
from the till itself. Ca' and Mg++ concentrations are high in the
till but very low in the shale and Basal Alluvial Unit. Therefore,
probably no water from the till enters the Basal Alluvial Unit at
Nest 15.‘ The other possibility is lateral and upward water flow
through the till from the area of Nest 3. The till probably céntains
sufficient soluble salts to account for the distribution of the
major ions as shown in Figﬁres 11 and 12, pp. 43 and 44. The concen-
trations of the major ions, therefore, is increasing along the path

of groundwater flow.
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The concentration of major ions decreases laterally to
Nest 11 (Figures 11, 12, and 13, pp. 43, 44 and 45). The shape of
the isopleths for Mgtt, Nat + k¥, SO4=, HCO3 , and EC suggest that
there is lateral water movement within the till., This could be due
to a change in permeability resulting from an ihtertill contact or
fracture zone. Although water chemistry at Nest 11 is affected by
the constituents picked up from the Basal Alluvial Unit, it probably
derives much of its character as it moves upward and laterally from
the Basal Alluvial Unit.

Therefore, it appears that the interpretations of the ground-
water chemistry data for Whitewater Basin are in agreement with the
flow pattern interpretations based on the hydraulic head data.

The chemical composition of the groundwater being discharged
from the Boissevain Formation increases in concentration as it moves
through the tills and the Basal Alluvial Unit. The presence of the
Basal Alluvial Unit extends the discharge area much further downslope
than would normally be expected.

Thé thin, éhallow, semi~-confined, coarse gravel aquifer in
the vicinity of Nests 2 and 3 facilitates lateral groundwater flow
in the upper 15 feet of sediments. The pinchout of this gravel
aquifer resultsvin artesian water pressures in the pinchout area
between Nests 3 and 11. The discharge from this aquifer is evident
from the accumulation of soluble salts in the soil profile and on
the soil surface.

At some point near midway between Nests 11 and 4 the pre-

dominant groundwater flow direction appears to become lateral as would
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be expected in a transitional area between discharge and recharge

areas.

Soils. The majority of soils in Whitewater Basin are developéd
on stratified, saline, lacustrine sediments. Most of the soils are
imperfectly drained and saline. The soils have predominantly Gleyed
Orthic Black and saline Gleyed Carbonated Rego Black profiles and
are mapped as members of the Elva and Waskada Catenas (Figure 14, p. 54).
The occurrence of well developed Solonetzic soils is also common in
this area.

A detailed field inspection in the vicinity of Nest 3 revealed
that the distribution of salinity was related to hydrologic conditions
of the near-surface gravel aquifer and to textural variations inherent
in lacustrine sediments. The présence of thin, coarse textured
layers appears to halt the upward movement of salts at the contact
of these lenses, resulting in a relatively non-saline soil profile
above them (Plate 7, Appendix G). Where these coarse textured layers
are absent, salt crystals were evident in the solum of the soils and
white salt crusts were prevalent on the ground surface. Figure 15
schematically represents observations made in the field. The arrows
are interpretations of the most probable direction of water flow
through the saturated and unsaturated soil zones. The hydrologic
data for Nest 2 and 3, as previously discussed, indicate that
Whitewater Basin is characterized by generally lateral and upward
groundwater flow, and that there is partially confined lateral flow
through the pinched out gravel aquifer. The interpretations of the

upward flow of water in the unsaturated soil zone are based on the
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flow characteristics as discussed in Baver (1963, p. 252) and the
principles of capillary movement of water and salt solutions in
stratified soils as discussed by Felitsiant (1961).

It was observed in several soil profiles in areas under low
artesian pressures, that the presence or absence of thin, coarse,
gravelly layers at some point in the unsaturated soil zone, was
very significant in determining the occurrence, distribution and the
concentration of soluble salts.

It appears, therefore, that large contrasts in the texture
of different soil layers determines the position of salt deposition
within the soil profile. Coarse graveily layers tend to act as
semi-impermeable boundaries at which point the capillarity is abruptly
broken. This results in salts being deposited at the bottom of the
coarse textured layers. Areas which ﬁad no coarse textured layers
commonly had white salt crystals at or near the surface.

' On the other hand, soil areas not under small upward flow
gradients, and lacking these coarse textured lenseé, tend to have no
salinity. They are leached and usually have moderately well drained
profiles,

The genesis of soils in the Whitewater Basin, therefore, is
strongly influenced by surficial geology, in particular, the micro-
stratigraphic and textural variations, and the groundwater flow
pattern in the upper part of the glacial arift. The geologic and
groundwater conditions, to a large extent, control the movement of

water and salts in the unsaturated zone above the water table.
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Leighton Area

Hydraulic head. The hydraulic head in the Leighton Area was

determined at Nests 4 and 5. With the exception of the piezometer
at 93 feet, the hydraulic heads in the remaining piezometers at
Nest 4 are generally coincident with the water table (Appendix C).

The lack of appreciable vertical hydraulic gradients at this
Nest is indicative of a zone of lateral groundwater flow. The piezo-
meter at 93 feet has a consistently downward head indicating that
the most probable direction of groundwater movement is downward
from the till to the underlying shale.

The hydraulic head at Nest 5 is.more typical of groundwater
recharge. The piezometer at 93 feet has a very stable head of
approximately 6 feet below average water table level. Although the
piezometer at 48 feet was initially siow to respond it attained
a head of approximately 3 feet below average water table level
during 1971. The water levels in piezometers at 28 and 15 feet
correspond closely to the water table, generally indicating zero
head. This condition of downward head in the deep piezometers and
zero head in the shallow piezometers, suggests that water movement
is downward in the lower part of the till and lateral in the upper
part of the till.

The bedrock shale in the Leighton area has stable piezometer
water levels below that in the overlying till, Water therefore,
tends to move downward from the till into the shale, Upon entering
the shale, the main water flow is probably horizontal towards the

northwest.
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Hydrochemistry. There is a significant decrease in major ion

concentration of the groundwater between Nest 11 and Nest 4, indicating
that the flow system must have changed. The hydrochemistry at

Nest 4 is probably the result of lateral flow in the tramsition zone
between discharge at Nest 11 and recharge at Nest 5.

Because the water at Nest 4 has larger ion concentrations
than Nest 5 (Figures 11 and 12, pp. 43 and 44), water must move
downward between 4 and 5, and therefore not reach Nest 5. The water
at Nest 5 is recharged in the vicinity of Nest 5 and moves with a
significant downward component. The increase in the Nat and C1™
concentration with increasing depth below ground surface is more
typical of the values which could be derived by downward flow through
the till than from flow through deposits of shale.

The lateral distribution pattern of Ca++, Mgtt, and 504=
indicates that there is a slight irregularity in the normal downward
flow of groundwater in this recharge area. This lateral distribution
of ions in a zone near the 20 to 30 foot depth between Nests 4 and 5,
suggests>thaf.the”lateral component of groundwater flow is larger than
the vertical component of flow. A zone in which the horizontal
permeability is greater than the vertical permeability would produce
 this type of groundwater flow. A change in the nature of the ‘
permeability of a zone within the till could occur as a contact
zone Eetween two units of till or as the result of glacial thrusting
(W.A. Menelley, 1972, personal comm.). Lateral grouﬁdwater flow in
this zone is also indicated by the lack of vertical hydraulic head

in the shallow piezometers of Nest 5.
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Soils. The soils in the Leighton Area are mapped primarily
as members of the Waskada Catena (Figure 14, p. 54). These soils
are developed on a thin, discontinuous, medium textured aeolian
and lacustrine deposit overlying medium to moderately fine (loam to
clay loam) textured glacial till. These soils are generally found
in juxtaposition to the till soils of the Ryerson Catena.

The majority of these soils are well to moderately well
drained Orthic Blacks. Most of the surface runoff water collects
in shallow closed depressions. There are a few short ephemeral
étreams which disappear before they leave the area (Figure 6, p. 27).
Therefore, most of the surface water in this area is either taken
in directly by the soils or is collected in shallow stream beds and
depressions. Water is lost from these depressions by evaporation
from the water surface, evapotranspiration from the surrounding area,
and by infiltration to the groundwater.

A detailed examination of the soils in the vicinity of
Nest 5 shows that the shallow depressions in the upper part of the
landscapé aré‘genérally characterized by Gleyed Eluviated Black
and Or;hic Black profiles; depressions at slightly lower topographic
positions by Humic Eluviated Gleysols and Orthic Humic Gleysols; and
the lowest depressions by Saline Gleyed Carbonated Rego Black and
Saline Carbonated Rego Humic Gleysols (Figure 16). An interprétation
of this distribution of soil types suggests that soils in depressional
areas in the upper part of the landscape form as a result of con-
siderable leaching by infiltrating water and are indicative of local

groundwater recharge conditions. Soils in the lower parts of the
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landscape which are locally more moist or humid are carbonated,
saline, and morphologically show no signs of leaching. Much of the
soll water loss is attributed to evaporation. These soils are
typical of areas with high water tables, saline groundwaters and
are indicative of local groundwater discharge conditions.

Many of the soils on the upper slopes and knoll positions
are carbonafed and appear as greyish white eroded areas in the
landscape: These soils are not 1eached, due to a more rapid surface
runoff which leaves very little water for infiltration and leaching.
Any infiltration that does occur is likely lost by evapotranspiration.
It is probable that very little or no water enters the water table
as a result of normal infiltration through the soils on slopes and
knolls because of surface runoff.

Thus, while the overall groundwater flow in the Leighton area
tends to be lateral andqdownward, micro-relief creates significant

local differences that are reflected in the soil morphology.
Medora Area

The hydrologic segment designated as the Medora Area is
interpreted as an area of groundwater discharge from very shallow
depths in the glacial till. Below the shallow discharge zone there
is lateral flow and downward flow to the bedrock shale. These
interpretations are based on the rather complex pattern of hydraulic
head and major ion distributions.

The most important evidence supporting the shallow groundwater
discharge interpretation is that the concentrations of Nat, Ca++,

Mg++, Cl7, and 504= are very high in the shallow piezometers at
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Nests 6, 12, and 14 (Figures 11 and 12, pp. 43 and 44); in fact,
they are among the highest concentrations encountered in the entire
study area. The contrast between the dilute shallow groundwater
chemistry in the Leighton Recharge Area and the saline discharge

segment of the Medora Area is very distinct.

Hydraulic head. The cause of the hydrochemical pattern becomes

more clear by considering the hydréulic head distribution. The

head in the bedrock shale is consistently much lower than in the
overlying till, indicatihg that flow in the deeper part of the till
has a downward component. The discharging conditions in the upper
most part of the till must, therefore, be caused by a zone of higher
permeability. This causes the flow to be channelled laterally north-
westward under confined pressure conditions producing diverging flow
upward and downward from the channelling zone or zone of lateral
flow. If this condition exists, there must be higher hydraulic head
in the lateral flow or channelling zone than at the water table above
the zone and in the ;ill 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 levels above the water in the 10 foot
water table well and often slightly above the levels in the under-
lying piezometers at 23 feet and 38 feet. These water level
relations indicate that a higher head zone occurs between 15 and 23
feet and, therefore, a higher permeability within this depth interval.
Although not detected by obvious changes in sample material obtained
during drilling, it is likely that the higher permeability zone is

associated with the contact between two different ti;l units. As
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indicated previously, two tills have been observed in the region to
the east of the study area by Kohut (1972).

The shallow discharging gradients are not detected in Nest 12
and 14, presumably because these nests do not have piezometers at
the appropriate shallow depth interval below the water table wells.

The shallow lateral groundwater flow in the upper part of
the till of the/Leighton Recharge Area, therefore, appears to be
continuous into the Medora Discharge Area. Due to the decreasing
elevation of the water table and the increased volume of water from
recharge in the Leighton Area, this lateral groundwater flow becomes
a semi-confined divefgent flow with part of the water flowing
upwards to the water table and part flowing downwards from the
lateral flow zone. The dominant trend in the interior of the
apparent inter-till zone is probably lateral flow towards the
ﬁorthwest.

Hydrochemistry. The hydrochemistry of the Medora Area

(Figures 11 and 12, pp. 43 and 44) shows that the concentration of the
major ion chemistry decreases with increasing depth¥. Tﬁis distri~
bution is typical of groundwater discharge areas. However, the
distribution of Cl~ between Nest 6 and 14 reflects a zone of
significant lateral flow within the upper till. The concentration

of C1~ increases upwards and downwards in the vicinity of the 25 foot
depth of Nest 14. The lateral flow is indicated 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 Cl~ subsequently

*¥ The groundwater samples from the 35 foot depth in Nest 12 and the
50 foot depth in Nest 14 were contaminated with cement and, therefore,
no useable hydrochemical data is available.
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increases upward to the water table and downward, away from the
25 foot depth.

The concentrations of the other major ions show significant
upward increases at shallow depths near the water table. The lateral
flow zone in the till, as indicated by the Cl~ concentrations, is not
readily apparent from the Ca++, Mg++, or SO4= concentrations;
however, the concentration values are much lower below the 25 foot
depth than near the water table.

The C1~ concentrations increase slightly across the till-shale
contact suggesting that water probably does move into the shale.

The dist;ibution of C17, therefore, is in agreement with the
hydraulic head data which showed lower heads in the underlying shale.

The other ions, however, behave differently. The concentrations
of Ca++, Mg++, and SO4= decrease across the till-shale contacf, while
Nat shows corresponding increases. The lower values of Catt, Mg++,
and 504= in the shale indicate that if water from the till enters
the shale, as indicated by the hydraulic gradients near the till-shale
contact, large concentrations of these ions must be lost through
various mechanisms such as redox reactions and cation exchange.

The Na¥t concentration which is much greater than the C1~
concentration can be attributed to the exchange mechanisms. As

ca*™ and Mg++ are absorbed onto exchange sites in the shale, Nat

is displaced. This would account for the abrupt decrease in catt
and Mgt concentrations within the shale and at the same time account

for some of the excess Nat (Nat - €17 = excess Né+). The accompanying

decrease in SO4= concentration is probably due to reduction processes
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within the shale. The odor of hydrogen sulfide (H,S) gas was very
evident.in the plezometers in this area, particularly the piezometers
in the shale.

It appears, therefore, that the pattern of downward flow
which is characteristic of the Leighton Area changes to a more complex
pattern of divergent groundwater flow in the Medora Area. Both
~hydraulic head and hydrochemistry patterns indicate the presence
of a more permeable inter-till lateral flow zone with diverging

upward flow to the water table and downward flow to the lower tills.

Soils. The majority of soils in the Medora Area which are
developed on moderately calcareous, meaium to moderately fine textured
glacial till are mapped as members of the Ryerson Catena (Figure 14,
P 54). Many of the well drained, upper slope soils have eroded
Rego Black and Calcareous Black profiles, while the soils on lower
slopes are generally imperfectly drained, carbonated and 6ccasionally
saline.

Saline soils commonly occuf in rings around sloughs and
depressional areas. Areas of higher local relief generally have
salts leached out of the solum. However, in these areas salts are
quite conspicuous at lower depths in the soil profile.

Due to a slight increase in local relief, the surface runoff
is generally more rapid than that of the Leighton Area. Weak
dendritic drainage patterns (Figure 7, p. 3d) have developed probably
as a result of the more rapid runoff. Most of the groundwater that
is discharged in this area probably collects in the deeper depressions

and drainage channels and forms small, semi-permanent water bodies
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and sloughs. Saline Carbonated Rego Humic Gleysols are generally
“typical of the soils in local discharge areas.

In general, it is the microtopography which is the dominant
-factor influencing surface runoff, soil drainage and soil salinity

0f the Medora Area.

Medora Ridge

Hydraulic head. The hydraulic head data for this area was

obtained at Nest 7. The hydrographs indicate that the water level
in the piezometers quickly reéponds to changes in the overlying water
table. This suggests that the groundwater flow system in this area
is relatively dynamic.

The piezometer at 28 feet has the largest range in water
level fluctuations. Strong positive gradients were measured during
the winter and small negative gradients were measured during the
summer. The drill log for the piezometer at 28 feet suggests that
the piezometer intake may be situated in a zone of slightly different

permeability. This could cause the strong positive hydréulic gradient

encountered at this site.
A similar pattern with a much smaller range in water level E}fﬁ{%

fluctuation was measured in the overlying piezometers. The duration

and magnitude of the positive gradients, however, are much less than

the underlying piezometer at 28 feet. It appears that during the

spring, summer and fall, the dominant flow of water in the upper
part of the shale and overlying till is basically downward. However,
in the winter, it appears that the most probable direction of water

movement 1s upward from the shale to the contact of the overlying till.
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The lack of ponded surface water, the lack of soluble salts in the
upper soil, and the slope of the bedrock topography indicate that

any upward moving groundwater from the shale prob;bly flows laterally,
either towards the Medora Area or to the Souris Escarpment Area, along
the till-shale contact zone.

Hydrochemistry. The degree of mineralization of the ground-

water in all piezometers is very low as-is indicated by EC values
of 1.2 mmho's/cm. or less (Figure 13, p. 45). These low EC values
are probébly indicative of a moderately shallow freshwater flow
system.

The hydrochemistry of this site (Figures 11 and 12, pp. 43 and
44) shows that tPe concentrations of Nat and C1™ increase with
depth. The C1™ in pérticular, shows distinctive increases towards
the Souris Escarpment Area and also towards the Medora Area, indicating
the probable direction of flow.

As water infiltrates the thin overlying till, some Ca++,
Mg++, and SO4= will be picked up; however, as it moves into the shale
in the groundwater zone, cation exchange mechanisms cause a decrease
in Cca™ and Mg++ concentration and results in a corresponding increase
in Na* concentration. On the other hand, 804= prbbably undergoes
reduction to HyS gas.

The larger concentrations of ions in the piezometer at
28 feet suggest that it could be a part of a slightly different flow
system. This would be in agreement with the trends indicated by the

hydraulic head data.

However, on the basis of the hydraulic head and hydrochemistry
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gnd the lack of surface soil salinity this area is characteristic
of down&ard moving groundwater, and the area is referred to as the
Medora Ridge Recharge Area.

Soils. The soils in the Medora Ridge Area are developed
- primarily on strongly calcareous, medium to moderately fine textured
glacial till. The soils have been mapped as members of the Ryerson
Catena (Figure 14, p. 54). Soils of the Waskada Catena commonly
occur in depressional areas.

Soils in the immediate vicinity of Nest 7 are Gleyed Eluviated
Blacks grading upslope to Orthic Blacks and finally to Rego Blacks
on the top of the knoll. The depressional areas at lower elevations
in the area are commonly saline, and imperfect to poorly'drained.
These depressional soils are usually only 1 to 3 feet deep, overlying
the Riding Mountain shale. Saline Gleyed Carbonated Rego Black and
Saline Carbonated Rego Humic Gleysolic soils are the charagteristic
profiles of the thin deposits in these depressional areas.

Surface water runoff from this area occurs in small stream
meanders which originate in the Medora Area and empty into the

Souris Plain.

Souris Escarpment

Hydraulic head. The piezometers at 20 and 40 feet in Nest 13

(Appendix C) generally have negative hydraulic heads. This situation
appears to be caused by the occurrence of shale which is relatively
permeable, mainly in the horizontal direction. Flow in the shale
appears to be channelled laterally to discharge zones along the

escarpment face. This would explain the negative hydraulic gradients
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at Nest 13.
Nest 8 is located near the base of the Souris Escarpment
Area (Figure 9, p. 38). The hydraulic head in the shale at this
site, as measured by a piezometer at 48 feet; is relatively stable
and consistently below the level 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 the spring
and summer., The hydrograph generally has the same response as the
water table which indicates that it is a relatively dynamic system.
The piezometers at 10 and 18 feet generally have positive
gradients through most of the year. This condition is the result
of lateral groundwater discharge from the shale of the escarpment.
In general, the hydraulic head data for the Souris Escarpment
Area indicates that water is being discharged laterally from the shale
to the till in the vicinity of Nest 13. The discharged water sub-
sequently flows downslope along the till contact zone and into the
till af the bottom of the slope. This downslope flow of water
creates small positive gradients in the shallow piezometers at
Nest 8 and results in the discharge of saline groundwater through
the till. |

Hydrochemistry. The distribution patterns of the major ions

(Figures 11 and 12, pp. 43 and 44) show that concentrations increase
towards the face of the escarpment and downslope into the till.

The Nat concentration at the water table in Nest 13 is high

(504 meq./1.), suggesting that much of the groundwater probably

comes from the shales.. Assuming that the distribution of C1™ is
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indicative of the direction of flow, it appears that water moves
downward through the till of the Medora Ridge Recharge Area and
enters the shale. The water apparently moves laterally through

the shale and is subsequently discharged at the escarpment face.
This small scale flow system would explain the higher than average
catt, Mg++, and 304= cdncentrations in the shale at 20 feet. These
ions were picked up in the till and have been moved down into the
shale due to the dynamic nature of the flow regime.

The major ion concentration is much larger at Nest 8, however,
and appears to be the result of groundwater discharge from the shale
due to the high concentrations of Nat and C1~. Groundwater, moving
laterally downslope from the face of the escarpment, has probably
introduced and concentrated these soluble salts in the groundwater
at Nest 8. 1In general, the concentration and distribution of the
various ions tend to substantiate the interpretation of the hydraulic
head data. This area, therefore, is referred to as the Souris
Escarpment Lateral Discharge Area. |

§gil§,” Th; soils in the upper part of the Souris Escarpment
Discharge Area are developed on strongly calcareous, medium to
moderately fine textured glacial till. The well drained soils in
the area have Rego Black and Orthic Black profiles and are mapped as
members of the Ryerson Catena (Figure 14, p. 54). There are also
thin soils overlying the shale in this area, which occur near the
face of the escarpment. Some of these soils have little profile
development, probably due to their topographic position, whereas

others tend to have accumulations of salts and very little profile
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development mainly due to laterally discharging groundwater. These
soils occupy only a very small 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 medium to moderately
coarse textured lacustrine sediments. The medium textured soils are
mapped as members of the Waskada and Cameron Catenas, whereas the
moderately coarse textured soils are mapped as members of the Souris
Catena (Figure 14, p. 54). The dominant subgroups in both of these
catenas in this area are the Gleyed Carbonated Rego Blacks, Saline
Gleyed Carbonated Rego Blacks and Carbonated Rego Humic Gleysols.

Most of these lacustrine soils have carbonated and calcareous
profiles and many are m&derately saline. The majority of these
soils are imperfectly drained, some are poorly drained, and many
have white salt crusts on the surface. In general, these profile
characteristics are typical of soils in groundwater discharge

areas.

Souris Plain

Hydraulic head. Nest 9 is the only piezometer nest located

in the Souris Plain part of the groundwater flow system. The
piezometer at 57 feet intersects the Riding Mountain shale and,
except in the spring and summer, generally has a positive gradient.

A positive gradient in the shale in this area indicates that the most
probable direction of flow woﬁld be from the underlying shale. This
condition could not be confirmed since no piezometers.were installed

at the shale contact.
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The overlying piezometers responded much more quickly to
changes in the water table, indicating that the flow regime in the
upper 28 feet is very dynamic. The hydrographs for piezometers at
28, 18, 15, and 7 feet (Appendix C) show predominantly zero gradient.

. This is an indication of lateral groundwater flow.

Hydrochemistry. The hydrochemistry of the Souris Plain Area

indicates thaf the most,probable direction of groundwater flow
occurs in the direction of decreasing concentration of the major
jons (Figures 11 and 12, pp. 43 and 44). This decrease in ion con~
centration could be due to'a dilution of the water as it flows
laterally away from the major source of the ions; in this case,

the shale and till of the Souris Escarpment. Considerably less
soluble salts are expected to occur in the coarsé textured surface
deposits and also rapid infiltration of rain and fresh surface
waters would help to dilute the saline groundwater.

It appears that there is a general tendency for the lateral
flow to proceed more rapidly along zones of contact between the
various geologic deposits. It is also apparent from the hydrochemical
data, that upward seepage from the underlying shale is small compared
to the lateral flow in the till and overlying sediments. This part
of the flow system, therefore, is referred to as the Souris Plain
Lateral Flow Area.

Soils. The majority of the soils in the Souris Plain Area
are developed on moderately to weakly calcareous coarse textured
lacustrine sand and are mapped as members of the Souris Catena,

Other soils which are developed on strongly calcareous, moderately
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coarse to medium textured lacustrine sediments are mapped as members
of the Cameron Catena.

Most of the soils regardless of texture, are imperfectly
drained and generally have been mapped as Gleyed Carbonated Rego
Black soils. Many of the soils contain soluble salts which are
evident as small white crystals in the profile and as thin white
crystalline crusts on the surface. Coarse textured sandy soils with
solonetzic morphology and chemistry are also common in this area.
The presence of the large concentrations of Nat in these silica
sands is attributed to the flow of groundwater from the shale of the
Souris Escarpment.

The high Nat in the groundwaters may have been the source
of Nat that is now found in the solonetzic soils. Soil salinity and
water tables may have been much higher at one time; however, lower
water tables in more recent times may have initiated the formation of
these sandy solonetzic soils.

The well and moderately well drained soils are foupd associated
with areas of higher local relief. The duned areas, in particular,
generally have Eroded Rego Black and Regosolic profiles.

The soils in the Souris Plain Area are generally influenced
by high water tables (av. 2.9 feet at Nest 9). This can be observed
in water table wells, sloughs and road ditches. Many of the sioughs
and ditches are deep enough to intercept the water table and as a
result they contain water for longer periods during the year. These
_areas are generally characterized by Saline Carbonated Rego Humic

Gleysolic profiles.
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General Discussion of the Hydrogeologic Influence on Genetic Soil
Distribution

The hydrological investigation‘has shown that the study area
is comprised of seven different hydrologic flow regimes. Each of
these seven areas has been characterized in terms of hydraulic head
and hydrochemical data, and general soil distribution. The genetic
soil profiles found in each of the seven areas can be dirgctly related
to the conditions of groundwater flow which in turn are affected by
the characteristics of topography and geology.

The genetic and morphologic properties of the soils in the
Turtle Mpuntain Area are a reflection of strong groundwater recharge.
Most of the soils in this area in the well and imperfectly drained
positions are leached of soluble salts and carbonates and many of
them are moderately to strongly eluviated. Poorly drained soils
occupying depressional positions which retain free water for only
short periods are generally strongly eluviated. In depressions which
retain free water most of the year, the soils are generally leached
of soluble salts and carbonates but show little or no signs of
eluviation. This lack of carbonates and soluble salts in the poorly
drained soils of this area is probably the most significant factor
when compared to the poorly dréined soils in the other hydrologic
areas. In the Leighton and Medora Ridge Recharge Areas the majority
of the soils are leached and eluviated. However, some of the poorly
drained soils in depressions have not been leached of salts or
carbonates. This presence of soluble_salts and carbonates ié probably

one of the most notable features of soil profile development in
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comparison to the Turtle Mountain Area. The lack of leaching in some
of the poorly drained depressional soils iﬁ the Leighton and Medora
Ridge Areas suggests that these areas are not characterized by strong
groundwater recharge as is the case in the Turtle Mountain Area. It
has been shown that the recharge gradient in the Turtle Mountain Area
is muéh greater than that in the Leighton and Medora Ridge Area.

The distribution of genetic soils in'the Leighton and Medora
Ridge Recharge and the Medora Discharge Areas is 1arge1& dependent
upon local topography. The micro-relief in each area has resulted
in a complex configuration of the upper part of the larger flow system,
producing recurring sequences of small recharge and discharge flow
regimes. These local flow systems are reflecfed in the genetic and
morphologic properties of the soil. For éxample, Gleyed Eluviated
Black and Humic Eluviated Gleysols are indicative of local groundwater
recharge, whereas the Saline Gleyed Carbonated Rego Black and
Carbonated Rego Humic Gleysols are characteristic of local groundwater
discharge. The larger hydfologié areas are characterized by the
predominance of various profile types. That is, recharge areas always
have higher percentages of leached and eluviated soils, whereas
discharge areas usually have higher percentages of saline and carbonated
éoils. Small permanent water bodies are also more common in discharge
areas.

The distribution of soil profile types also varies between
discharge areas. The Whitewater Basin, Medora, and Souris Escarpment

areas are characterized by discharging groundwater but have different
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types of soil profiles. For example, Solonetzic soils are quite
common‘in the Whitewater Basin, whereas no Solonetzic soils were
found in either of the other two areas. A possible reason for the
lack of Solonetzic soils in the Medora Area might be the lower
quantity of Nat salts in the groundwater. Since Nat is a major
characteristic of Solonetzic soils and since the groundwater being
discharged in the area does not encounter any Nat rich deposits,
it appears unlikely that Solonetzic soils would develop. The ground-
water in the Souris Escarpment on the other hand does have high
concentrations of Nat obtained from lateral flow through the
Riding Mountain Shales. However, it appears that Solonetzic soils
have not developed in this area either, possibly because it still

is a very active discharge area. The Solonetzic soils in the Whitewater

5
£ 4

Basin on the other hand, are generally found in areas where buried
gravel lenses and high water tables result in only very weak discharge
or even lateral flow in the upper 6 to 10 feet of sediments. This
could account for the Na' salts being transported into the soil
and also provide an oppprtunity for some leaching to occur as the
water table level decreases.

The Souris Plain is dominantly an area of lateral groundwater
flow. A comparison of this area to the other hydrologic areas
on the basis of soils suggests that it may have certain groundﬁater
conditions in common with the Whitewater Basin Area with regard to
the development of Solonetzic soil profiles. The Nat salts in the
Souris. Plain very likely originated in the Souris Escarpment Area

and were transported into the Plain Area by lateral groundwater
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flow. The subsequent development of the Solonetzic soils in this
area, tﬁerefore, was likely the result of a fluctuating high water
table which contributed the Nat salts to the soil zome. In this
respect, it is similar to the Whitewater Basin.

In general, it is difficult to compare the genetic soil
distribution patterns from one area to the next because the distri-
bution pattern within each area has formed as a result of slightly
different hydrogeologic parameters. For example, the nature of the
bedrock geology can alter the direction of a large flow system,
whereas the micro-stratigraphy and micro-relief can alter the direction
of local flow systems.

The establishment of general hydrogeological and pedological
relations, such as leached soils indicate recharge and saline soils
indicate discharge, is very common. However, on the basis of the
genetic and morphological properties of a soil profile, it‘is usually
only the local flow system which can be identified. The extent of
larger flow regimes can only be approximated by the areal distribution
of soil profile patterns. It should be remembered, therefore, that
specific soil subgroups (profiles) are only indicative of local
site conditions of groundwater flow and that it is the overall pattern
of the subgroup distribution fhat must be used to describe the larger
hydrologic areas.

Another point to be considered is that soils and groundwater
exist in a dynamic relationship and that the properties and
characteristics of the present soils may not necessarily be indicative

of the present groundwater conditions. The evolution and development
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of soil subgroups, therefore, generally follows a sequence or cycle
of events which invariably are directly assoclated with the

. hydrogeologic conditions of the area.

I1 SOIL SALINITY AND HYDROLOGY

It has long been recognized that areas of groundwater discharge
are invariably associated with areas of saline soils. Therefore,
since this hydrologic study was conducted in an area where the
occurrence of saline soii is very common, some attention was devoted
to determining the conditions controlling salinity, the degree and
distribution of salinity, and the source of the soluble salts
responsible for the salinity. To facilitate this discussion, it is
‘first necessary. to define the following terms: soil salinity, sub-

soil salinity, saturated soil salinity and groundwater salinity.

Salinity

The term salinity as used by soil scientists denotes the
presence of soluble salts in a medium. The quantity of salt is
usually expressed in terms of electrical conductivity. A soil ié
considered to be saline if a solution extracted from a saturated
paste has an electrical conductivity value of 4 mmho's/cm. or more.

The System of Soil Classification for Canada (1970) groups
saline soils into the following classes: 1) non-saline soils which
have an electrical conductivity less than 4 mmho's/cm., 1i) weakly
saline soils which have an electrical conductivity in the range of

4 to 8 mmho's/cm., 1ii) moderately saline soils which have an
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elect;ical conductivity in the range.of 8 to 15 mmhos/cm., and
iv) strongly saline soils which have an electrical conductivity
greater than 15 mmhos/cm. In addition to the quantity of soluble
salt that has to be present, a saline soil must have the salts
present iﬁ the solum and/or parent material.

The term sub-soil is used here to refer to the zone between
_ the bottom of the soil profile and the top of the water table. The

-degree of sub-soil salinity as defined here recognizes the same

criteria for electrical conductivity as previously stated for the
four classes of surface soil salinity: none, weak, moderate and

strong.

Saturated soil salinity refers to the salinity of soil samples
collected from various depths below the water table during the
drilling program. The criteria for determining class of salinity
as based on the criteria established in the System of Soil Classification
fpr Canada (1970), is none, weak, moderate and étrong as previously |
defined for soil profile'or surface soil salinity.

Groundwater salinity can be defined in terms of the quantity

of dissoived mineral constituents which it contains. The following
is the classification of groundwater based on the total dissolved
" mineral constituents which is used by the Internatiomal Hydfologic
Deéade and‘by the United Nations Economic Scientific and Cultural

Organization:



Classification : TDS Approx. EC (mmhos/cm.)
Fresh less than 1000 mg/litre (1.4

Slightly Brackish 1000 to 3000 mg/litre 1.4 to 4.3
Brackish 3000 to 10,000 mg/litre 4.3 to 14

Saline 10,000 to 35,000 mg/litre 14 to 50
Brines more than 35,000 mg/litre > 50

(For comparison, rain has about 15 mg/litre; sea water has
35,000 mg/litre)

Salinity Relations

The standard method of determining soil salinity as described
in the USDA Handbook No. 60 is based on electrical conductivity
measurements of saturated soil paste extracts. According to the
USDA Handbook No. 60, the advantage of the saturation extract method
of measuring salinity lies in its direct relationship to the field
moisture range. The soluble salt concentration in the saturation
extract tends to be about one half of the concentration of the soil
solution at the upper end of the field méisture range (approximately
field capacity) and about one quarter of the concentration that the
soil would ha&e at the lower, dry end of the field moisture range
(permanent wilting point). Therefore, EC values obtained by the
saturation extract method, on soil samples from the unsaturated soil
zone, will generally be one half to one quarter of the EC value of
the soil solution in the unsaturated soil. On the other hand, soil
below the water table is generally assumed to be saturated and,
therefore, the values of EC from soil extracts should be very similar

or equivalent to the EC of soil water or groundwater providing that
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no water was added to the sample and no water was lost during sampling.
in general, measurements of EC for each of the four previously

defined zones in an area with a uniform vertical distribution of

salinity from the soil surface to the saturated soil zone could be

expeéted to show the following relationship:

EC(soil surf.)‘( EC(sub—soil) < EC(sat. soil){g Ec(grdundwater) (3)

The EC values for all soil samples discussed herein were all
measured according to the saturated paste method. These EC values
have not been corrected according to the relationship established
by equation 3. Equation 3 indicates that comparisons between EC
values of soils become more reliable as the original moisture content
of the soil increases. In other words, EC values of soil samples
collected at or below the water table are more representative of
actual salinity conditions than are EC values for surface soil
samples in which the original moisture content is unknown. . In the
remainder of this discussion, EC values for soil salinity have not
been differentiated into the soil, sub-soil or saturated soil

intervals unless indicated.

Distribution of Saline Soils

Figure 17 shows the regional distribution of saline soils for
the Southwest Map Area of Manitoba. As shown on this map, there are
two major areas of saline soils. The first area, referred to as the
Souris Plain, occurs between the 1500 and 1400 foot elevation, while
the second area, referred to as the Whitewater Basin, occurs immediately

below the 1700 foot elevation in the vicinity of Whitewater Lake.
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Figure 18 shows, in more detail, the portions of these twb major
areas of saline soils which occur in the study area. The first area
near the town of Deloraine corresponds to the Whitewater 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 part of the Souris Plain Area. With the exception of
the Souris Plain, the areas of saline soils near the town of Medora
(Figure 18) could not be separated on the basis of morphologic soil
properties alone; therefore, a detailed survey and extensive soil

sampling were conducted to determine the saline areas.

Vertical Distribution of Salinity

During the drilling program, samples of soil were collected
at one foot intervals from the surface to a depth of ld feet, at
various locations within the study area. Additional samples were
collected at greater depths during piezometer installation. The
electrical conductivity data obtained from the saturated soil
extracts of these samples are shown in Figure 19. The direction
of increasing values of EC is indicated by the small vertical
arrows immediately above or below each site.

Five distinctive profiles of solublé salt accumulation, as
indicated by the magnitude of the EC, were established. These
profiles are: (a) increasing accumulation towards the surface,

(b) increasing accumulation away from the surface, (c) increasing

93

accumulation from the surface to the water table zone and subsequently

decreasing below the water table zone, (d) increasing accumulation

upwards from the water table zone to the soil surface and increasing
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downwards from the water table zone, and (e) no vertical increase
or decrease throughout the 10 foot profile.

In view of these vertical salt distribution profiles, an
attempt was made to relate each of these salinity conditions to the
corresponding conditions in the groundwater. In this study, the
direction of increasing values of EC was interpreted as indicating
the general direction of water movement in both the saturated and
unsaturated soil zones. According to the concepts described by
Freeze (1967), "water moveﬁent in the unsaturated zone is in physical
and mathematical continuity with water flow in the saturated soil
zone"., Therefore, EC values decreasing from the surface to the water
table zone were assumed to be the result of evaporation processes
whic#, according to Freeze (1967), would be in physical continuity
with discharging groundwater. On the other hand, EC values increasing
from the surface downward indicate that surface water infi;tration
isvthe most probable method of water movement in the unsaturated
soil zome. In this case, infiltration would be in physical continuity
with recharging groundwater conditions. The three remaining distri--
bution profiles (Figure 20, c, d,land e) were attributed to trans-
itional and lateral groundwater movement with infiltration and
evaporation accounting for the variations in the salt profile.

Using these interpretations, the EC profiles were codedbusing
circles with shading and short vertical arrows corresponding to
the five distinctive profiles as shown in Figure 21. The vertical
diameter of the circle represents a depth of 10 feet, the shaded

area of the circle indicates EC values greater than 4 mmhos/cm, the
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unshaded area indicates EC values less than 4 mmhos/cm., and the
arrows represent the direction of increasing EC. The symbols énd
arrows were placed at each of the investigation sites as shown in
Figure 21,

The boundary lines separating each of the seven hydrologic
areas generally approximated the elevational contours as indicated
on the relief map (Figure 7, p. 30). However, the boundary which
delineates the Medora Ridge Area does not follow any particular
contour of elevétion due to the dissected nature of the top of the
escarpment.

Figure 21 shows that the distribution and degree of salinity
in the soils is much more severe in groundwater discharge areas than
in recharge areas. It can also be noted that each of the hydrologic

areas identified has variable conditions of soil salinity.

Type and class of salinity. To determine the nature of salts

in the soils, eight sites were chosen along the cross-section and
analyzed for soluble salts. The data is presented in Appendix F-1.
The dominant cation and anion were assumed to be the predominant
salt present in the soil.

Table II shows the change in type and class of salinity
with decreasing elevation throughout the various hydrologic areas.
The major ions throughout the study area were Mg++ and SO4=. The
Whitewater Basin, in addition to containing Mg++ and SO4=, also
contained significantly higher concentrations of Nat and C1~ than
the other hydrologic areas.

Table II also shows the change in distribution of the
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TABLE 1I
TYPE AND CLASS OF SOIL SALINITY WITH DECREASING

ELEVATION THROUGH THE VARTOUS HYDROLOGIC AREAS

Isite Approx. Hydrologic Major Ions Salinity class Average
. No. Elev. Area ' "~ EC
: (mmhos/cm)
to 10'
-} B | 2200°" Turtle Mountain ca™t, SOA= none 0.2
(Recharge) :
Y | 1950' | Turtle Mountain Mgtt, so,” none-weak 3.5
(Recharge)
G1' 1650' Whitewater Basin Na+, SO4= moderate-strong 13.7
(Discharge) '
1D 11630 Whitewater Basin | Mgtt, SO4=, Na+, c1L” moderate 8.8
(Discharge) : ’
5 | 1610 Leighton Area Mgtt, S0, weak 5.9
(Recharge)
J 1600" Leighton Area Mgt 504= ' none 2.1
(Recharge)
K | 1590 Medora Area Mg™, so,” weak 6.3
" (Discharge) - .
T 1510 " Medora Ridge Ca++, SO4= none 0.8
(Recharge) o
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major ions in the soil with decreasing elevation. Since the dominant
anion throughout the study area is SO4=, the only noticeable change
occurs in the concentrations of the major cations. This change
occurs between the top of Turtle Mountain and the Whitewater Basin,
where the sequence of cations changes from ca™ to Mg++ to Na+,
respectively. In general, the major ions in the soils range from
catt and S0,~ to Mgt and $0,~ in the recharge areas, whereas in
discharge areas the major ions range from Mg++ and 804= to Nat and
.
SO4= with some sites having appreciable concentrations of Na® and
C1”. This sequence is somewhat similar to that described by |
Rozkowski (1967) in the Moose Mountain area of Saskatchewan where
he found a salt sequence of CaCO3 - CaSO; - (Recharge Area) to

MgS0; - Na,S0, (Discharge Area) in a hydrologic system with increasing
4 2°Y4

length of flow path, that is, decreasing elevation.

Distribution of Salinity in the Saturated Soil Zone

From the widespread distribution of salinity, the range of
soluble salt concentrations, and the relative positions df soluble
salt accumulation in the soil, it is apparent that the flow of
groundwaté;'is\fesponsible for the movement and deposition of soluble
salts.

By comparing the EC values of groundwater in piezometers
(Figure 13, p. 45) to the EC values of soil extracts taken from
approximately equivalent depths below grouﬁd level (Figure 19, p. 95),
it is apparent that some redistribution of soluble salts must have
occurred below the water table level to account for the higher EC

values in the groundwater than in the saturation extracts. These
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differences range from 2 to 16 mmhos/cm.

‘Figures 22 and 23 show the vertical distribution of the major
ions in soil extracts from below the water table. A comparison of
these results to the salt concentrations of the groundwater (Figures 11
and 12, pp. 43 and 44) shows that the basic patterns of High concen—
trations in discharge areas and low concentrations in recharge areas
are similar, In many cases, however, the salt concentrations of the
groundwater are two to three times larger than the salt concentrations
of the soil. This situation occurs predominantly in groundwater
discharge areas as shown in piezometer nests P-15, P-11, P-6 and P-1l4.
On the other hand, the groundwater in recharge areas was found to
have equivalent or lower salt concentrations than the soil sample
extracts from equivalent deptis as shown by piezometer nest P-4,

P-5, and P-7. It appears, therefore, that soluble salts are |
redistributed from recharge to discharge areas aloné the groundwater

flow path.

Distribution of Soluble Salts in the Till

The glacial till in the study area can be described as a
strong to moderately calcareous, ;oam to clay loam textured glacial
till composed of mixed materials derived from shale, limestone and
granitic rock., Since the till was found to be quite uniform in
composition, it is reasonable to assume that, at the time of |
deposition, the soluble salt minerals were also uniformly distributed
throughout the till. However, the present distribution of soluble
salts (Figure 19, p. 95) reveals that there are some areas of

high salinity and other areas of lower salinity. It is probable
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therefore, that these soluble salts have been dissolved, transported,
concentrated and redeposited by the mechanisms of groundwater flow.

Mechanisms of groundwater flow. The flow of groundwater

through any deposit is dependent upon its permeability. The degree
of permeability is generally dependent upon the size and shape

of pores, and the extent, size, and shape of their interconnections.

. The degree of permeability of glacialltill, therefore, is essentially
dependent upon structure. In this study the glacial till was found
‘to have a generally blocky structure. The degree of permeability

is determined by the rather intricate system of fractures and joints
which result in the blocky structure. The mechanism of groundwater
flow, therefore, through the till, can be described in simplified
terms as a 'block and channel' flow system (Figure 24).

The channel flow system-is basically a free flow system
where water flows directly through the openings or fractures in
the till. Salts can be dissolved from or deéosited directly on
the surfaces or interfaces of tﬁe fractures, depending upon the
chemical saturation status of the groundwater.

The mechanism of water movement within the blocks is referred
to as diffuse flow. Diffuse flow is responsible for the transport
of soluble salts from within the soil block to the surface or
interface of the fracture zones.

Diffuse flow would help to maintain a more comsistent
groundwater chemistry by continually replenishing the soluble salts

‘which are removed by the fracture flow eystem. Although no

permeability measurements were conducted in this study, it is assumed
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Blocky Structure
@ Channel
Diffuse Flow in
soil block (DF)

Figure 24. Simplified 'block and channel' groundwater
flow systems of glacial till (CF > DF).
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that water movement in the fracture flow system occurs at a faster
rate than water movement in the diffuse flow system. If this is the
-case, the chemical composition ‘and concentration of a groundwater
sample, which is basically from the fracture flow system, would be = oo
expected to be different from the chemical composition and concentration

of the extract of a soil sample collected from the same depth vicinity

in the till. Therefore, water samples in recharge areas would be

less mineralized than the soil extracts taken from equivalent depths

" (Figures 13 and 19, pp. 45 and 95 and P-4, P-5). Conversely, water
samples typical to discharge areas would be more mineralized than the
" soil extracts from equivalent depths (Figures 13 an6.l9, pp. 45 and
95 and P-15, P-11, P-6, P-14).

The difference in rate of flow between channel flow and
diffuse flow may also help explain some of the variation in the
sait profiles of the unsaturated soil zone. .As the water table
fluctuates with seasonal changes of precipitation the majority of

the groundwater flow is assumed to occur in the network of fractures

or channels. If all flow occurred at the rate of water table
movement the range of distribution of soiuble salts shoﬁld closely
correspond to the range of water table fluctuationm.

However, due to the slower rate of diffuse flow, there is a
lag effect which allows soluble salts to'be moved to the fracture
planes or block edges. Subsequent water loss due to evaporation

~causes the salts to precipitate long after the Wéter table has

receded.
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Sources of Salts in Soils and Groundwater

Each of the major geologic deposits within the study area has
a characteristic groundwater chemistry. The groundwater'in the till
contains moderate to high concentrations of Catt, Mg++, Nat, and
SO4=, and generally low concentrations of C1~. The concentrations
of HC03— range from 2.5 to 13.0 ﬁeq./l. and pH values range from
7.1 to 8.0. The Boissevain Formation has very low concentrations
of ca’t, Mg™, and C1”. The concentrations of NaT, 804= and HCO3-
are generally low to moderate. The pH is about 8.5. The hydro-
chemistry of the Boissevain Formation was obtained from the piezometer
at 68 feet in Nest 10. The hyd;ochemistry of the Riding Mountain

Formation is characterized by high concentrations of Nat and c1,

moderate to high concentrations of SO4= and very low values of catt

and Mg++. The concentration of HCO3_ ranges from 4.8 to 15.5 meq./1.
and pH ranges from 7.8 to 8.3. The hydrochemistry for these geologic
units is presented in Appendix E-1.

It_is appaygnt from the discussion of the hydrologic flow
systems in Part IITI of this chapter that, with the exception of
the Souris Escarpment and the Souris Plain Areas, the Riding Mountain
Formation does not contribute significant groundwater to the overlying
deposits of the study area. Therefore, the hydrochemistry of the other
five hydrologic areas may be attributed to the physical and chemical

weathering processes in the glacial tills.

The hydrochemistry of the glacial tills is controlled largely

by the presence of calcite and dolomite. Consider first a sample

" groundwater recharge area in the till near biezometer Nest 5 which has




" field values of HCO3_ can be used to determine the quantity of Ca
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low TDS. 1If dissolution of dolomite or calcite occurred according to:

+H

CaMg(CO3), + 2HyC03 ——> Ca'' + Mg’ + 4HCO3 (4)

CaCO3 + H2C03 —> Catt + 2Hco3' (5

during infiltration, either simultaneously or in sequence, the
molar ratio of Ca++/Mg++ in dilute recharge groundwater would be
greater than 1. Summating the products of equations 4 and 5 indicates
that 61 mg/1 HCO, are produced with 15 mg/1l Ca™ and 3 mg/1 Mg't.
Since all of the HCO3_ is produced from calcite and dolomite the
.‘_*,.
and Mg++ that would be expected in the groundwater.
The observation well at 10 feet at Nest 5 has 305 mg/1 HCO5
. ++ . ++
which corresponds to 75 mg/{ Ca' and'15 mg/l Mg '. However, the
++ o .
total Ca" ' and Mg" ' in the groundwater is 73.2 mg/l and 37.3 mg/l,
respecfively. In this case, all of the ca™ ions can be accounted
for but there is a significant excess of Mg++. In areas of more
saline'groundwaters there is large excesses of both ca*™ and Mg++

and much higher concentrations of Na*, C1™ and SO4=. It can be

- concluded, therefore, that there must be other sources to supply

the excess Ca++, Mg++ and all of the Na+, Cl™ and SO4=. The two

++

most common sources for Ca ', SO4-, Na+, and C1~ are gypsum and

halite. This, however, still leaves excess quantities of Mg++ and

Na¥. Three other possibilities could account for these excesses:
1) all of the excess could be due to cation exchange mechanisms,
2) all of the excess could be due to the presence of other sulphate

minerals, or 3) all of the excess could be due to a combination of

the above two processes.
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As the hydrochemistry of the Boissevain Formation is quite

different from that of the overlying glacial till, this causes some
doubt as to whether groundwater from the glacial till actually enters
this formation. On the basis of the hydrochemistry from only one
pilezometer installed in this formation, it is difficult to character-
ize this groundwater. However, the hydrochemistry of the water sample
from the piezometer at 68 feet in Nest 10 indicates that very little
cat™ and Mg++ are present and that the predominant ions are Nat and
SO4=.

Hydrochemistry of the Riding Mountain Formation. The ground-

water of the Riding Mountain Formation generally has higher concen-
frations of Nat and €1~ and considerably lower concentrations of
Cé++, Mg++, and SO4= than tﬁe overlying glacial tills. Since this
formation is compbsed of non-calcareous marine shales the most probable
source for the Na©¥ and C1~ concentrations is halite (NaCl). These
shales would also have Na' as the predominant ion on the exchange
sites. Cation exchange, therefore, could produce some of the excess
Na+ which.is ;ot ;ccounted for by the dissolution of halite. Catioﬁ
exchange could also account for the very low values of ca™ and Mg++
which occur in areas where groundwater from the overlying till moves
into the shale.

The 804= concentration is also much lower in the shales than
in the overlying tills. Sulfate reduction processes probably result
in the production of hydrogen sulfide gas which was evident in nearly

all the piezometers in the shale. Sulfate reduction processes in

shale have been reported by Schwartz (1970).
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In summarizing soil salinity, it is apparent that the degree
of salinity is dependent upon the elevation ana position of the soil
in the landscape, the lithology of the surface deposits, the depth
to water table, the quality of the groundwater and the direction

and mechanism of groundwater flow.

PART TV

APPLICATIONS OF SOIL-~GROUNDWATER RELATIONSHIPS

Hydrological and pedological relations as investigated in
this study have many practical applications. The present concern
about pollution of soils and shallow groundwater flow systems
emphasizes the importance of detailed knowledge of the relationships
which exist between pedological processes and groundwater flow
phenomenon. Such studies would have application to: waste disposal
programs, soil fertility programs, irrigation programs, soil drainage
programs, water management pfograms related to natural and man-made
water bodies such .as sloughs, dugouts, small dams and lakes, etc.

Many groundwater conditions such as: range of water table
fluctuation, degree of salinity, direction, and method of groundwater
flow are reflected in the soil by pedological conditions such as:
staining and mottling, color, presence or absence of carbonates and
soluble salts, and degree and type of soil drainage. Since there is
this close relationship between soil and groundwater, any major
change or alteration to one, will invariably result in a corres-
ﬁonding change or alteration to the other.

By knowing specific soil-groundwater relationships one can
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arrive at a better understanding of the dominant soil forming
processes from which the present soils have evolved. It must be
remembered, however, that in these types of studies, the systems
as presently described, exist in a dynamic equilibrium and are

subject to changes either natural or artificially induced.
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SUMMARY

The main objective of the study was to describe the hydro-
geology of a representative area of soils for the purpose of deter-
mining the relations between groundwater flow systems and the general
distribution of genetic soil profiles.

In order to characterize the groundwater flow system, fifteen
nests of piezometers were installed using a power driven auger.

Each nest consisted of 5 to 6 piezometers placed at different depths
below ground level. Depth to water level measurements and samples
of the groundwater were taken from each piezometer. Soil samples
were collected from various depths below the ground level during

the installation of the pie;ometers. All samples were analyzed

for salinity. Some of the ;oil samples and all of the groundwater
samples were analyzed for the major ion concentrations.

The hydraulic head and hydrochemical data of the groundwater
indicate a complex flow system controlled largely by topography and
geology. This complex flow system is composed of seven distinctive
hydrologic areas. They are as follows: 1) Turtle Mountain (Recharge),
2) Whitewater Basin (Discharge), 3) Leighton (Tramsitiomal to
Recharge), 4) Medora (Discharge), 5) Medora Ridge (Recharge), 6)
Souris Escarpment (Lateral Dischargé), and 7) Souris Plain (Lateral
Flow). Each of these seven areas is characterized by a different
groundwater flow regime.

The dominant direction of water movement in each of the seven
hydrologic areas is reflected in the genetic and morphologic

properties of the soil. The soils in recharge areas are predominantly
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leached and eluviated with good internal drainage. The soils in
discharée areas are commonly carbonated and saline with poor to
imperfect internal drainage.

The predominant factor affecting water movement through the
soil in the areas of lacustrine sediments is the textural variation
of the micro-stratigraphy. In the Whitewater Basin, thin, coarse
textured, discontinuous gravel lenses occur above and below the
water table zone. Below the water table zone these gravel lenses
tend to channel the groundwater laterally, creating small positive
hydraulic pressures in the lower end of these aeposits. Above the
water table zone they tend to behave as impermeable boundaries
through which capillary water does not move. This causes soluble
salts to be deposited below the lens and results in a generally
salt free soil above. Where the coarse textured lens is absent,
soluble salts are deposited.at the soil surface. The textgral
variation of the micro-stratigraphy, therefore, plays a major role
in determining the genetic soil distribution in the Whitewater
Basin Area.

Local topography is a prominent factor in areas of glacial
till and affects the distribution of genetic soils. Topography
determines the direction and rate of surface runoff and thereby
the quantity of water infiltrating into the soil. The volume 6f
water and the rate of infiltration are generally reflected in the soil
by the degree of profile development and leaching. Due to the
influence of micro~relief, areas of glacial till generally have a

larger number of different genetic profiles in a given area than an
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area of lacustrine sediments with uniform topography.

The hydrochemistry of the groundwater indicates that, with
the exception of the Souris Escarpment area, the majority of the
soluble salts in the soil and groundwater have been derived from
the glacial till. Their present concentrations and distributions are
the result of a complex system of groundwater flow. The major ion
chemistry of the soils and groundwater in areas of glacial till shows
that Ca*t and SO4= are the most common ions in recharge areas, while
Mg++ and SO4= are the most common ions in discharge areas. The most
common ions in thin lacustrine sediments with discharging groundwaters
are Na¥ and SO4=. The bedrock or Riding Mountain Formation does
not appear to contribute soluble salts to the overlying tills with
the exception of the Souris Escarpment where significantly larger
concentrations of Na' and C1” in the soil have probably originated

from the shale at the face of the escarpment.
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CONCLUSIONS
From this study it can be concluded that:

The study area is characterized by a complex hydrogeological
flow system consisting of seven distinct groundwater flow
regimes; three recharge, three discharge and one area of lateral
flow.

The geochemical data of the groundwater in addition to hydraulic

head, proved to be a very useful parameter for interpreting the

" groundwater flow systems.

The nature of the geologic deposits is a ﬁajor factor determining
the direction and rate of groundwater flow.

The terminology of local, intermediate, and regional, in reference
to groundwater flow systems as defined in hydrogeology, is vague
and needs to be defined in terms of each hydrogeological study.
These terms cannot be readily used or défined by interpretations
based on soil profile characteristics.

The micro-stratigraphy, texture, and local topography of the
surface‘deposits are important site parameters which éffect soil
profile development due to their influence on infiltrating and
upward capillary movement of soil water.

Theré is a definite relationship between groundwater flow and
so0il genesis. Leached and eluviated soils are typical of ground-
water recharge areas, while saline and carbonated soils are
typical of discharge areas.

The soluble salts in the soil and groundwater in the area above
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the.Souris Escarpment are derived for the most part from the
glacial till. The soils below the Souris Escarpment are affected
by sodium salts from the underlying Riding Mountain Formation.
Soils can be used to make interpretations of local groundwater
flow conditions; however, some deep drilling should be done to
gather information on the groundwater, depth and composifion of
the surface deposits, and the nature of the bedrock to facilitate

a more comprehensive interpretation of the groundwater flow systems.
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APPENDIX A

Field Procedures Employed During the Hydrogeological Investigation

To facilitate the interpretation of groundwater hydrology,

15 nests of piezometers were installéd in a cross—-section extending
from the Turtle Mountain to the Souris Plain. Each nest consists of
5 to 6 piezometers set at various depths ranging from 10 to 100 feet
below ground level. Each nest also has a shallow water table well
slotted from 3 to 10 feet below ground level for observation of local
groundwater table fluctuations.

The design and installation of the piezometers has been
previously described in the Methods and Materials. Table A-I,
however, presents a comparison of the hollow stemmed auger versus
the solid stemmed auger for the installation of plastic piezometers.

After installation all piezometers were cut off at a uniform
elevation which was subsequently determined for each nest b? P.F.R.A.
surveyofs. Each piezometer nest was numbered consecutively and each
piezometer within the nest was labeled with a‘numbér corresponding

to its depth below ground level.
Maintenance

During the course of the hydrologic investigation, it was
found thatrthe plastic construction of the piezometers necessitated
periodic maintenance and repairs. At several locations adjacent to
major public roads, the piezometers were broken off and smashed by
vandals and some were damaged by farm machinery. Some of this damage

likely could have been reduced by making their presence less obvious
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COMPARISON OF THE HOLLOW STEMMED AUGER vs. THE SOLID
STEMMED AUGER FOR THE INSTALLATION OF PLASTIC PIEZOMETERS

Work Function

Hollow Stem

Solid Stem

Soil sampling

poor T 10 feet

excellent *+ 1 foot

Speed of drilling average average +
Positioning of excellent danger of caving
piezometers and sloughing
Placing of excellent poor - sand sticks
sand pack to wet edges of bore

hole and does not

reach intake zone
Placing of moderate moderate

‘cement grout

Probability of
water contam-—
ination

low - sand pack
properly installed

moderate - sand pack
did not always cover
intake zone

Sensitivity to
changes in
permeability

low

moderately high

Versatility

one directional
rotation

two directional
rotation - forward
and reverse

Appraisal of job
accomplishment

superior for
piezometer
installation

superior for soil
sampling and strat-
igraphy differ-
entiation
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from the public road.

Depth to Water Level (Hydraulic Head) Measurements

Depth to water level measurements were determined by three
different methods: 1) canvass tape, 2) electrical tape, and 3)

a length of stiff Tygon. .tubing.

The canvass tape method consisted of lowering the tape,
weighted at the end, into the piezometer to a sufficient depth to
ensure water contact. This depth was noted and the tape was removed.
The depth to which the'béttom end of the tape was wetted was then
subtracted from the initial reading. The difference was determined
to be the actual depth to water level. This method was found to have
several disadvantages:' 1) oﬁce the bottom of fhe tape became wet,

" each subsequent reading waé more difficult to read unless the tape

was completely dried between readings, 2) the depth to water level

is not a direct reading since it involves a calculation which, due

to its tediousness, can be a source of error, and 3) when the tape and
weight are lowered into the water some displacement of water occurs
due to the narrow diameter of the piezometer. The amount of displace-
ment must be determined and the proper adjustments made.

The second method used was the electrical tape. This instrument
is éssentiélly two disconmnected electrodes which are lowered into the
piezometer to the water‘contact. The electrolytic properties of the
water complete the circuit between the two electrodes. The water
contact is observed as a needle deflection on a small resistance
meter. The depth to water level can then be read directly from the

color coded footage tags which have been used to calibrate the length
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of the electrode cable. This instrument was found to have the
following disadvantages: 1) once fhe electrode became wet, it

had to be dried before taking the next reading. The water film on
the electrode was often sufficient to give a slight reading, which
caused some difficulty in determining the water level of slightly
mineralized groundwater. 2) It was found that after repeated use,
cracks developed in the wire insulation and allowed moisture to enter
and short circuit the electrode.

The thifd method used to read water levels was a 1/4 inch
diameter stiff . .Typon- tube calibrated in units of 0.1 feet. The
tube was inserted into the wells and piezometers while compressed
air was forced through.the tube. Detection of a bubbling noise
indicated that water contact had been made. The tube was adjusted
so that it just-touched the Qater surface; the depth was then read
directly at the top of the piezometer. No major disadvantages were
found using this method. Occasionally the tubing caught on the
construction joints of the walls of the piezometers but due to its
rigidity if wag twiéted and easily manipulated to the desired
position. Due to the narrow diameter of the piezometer there was no
appreciable distortion in depth due to folding and binding on the
plezometer walls. Several aspects of this method were found to be
superior to the two previous methods: 1) depth to water level
readings could be read directly, 2) it is simple to use and gives
consistent results, and 3) it could be used for water sampling and
thereby reduce the amount of equipment required for servicing the

pilezometers,
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Methods of Collecting Water Samples from Piezometers

Water samples from each well and piezometer were collected
in 1970 and 1971. Two methods were used to obtain water samples
from the small diameter piezometer tubes. The first method consisted
of three types of metal balers while the second method employed a
vacuum pump connected to a vacuum bottle which in tufn is connected
to a 100 foot length of stiff Tygon .tubing.

In the first method, three types of metal balers (1/2 inch in
diameter aﬁd 24 inches in length) were used. The first type had the
bottom sealed and the top open. It was lowered into the piezometer
by means of a thin strong cable. As it was lowered into the water,
the water flowed upwards between the walls‘of the baler and the
piezometer and entered the baler from the top. It was then removed
and empitied by pouring the water out of the top into a collection
bottle. This method was found to have the following disadvantages:
1) it caused considerable mixing and aeration during the filling
and emptying processes, 2) the water sample could be collected only
from the upper waters in the piezometer, and 3) there had to be a
minimum of 2 feet of water in the piezometer before a sample could
be collected.

The‘secona type of baler which was a slightly modified
version of the first, had the bottom sealed and the top fitted with
a spring loaded plunger, which was activated by a separate cable.
The baler was lowered to the bottom of the piezometer with one cable;
the seéond cable was then pulled to raise the plunger and allow the

water to enter. After removal from the piezometer the top portion of
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the sampler was unscrewed and the water poured into a collection
bottle. This had basically the same disadvantages as the first with
the addition of the tangling of the two cables.

The third sampler was a further modification of the first
two types. This sampler which was open at the top, also had an
opening in the bottom which was covered by three small metal balls.
As the sampler was being lowered into the piezometer water entered
the bottom opening past the metal balls and out the top of the baler.
After reaching the bottom of the piezometer the metal balls closed
the opening thus retaining the water sample ffom the bottom of the
piezometer. Although this sampler worked better than the first two,
there was no way of knowing whether the water actually flowed through
the sampler as expected.

Considerable difficulfy was encountered in getting all three
samplers to pass through the joins in the piezometer tubing which
had become constricted with plastic cement used to comstruct the
piezometers. A second problem hindering the movement of these balers
in the piezometer was the spirallation of the plastic piezometer
tube as it was installed in the drill hole. This phenomena created
a twisting tortuous path for the samplers to follow.

As a result of the problems encountered in 1970 with the above
mentioned three samplers, a fourth method was developed and usea in
1971 which proved to be a more satisfactory for collecting water
samples. This method consisted of using a stiff Tygon tube,

1/4 inch in diameter and 100 feet in length which was calibrated in

0.1 foot intervals. This was the same tube used to take water level
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readings.

The tube, open at both ends, was inserted into the piezometer.
Water entered the bottom and rose in the tube. When the tube had
reached the intake zone of the piezometer a vacuum was applied to the
top end of the tube. At first this vacuum was applied manually,
later a vacuum pump was obtained and used. A sufficient vacuum
was applied to raise the level of water in the tube 10 to 15 feet
above the initial water level in the piezometer. The tube was then
removed from the piezometer while carefully maintaining the vacuum.
The bottom 10 to 15 feet of water in the tube was collected as a
relatively undistrubed sample. The sampling apparatus is shown in
Plate 3, Appendix G.

This method was found to be superior to the other methods for
the following reasons: 1) the tube was easily lowered to any desired
depth in the piezometer, 2) it reduced the mixing and aeration of
the water sample to a minimum, 3) an adequate sample could be
collected in one operation, whereas the baler methods required
several repetigions to collect a sufficient volume of water, and
4) this method proved to be an excellent procedure for flushing the
piezometers, since most of the water could be removed by vacuum
and, therefore, eliminated the necessity to add foreign water to the

piezometer.
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APPENDIX B
Drill Logs For Geologic Cross-—section
Piezometer nest no. 1 Date: July 21, 1970

Location: NW 27-1-23W (1/2 mile north of Flossie Lake)

Elevation: 2296.5 feet A.S.L.

Depth (feet) Description
0-2 Clay loam soil (profile destroyed by road construction).
2 -176 Till, clayey loam, mixed pebble composition,

carbonates and very abundant shale fragments.
Stiff, no free water, very dry, crumbly, moisture
content gradually increases with depth, oxidized

- colors in the 5Y (olives) range gradually, darkening
with depth, becoming unoxidized (dark grey) at

30 to 35 feet.

Piezometer nest no. 2 Date: July 20, 1970
Location: §C 20-2-23W

Elevation: 1687.3 feet A.S.L.

Depth (feet) Description
0-15 -~ Clay loam (Saline Gleyed Carbonated Rego Black profile).
1.5-6 Light clay loam, clayey, silty and sandy, massive;

not typical lacustrine appearance.

6 - 10 Gravel: pebbly, sandy and cobbly, rounded frag-




Depth (feet)
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Description
ments, very oxidized, perhaps somewhat silty,

water saturated layer, very permeable.

10 - 98 Till, very dark grey (5Y 3/1), clay loam to clay,
mixed pebble composition, limestones, shale, and
Boissevain Sandstone chips, unoxidized, stiff,
very homogeneous.

Piezometer nest no. 3 Date: July 20, 1970

Location: SW 20-2-23W

Elevation:

Depth (feet)

0 -2

8 ~ 10

10 - 60

60 - 78

1675.3 feet A.S.L.

Description

Loamy sand, part of depositional blow bank (Regosolic
Profile).

Sandy clay loam, lacustrine, slightly pebbly

with tiny granules, oxidized (olives 5Y).

Gravel, very coarse, very poorly sorted sand,

water saturated, |

Till, clay loam, (very clayey) unoxidized, very

dark grey (5Y 3/1) mixed pebble composition,
predominantly limestone and shale pebbles, moderately
stiff.

Shale, very dark grey (5Y 3/1), no white carbonate
specks, slightly sandy, slightly silty and comes

off the auger as soft chips (shale conglomerate),
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Depth (feet) Description
drills moderately easily indicating soft loose
shales, shale chips .are rounded and appear to

have been eroded.

Piezometer nest no. 4 Date: July 17, 1970
Location: NE 36-2-24W

Elevation: 1622.3 feet A.S.L.

Depth (feet) Description

0-2 Loam to clay loam, lacustrine (profile destroyed
by road construction).

2 - 25 Till, stiff clayey loam, mixed pebble composition,
predominantly limestones, massive, hard, breaks
along well defined very irrégular surfaces,
occasionally appears wet on outside, interior
is moist. Grades from olive (5Y 5/4 and 5Y 4/4)

oxidized to very dark grey and dark grey (5Y 3.5/1)

unoxidized.
25 - 38 Unoxidized, same as above.
38 - 50 Lighter texture, loam, clay approximately 10 to

15 per cent, more moist, dark grey.

50 - 82 Stiff clayey loam till, very dark grey.
82 - 93 Shale, very dark grey, (5Y 3/1), comes up on the
auger as chips (shale conglomerated), massive

no calcareous speckss



133

Piezometer nest no. 5 Date:‘ July 18, 1970
Location: NE 12-3-24W

Elevation: 1600.6 feet A.S.L.

Depth (feet) Description

0-2 Clay loam topsoil (Orthic Black Profile).

2 - 23 Till, stiff clay loam, oxidized, olives (5Y 5/3),
grading to dark grey (5Y 3/1) unoxidized.

23 - 85 Till, stiff clayey loam, homogeneous, mixed pebbly
composition, moist, breaks along very irregulér
well defined surfaces.

85 - 93 Shale, very dark grey (5Y 3/1), massive, no calcar-
eous specks, moderately soft drilling, very wet,

 water probably coming in near bedrock contact.

.Piezometer nest no. 6 Date: July 18, 1970
Location: NW 24-3~24W

Elevation: 1583.9 feet A.S.L.

Depthv(feet) Description
0 -2 : Clay loam topsoil (Carbonated Rego Profile).
2 - 20 Till, clay loam, pebbly, becomes slightly unoxidized

from olives (5Y 5/3) grading to
20 - 25 _ dark grey with increasing depth to
25 - 30 where it becomes very dark grey (5Y 3/1) and

unoxidized.
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Depth (feet) Description
30 - 40 Till, stiff, clay loam, mixed pebble composition
breaking along well-defined, very irregular surfaces.

40 - 56 Shale, very dark grey, massive, no white calcareous

specks, first five feet very hard, becomes softer

and wet between 45 and 56 feet.

Piezometer nest no. 7 Date: July 18, 1970
Location: NE 4-4-24W

Elevation: 1562.8 feet A.S.L.

Depth (feet) Description
0-2 Clay loam topsoil (Gleyed Eluviated Black Profile).
2-9 Till, clay loam, oxidized, olive (5Y 5/4 to 5/6)

mixed pebbly composition, mainly shale and limestone
fragments, moist soft, éaturated.below 4 feet.
9 - 28 Shale, very dark grey, (5Y 3/1) massive, no white

specks, very hard below 22 feet. Upper 10 feet very

fractured, drills easilf, chips very hard, 20 to 22
feet is a very soft zone, some soft bentonite, 22
to 28 feet comes up as small moist chips, samples
are interbedded. Hole is wet below 20 feet, it Bl
contained several feet of water by the time the auger

was removed. Samples from the 9 to 20 foot zone came

up as 1 1/2 - 2 inch very hard chips. Upper few feet

drilled somewhat like gravel or Eouldery till because

of fractured, very hard characteristics.



Depth (feet)

7 - 22
22 - 45
45 - 50
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Description

Till, calcareous, olive in color, clay loam texture,
mixed pebbles primarily limestones and shales,

very oxidized in the upper 10 feet, gypsum crystals
abundant at 10 to 20 feet.

Till, calcareous, clay loam, dark grey (5Y 4/1),
many of the pebbles are rounded.

Shale, grey and dark grey (5Y 4/1), soft, contact

appears gradational, non-calcareous, crumbly, dry.
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Piezometer nest no. 8 Date: July 19, 1970

Location: NW 16-4~24W

Elevation: 1493.4 feet A.S.L.

Depth (feet) Description

0~ 2 Clay loam topsoil (Saline Gleyed Carbonated Rego
Black Profile).

2 - 24 Till, clay loam, mixed pebble compdsition pre-
dominantly shale and limestone fragments, soft
moist, saturated oxidized, olive color, grading
to slightly darker colors at 20 to 24 feet.

24 - 48 Shale,. very dark grey, (5Y 3/1) shale is much
softer than at sites 4 to 7. Easy drilling at
48 feet, moist, occasional free water.

Piezometer nest no. 9 Date: July 19, 1970

Location: NE 30-4-24W

Elevation: 1464.1 feet A.S.L.

Depth (feet) Description

0-2 Sandy topsoil (Saline Gleyed Carbonated Rego Black).

2 - 15 Sand, medium to fine, well sorted, oxidized,

very uniform, no pebbles, most probably lacustrine.
15 - 36 Till, clayey loam (very clayey), very dark grey
(5Y 2/1), stiff, mixed pebble composition of

limestone and shale.
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Depth (feet) Description

36 - 59 | Shale, very dark grey (5Y 3/1), soft, drills
fairly easily in upper 15 feet, no white specks
of lime, drilling becoming moderately slow at

59 feet.

Piezometer nest no. 10 Date: July 21, 1970 AR
Location: NC 8-2-23W

Elevation: 1776.3 feet A.S.L.

Depth (feet) Description
0 -2 Clay loam soil (Orthic Black Profile).
2 - 36 Till, very clayey loam, mixed pebble composition

mostly carbonates, shale and coal, stiff oxidized
to 36 feet, unoxidized below, (very dark grey,
5Y 3/1).

36 - 50 Turtle Mountain Formation, shale, soft, carbonaceous,

with coal fragments, very dark grey and black
(5Y 3/1 and 2/1) occasional lime SpeCkS.QVEfY””
small).

50 - 68 Boissevain Formation, sand, unconsolidated, very
fine grained, laminated, light grey to medium |

grey somewhat silty and clayey in some samples.

Piezometer nest no. 11 Date: July 21, 1970
Location: NE 30-2-23W

Elevation: 1641.3 feet A.S.L.
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Depth (feet) Description

0 -2 Saline, clay loam topsoil, gypsum crystals present,
(Saline Gleyed Black Profile).

2 -7 Clayey silt, lacustrine, slightly laminated oxidized,
occasional pebble, no sand or gravel.

7 - 62 Till, very clayey loam, mixed pebble composition
predominantly limestones and shale fragments,
stiff, no free water apparent, oxidized (olive
colors) 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 4/1)

crumbly, dry.

Piezometer nest no. 12 Date: June 30, 1971
Location: SC 24-3-24W

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

composition (limestones and shales), olive (5Y)

colors, grades darker with depth to

30 - 64 Till, as described above but unoxidized, very
dark grey (5Y 3/1), calcareous pebbles much more
frequent than silicates in all samples, gypsum
crystals 1/4 inches in length were noted at 35

feet, till is damp but no free water present.
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Depth (feet) Description
64 - 70 Shale, very dark grey (5Y 3/1), non-calcareous
crumbly, massive, drills very hard, distinct

contact was evident.

Piezometer nest no. 13 Date: June 30, 1971
Location: NC 9-4-24W

Elevation: 1546.9 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). |

1-9 Till, clay loam, oxidized, calcareous, pebbly,
olive in colox, limestone and shale pebbles
predominant, damp, no free water.

9 - 40 » N Shale, dark grey (5Y 3/1), non-calcareous, interior
portions of shale fragﬁents are light grey, inter-
bedded soft and hard units, some zones appear to be

saturated.

Piezometer nest no. 14 Date: July 1, 1971
Location: NW 35-3-24W

Elevation 1569.9 feet A.S.L.

Depth (feet) Description

0-1 Topsoil has been removed by road cut (thin Orthic




Depth (feet)

3 - 27

27 - 45

45 - 60
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Description

Bléck Profile in adjacent areas).

Silt, olive in color, slightly laminated, calcareous,
some salt crystals and gypsum present.

Till, calcareous clay loam, olive in color, 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 to 25 feet.

Unoxidized, dark grey (5Y 4/1), apparent boulder
layer at 25 to 26 feet, large enough to obstruct
drilliﬁg, till below 27 feet becomes more shaly,
seems to grade gradually into shale bedrock.
Shale, relatively soft, crumbly, dark grey (5Y 4/1

to 3/1), non-calcareous.

Piezometer nest no. 15 Date: July 1, 1971

Location: NE 19-2-23W

Elevation:
Depth (feet)

6 -2

1656.4 feet A.S.L.

Description

Road fill, gypsum and salt crystals very evident,
(Saline Gleyed Carbonated Rego Black Profiles in
adjacent areas).

Grades into a pebbly, silty lacustrine clay,

irregularly laminated, salt crystals prominent.




APPENDIX C -

Hydrographs of Piezometers and Wells

Nests 1 to 15
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APPENDIX D

Field Measurements of Electrical Conductivities of Groundwater

Nests 1 to 11
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APPENDIX E-1

Groundwater Chemistry at Piezometer Nests 1 to 15, 1971




PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-1-18W P-1-28 P-1-38 P-1-76
INSTALLED
FLUSHED
&) SAMPLED Aug. 10/71 Aug. 10/71 | Aug. 10/71 Aug. 10/71
ANALYZED
Analyzed By
pH-Field 7.391 7.161 7.121 8,154
pH-Lab 7.45 7.25 7.25.. 7.50
Cond-Field |55 1175 1350 1450
Cond-Lab 1310 3010 3870 3300
°C-Field °4 °4 °4 °4
mg/1 meq/1 }{mg/l meq/1 || mg/1 meq/1 mg/l meq/1 || mg/1 meq/1ll mg/l | meq/1
Na 6.9 0.30 |las.85 | 1.95 }R09.99 |9.13 [{189.98 | 8.26
K _ . _
Ca 142.28 | 7.10 |ps2.48 |27.07 }p76.95 [23.80 {l65.52 23.23
Mg 127.19 {10.46 |183.25 {15.07 |{B29.17 [27.07 |[166.96 }13.73
T.CAT. 17.86 44.19 60.00 || 45,21
c1 8.6 | 0.23 ||24.82 | 0.70 [J49.99 }1.41 {f83.33 | 2.3
S04 441.39 | 9.19 |h703.62(35.47 |R374.60 }49.44 #1752.13 | 36.48
HCO;(titr.) |[549.09 | 9.00 |{533.84} 8.75 |}625.3540.25 [§427.07| 7.00
HCO3(calc.) ‘
CO03 ’
T.ANS. 18.42 44,92 61.10 45.83
IDS 36.28 89.11 121,10 91.04
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PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-2-10W P-2-10 P-2-18 P-2-38 P-2-98W
INSTALLED
sd FLUSHED
= ”
& SAMPLED Aug. 10/71 Aug. 10/71 Aug. 10/71 |} Aug. 10/71 Aug. 10/71
ANALYZED '-
Analyzed By
pH-Field 7.440 7.371 7.495 7.458 7.362
pH-Lab 7.45 7.45 . | 7.45 7.50 7 35
Cond-Field | 7200 1400 1400 900 900
Cond-Lab 4100 2700 3060 1620 1600
°C-Field o4 o o4 °4 °4
mg/1 meq/1 }{mg/1 meq/1 || mg/1 | meq/1 || mg/1 neq/1 |{mg/l meq/1l}{ mg/l | meq/1
Na 540.04 | 23.48]279.45} 12.15}}374.90 | 16.30}{249.78 | 10.86{| 98.90 | 4.30
K ,
Ca 223.05 | 11.13}|211.62] 10.56{}250.09 | 12.48}|103.81 | 5.18[|226.84 [11.32
Mg 311.66 | 25.63}130.72{ 10.75{} 94.60 § 7.78}] 24.56 | 2.02]] 55.94 | 4.60
T.CAT. 60. 24 33.46 36.56] 18.06 20.22
c1 33.33 | 0.94} 33.33) o0.94} s1.49 | 1.17§f 49.99 | 1.41]] 83.33 | 2.35
504 2505.73 | 52.17 ||1377.50] 28.68|1441.86] 30.028461.09 | 9.60 ||487.50 |10.15
HOO3(titrs) | 4u2.32 | 7.25 259.26] 4.25|] 305.05f s.00{{442.32 | 7.25||518.59 | 8.50
HCO3(calc.)
CO3
T.ANS. 60.36 33.87 36.19 18.26 21.00
IDS 120.60 67.33 72.75 36.32 41.22

99T



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-3~10

69T

P-3-10W P-3-6 P-3-18 P-3-38 P-3-78
INSTALLED
pa| FLUSHED 4
5| SAPLED Aug. 10/71 Aug. 10/71] Aug. 10/71 Aug. 10/71 Aug. 10/71 Aug. 10/71
ANALYZED
Analyzed By
pH-Field 7.665 dry 7.740 7.286 7.434 8.341
pH-Lab 7.65 7.60.. 7.35 7.50 8.10
Cond-Field 3000 dry 2800 2800 3500 ;i“go,
Cond-Lab 8690 6840 7320 9770 4660
°C-Field 4° 4° 4° 4° 4° 4°
mg/1 meq/1 }{mg/l meq/1 || mg/1 meq/1 |} mg/1 neq/1 |{mg/l meq/1l{jmg/l | meq/1
Na 1699.70 | 73.90 | 1499.60F 65.20}] 1499.60] 65.20|l2199.95 95.65}{1099.40 47.80
K _ .
Ca 540.63 | 15.74 230.860 11.52f 396.19 19.77|| g4 7d 19.39 |l s53.9d 2.69
Mg 405.05 | 33.31 233.47) 19.20f] 225.20f 18.52{| 1,5 od12.001] 13.94 1.1s
T.CAT. 122.95 95.92|] 103.49 127.13 52.54
C1 74.82 | 2.11 dL.4%  2.58f 174.82) 4.93|| 408.14 11.51)]1341.45 37.83
504 5330.37 }110.98 13990.33 83.088 4271.79] 88.9415044.110105.02}] 331.8 6.91
HOO3(eiers) | 610.10 | 10.00 | 610.10> 10.00f '549.09 9.00| cs0 sd 9. soll s03.43 &.25
HCO3(calc.)
C03
T.ANS. 123.09 95.66 102.87 126.03 52.99
IDS 246.04 191.58 206.46 253.16 105.53




PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-4-10W P-4-15 P-4-28 P-4-47 P-4-93
INSTALLED
pa] FLUSHED
5| SAPLED Aug. 11/71 Aug. 11/71 Aug. 11/71 Aug. 11/71 Aug. 11/71
ANALYZED
Analyzed By
ph-Fleld 7.530 7.354 7.211 7.580 8.312
pH-Lab 7.85 7.65 7,50 7.55 7.90
Cond-Field | 45 700 900 1159, 1500,
Cond-Lab 1460 1100 1480 2090 4100
°C-Field 4 4° 4° 4° 4°
mg/1 meq/l Y| mg/l meq/1 || mg/1 meq/1 || mg/1 neq/1 || mg/1 neq/1l{{mg/l | meq/1
Na 23.0 1.00 || 12.88 § 0.56 || 57.96 | 2.52 }{ 230.0 | 10.00 |} 839.96}36.52
" :
Ca 192.38 | 9.60 {l142.28 1 7.10 }|153.90 | 7.68 || 153.90] 7.68 || 30.86| 1.54
Mg 98.00 { 8.06 || 73.57 | 6.05 |} 35.02 | 2.88 70.04} 5.76
T.CAT. 18.66 13.66 13.08 23.36 38.06
C1 41.48 | 1.17 || 58.15 | 1.64 |} 49.99 } 1.41 83.33} 2.35 |]1074.79{30.31
504 475.97 1 9.91 11209.89 | 4.37 l262.72 | 5.47 '  667.14] 13.89 || 129.20] 2.69
HCO3(titr.) | .11 gy | 6.75 ||396.56 | 6.50 |[381.31 § 6.25 [} 442.32] 7.25] 411.82} 6.75
HCO3(ealc.)
CO3
T.ANS. 17.83 12.51 13.13 23.49 39.75
TDS 36. 49 26.17 26.21 46.85 77.81

99T



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-5-13W P-5-15 P-5-28 P-5-48 P-5-93
INSTALLED
2] FLUSHED
5| SAMPLED Aug. 11/71 Aug. 11/71 Aug, 11/71 Aug, 11/71 Aug. 11/71
ANALYZED
Analyzed By
ph-Field 7,530 7,328 7.610 7,474 8.312
pH-Lab 7.90 7.70 7.95 7.80 8.20
Cond-Field 410 520 490 1100 1550
Cond-Lab 660 780 860 2010 2810
°C-Field 4° 4° 4° 4° 4°
mg/l meq/1 Hme/l meq/1l || mg/1l- | meq/1 || mg/1 neq/1 |[{mg/1 meq/1l}lmg/1l | meq/1
Na 5.06 | 0.22 | 17,020 0.74 }_64.86] 2.82 || 259.90| 11.30}} 849.89 36.95
K
Ca 73.15 | 3.65 || 84.57) 4.22 |} 96.19} 4.80 || 69.34| 3.46|] 34.67 1.73
Mg 37.33 } 3.07 || 68.00} s.60 || 44.38| 3.65 M 26.871 2.21|| 16.29] 1.34
T.CAT. 7.92 10.56 11.27 )t 16.97 40.02
C1 16.66 | 0.47 |} 49.99] 1.41 }} 33.33}) 0.94 H 58.51] 1.65|| 349.99 9.87
S04 127.76 | 2.66 |l171.95| 3.58 l1217.57 | 4.53 ¥ s01.43 ] 10.44{] 721.41]15.02
HCO3(titr.) | 305.05 | 5.00 ||396.56] 6.50 ||396.564 6.50 [ 305.05 ] 5.00]] 945.65 15.50
HCO3(calc.) ‘
CO3 .
T.ANS. 8.13 11.49 11.97 17.09 40.39
IDS 16,05 22,05 23,24 34.06 80,41

(9T



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-6-10W P-6~15 P-6-23 P-6-38 P-6-57
INSTALLED
ol FLUSHED
£] SMPLED Aug. 11/71 Aug. 11/71 avg. 11/71 | Aug. 11/71 Aug. 11/71
ANALYZED .
Analyzed By
pH-Field 8.006 7.388 7.161 7.235 7.935
pH-Lab 7.95 7.85 7.65. 7.80 8.10
Cond-Field | 409 6000 500 4000 2909 ¢
Cond-Lab 15,780 13, 860 9770 8550 586
°C-Field 4° 4° 4° 4° 4°
ng/l meq/1 }mg/l meq/1 |} mg/l meq/1 {| mg/1 neq/1l |{mg/1 meq/1}{ mg/l | meq/1
Na 2199.95 | 95.65{R449.504106.50 H1899.80f 82.60 |{1749.15 | 76.05 |1499.60 } 65.20
K . .
Ca 411.62 | 20.54)} 411.62] 20.54 {| 380.76 } 19.00 || 342.48] 17.09 || 69.34] 3.46
Mg 2331.19 §191.711}1523.404125.28 {} 510.11 | 41.95 §} 197.24 } 16.22 || 15.20} 1.25
T.CAT, 307.90 252.32 143.55 |} 109.36 69.91
C1 233.33 | 6.58||624.81} 17.62 |} 708.14 | 19.97 §} 924.79 | 26.08 |.383.29 | 39.01
S04 14146.27 |294.53 [110674.1p 222.24§5412.98}112.70 §3439.43] 71.61 {}1064.83] 22.17
BCO3(titr.) | 457.57| 7.50 || 732.12] 12.00 [} 671.12} 11.00 § 671.111 11.00 |l 518.581 s.50
HCO3(calc.)
CO3
T.ANS. 308.61 251.86 143.67 108.69 69.68
DS 616.51 504.18 287.22 218.05 139.59

89T



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-7-8 P—7-10W P-7-13 P-7-18 P-7-28
INSTALLED
s FLUSHED
& saPLED Aug. 12/71 Aug. 12/71 Aug. 12/71 Aug. 12/71 Aug. 12/71
ANALYZED
Analyzed By
pH-Field 7.505 7.434 7.382 7.731 8.293
pH-Lab 7.50 7.50 7.85" 8 00 3 135
Cond-Fleld | g 750 480 600 aZOgA'
Cond-Lab 1220 1090 680 820 11220
°C-Field 4° 4° 4° 4° 4°
mg/1 meq/1l }|{mg/1 meq/1 || mg/l meq/1 || mg/1 neq/1 |{mg/1 meq/1l}{ mg/l | meq/1
Na 88.09 | 3.83 ||104.65} 4.55 H144.90f6.30 l159.851 6.95 |1279.45 112,15
K
Ca 107.82 | 5.38 || 92.38} 4.61 || 23.05}1.15 .7.62 | 0.38
Mg 48.27 § 3,97 || 57.15] 4.70 22,1311.82 W 11.67 ] 0.96 || 15.32 } 1.26
T.CAT. 13.18 13.86 9.27 |l 8.29 13.41
c1 16.66 | 0.47 || 16.6610.47 |} 24.82}0.70 16.66 | 0.47 || 99.99 | 2.82
S04 302.11 | 6.29 |}153.69 | 3.20 16.33 | 0.34 36.98 | 0.77 || 89.33 | 1.86
HCO3(titr.) |396.56 | 6.50 |l671.11 t1.00 ||549.00 §9.00 [f427.07 | 7.00 ||549.09 | 9.00
HCO3(calc.)
CO03
T.ANS. 13.26 14,67 9.81 8.24 13.68
TDS 26. 44 28.53 19.08 16.53 27.09

69T



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

]

P-8-10W P-8-10 P-8-18 P-8-28 P-8-48
INSTALLED
pal FLUSHED
| sapLED Aug. 12/71 Aug. 12/71 Aug. 12/71 Aug, 12/71 Aug. 12/71
ANALYZED
Analyzed By
pH-Field 7.672 7.398 7.067 7.499 7.790
pH-Lab 7.60 7.45 7.10-- 7.50 7.80
Cond-Field | 5000 4300 3400 3300 2%025'
Cond-Lab 14,650 10, 680 10,260 7600 8920
°C-Field 4° X 4° | 40 4°
ng/l meq/1 Hme/l meq/1 || mg/l meq/1 || mg/1 meq/1 |{mg/l meq/1§f mg/l | meq/1
Na 2849.70 |123.90]h849.20} 80.40 H1999.85 | 86.95 Jf1799.75 | 78.25 |boso 401 07,50
K
Ca 442.48 | 22.08{1411.62] 20.54 |} 446.29 % 22.27 |} 319.23{15.93 || 53.91] 2.69
Mg 1278.25 §105.1241760.00] 62.50 |} 498.43) 40.99 W 64.201 s5.28 || 22.131 1.8
T.CAT. 251.10 163.44 150.21 |} 99.46 02.31
C1 2099.94 | 59.22111391.49 39.24 }}§1383.29 39.01 b116.64 §31.49 |}3024.73} 85.30
S04 8898.99 1185.28 }}15634.39117.31 |} 4827.49000.51 t0784.77 | 57.98 465.41} 9.69
HCO3(titr.) | 475,83 | 7.75] 457.54 7.50 }| 655.86) 10.75 {1 625.35 |10.25 | 427.071 7.00
HCO3(calc.) |
CO3
T.ANS, 252.25 164.05 150,27 99.72 101..99
IDS 503.35 327.49 300,48 199,18 204.3

0LT



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-9-15

P-9-7 P-9-9W P-9-18 P-9-28 P~9-59
INSTALLED
sl FLUSHED |
S| SAMPLED Aug. 12/71 Aug. 12/71 Aug. 12/71 | Aueg. 12/71 Aug. 12/71 Aug. 12/71
ANALYZED :
Analyzed By )
pH-Field 7.778 7.602 7.419 7.378 7.589 8.232
pH-Lab 7.80 7.70 7.55.- 7.55 7.60 7.70
Cond-Field | ;309 1150 1700 1750 1500 22094
Cond-Lab 1500 1900 3010 2850 1 2930 6840
°C-Field 4° 4° 4° 4° 4° 4°
mg/1 meq/1 }mg/l meq/1 || mg/1 meq/1 || mg/1 meq/1l |{mg/l meq/1§f mg/l | meq/1
Na 284.97 §12.39 11314.87} 13.69 }|580.06 f 25.22 |} 509.91 | 22.17 |} 559.82) 24.34||1474.7 64.12
K . .
Ca 11.62 | 0.58 || 38.47] 1.92 }| 76.95} 3.84 || 96.19 | 4.80 42.28] 2.11]} 38.470 1.92
Mg 50.22 § 4.13 |} 78.191 6.43 |} 85.12} 7.00 }| 51.32{ 4.22 35.02F 2.88|} 35.020 2.88
T.CAT. 17.53 21.40 36.06 |} 31.19 29.33 68.92
Cc1 25.17 § 0.71 || 16.66| 0.47 |§318.78 | 8.99 }}291.48 | 8.22 || 624.80{ 17.62 |}2224.76 62.74
S04 558.10 |11.62 |}719.48 | 14.98 {{1147.91} 23.90 ] 651.28 | 13.56 57.63] 1.20f} 73.97] 1.54
HCO3(titr.) | 152.52 | 2.50 ||{183.03| 3.00 || s533.840 8.75 |{564.34 | 9.25 || 640.60}10.50 |}289.79} 4.75
HCO3(calc.) '
co3 135.00 § 4.5 |]120.00} 4.00
T.ANS. 19.33 22.45 36.64 31.03 29.32 69.04
TDS 36. 86 43.85 72.70 62.32 58.65 137.96

LT



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-10-43

P-10-14W P-10-18 P-10-68
INSTALLED
p FLUSHED
& savPLED Aug. 10/71 Avg. 10/71 || Aug. 10771 Y] Aug. 10/71
ANALYZED : i
Analyzed By
pE-Field 7.590 7.580 7.875 8.510
pH-Lab 7.65 7.65 8.00. - 8.00
Cond-Field 1600 2300 2300 1250
Cond-Lab 4560 8270 7540 2440
°C-Field 4° 4° 4° 4°
mg/l meq/1 Y mg/l meq/1 || mg/1 meq/1 {| mg/1 neq/1 |{mg/1 meq/1l}{|mg/l | meq/1
Na 469.89 |20.43 || 1449.44 63.02 {}i469.70} 63.90 }|579.83 | 25.21
K
Ca 365.52  }18.24 {1323.241 16.13 }} 226.45} 11.30 }] 23.05 | 1.15
Mg 307.04 §25.25 |1512.42] 42.14 {§127.19) 10.46 |} 5.84 | 0.48
T.CAT. 63.91 121.29 85.69 I} 26.84
C1 49.99 | 1.41 ||166.66) 4.70 I 224.82} 6.34 {1 99.99 | 2.82
S04 2774.31 |55.68 |p302.514110.40 [B495.14) 72.77 §733.89 | 15.28
J BCO3(tietr.) | 440,32 | 7.25 ||411.82) 6.75 |} 427.07) 7.00 [{503.33 | s.25
HCO3(calc.) '
CO3
T.ANS. 64.34 121.85 86.11 26.35
TDS 128.25 243.14 171.80 53.19

oUT



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-11-44

P-11-12V P~11-18 P-11-75
INSTALLED
2] FLUSHED ,
<! SAMPLED Aug. 11/71 Aug. 11/71 Aug. 11/71 Aug. 11/71
ANALYZED .
Analyzed By
pH-Field 7.578 7.095 7.151 7.863
pH-Lab 7.60 7.35 7.35 7.95
Cond-~Field 3000 4000 igogo' gﬁogo'
Cond-Lab 6790 11,790 | 6840 5000
°C-Field 4° 4° 4° 4°
mg/1l meq/l }|mg/1 meq/l |l mg/1 meq/1 {| mg/1 neq/1 || mg/1 meq/l}{mg/1l | meq/1
Na 1075.02 |46.74 |12349.49 102.15}} 1299.50 56.50 | 1124.70] 48.90
K A ,
Ca 338.67 }16.90 |1353.90) 17.66}] 315.4315.74 || . 11.4290 0.57
Mg 397.99 }32.73 |826.88] 68.00}} 180.94 14.88 29.18 2.40
T.CAT, 96.37 187.87 87.12 |} 51.87
C1 49.99 | 1.41 ||274.82) 7.75)} 374.81 10.57 {l149.97 | 32.43
S04 4352.47 190.62 |[8018.13 166.94}}3379.87 70.37 & 484.14 | 10.08
HCO3(titr.) | 305.05 | 5.00 || 838.89 13.75|| 381.33 6.25 [ 594.85 | 9.75
HCO3(calc.)
CO3
T.ANS, 97.03 188.44 87.18 52.26
DS 193.40 376.31 174.30 104.13

€LT



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-12-70 |

P-12-16W P-12-35
INSTALLED
s FLUSHED
& SAMPLED Aug. 11/71 Aug. 11/71 Aug, 11/71
ANALYZED
Analyzed By
pH-Fleld 7.355 10.838 7.981
pH-Lab 7.55 7.70.
Cond~Field 3800 32085. ggogot
Cond-Lab 12,360 7,890
°C-Field 4° 4° 4° :
mg/1 neq/1 Hmg/l meq/1 || mg/1 meq/1 || mg/1 meq/l || mg/1 meq/1l{j mg/l | meq/1

Na 1449.0 | 63.00 1549.74 67.38
K ' .
Ca 609.82 } 30.43 26.85} 1.34
Mg 1111.30 § 91.39 96.92} 7.97
T.CAT. 184.82 76.68
c1 3183.24 | 89.77 2491.42§ 70.26 |
S04 4302.05 | 89.57 119.59) 2.49
BCO3(titr.) | 355 30| s5.25 289.79% 4.75
HCO3(calc.)

CO3

T.ANS, 184,59 77.50
TDS 369.41 154.18

LT



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-13-94 P-13-20 P-13-40

INSTALLED

| FLUSHED

&] SAMPLED Aug. 12/71 Aug. 12/71 Aug. 12/71
ANALYZED

Analyzed By

pH-Field 7.650 7.390 7.821

pH-Lab 8.50 8.55 7.95..

Cond-Field |5s000 5500 3500

Cond-Lab 34,200 15,080 8550

°C-Field 4o 4o 4o .

ng/l meq/1 }|mg/l meq/1 || mg/1 meq/1 |{ mg/1 meq/1 {{mg/l meq/1l}{mg/l | meq/1

Na 11598.90 504.30{k649.454202.15 H2174.651 94.55
- ;
Ca 419.43 20.93}] 357.91} 17.86 || s0.76! 4.03
Mg 2226.13% 183.07{| 311.66] 25.63 |} 173.89] 14.30
T.CAT. 708.30 245.64 112.88 ||
C1 133.32}  3.76]] 84.04) 2.37 |} 299.99} s8.46 H.
S04 33322.73] 693.79|111222.69233.66 {}K449.49) 92.64 |

HCO3(titr.) | coc 56l 11.25|0579.59] 9.50 || 640.60% 10.50

HCO3(calc.)
CO3
T.ANS. 708. 80 245,53 111.60 |
TDS 1417.1d 491.17 224.48

SLT



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-14-25B

P-14-12W P-14-25A P-14-50
INSTALLED
gl FLUSHED
= SAMPLED Aug. 11/71 Aug. 11/71 {| Aug. 11/71 Aug. 11/71
ANALYZED
Analyzed By
pH-Field 7.699 7.130 7.370 11,855
pH-Lab 8.40 8.25 8.45. .
Cond-Field | 4000 3200 3200 2000,
Cond-Lab 17680 9320 8690
°C-Field 4° 4° 4° l 4°
ng/1 meq/l Hmg/l meq/1 || mg/1 meq/1 |{ mg/1 meq/1 |{mg/l meq/1l}{mg/l | meq/1
Na 3199.30 }139.10{}1699.7d 73.90 }H 1599.65 €9.55
K
Ca 438.67 | 21.89 |1 325.09 16.22 | 309.82 15.46
Mg 1901.70 }156.39 || 436.54 35.90 }} 346.68 28.51|}
T.CAT. 317.37 126.02 113.521}
Cc1 2683.25 | 75.67 |{1299.94 36.66 |}1033.30] 29.14f
S04 11139.59231.93 |}3900.99 81.22 |{3780.92 78.72%‘
HCO3(titr.) | 549 09 9.00(| 488.04 s.00 || 396.5¢4 6.50
HCO3(calc.) '
003\
T.ANS, 316.60 125.88 114.36
TDS 63397 b51.90 227.88

9T



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-15-12W P-15-25 P-15-45
INSTALLED
| FLUSHED
S| SAMPLED | aue. 11/71 Aug. 11/71 Aug. 11/71
ANALYZED
Analyzed By
pH-Field 7.571 7.717 12.935
pH-Lab 7.45 7.50
Cond-Field 5500 6000 7000
Cond-Lab 28,500 33,090
°C-Field 4° 4° 4° _
mg/1 meq/1 }{mg/1 meq/l {{ mg/1 meq/1 |} mg/1 meq/1 |{mg/1 meq/1}{mg/1l | meq/1
Na 8199.50 1356.50 }19049.35 393.45
K
Ca 373.14 | 18.62 | 388.51 19.39
Mg 2116.19 }173.09 |]2928.86 240.86
T.CAT. 548.21 653.70
c1 383.32 | 10.81 || 649.99 18.33
S04 25239.76 |525.50 {130005.78 624.7;
HCO3(titr.) | ;93 13) 13.00 || 701.620 11.50
HCO3(calc.)
CO3
T.ANS, 549.31 554, 56
TDS 1097.52 308. 26

LLT



APPENDIX E-2

Groundwater Chemistry at Piezometer Nests 1 to 11, 1970



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE
P-1-18W P-1-28 P-1-38 P-1-76
INSTALLED
oy FLUSHED |
& SAMPLED Sept. 16/70 Sept. 16/70 Sept. 16/70 Sept. 16/70
ANALYZED | yan. 5/71 Jan. 5/71 Jan. 5/71 Jan. 5/71
Analyzed By
pii-Field 7.27 6.86 6.00 6.75
pH-Lab
Cond-Field
Cond-Lab 1.64 3.25 -3.77 3,45
°C-Field 4° 4° 4° . 4°
ng/l meq/l }mg/1 meq/1l || mg/1 meq/1 || mg/1 neq/1 || mg/1 meq/1l{{mg/l | meq/1
Na 14.9 1 o.65 || 55.2 1 2.4 136 5.9 149 6.5
K 5.86 | 0.15 || 21.1 | 0.54 29.0} 0.74 34.0 .87
Ca 241 12.03 |} 404 l20.68 ¥ .28.2] 14.10
Mg 140.0 §11.47 {1329.0 ] 26.89 |} 305 |25.00 || 248 20.90
T.CAT. l12.27 41.86 52.32 41.77
C1 22,0 | 0.62 || 59.7 | 1.68 80.3) 2.26 §§ 138 3.89
S0 |
4 318 6.63 111900 1 39.66 {}2210 {45.99 ¥ 1730 36.05
HCO;(titr.) 1 '
1964 6.50 || 214 3.50 || 277 4,54 1} 366 6.00
HCO3(calc.)
CO3
T.ANS, 13.75 4484 152,75 45.94
D3 | 26.02 86.70 105.07 87.71

6LT



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-2-10W P-2-10 P-2-18 | p-2-38 P-2-98
INSTALLED
o~ FLUSHED
P
g :
A SAMPLED Sept. 16/70 Sept. 16/70)] Sept. 16/70 || sept. 16/70 || sept. 16/70
ANALYZED |  jap. 5/71 Jan. 5/71 Jan. 5/71 Jan. 5/71 Jan. 5/71
Analyzed By '
pH-Field 7.23 7.14 7.40 7.25 4 7.17
pH-Lab
Cond-~Field
Cond-Lab 3.33 3.01 3.28 1.76 1.79
°C-Field 4° 4° 4° | 4° 4°
mg/l meq/1 }{mg/l meq/1 |} mg/1 meq/1 |{ mg/1 neq/1 |{mg/1 meq/1}{mg/1l | meq/1
Na 332 16.6 W o332 las.s 370 | 16.1 || 230 10.0 1] 108 4.7
K 26.6 | 0.68] 23.0] 0.59 26.21 0.67}] 18.00 o0.46{ 14.91] 0.38
Ca 150 7.52 1 97.8} 4.89 || 146.6 1 7.33 135.4 | 6.77
Mg 206 § 16.921] 179 }14.66 || 175 14,2940 52.7 1 4.324] 71.3] s5.83
T.CAT. 39.52 34.54 38.39 14.78 17.68
C1 47.6 | 1.34l1 59.7] 1.68 61.5 | 1.73ff 73.2 | 2.06]] 106 2.98
S04 1650 34.26 1320 §27.44 H1700 35.438% 350 7.29 {1} 494 |10.29
HCO . 1R ¥4
3(titr.) 366 6.00 || 305 5.00 || 274 4,561 305 5.00 || 274 4.50
BCO3(calc.)
CO3
T.ANS. 41.60 34.12 41.66 14.35 17.77
DS 81.12 68.66 80.05 29.13 35.45

081



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-3-6 P-3-10W P-3-10 P-3-18 P-3-38 P-3-78
INSTALLED
pd FLUSHED
5| SAMPLED Sept. 16/70 Sept. 16/70 || Sept. 16/70 Sept. 16/70 {| sept. 16/70{| Sept. 16/70
ANALYZED | 7.5, 5/71 Jan. 5/71 Jan. 5/71 Jan. 5/71  Jan. 5/71 Jan. 5/71
Analyzed By _
pH-Field dry 7.58 7.41 7.33 7.40 7.36
pH-Lab
Cond~Field
Cond-Lab dry 8.70 7.86 8.19 10.68 5.17
°c-Field 4° 4° 4° 4° 4° 4°
mg/1 meq/1 }img/1 meq/1l {} mg/1 meq/1 |} mg/1 meq/1 || mg/1 meq/1{f mg/1l | meq/1
Na 1490 4 65.2 1420 f61.9 1470 165.9 }l2200 ]95.45|} 990 [43.00
K 44.2] 1.13 36.4) 0.93 37.9] o0.97 57.5) 1.47|] 21.4 0.54
Ca 244 12,22 || 195.0} 9.78 || 244 {12.22 || 218 |10.91|] 22.6] 1.13
Mg 394 | 32.34 |} 204 | 24.06 |} 268 |22.00 || 210 }17.17.] 13.8] 1.13
T.CAT. 110.89 46.67 99.09 129.64 45. 80
1 111 3.12 |} 165 2.95 f} 109 3.07 || 428 |12.07{]1320 |37.15
S04 5110 }106.45 I} 4310 | 89.96 ¥ 4520 | 94.36 ||5680 [f118.16|] 401 | 8.37
HCO3(titr.) 366 | 6.00 f} 572 9.38 {§ 244 4.00 || 450 7.38Y} 442 | 7.25
HCO3(calc.)
CO3
T.ANS. 115.57 102.29 101.43 137.61 50,77
DS 226.46 198.96 1 200. 42 267.25 8. 57

18T



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

281

P-4-10W P-4-15 P-4-28 P-4=47 P=4~93
INSTALLED
g FLUSHED
&| SAMPLED Sept. 15/704} Sept. 15/70 Sept. 15/70 || Sept. 15/70 Sept. 15/70
ANALYZED Jan. 5/71 Jan. 5/71 Jan. ,5/71 Jan. 5/71 Jan. 5/71
Analyzed By
pH-Field 6.75 7.08 6.35 7.09 8.27
pH-Lab
Cond~Field
Cond-Lab 2.14 1.31 1.79 2.29 b.47
°C-Field S 4° 4° 4° | 4° 4°
mg/1 meq/1 jjme/l meq/1 || mg/1 meq/1 || mg/1 neq/l || mg/1 meq/1}{ mg/1l | meq/1
Na 17.9 | o0.78 ! 10.1 to.46 Harto | 1.82 /1 om1 9.6 840 136.5
K 9.79 | 0.25 14.1 }0.36 |20.0 0.51 30.11 6.77 26.6 | 0.68
Ca 188 9.40 ||124 6.20 263 13.16 .64 3.20
Mg 181 14.85 75.5 } 6.20 77.7 6.39 68.5 } 5.64 29.4 1 2.42
T.CAT. 25.28 13.20 21.88 19.21 39.60
C1 78.5 2.21 | 42.7 {1.20 72.8 } 2.05 85.3 1 2.40 {]1070 30.10
S04 1000 20.86 |}445 9.26 1833 17.34 ] 640 13.32 460 9.59
H . ‘
Cog(titr.) |4, 2.25 ||267 4.38 84.2 § 1.38 {1 198 3.25 || 640 |10.50
HCO3(calc.) ' '
CO3
T.ANS. 25.32 14.84 26.77 18.97 50.19
08 50.60 28.04 42,65 38.18 89.79 ;




PIEZOMETER NUMBER AND DEPTH BELOW GROTUND SURFACE

P-5-13W P-5-15 P-5-28 P-5-48 P-5-93

INSTALLED

FLUSHED
& SAMPLED Sept. 15/70 sept. 15/70ll sept. 15/70 Sept. 15/70 Sept. 15/70

ANALYZED Jan. 5/71 Jan. 5/71 Jan. 5/71 Jan. 5/71 Jan. 5/71
Analyzed By '
pH-Field 7,14 7,22 7,05 diry 7.99
pH-Lab
Cond~-Field
Cond-Lab 1.00 0.85 0.73 dry 3.39
°C-Field 4° 4° 4° » 4° 4°

mg/1 meq/1 }{mg/l meq/l {| mg/1 meq/1 || mg/1 neq/1 || mg/1 meq/1l}{mg/l | meq/1

Na 2,99 1 0.13 H1s.9 lo.e5 46.0 § 2.00 66.8 | 2.90

K 12.1 0.31 {{16.6. }o0.27. | 14.9 | 0.38 21.1 ] 0.54

Ca 27.6 11.13 26.4 | 1.32

Mg 66.3 | 5.45 {]52.5 4.32 38.8 3,19 45.7 1 3.76

T.CAT, 5.89 6.37 6.89 7.20

C1 54.7 1.54 |l22.0 Jo.62 47.6 | 1.34 528 {14.88

1) '

4 149 3.0 1 2.79 I5.80 Hi1y 2,44 330 - | 6.86
HCO3(titr.) |, 3.75 || 330 |s5.40 [}214 3.50 855 }14.00
HCO3(calc.)

CO3
T.ANS, 8.39 11.84 7.28 35.74
TS 14.28 8.21 14.17 42.94

£8T



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P—6-10W P-6-15 P-6-23 P-6-38 P-6-57
INSTALLED
tal FLUSHED ,
& sapLED Sept. 15/70 sept. 15/70}]  sept. 15/70}] sept. 15/70 Sept. 15/70
ANALYZED Jan. 5/71 Jan. 5/71 Jan. 5/71 Jan. 5/71 Jan. 5/71
Analyzed By '
pH-Field 7.37 dry dry 7.33 7.64
pH~Lab
Cond~Field
Cond-Lab 19.27 9.36 7.02
°C-Field 4° 4° 4°
mg/1 meq/1 }jmg/l meq/1 || mg/1 meq/1 | mg/1 meq/1 |l mg/1 meq/1{{mg/l | meq/1
Na 2590 1112.25 N 1560 68.0 || 1300 |s56.5
K 115 2.93 53.2 1.36 30.9] 0.79
Ca 440 22.00 255.6 | 12.78
Mg 2720  §223.72 293 24.07 22.9] 1.88
T.CAT, 360.90 ' 106.21 59.17
c1 417 11.76 920 25.92 || 1620 |45.50
S04 1650 1344.60 378 78.68 1] 325 | 6.77
HCO3(titr.) | 435 7.13 328 5.38)} 717 |11.75
ECO3(calc.)
CO3
T.ANS. 363.49 109.98 64.02
IDS 724.39 216.19 ; 123.1%

%81



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-7-8 P-7-10W P-7-13 P-7-18 P-7-28
INSTALLED
FLUSHED
s< - "
a] SAMPLED Sept. 15/70 Sept. 15/70 Sept. 15/70}l Sept. 15/70 Sept. 15/70
ANALYZED | ;. s5/71 Jan, 5/71 Jan..5/71 1 Jan. 5/71 | Jan. 5/71
Analyzed By
pH-Field dry 6.44 7.11 7.41 8.55
pH~-Lab
Cond-Field
Cond-Lab 1.06 0.89 1.10 1.84
°C-Field 4° 4° 4° 4° 40
mg/1 meq/1 mg/l meq/1 || mg/1 neq/1 {{ mg/1 meq/1 || mg/1 meq/1}[{mg/1l | meq/1
Na 112 5.88 M 143 | 8.4 127 5.52 1} 350 15.2
K 19.2 | 0.49 14.5 | 0.37 14.5 | 0.37 14.1 | 0.36
Ca 22.6 | 1.13 22.6 |1.13 22.6 | 1.13
Mg 43.5 | 3.57 15.9 | 1.31 18.2 } 1.50 18.2 | 1.50
T.CAT. 8.94 11.21 || 8.52 18.19
c1 29.1 {.0.82 32.3 } 0.91 {} 40.8 | 1.15 90.4 | 2.54
504 212 5.42 | 366 7.62 H 167 3.48 |} 327 6.82
HCO3(titr.) 305 5.00 [} 473 §7.75 [ 290 4.75 || 503 8.25
HCOg(calc.)
CO3
T.ANS. 10.24 16,28 9.38 17.61
TDS 19.18 27.49 17.90 35, 80

G8T



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

—
P-8-10W P-8-10 P-8-18 P-8-28 P-8-48
INSTALLED
o FLUSHED |
g ; -
A| SAMPLED Sept. 15/70 Sept. 15/70 sept. 15/70 1 sept. 15/70 Sept. 15/70
ANALYZED Jan, 5/71 Jan. 5/71 Jan..5/71 Jan. 5/71 | Jan. 5/71
Analyzed By
pE-Field 7.40 7.48 . 6.98 7.45 7.78
pH-Lab
Cond-Field
| Cond-Lab 15.36 12.93 10.68 9.36 10.68
°C"Field 40 40 40 40 40
ng/l meq/1l }me/1 meq/1 }} mg/1 meq/1 |{ mg/1 meq/1 [{mg/1 meq/1}{ mg/l | meq/1
Na 2350 102.1 H 1900 82.9 2230 1 97.0 1680 73.0 |} 2040 88.8
K 45.0 1.15/]  36.0] 0.92 39.1} 1.00 60.2] 1.54] 37.9] .97
Ca 513.6 | 20.68l 413.6} 20.68 1] 444 | 27.221 . 3.30| 16.92
Mg 1070 88.17{l 995 |} s1.78 |} 351 | 28.89{l 121 9.96}] 29.71 2.44
T.CAT, 212.10 186.28 149.11 || 101.43 92.91
C1 1770 49.8211 1560 | 44.02 1} 1390 | 34.07 1100 31.01}] 3120 | 87.74
S0 , 1
4 7930 | 165.06l} 6600 1137.24 || 4180 | 87.02 2990 62.4211  4.32] 0.09
HCO3(titr.) 320 5.25] 427 7.00 {| 610 } 10.00} 650 10.63}} 534 8.75
HCO3(calc.)
CO03
T.ANS. 220,13 188.26 136.09 104.06 96.58
DS /32,23 374.54 285.20 205. 48 188.79

98T



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-9-7 P-9-9W P-9-15 P-9-18 P-9-30 P-9-59°
INSTALLED
g FLUSHED
= : -
g} SAMPLED Sept. 15/70 Sept. 15/70 Il Sept. 15/70 Sept. 15/70 Sept. 15/70 Mlsepr. 15/70
ANALYZED | Jan. 5/71 Jan. 5/71 Jan, 5/71 Jan. 5/71 Jan, 5/71  {lJan. 5/71
Analyzed By
pH-Field 7.43 7.31 7.47 7.73 7.55 8.46
pH-Lab
Cond~Field
Cond-Lab 2.89 1,89 2.73 2.26 1.49 7.80
°C"Field 40 40 40 i 40 40 40
ng/l meq/1l }{mg/l meq/1 [ mg/1l" | meq/l || mg/1 meq/1 |{mg/l meq/1l{{mg/l | meq/1
Na 520 |22.6 460 ) 20.0 H 362 |f15.7 350 | 15.2 || 220 9.58}} 1460 | 63.5
K 36.0 .92 31.3}  .soll 26.2 .67 26.2 6711 19.2 .49 33.2] .85
Ca 48.8 | 2.44 |l 45.20 2.26
Mg 59.5 } 4.89 75.6 }  6.2211 105 8.65 45.7 3.76 4} 16.1} 1.324] 11.4]l 0.94
T.CAT, 28.41 27.02 25.02 19.63 13.83 67.55
c1 78.5 1 2,91 57.51 1.36M 116} 3.26 H 170 4.80 |l 170 4.80 12440 ]68.59
S04 4.32] 0.09 36.0} o0.75}] 306 6.39 635 | 13.21 1] 309 6.44 ] 11.0} 0.23
HCO3(titr.) 1300 {21.25 |l 870 14,2511 870 }14.25 900 | 14.75 1 229 3.75 {1 137 |} 2.25
HCO3(calc.)
CO3
T.ANS, 28.53 10. 34 23.90 22.76 14.99 71.07
TDS 56,94 43.36 48.92 42.39 28.82 138.62

(8T



LA

PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-10-43

P-10-14W P-10-18 P-10-68
INSTALLED
FLUSHED |
64 N -
&} SAMPLED Sept. 16/70 Sept. 16/70]] Sept. 16/70 Sept. 16/70
ANALYZED Jan. 5/71 Jan., 5/71 Jan. 5/71 Jan. 5/71
Analyzed By ' '
ph-Field 7.35 7.31 7.55 7.63
pH-Lab '
Cond-Field
7.02 11.70 8.94 2.66
ng/l meq/1l Hmg/l meq/1l | mg/1 meq/1 || mg/1 meq/l {| mg/1 meq/1lf{mg/l | meq/1
910 39.5 1} 1840 } 20.1 Hie70 72.8 500 21.7
K 44,2 1.13} s4.0} 1.38 66.0 | 1.69 19.2 0.49
Ca 308 15,42 358 } 17.8611 211 }10.53
Mg 503 41.17 760 | 62.23f} 151 j12.41 |} 183 1.50
T.CAT. 97.20 161.57 47.43 |l 23.69
C1 71.7 | 7.02 i 401 | 11.33l} 249 | 7.01 §1 102 2.88
)

4 4370 1 90.99 1} 7030 | 146.07{] 3960 |82.53 ® 545 11.33
HCO3(titr.) 153 | 2.50{l 550 9.00{] 549 § 9.00 [ 557 9.13
ECO3(calc.) '

CO3
T.ANS. 95,51 66. 40 98.54 23.34
IDs 192.71 327.97 195.97 47.03

88T



PIEZOMETER NUMBER AND DEPTH BELOW GROUND SURFACE

P-11-43

P-11-12W P-11-18
INSTALLED
| FLUSHED
& A _
A SAMPLED Sept. 16/70 Sept, 16/70 Sept. 16/70
ANALYZED Jan, 5/71 Jan. 5/71 Jan. 5/71
Analyzed By
pH-Field 7.13 7.32 7.34
pH-Lab
Cond~-Field
Cond-Lab 8.78 13,47 7.62
°C-Field 4° 4° 4°
ng/1 meq/1 {jmg/1 meq/1 || mg/1 meq/1 |} mg/1 meq/1 {|mg/1 meq/1j{mg/l | meq/1
Na 1270 1 55,4 1l 2300 } 100.0 1320 | 57.5
K 66.2 1.69 89.0f 2,12 59.51 1.52
Ca 323 16,1711 305 15,2310 117 5.83
Mg 570 45,681 824 67.68]] 144 |11.84
T.CAT, 118.94 185.03 76.69
C1 59.6 1.681 242 6.824} 380 }10.70
S04 5500 1114.30]18560 |} 178.2201 3100 | 64.67
HCO4(titr. '
3( ) 244 4,001 442 7,251 214 3.50
HCO3(calc.)
CO3
T.ANS. 119,98 192,29 78.87
IDS 238.92 377.32 iL55.56

68T



APPENDIX E-3

Groundwater Chemistry of Farm Wells (I to XI)

Along the Study Area, 1970




GROUNDWATER CHEMISTRY OF FARM WELLS (I TO XI) ALONG THE STUDY AREA, 1970

Farm | Location |[Estimated| pH |Conductivity Meq. /1.

Wells Depth (mmhos/cm) =
by Farmer Cat+ |Mg+t+ | Nat | Total |SO,~ | C17 HCO3™ |Total
Cations Anions
I |SE 4-2-23u| 27°' 7.25 2.78 26.15]16.10 .91143.16 30.75( 2.25| 9.50}42.50
IT |SE 17-2-23W| 18' 7.35 2,69 12.30111.15}13.91{37.36 {25.00| 0.65{11.00{36.65
IIT |NC 36-2-24wj 185" 7.90 7.02 2.45| 4,20(76.08(82.73 0.20(69.90}13.7583.85
IV |SC 7-3-23W 7.80 8.19 2.80| 6.7 [86.95}96.45 1.50(83.8011.00(96.30
V |C 13-3-24W 8.70 2.93 0.50} 1.80}27.39]29.69 0.50119.90]11.25{31.65
VI |NC 14-3-24w| 120' 7.85 7.74 3.0 | 2.45|81.52186.97 1.50]75,15}11.25|87.90
VII |WC 25-3-24W| 90! 7.90 8.06 2.15| 2,05]80.43|84.63 0.90(74.40}10.25185.55
VIII SC 35-3-24wW] 140' 7.80 7.45 3.20f 2.05|76.08(|81.33 |16.50(49.25}14.25{80.00
IX |NE 34-3-24wW| 120 7.70 8.86 3.95} 3.50(90.22}{97.67 0 86.35]112,25{98.60
X |SC 10-4-24W] 60 7.15 2,88 7.40110.45116.96(34.81 120.18| 2,60] 8.25|31.03
XI SW 15-4-24W| 97 8.55 1.38 0 .70113.91114.61 5.15 .50] 8.25}113.90

T6T



APPENDIX F-1'

Soluble Salts of Soil Samples Taken at One Foot Intervals to
Sastpashy 10T € #

Various Depths;Below Ground Level at Eight Locations in the Study Area




Site No. Depth Electrical Meq./1.
of Conductivity — —
Location Sample mmhos/cm Catt+ Mg+t Na+ Total 804— C1 HCO3— Total
(feet) Cations Anions
B1
SW 4-2-23W| 0- 1 0.10 0.94 0.75 0.43 2.12 0.19 0.00 0.50 0.69
1- 2 0.21 1.88 | 0.30 0.30 2.48 0.52 0.00 1.50 2.02
2- 3 0.12 0.38 1 0.00} 0.17 0.55 0.28 0.00 0.25 0.53
3- 4 0.17 0.94 0.911 0.22 2.07 0.75 0.00 1.25 2.00
4- 5 0.16 0.94 1.69 0.22 2,85 0.80 0.09 2.00 2.89
Y
SW 9-2-23w{ 0~ 1 0.32 0.56 2.63 1.22 4.41 1.46 0.05 2.50 4,01
1- 2 0.34 0.56 1.62 2,09 4.27 1.55 0.00 3.00 4,55
2- 3 0.63 2.44 1.62 3.78 7.84 5.26 0.09 1.50 6.85
3- 4 3.33 28.20 }124.25 6.35| 58,80 56.49 0.38 1.25} 58.12
4~ 5 4,27 25.38 [40.04 9.781 75.20 73.98 0.53 1.00] 75.51
5- 6 4,57 26.13 145,49} 10.52| 82.14 81.03 | 0.53 1.25} 82.81
6- 7 4,91 28.20 153.39} 12.83} 94.42 92.97 0.09 1.757 94.81
7- 8 5.58 27.82 {65.05} 19.13]112.00 109.23 0.67 1.501111.40
8- 9 5.95 28.38 |68.621) 19,561116.56 114,30 | 0.67 1.00{115.97
9-10 5.46 26,13 62.42} 21.731110.28 107.87 0.77 1.50]110.14
Gl N
NC 19-2-23W}| 0- 1 6.06 19.18 |28.20} 47.83| 95.21 94,94 0.90 2.751 98.59
1- 2 13.84 25.19 {74.641159.781259.61 258.96 4,18 3.25(266.39
2~ 3 11.04 21.24 151.701107.60/180.54 178.16 3.31 1.501182.97
3- 4 12.28 22,56 152.081116.301190.94 188.87 3.36 1.001193.23
4— 5 10.80 22.00 ]48.50/107.601(178.10 175.54 3.17 1.001179.71
5~ 6 10.92 48.131117.381186.94 183.01 3.17 0.501186.68

21.43
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Site No. Depth Electrical Meqg./1.

of Conductivity
Location Sample mmhos /cm Catt+ | Mg++ Na+ Total | S0,= |C1” HCO3 | Total
(feet) Cations Anions
6~ 7 13.10 13.164 62.791164.13}240,08 235,53 5.42 2.001242.95
7- 8 16.94 17.67] 94,56 (192.38]304.61 294,51 6.72 3.501304.73
8- 9 21.84 20.681143.631268.481432,79 418.95 9.50 | 4.75(433.20
9-10 20.91 22.561135.17 1248.901406.63 397.60 7.39 4.501409.49

J
NW 12-3-24W {0- 1 1.27 11.47 7.14 1.04] 19.65 16.31 3.17 1.50] 20.98
1- 2 2.06 17.48) 15.41 1.35] 34.24 29.75 1.97 2.50f 34.22
2- 3 1.61 7.33| 15.60 1.391 24.32 22.42 0.72 1.257 24.39
3- 4 1.32 4,51 14.29 2,09} 20.89 18.19 0.91 2.00) 21.10
4- 5 .1.19 3.38| 11.28 3.83] 18.49 15.93 3.12 0.75} 19.80
5- 6 1.11 4,141 7.14 4.821 16.10 13.82 3.07 0.50} 17.39
6- 7 1.19 4.51 8.84 4,431 17.78 15.70 0.67 1.75} 18.12
7- 8 2.84 15.04} 26.88 8.57{ 50.49 47.75 1.92 1.75] 51.42
8~ 9 4.36 18.99{ 44.,55| 16.95] 80.49 77.08 1.73 2.50}) 81.31
9-10 3.93 9.021] 39.29{ 19.56| 67.87 64.67 2.78 0.75] 68.20
K

NW 13-3-24W |0- 1 0.40 2.44 1.96 0.48 4,88 0.99 0.48 3.00 4.47
1- 2 0.40 2.82 1.98 0.87 5.67 1.00 0.38 2.75 4.13
2- 3 1.85 5.08] 15.42 9.30] 29.80 27.21 0.86 1.25] 29.32
3~ 4 3.17 6.20! 28.01} 16.08{ 50.29 46.72 2.02 1.50f 50.24
4- 5 7.28 23.50| 87.40| 36.52}147.42 }140.06 4.42 2.00]146.48
5~ 6 9.36 22.561123.51 | 48.691194.76 184.99 7.39 2.001194.38
6~ 7 10.03 22.,181140.25] 52.60(215.03 202.48 9.89 -1 2.00}214.37
7- 8 10.03 22.751137.99 ] 55.211215,95 198.97 [13.34 2.00/214.31
8- 9 10.92 26.511123.77 1 60.86|211.14 191.90 }16.70 2.751211.35
9-10 9.36 23.121 90.59 | 44.78{158.49 144,03 113.63 1.751159.41

76T



Site No. Depth Electrical Meq./1.
of Conductivity
Location Sample mmhos / cm Cat+ | Mg+ Nat Total | SO4 C1~ |HCOg | Total
(feet) Cations Anions
H
NE 3-3-24 0-1 0.57 3.20 1.85 0.78 5.83 2.50 0.38 2.00 4,88
1- 2 1.96 3.571 14.29 7.481 25,34 22,32 0.34 2,00} 24.66
2- 3 3.02 4,51{ 28,951 13.48} 46,94 44,95 0.53 1.751 47.23
3- 4 5.17 20,68 54.40 § 20.43f 95.51 94.13 0.77 1.751 96.65
4~ 5 6.55 23.31} 72.99 | 26.08{122.38 122.41 1.06 0.50}123.97
5~ 6 7.67 23.691103.64 | 33.471160.80 158.57 1.44 2.751162.76
6~ 7 8.19 22,754 98.97 | 31.731153.45 152.91 1.44 1.251155.60
7- 8 8.77 21.241102.08 | 34.34)157.66 156.35 1.82 0.751158.92
8- 9 8.54 21.62]102.90 { 36.52]161.04 156.95 1.92 1.751160.62
9-10 8.19 22,00 88.31 | 32.60|142.91 140.95 1.92 1.001143.87
D
NW 30-2-23wW {0- 1 5.61 33.46 | 29.52 {11.87| 74.85 39,99 | 32.45 1.75) 74.91
1- 2 9.36 14.85 78.27 | 52.171145.29 114.13 | 28.32 2.75]145.20
2- 3 8.05 8.08| 68.48 {47.39|123.95 98.17 |23.23 2.251123.65
3- 4 7.50 7.71] 59,35 | 43,47(110.53 88.88 119.49 2.501110.87
4- 5 8.19 8.46 1 65.07 | 44.55}118.08 95.75 {19.97 2.251117.97
5~ 6 8.05 5.831 65.48 146.72{118.03 94,13 [20.45 2.501117.08
6~ 7 10.80 23.12 | 87.58 | 54.32{165.02 138.77 |22.75 3.00}164.52
7- 8 10.34 23.12 1) 85.56 | 56.501165.18 138.37 124.09 2.751165.21
8- 9 9.83 23.12 1 73.78 | 55.481152.38 126.65 |24.00 2.501153.15
9-10 9.83 25.00| 75.76 | 56.50{157.26 130.90 |24.29 1.50]156.69
T 0-1 1.44 6.02 |  3.48 1.57| 11.07 9.91 0.20 1.75¢ 11.86
NE 8-4-24W |1~ 2 1.06 6.20 3.81 0.87] 10.88 6.91 0.10 | 2.25 9.26
2- 3 0.98 5.08 4,43 0.69] 10.20 6.36 0.10 2.00 8.46
3- 4 0.39 0.75 2.44 0.56 3.75 1.06 0.00 2.75 3.81
4- 5 0.36 0.75 1.31 1.09 3.15 0.91 0.00 | 2.25 3.16
5- 6 0.34 0.56 1.31 1.65 3.52 0.86 0.00 2,50 3.36
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APPENDIX F-2

Soluble Salts of Soil Samples Taken at Various
Depths Below Ground Level During the Drilling

Program for the Installation of Piezometers




Piezometer | Depth Electrical Meq./1.
Nest No. of Conductivity - -

Sample | (mmhos/cm) | Cat+ | Mg+ Na+t+ Total | SO4 Cl™ | HCO3 | Total

(feet) " Cations ‘ Anions
P-1 10-18 0.31 1.30 1.25 0.48 3.03 0.55 0.72 1.25 2.52
P-1 20-30 3.38 26.351 20.93 3.13 50.41 48.66 0.55 1.00 50.21
P-3 18 5.6 3.80| 15.00 { 51.30 70.10 64.80 2.64 3.25 70.69
P-4 9-12 1.14 5.45 6.35 0.74 12.54 11.10 1.20 1.25 13.5
P-4 18-20 2.07 16.90 6.60 2.00 25.50 | 24.00 1.20 1.25 26.45
P-4 40-44 3.34 27.401 13.45 7.13 47.98 46.8 1.43 1.25 49,50
P-5 45-48 3.60 28.001 11.55 9.56 49.11 46.50 0.72 0.50 47.72
P-6 20-23 7.60 23.00] 33.75 | 51.29 108.04 |101.10 6.96 1.75 {109.81
P-6 35-38 6.41 22,70 | 12.45 | 49.56 84,71 74.30 8.40 0.75 83.45
P-7 10 0.52 1.00 1.80 3.30 6.10 2.10 0.72 2.50 5.32
P-8 20 6.00 22,851 13.95 ] 42.60 79.40 69.50 8.88 1.25 79.63
P-8 40 9.00 19.95 6.05 | 87.82 113.82 99.60 | 13.44 0.75 {113.79
P-9 15-18 2.93 9.95 4.59 ]119.56 34.10 28.43 2.97 1.50 32.90
P-11 14 7.23 121.70 ]| 47.12 | 49.99 118.81 |116.0 2.86 1.00 | 119.86
P-11 19 6.29 20.20 | 33.40 | 41.30 94.90 90.00 4,56 2.25 96.81
P-11 28 3.57 8.80 | 13.831}22.17 44,80 41.70 3.14 1.00 45.84
P-11 30 3.64 10.60 | 10.20 | 24.78 45.58 40.60 3.60 1.25 45,45
P-11 35 3.63 10.20 940 | 24,78 44,38 39.10 4.08 2.00 45,18
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Piezometer | Depth Electrical Meq./1.
Nest No. of Conductivity

Sample (mmhos/cm) Cat+ | Mg++ Na+t+ Total SO4= c1” HCO3_ Total

(feet) Cations Anions
P-11 50 4.10 11,65 | 9.35] 31.74 52,74 | 46.70 | 4.56 | 2.00 | 53.26
P-11 65 3.48 0.95 ] 0.95{ 38.03 39.90 | 30.50 | 5.04 | 3.75 | 39.29
P-11 65-75 8.48 7.20y 2.30f 97.82 [107.32 | 97.98 | 8.88 | 0.25 {107.11
P-13 15-35 7.98 6.55 ] 3.95| 88.69 99.19 | 96.60 | 1.92 | 1.25 | 99.77
P-14 25 6.29 21.00 {19.75] 46.51 87.26 { 76.20 {11.52 | 1.25 | 88.97
P-14 35 4.77 12.40 |1 10.45] 36.95 59.80 | 50.95 | 8.40 | 1.75 | 61.10
P-14 50 7.08 15.30 | 7.251 63.90 86.45 | 76.85 | 8.88 1 0.25 | 85.98
P-15 5 13.24 19.00 {52.02}138.04 |209.06 [205.57 | 1.92 | 2.50 [209.99
P-15 10-15 14.66 20.30 |62.13}148,91" |231.34 |225.22 | 2.88 | 2.50 {230.50
P-15 20 19.36 9.40 {94.37(217.39 }321.16 [315.30 | 5.76 | 3.50 {324.56
P-15 25 16.29 9.60 [82.76)182.60 |[274.96 |263.70 | 8.88 | 2.00 [274.98
P-15 30 14.66 7.20 |64,741159.77 |231.71 |218.8 8.40 | 5.50 1232.70
P-15 40 6.62 3.30 | 4.60{ 69.55 77.45 | 71.60 | 4.56 | 3.00 | 79.16
P-15 40-45 5.13 2,30 | 3.60} 52.16 58.06 | 53.30 | 3.84 | 2.25 | 59.39
P-15 45-49 6.41 4,10 | 7.55] 64.77 76.42 | 70,10 | 5.04 | 1.75 | 76.89
P-15 50 3.02 0.30 | 1.08) 29.56 30.94 3.12 | 2.75 { 32.27

26.40
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APPENDIX G

Plates Showing Landscape, Methods of Investigation,

and Genetic Soils in the Study Area
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Plate 1

Natural groundwater
spring at base of
Turtle Mountain.
Area lies between

piezometer Nests
10 and 2.

Plate 2

Piezometer Nest 2.
Area of strong
groundwater dis-
charge. Note salt
crusts on soil
surface and gener-
ally salt tolerant
vegetation.

Plate 3

Apparatus used to
sample piezometers
-Vacuum pump
-Vacuum bottle
-Ty gon tube




Plate 4

Solid stemmed auger used to install
piezometers to depths of 100 feet
below ground level. Samples of

the different geologic deposits
were obtained from the auger.

Plate 5

Giddings Drill used to install water
table wells and collect soil samples
to depths of 10 feet. Soil samples
taken directly from auger at
intervals of 1 foot.
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Plate 6

Saline Gleyed Carbonated Rego
Black soil in stratified
lacustrine sediments of
Whitewater Basin. Soil is
typical of groundwater
discharge area.

Plate 7

Orthic Black soil with coarse
textured gravelly lense
(24"-32"). Note white salt
crystals deposited at the
bottom of gravel lense
(Figure 15, p.65) in
Whitewater Basin sediments.
(Discharge Area).

Plate 8

Gleyed Eluviated Black soil in a
leached depression in the

Leighton Area. Ponded water
leaches profile during infiltration.
Soil is typical of a fast local
recharge flow system.
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