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Abstract $
\ L" " i‘ - N = I3 o ke
This study was undertaken at an irrigated si*- P
north of Taber, Alberta. The study site compr: o

plain, underlain by 1aterally and vertically
b

Laurentide §1§cial, fluvioglacial, fluvial,-

deposits which disconformably overlie Creta y
bedrock at depthsicf forty to fifty meters e q
sequence of deposits from the surface to b~ ace
samd, E;aftug;é oxidized till, buried out- - zssive
non-oxidized till, Saskatchewan sands and = av#:s a~d

bedrock.

The ext3ﬁ§ive network of piezcieters Eﬁ%?i!téi table
monitoring wells across the study site shows that the water
table is generally shallow, being betweén 2 and 5 meters
beneath ground %uffaze altééugh locally it reaches depths of
13 to 14 meters. Groundwater flow is dominantly vertically

downward. Lateral flow Dccurg in places through sand and

lenses in the tills and in the surface sands and

=t

grave

Saskatchevan sands and gravels.
5:1 aqueous extracts obtained from bulk samples of
surface sand and oxidized till show that the till contains

much higher concentrations of water soluble salts than the

surface sands. An extract from a buried sand sample is (\
generally comparible with till extracts.

Results of analyse;ffé: three groundwater sample sets
L
are presented. Field and laboratory analysis results are

processed using WATEQF, a computer program which gives the

iv



equlibrium speciation for each sample under the temperature
— - * pJ - , ‘
Groundvwater samples from piezometer nests 1811 and 1B18

have much lower concentrations of major ion species than'

]

amples from elsewhere in the study site. No reasons for
n

"this can be identified. !

Shallow grauhéwater samples from just beneath the water
table often have vegy high ionfc concentrations (e.g.
TDS=1t%,300mg/L). This is a result of a combination of
precesses in the unsaturated zone including carbon diq:iée
pfaductiﬁn and dissolution, pyrite oxidation, dissolution of
carbonates and sulphates, and wvater losses by evaporatlon
and evapotranspiration. :; )

—

Concentrations of major ion species ig the groundwater
vary through the profile. Sodium and gﬁlphate are usuallf
the dominant ions. No definite pattern exists of changes in
groundwater chemistry through the different overburden
units. The chemistry changes observed represent the end
result of a combination of madifyigé processes. Since the
relative magnitude of processes and effects a}e ungnawn, it
is impossible to define the processes which lead to the

observed complex response in groundwater chemistry.

non-oxidized till but is restricted by rapid fracture flow
velocities in the qxidized till. Denitrification in the
tills acts as an adequate‘%@cantamiﬁatian mechanism to

prevent high nitrate-nitrogen concentrations from



L

1
)
agricultural or geologic.sources from reaching the Oldman
River. High nitrbzeiﬁitrégeﬁ‘caﬁéent}gtians in the buried
sand depgg}ts may pﬂseithure problems. Further research
vould be né&gasary in order to inv;stigate this aspect of
the groundwater chemistry. N\ . |

N i !"%.5‘1’

4
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J Preface o
The site at which this study was'undertaken v§§ chosen
by Alberta Agriculture in 1978 to provide insight into 2

flow sxstem vhich would contrast with a study Alberta

I#Ifrigaticﬁ District, (BRID). The investigation in the BRID

red a

L]

also consid

low system and the quality of return flow

nﬁﬁtgf in overburden deposits, although at that site lateral
flow formed the major component of the groundwater flow
system and the return flow entered the Bow Rigif. In
contrast, in this study flow was dominantly vertically
downward. Also, ;?g BRID site had been irrigated over a much
longer time span than the site investigated in this thesis.

Groundwater monitoring instruMntation, consisting of a
network of pi?sgmeters and water Eagle vells was installed
at the study site which is investigated here, between June
1978 and the summer of 1980 when this study was undertaken.
During that period groundwater elevations in water table
observation wells and piezometers were monitored monthly by
the Drainage Branch of Alberta Agriculture. This enabled
construction of a comprehensive model of the groundwater
flow system bSeneath the site.

Pollution of rivers by saline return flows from
irrigation practices is a well documented problem in
southern Alberta. The study siée considered here may not be

indicative of the situation throughout southern Alberta,

hovever it is hoped/ that this study will add to the

vii
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knowledge of processes contributing to southern Alberta's

, , \
salinity problems.

viii
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This thesis is half of a two part study undertaken at
an irrigated site in south central Alberta during the Summer
and Fall of 1980. G. Eurr& of the University of British
Columbia performed the other part of the study which he
‘presented as his Masters Thesis (Burnett, 1981). The two
studies are being compiled into a single report by the

Drainage Branch of Alberta Agriculture.

1. To determine the quality of groundwvater and the
variations in quality beneath the study site

2. To develop a hydrochemical evolution model which
could account for the observed changes in groundwater
chemical quality as it passes through the overburden
deposits, /

"3, To use groundwater flow data from the Taber
Irrigation District (TID) Return Flow Study Report (Alberta
Agriculture, 1981) in conjunction with the groundwvater
guality data cclleéted here to assess the present and future
effgcts of irrigation return flow on the guality of the
Oldman River.

The study is confined to the saturated zone within the
overburden deposits. Extraction of water sgmplgs from the
unsaturated zone is difficult and vas not attempted. Also,

only limited hydraulic connection exists between the



overburden deposits and the bedrock so that only flow within

the overburden deposits is considered here,



. Physiography, Overburden Deposits, and Hydrogeology

The study site is located 15km north of Taber and 60km
east of Lethbridge (figure 1), and encompasses approximately
34km?, it is bounded on the west and north sides by the
Oldman River. Highway 36 forms the east boundary to the site
vhile the south boundiry is defined by the line separating
sections 18 and 19, 17 and 20, and 16 and 21, (Tp.11,
Rg.16)/. \\%a

This south-central region of Alberta experiences a 7
semi-arid climate with approximately 360mm mean annual
precipitation (Hydrological Atlas of Canada) with most of
this precipitatioq falling between April and September. Snow
often covers the area during the winter and redistribution
by wind lead§ to uneven snow cover, variable freezing depth;
and spatially non-uniform recharge on thawing. Intermittent
rapid thawing occurs during the winter as a result of
Chinook activity. At these times evaporation rates are high
and ruﬁoff is rapid so that the resulting recharge to the
water sable can sometimes be insignificant.

Temperatures in the area are often extreme with an
-annual range from maximum to minimum temperature in the
order of 75 degrees celsius. High summer temperatures and
the windiness of the region result in high
evapotranspiration rates. This, coupled with the aridity of

the area, has necessitated the development of extensive



>
)

irrigation networks in order to increase crop yields over

those obtained by former dryland farming.

2.1 Soils

The soils of the study area are classified as Orthic
Brown Chernozems being predominantly the sandy loams and
loamy sands of the Cavendish group (Bowser et al., 1963).
These soils are developed from the underlying glacial and
fluvioglacial deposits and are weakly to moderately
calcareous in the lower horizons. They allow rapid
infiltration and havé medium to high permeabilities
accompanied by a low water ho;ding capacity due to their
relatively low organic content and high percentage_of sands,
although they are fairly well suited to crop growth when
irrigated. Drainage is a potential problem since till
underlies the Cavendish Group soils at an average depth of
1.5m, and the upper surface of the till deposit forms a
semi-permeable boundary to vertical water movement because
of the till's relatively low hydraulic conductivity. This_
sometimes leads to water-logging and lateral movement of
water downslope at or above the contact between the soil and
the underlying till (Bowser et al., 1963), hence, good
irrigation management is necessary to avoid drainage

problehs. _ .
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2.2 Topography

The topography of the field area is hummocky due to the
underlying glacially derived deposits and wind blown sands.
A topographic contour map of the area is shown _in figure 2.
Some of the depressions contain standing water since the
water table is generally shallow and at times intersects the
ground surface. The major relief in the area is governed by
~ the Oldman River valley which has dissected the overburden
deposits to a depth of approximately 40m, following the
probable course of the preglacial Oldman valley as suggested
by Farvolden (1963). The outside of the bend is a steep bank
cut by the river, however the inside bank has a more
moderate slope with some terrace development and lag gravel
deposits which include large boulders. Steep sided coulees
have been developed by intermittent stream activity along

both banks of the Oldman river.

2.3 Land Use

Land use in the field area is illustrated in figure 3
and falls into two categories:

1. The irrigated areas which are used intensively for -
agriculture and comprise approximately 65% of the total
area. Pivot and sideroll sprinklers are used to produce
vheat, barley, corn, potatoes, carrots, onions, and sugar.

beets.
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2. The unirrigated area which remains as natural

grassland and is used for grazing beef cattle.

2.4 Overburden Deposits

The field area is underlain by glacially and fluvially
derived deposits to a depth of 40-50m. Beneath these
overburdemn deposits bedféck comprises the Upper Cretaceous
Foremost Formation, a brackish water sequence of shales,
lenticular sandstones and coal seams (quafsky,1974)_ The
contact between bedrock and the overburden deposits is
slightly undulating. Since this study is concerned with
groundwater quality predominantly within the overburden
deposits, the bedrock geology af—the area will not be
considered further. More detailed bedrock geology
descriptions may be found in Nielsen (1971).

Extensive drilling by the Drainage Branch of Alberta
Agriculture, Lethbridge, during the installaticngaf s
piezometers and water table monitoring wells a:réss the
study site has provided a detailed geological picture of the
deposits and three generalized cross sgcgi;ns are shown in
figures 4 to 7. The locations of these cross-sections are
given in figure 3. Detailed borehole logs compiled during
drilling of pilot holes in 1978, are presented in the.
Appendix. The overburden deposits beneath the study site

were seen, during drilling in the summer of 1980, to be
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highly variable laterally as well as Giftieallyi For
example, at site 1813 one borehole was drilled which
revealed 5 meters of surface sands however, another borehole
3 meters awvay on the surface revealed till at the surface.
Such lateral variations in thickness of overburden geologic

units was also found at depth within the deposits. Some

w

inconsistency may therefore be found between generalized
cross-sections and the detailed borehole logs presented in
the Appendix. Where the observations made during the drill
program of 1980 are inconsistent with the results recorded
in 1978 (Appegai:)g the units and unit thicknesses observed
by the writer during the 1980 program are used. This is

especially evident in the discussion where generalized

profiles beneath each piezometer nest(are presented with the
water quality results Eggm each site. The generalized cross
sections are, however, félt to adequately represent the
variations in geologic unit for the purpose of this study.
Much more intensive drilling would be necessary to define
the variations in unit thickness occurring beneath the study '
site in greater detail.
2.4.1 Saskatchewan Sands and Gravels

At the base of the overburden deposits the preglacial
Saskatchevan sands and gravels disconformably overlie
‘5edtack; These sands and gravels were deposited by fluvial
activity within the broad easterly trending preglacial
Lethbridge valley (Geiger, 1965) which lies directly beneath

=



the study site. The Saskatchewan sands and gravels comprise
chiefly quartzites, hard sandstone and Crowsnest volcanics
(Stalker 1962). Clasts are subangular to well-rounded
although the majority are sub- to well-rounded. Clast size
ranges from 3cm to 15cm and the matrix comprises medium to
coarse sand. The ratio of sand to gravel varies through the
deposit and was probably controlled by fluctuating fluvial
regime at the time of deposition. Secondary carbonate
cementation and iron-oxide staining are evident close to the

upper and lower contacts of the deposit.

2.4.2 Tills
A

A number of Pleistocene Laurentide glacial advances
from the northeast buried southern Alberta's preglacial
topography beneath a complex sheet of glacial deposits
including tills, proglacial lake sequences of both
lacustrine and deltaic,%rigin, and moraine complexes. The
number of Laurentide advances into the area seems to be a
point of controversy. Stalker (1962) positively identifies
three tills but advocates as many as five advances into the
area by distinguishing five possible tills at a section just -
wvest of the study area on the west bank of the Oldman river,
(Tp.11, Rg. 16, Sect.19, NW1/4). However, Horberg (1952),
identifies only three tills at his "Driftwood Bend" section
on the northern flank of the study area. '

The generalized cross-sections for the field area

(figures 5 to 7) illustrate that it was not possible to
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distinguish the tills encountered during drilling to the
same degree as Stalker or Horberg. Although theéiﬁzre twvo
tills shown in these cross-sections, the featurel by which
they ate differentiated may be the result of variable
post-depositional alteration within a single till unit;
alternatively, two or more till units may;have been masheé;
The two tills shown in the cross-sections are considered ,
here as separate units since their distinguishing
characteristics impart different hydrogeological properties
vhich are of interest to this study, however, it must be
emphasised that these are not necessarily two separate tills
according to other conventions for classification of glacial
deposits,

The lower till identified here is referred to as the
ngn;a:idizeﬂ till. It is a blue grey highly compacted till
vith texture varying from sandy clay loam to silty loam,
Clasts are predominantly sandstones, quartzites and
Precambrian Shield material, they are angular to subrounded
and range in size from 0.5cm to 5¢cm. Lcci!’} derived coal
fragments are very common throughout the till as are
intermittent sand pecké%i and sand lenses.

The upper or oxidized till shows the same textural and
compositional characteristics as the lower non-oxidized
till; however, it is distinguished by its colour and the
occurrence of fractures. The oxidized till is brown to dark
brown due t% staining by oxides, especilly in the vicinity

of the fractures. Colourless crystals, possibly of gypsum,



are found both along fractures and within the till matrix,
these are abundant in the oxidized till and also occur to a
lesser extent in the matrix of the non-oxidized till.

Two scales of fracturing were identified during the TID
Return Flow Study (Alberta Agriculture, 1981), and are
referred to as large and small scale fractures. The small
scale fractures have a spacing of approximately lcm and
comprise three fracture sets which result in a nearly cubic
form. The large scale fracturing is vertical, less reqular
or distinctive and occurs intermittently to give the till a

columnar appearance.

2.4.3 Sand Deposits

sands and gravels are found within the tills, and often
comprise minor discontinuous lenses ; howvever, a major
buried sand lens is located beneath piezometer nests 1813
and 1814 (figures 5 and 6). This is thought to represent a
buried channel deposit which was found by site investigation
to trend north-south beneath the study area and intersect
with an east-west trending buried channel about 500 metres
south of the site.

In the north and west parts of the field area surface
sands overlie the oxidized till. These sands were probably
glacially derived from outvash but have subsequently been
revorked by the wind, since they have highly uniform grain
size and contain very little silt. Dune shaped features can

be distingushed on air photographs of the areas covered by



surface sands.

Surface sand pockets also occur at other localities
across the field area and show abrupt contacts with the
surrounding till. These sands appear to fill depressions in
the hummocky topography at the till surface and may be the
result of wind action on post-glacial outwash deposits.

A thin post-glacial loess layer covers much of site to
a depth of 1| metre, however, in most cases where the land is
wvorked for agriculture it has been incorporated into the

soil by ploughing.

2.5 Hydrogeologic Properties of Dv:réufdin Deposits

Since this study is concerned with groundwater qualityg
it is imperﬁant to establish»ghe rates and directions in
wvhich water and solutes are transmitted through the
overburden deposits. Modelling of the groundwater flow
regime beneath the field area was included in the.TID Return
Flow Study (Alberta Agriculture, 1981). The following
sectia& is a gummaéy of the results from the TID return flow
study which are relevant to this study.

Observations and records of water table elevations and
Piezometric head readings across the site enabled
construction of a water table map (figure 8), and

ross-sections (figures 9 to 11), which show equipotential

I 1]

ines and generalized flow directions for the study site,.

ngle piezometer water level response tests were also

w
ot
o |
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conducted to aid in determining hydraulic conductivities for
the overburden deposits. Recharge to the water table was
calculated as 10cm per year, which includes some irrigation
water.

The hydraulic conductivities from the TID Return Flow
Study are given in table 1. The surface sands have the
mean hydraulic conductivity of the buried sand is an order
of magnitude lower at 1.1x10-*‘cm/sec. Thé effect of the
relatively high mean hydraulic ﬁanduétivity of the buried

n be seen in figure 9. The buried sand

and surface sand

c
lens beneath piezometer nest 1813 causes the flow lines to
deflect toward ié while the sands at the surface along the
west side of the area drain water hcri?éntally through them.
Piezometer head measurements also indicate lateral flow from
north to south within the buried sand lens beneath
piezometer nests 1813 and 1814. Many of the sand lenses
located during the drilling programme are laterally
discontinuous, therefore, even though they are often
saturated these sand lenses will have very little effect
vith respect td lateral movement of water or solutes within
the till body.

The equipotential lines within the cross sections
indicate predominantly vertical movement of water within the
body of the tills, however rates of water movement vary. The
upper non-oxidized till has a mean hydraulic conductivity of

7.9x10° 'cm/sec decreasing to 5.0x10-cm/sec with depth,
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TABLE 1

Mean Hydraulic Conductivities from Single Well Response Tests

Unit

Geometric Mean

Range (cm sec™!) —(cm sec’)

‘Surface Sands

. Buried Sands

Saskatchewan Sands
and Gravels

Oxidized Ti1

Non-oxidized Ti1l

Upper
Lower

5.
6.

o

LU g e

[
- »

1
3

x 107% to 7.6 x 107° 1.3 x 107°
x 10°% to 1.1 x 107? 1.1 x 107"

6.5 x 107 -
x 1077 to 1.0 x 10 7.1 x 10°°

to 6.8 x 10°° 5.9 x 10”7
7

x 107, to 4.6 x 1078 7.9 x 107
X to 6.8 x 10” 5.0 x 10

»

[ =]

=]
Mo M M

—

fo]
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probably as a result of increased compaction. The mean
hydraulic condutivity of the oxidized till is an order of
magnitude greater than this (7.1x10" ‘cm/sec). Since the
matrix of the two till types is essentially the same with
respect to grain size and texture, the greater bulk
hydraulic conductivity of the oxidized till is probably the
-result of secondary permeability imparted by the fractures.
This is corroborated by observations during drilling and
sampling of overburden deposits, when films of water were
seen along the fractures at points where the till matrix
appeared only slightly moist. The hydraulic conductivities
recorded here for the tills generally agree with those
reported by Grisak et al. {(1976) from a number of fractured
till studies in the interior plains region of Canada and the
United States,

The Saskatchewan sands and gravels have a greater
hydraulic conductivity than the tills above due to their
larger grain size and hence higher porosities
(6.5x10" *cm/sec), however, this only represents the result
of one single well response test due to the difficulty in
performing tests to the depths involved. Neilsen (1971)
suggested that the hydraulic conductivity of the
Saskatchevan sands and gravels may be highly variable since
they are locally unsaturated. . Tire hydraulic conductivity of
‘the Saskatchewan sands and gravels is thought to be
generally greater than that of the bedrock below, therefore

the water movement within these deposits is shown to be
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lateral and toward bedrock depressions and the Oldman River,
This may be important in the central part of the area
(figure .10), since there appears to be hydraulic connection
betveen the Saskatchewan sands and gravels and the Oldman
river.

In summary the hydraulic conductivities of the
overburden deposits beneath the field area vary through four
orders of magnitude. Direction of water movement is
predominantly vertical to Subvertical, however some
deviation from this pattern is observed within and close to
the more permeable strata.

Rates of groundwater movement through the overburden
dep@gits depend not only on the hydraulic conductivity of
the transmiﬁﬁing medium but also on the porosity and the

xisting hydraulic gradient within the unit. Average flow

velocities can be calculated using the Darcy EQU&EiQn which
states that the average groundwater flow velacity:(v) is the
product of the hydraulic conductivity (K) and the hydraulic
géaéient (dh/dl) divided by the effective porosity of the
transmitting medium (n). Hence, the average groundwater
velocity increases with increasing hydraulic conductivity
and gradient and decreases with increasing porosity.

Flow velocities calculated during the TID Return Flow

Study (Alberta Agriculture, 1981) are presented in table 2.

Porosities used in these calculations are taken from a

ive

m\

Irrigation District (BRID),

La |

similar study in the Bow

(Hendry, 1981). The most rapid flow occurs within the



TABLE 2

Calculation of AveriggﬁF?aw Velocittes
from the Dupuit-Forchheimer Assumption

' &
f S
n

1) Surface_sand 4
: K=1.3x 1D cm sec
¢h/dN 0.08
n=20.3t 0.4

ve=2.2x10" mday”’ to2.9 x 107" m day”?

1) Qxigized 1L
K fractures = 7.1 x 10_, cm sec
K matrix = 5.9 x 10 -cm sec
dh/d1 = 0.2 -3
n fractures = 2 x 10
n matrix = 0.25 to 0.4
v fractures = 0.6 m day;: -1 ) "
v matrix = 2.15 x 10 mday to 3.4 x 10

141) Buried_Sand .
K=1.1x 107" cm sec
dh/dl = 0.02 (vertical
0.004 (horizontal)

v (vertica1}
v (horizontal
iv) HQD-QEIﬂiZEd Illl o7

dh/d1 = 1'4 7
n=0.25to 0.4

cm sec

ve1.5x10"" mday” to2.4 x120" mday”

4.75 x 107" m day;’ to 6.3 x 107,
9.5 x 100 mday to 1.26 x 10

m day"1

m day 1
m day”’




L)
o

fractures of the oxidized till because of the low porosity
of the fractures. The surface sands have the second fastest
flow velocities. The vertical flow through the buried sands

is generally faster than the horizontal flow due to the

is slightly faster through the matrix of the non-oxidized
till than the oxidized till, due to the steeper hydraulic

gradients in this part of the profile.

2.6 Hydraéhcniéal Properties of Overburden Deposits

Since this study is concerned with tbe quality of the
shallow groundwater, it is necessary to try to predict how
the everbugden deposits may change the chemical
characteristics of the groundwater passing through them. The
hydrochemical properties of the sands and gravels are gquite
different from those of the till, so they will be examined
separately.

In a paper ccﬁéerneé with transport of radioactive
contaminants through the groundwater system, Schwartz (1975)
outlines two basic transport processes within groundwater:
convection and dispersion. Convection is defined as chemical
transportation as a dissolved phase by moving groundwater
and it is assumed, at a first approximation, that the
solutes travel in the same direction and at the same rate as
the groundvater. The second physical transport process,

dispersion, is known to accompany intergranular flow, hence
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it is likely to occur in the sands and gravels beneath the
field area. Dispersion is predominantly the result of
mechanical mixing although some molecular diffusion may also
take place, and this enables solutes to spread out,

"beyond the region that they are expectéd to occupy
according to the average groundwater velocity.” (Grisak et
al., 1956)i

In this way dispersion is not just a physical transport
process but also an attenuation mechanism. Dispersion occurs
vhere the velocity of the contaminant front is greater or
less than that of the convective front due to solute
movement following longer or shorter flow paths (Schwartz,
1975).

The Saskatchewan sands and gravels and the outwash
sands beneath the field area are expected to form the
comparatively inert part of the groundwater flow system with
respect to their effect; on groundwater quality. Most of the
clasts are composed of qguartzite and quartzitic sandstones
wvhich are relatively inert under the conditions existing
here.

The Saskatchewan sands and gravels and the outwash
sands comprise clagtéacf fairly uniform grain size and
contain very little clay size material, hence they are not ‘
expected to be the site of ion exchange reactions. Se;anaaié
cementation by calcium carbonate vas observed within the
Saskatchevan sands and gravels but it is uncertain vhether

this is the result of a contemporary process, or is relict

a
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from a former groundwater regime.

In contrast with the relatively inert nature of the
sands gné gravels, the tills present a much more complex
environment with respect to their influence on chemical
quality of the groundwater. Groundwater flow occurs
pfeéaminintly along vertical fractures within the oxidized
magnitude greater than the intergranular value. Howvever,
they also have a very low porosity so that flow through the
fractures has potential to be extremely rapid (table 2). 1t
is uncertain whether these fast flow velocities allow
exchange of soluble species between the groundwater and the
till matrix. If this does occur, it seems likely that any
soluble material contained in the till matrix will initially
be dissolved by the groundwater from the parts of the till

closest to the fractures. This may set up an ionic diffusion

flux down the concentration gradient from the interior of
the till blocks toward the fractures so that progressively
more and more soluble salts are removed from the till matrix
by the groundwater (Grisak et al.,1976). However, diffusion
in the opposite direction may also occur as documented by
Day (1977) if concentrations of soluble species in the pore
vater are less than concentrations in the groundwater within
the fracture network. Using a computer model, Day
demonstrated that low ionic concentration gradients of less
than 100mg/L/cm are capable of producing salt fluxes to and

from the matrix. This diffusion of ions in and out of the



matrix can alter tfe major ion content of water in the
fractures whilst scarcely affecting the matrix water
chemistry. Groundwater residence times in the oxidized till
are short since flow in the fractures is rapid (table 2),
therefore the degree to which the diffusion of salts i? and
~out of the till matrix can occur beneath the study 5i€e, is
uncertain.

The fractures are also the zones of concentration of
oxidized miﬁerals which, from the colour of thg oxides,
appear to be dominantly iron.;r magnesium. Hydrous oxides of
iron and magnesium are known to have considerable adsorptive
povers with respect to heavy metals (Gadde and Laitinen,
1974), and so these could act as retardants to the transfer
of elements such as cobalt, nickel, copper and manganese
through the groundwater system. Sulphate can also be
attenuated in this way (Ensminger,1954;Harward and
Reisenauer, 1966)

A further property of the fractures is that they limit
the degree of lateral dispersion of groundwater within the
oxidized tills, however, longitudinal dispersion can occur
along the fractures, Attenuatior of solute concentration by
dispersion is therefore expected to be minimal within this
unit, Little else can be discussed concerning the effect of
dispersion within the fractured tills since research into
dispersion in fractured media is at present very aimitgd.

Groundwater movement within the non-oxidized

unfractured till is slower than in the oxidized till,
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allowing longer periods of contact between the groundwater

and minerals within the till matrix. Water movement through
the intergranular pore matrix also produces greater surface

areas of contact between the till constituents and the water
so that the chances of soluble minerals being dissolved are

increased and dispersion can occur.

Both the oxidized and the non-oxidized tills :aﬁtain
high proportions of clays and clay-size material. During an
investigation into south Saskatchewan till hydrochemistry,
Rozkowski (1967) used X-ray diffraction technigues to
establish that the clay minerals present in the tills were
montmorillonite, illite and kaolinite. Montmorillonite
comprised approximately 70% of the total clay minerals.
Numerous other studies have also identified montmorillonite

as the major clay within the tills of the Plains region. Por
example Hendry (1981) identified mcntmgrillanite. (which is
now known as smectite), as the major clay mineral, (SDZ of
the total clay minerals present), in the tills of the Bow
River Irrigation District (BRID) just north of the study
site; Moran et al.(1978a) also identified smectite as the
dominant clay mineral in tills from North Dakota.

Clay miﬁerals are often the sites of cation exchange
because of excess negative charges within their lattice

structure. This process involves the exchange of cations

= 8

eld near the surface of an exchange mineral by a negative
electrical charge, vith dissolved cations in solution

(Robinson, 1962). Since there are repeated exchanges between
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aésafﬁ&é and soluble ions tend to exist in dynamic
equilibrium. The rate at which the exchange occurs and the
proportion of ionic species adsorbed is dependent upon a
number of factors, including the concentration of the ion in
the solution phase both singley and with respect to
competing ions, the pH of the solution in which the ions are
contained, and the cation exchange capacity of the adsorbing
clay. The cation exchange capacity is expressed in terms of
milliegquivalents of exchangeable ions retained by 100g of
the exchange medium. Hausenbuiller (1972) gives
representative cation exchange capacities for common
exchange minerals at pH7 as 2-16 meq/100g for kaolinite,
20-40 meq/100g for illite and 60-100 meq/100g for
montmorillonite. Hence montmorillonite (smectite), which is
probably the most abundant clay mineral in the tills beneath
the study site has the greatest cation exchange capacity.
force. Some cations are preferentially adsorbed over others
because of difference in valence and radius of the ion.
Since the force of attraction of a cation is not a fixed
value, but varies according to the nature of the adsorbing
material, the relative adsorption affinities of cations are
often used. These are found to conform to the series;
H*>Al**>Ca?*=Mg?*>K*=NH,*>Na"*
A comprehensive and detailed digcussion of cation exchanée

processes can be found in Robinson (1962). However, from the
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preceding brief discussion it appears that cation exchange
reactions are likely to have a major impact on the chemical
composition of groundwater within the tills beneath the
study site. Preferential adsorption of divalent over
monovalent cations may result in an apparently greater
concentration of the monovalent ions within the groundwater
and the attenuation of divalent species as the water passes
through the system. The effects of cation exchange reactgons
on the water quality beneath the field area will therefore
be considered during the interpretation of field data later
in this thesis.

The final property of the tills which is likely to have
an effect on the groundwater quality is the presence of
soluble salts within the matrix. The origin of these salts
is still in question, however the major extractable ions in
the till are sodium and sulphpte, (see later section on 5:1
extract analyses). Sodium sulphate deposits within the till
are documented throughout Alberta, Saskatchewan and Manitoba
as well as the northern United States, (Grossman 1968).
Cherry (1972) also reports chloride deposits in the tillsg of
southern Manitoba. Cherry hypothesizes‘%iat salt rich brines
vere squeezed into the tills when ice loads were
transferred, in part, to the pore fluids in the Paleozoic
formations beneath them. As these briner\irom below
travelled upward they encountered lower temperatures and
pressures and, as a result, sulphates and chlorides were

precipitated in the pores of the Pleistocene deposits.

~
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Grossman (1968) éutliﬁgs a hypothesis for the squeezing of
sodium sulphate rich waters into meltwater channels which
were depositing stratified drift in preglacial bedrock
valleys. These sodium. sulphate deposits are thought to have
been preserved beneath éubgequent drift. These afertﬂé
possible mechanisps by which the soluble salts may have been
deposited within the tills. However, in the study area

sulphates dominate over chlorides as the major extractable
ion. The effects of these soluble salts on the hydrochemical
o

evolution of the groundwater will be discussed in a later ¥

section.



3. Methods of Investigation

This chapter will describe the methods used to
determine the variability in the chemical quality of water
beneath the study area. The investigation procedure can be
subdivided into four parts:

'. Sampling of piezometers and water table wells,

2. Field geochemical measurements.

3. Laboratory analysis of water samples at the Alberta
Envifanmengﬂﬁater Quality Laboratory in Lethbridge.

4. Processing of laboratory results into a more
manageable form by computer using the WATEQF programme
(Truesdell and Jones, 1974). These points will form the
subheadings within this chapter.

The network of piezometer nests and water table
monitoring wells across the study site was established by
Alberta Agriculture during the two year period before this
study. Further drilling was undertaken during June 1980 in
efde: to extend tﬁg groundwater instrgpentatién network, by
the Drainage Branch of AlberﬁfgigricultUEe in Lethbridge.
Table 3 describes the install;Eians at the piezometer nests
across the study site. A piezometer nest comprises a number
of piezometers completed at various depths and a water table
monitoring well. The location of piezometer nests
(1809-1821) and water table wells (4393 to 4430 and WTW-1)

at the site are shown in figure 3. The original numbering
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system allocated during drilling will be retained throughout
this thesis to avoid unnecedsary confusion.

Both water table wells and piezometers are constucted
of PVC pipe of either 38mm (1.5inch) or 51mm (2 inch)
internal diameter. Water table wells range from 4.6 metres
to 18.3 metres deep and have intake zones over most of their
length, which usually terminate approximately 0.3 metres

n

[ L

below ground surface. Water table wells were installed
drill holes and backfilled with drill cuttings which were
tamped down. The region around the top of the pipe was
sealed with bentonite to prevent surface water from
percolating down the side of the pipe. Pipes were capped and
slotted above ground level to maintain atmospheric pressure
vithin them.

Piezometers were installeétat predetermined depths and
have intake zones of 45cm (18 inches) long. Silica sand was
used to form a 1 metre thick sand pack around the iﬂtgkg
zones. A bentonite seal at least 0.15metres thick was
installed above the intake zone to prevent downward
percolation of water. The piezometer hole was then
backfilled with drill cuttings sealed at the surface, and
slotted and capped in the same manner as the water table

wells,



TABLF 2

Descripticr of Fiezometer Installations

" Plemmgter Degtr (m) Pritied By bete Screen
1999 - ) 10.4 AA. Aprll 1979 4
? 8.2 AA. Aprit 1979 4
3 5.8 A.A. Aprit 197 4
A 3.8 A.A. April 137® r
e - ! 34.2 Eav.~A A, June 1978 F
] 2.7 Env.-A.A. Jung 1978 F
| 7.8 Env.~A.A. Jwre 1978 ¥
" - 2.8 Comfiglg Rerch 1979 v
? 2.1 Camflgld Rerch 1979 v
3 17.4 Comfleld Rerch 1979 v
1812 - 1 8.5 Erv. -AA. June 1978 4
2 2.8 Env.~& A, Jume 1978 4
) 22.9 Camfigld Rerch 1999 v
) 15.6 Env.-A A, June 1978 4
H 9.4 AA. April 1979 [
9y - a2 EAv. A A June 1978 4
2 %.7 Env.-A.A, June 1978 r
3 %0.2 Comflele narch 1979 v
) LI All-Kind June 190C v
s 19.§ Comtintyg Nerch 1979 v
L1 15.4 Camflald Rerch 1979 Y
[ 9.6 Inv.-A A, June 1978 [4
814 - ) 4.0 Env.-A.A. Jume 1978 [4
.2 2.0 Comfigle Rarch 1979 v
208 268 All-King June 1980 "]
) 20.3 Camflely¢ March 1979 v
N W.e Camflely March 1979 v
H 9.2 tnv.-A.A. June 1978 ¥
6.9 6.9 Souble D June 1900 v
[ 6.2 Env. A A, June 1978 r
&4 [ ] double O June 1980 v
2.8 2.9 Souble D June 1980 v
1.3 2.3 fouble D June 1980 v
s - 1 18.2 Comfield March 1979 [
1816 - 1 1IN Env.-A A, Jung 1978 F
.y 3.9 A1) -Kind June 1980 v
2 20.6 Env.-A.A. June 1970 4
3 13.2 A, Noy 1979 4
A 7.6 ALA, April 1979 4
6.7 6.7 bowle D June 198 v
&S A8 Souble D June 1980 v
1817 - 2 [N ] Env.=AA, June 1978 4
3 %.0 Inv.-A A, Juneg 1978 4
A 2.5 Comfiqld Narch 1979 v
H 26.7 Camflgld Narch 1979 1%
21.8 .8 Atl-King June 1908C v
(4 16.4 Comfield Rorch 197® v
7.4 7.4 Pbowdie O June 1900 Y]
? 7.0 AA, April 1979 4
5.7 $.7 bouwdle D June 1900 v
18 - 1 $2.9 Comfiald Rerch 1979 v
82.6 42.6 Al=Kin¢ Jung 1900 v
2 177 Confleld Rerch 1979 v
3 3.9 Comflold nerch 1979 v
4 10.6 Env.-ALA, Jung 1978 4
$ 71 Env.-A.A. June 1978 4
(3 5.9 tav.-A.A. Jung 1978 4
4.8 [N} bouble D Jure 1900 ]
3.5 3.8 bouvble D June 1960 v
1819 - 28.2 Confleld Rerch 1979 v
1820 - 341 0.t AlleKing Jung 1900 v
7. 27 All-Kind June 1980 v
.. .7 Alt-King Jung 1900 v
$ 7.8 bowle D June 1900 v
1821 - 27.0 27.0 All=Kind Jung 1900 v
20.9 2.9 All-King June 190C v
18.0 15.0 Al -King dune 1900 v

F o Fibroglass wrapped
Ve Wl screen
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3.1 Sampling of Piezometers and Water Table Wells
Groundwater samples were collected from piezometers and
vater table wells on three occasions between May and August

1980, in order to identify chemical variability in the

analyzed for major chemical constituents at the Alberta
Environment Water Quality Laboratory, Lethbridge,

In preparation for sampling, all standing water was
removed from the pié;emeters and water table wells with a
bailer so that fresh formation water could enter the pipes.
Some installations responded too rapidly to allow removal of
all standing water, and in these cases standing wgt2f;wag
extracted from the piezometer pipe just prior to sampling.

Since bailing was such a 1@59 process, especially for
the deep holes which contained large volumes of water,
quicker methods of water removal were considered.
Peristaltic pumps were not effective to the depths required
for the study and intfaducﬁ%gn of compressed air to force
out the standing water had ﬁfgvicusly been attempted by
Hendry (1981). This was discontinued for fear of aerating
permeability and alter redox potential. It was important to
avoid disturbing the intake zones since the piezometers
sampled during this study were also being used to measure
hydraulic conductivities of transmitting media by single
well response tests. Bailing was theré%are found to be the

only practical method for removing standing water.



, A number of precautions were taken while using. the
bailer so as to minimise contamination of formation water in
the gnstallatiéns both from the surface and between
installations,

1. The bailer and rope were washed thoroughly with
distilled water between sampling one jinstallation and the
next.

2. The bailer and rope were never placed directly on
the ground surface.

3. The bailer was emptied away from the top of the
installations. ! '
| After bailing the installations were left for a few
days to allow them to recover and fill with fresh formation
vater. The installations which responded rapidly were
sampled within a day of bailing.

Once the installations had responded and contained

?u{ficient fresh formation water, samples were taken for
laboratory analysis and field tests were performed. In order
to obtain a laboratory sample, a sterilized 250mL
polypropelene sample bottle was washed twice with distilled
water and three times with formation water. The sample
bottle was then filled with formation water from the bailer
and capped tightly. The free space within the sample bottle
wvas minimized in an attempt to prevent degaséing and
oxidation of the sample during transportation. The sample
vas labelled and idmediately placed in a refrigerator. In

some cases where samples were dirty, field filtering was
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- attempted but this was too slow to be practical since much
of the sediment in the vater samples was very fine. The
inclusion of sediment in the water samples may have induced
slight changes in chemical quality of the water during
transportation and storage. However, the sediment in the
bottles was derived from the formations through which the
groundvater had been flowing and so was not considered to
cause any major changes in quality of the water samples.

Some investigators (e.g. Jackson, 1980), recommend
acidification of samples with.nitric acid to prevent
Precipitation of carbonates from the water sample during
transportation and storage. This was éttemptgd on a group of
samples but no difference was found in analysis results
between acidified and unacidified samples, so the practice
was discontinued.

Within a day of sampling, samples yere’transported

refrigerated to the Alberta Environment Water Quality

analysed. Analysis vas usually performed within two days of
sampling. Maximum storage time encountered between sampling

and laboratory analysis was one week,

3.2 Field Geochemical Measurements
Since changes in water quality can occur during -
transportation and storage, a number of downhole vater

quality measurements were recorded simultaneously with
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laboratory sample collection. These included in situ
measurement of temperature (degrees celsius), salinity
(parts per thousand), conductivity (mhos), and dissolved
oxygen (mg/L), as well as field determination of pH and
redox potential,(Eh,mv.). In situ salinity, temperature and
conductivity measurements were taken using a YSI Model 33
S-T-C-meter and YSI Model 331 probe with a 15m (50 ft)
cable. Occasionally, water in the piezometers was too deep
for the probe to reach so water was removed with the bailer
and placed in a clean beaker in order that $-T-C
measurements could be taken. The water sample was
replenished periodically until readings stabilized.
Consequently, the temperature readings for these samples may
have been a degree or two higher than those taken /n s/tu.

In situ measurement of dissolved oxygen were taken
using a YSI 5700 dissolved oxygen meter and accompanying
probe, (model YSI 57A). The dissolved oxygen meter was
recalibrated two or three times each day since air
temperature changes affect the probe sensitivity. A stable
éi;sgl§ed oxygen reading was usually obtained within 5 to 10
minutés;-fhe accuracy of the dissolved oxygen probe and
mééer ;gé?p.lmg/L.

ngggé samples were used for field measurement of PH
and Eh since equipment was unavailible for taking
measurements downhole, An Orion 407A/F Specific Ion Meter
wvas used with accompanying relevant electrodes to measure

both pH and Eh. For pH measurement a Fisher standard
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combination glass pH electrode was used. The meter and
electrode were calibrated using pH7 and pHY9 buffers.

Once the calibration procedure wvas complete, a bailed
sample of fresh formation water was used to take a pH
measurement. This was replenished every three minutes during
pH measurement to prevent a significant temperature
increase. During pH measurements, the glass electrode was
immersed approximately 40mm into the sample which was
stirred to eliminate any anomalous micro-environment around
the electrode. Hovever, stirring was not so fast as to allow
streaming potentials to develop which could be detected by
the electrode. Once the pHéféading had stabilized, (between
five and twenty minutes), it was recorded to the nearest
0.05 pH units.

Problems are often encountered during field pH
measurements because of the fragility of the instruments
being used, but it was hoped that these could be minimised
during the study by fallé?iﬁg a rigid sampling procedure.
Even so, some technical problems were encountered which

prevented the measurement of field pH for the third group of

amples.

Degassing of samples in contact with the atmosphere
must also be taken into account when sesuring field pH.
This is increased by stirring the sample and may

significantly alter its pH. Comparison of field and

degassing. A second problem is encountered with dirty

-



44

samples wvhich may contain a high percentage of colloidal
charged particles. These can set up electric potentials
within the samples and give erroneous pH readings.

The Orion 407A Specific Ion Meter was also used to
measure Eh. An Orion platinum redox electrode, (model
96-78), was used which has a reference electrode
incorporated into its body. The elctrode/meter combination
measurement using a standard Zobell solution which has a
calculable Eh at certain temperatures according to the
equation:

Eh(2Zobell)=0.185+0.00164(25-¢t) (1)
vhere t=temperature of the Zobell solution in degrees
celsius, (Langmuir, 1971). The sample was replenished every
five minutes with fresh formation water to prevent a
significant temperature rise and to minimize oxidation. The
Eh was recorded periodically until the readings stabilized
(less than Smv drift in 10 minutes). A stable Eh reading
usually took between 40 minutes and one hour to obtain.

Some investigators including Hendry (1978, 1981), have
used flow cell techniques, for measuring Eh and pH in the
field. Water is pumped from the piezometer, through an
"~ airtight chamber or 'flow cell’ containing the sensing
electrodes, and out again via an outlet pipe. This has the
obvious advantages of minimising the contact of the
formation water with the atmosphere and maintaining a flow

of fresh formation vater across the sensing electrodes,
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Unfortunately, the flow cell technigue could not be used in
this study because the pump was unable to lift water from
the depths encountered and many piezometers responded so
slovly that they would .soon be pumped dry.

A flow cell technigque would have been a great advantage
in measuring Eh since contact with atmospheric oxygen may
cause oxidation of species which are present in their )
reduced state in the undisturbed formation water.
Consequently Eh measurements recorded and presented in this
study probably represent values of Eh greater than would be
recorded if it were possible to measure Eh /n s/tu. However,
since a consistent meaguéing procedure was followed the
results S}e assumed comparable and will be used to
illustrate relative variations in Eh throughout the study
area,

In order to assess the relative concentrations of salts
vithin the deposits beneath the field area, bulk samples

Jvere taken from the sands and tills during drilling. Aqueous
extracts from these samples were chemically analysed for
major ions by the Alberta Department of Agriculture Soils
Laboratory . The water extracts were obtained from air dried

v samples using the ratio of 1 part soil to 5 parts water by
veight, following the procedure outlined by the U.S.

Salinity Laboratory Staff (1954).



3.3 Laboratory Analysis of Water Samples

Samples taken from piezometers and water table wells
vere analysed at the Alberta Environment Water Quality
Laboratory for all major anions and cations as well as pH
total ionic concentration determinations for calcium (Ca?"),
magnesium (Mg?*), sodium (Na‘), potassium (K°), boron (B),
bicarbonate (HCO, ), chloride (Cl-), sulphate (SO,*-),
nitrate-nitrogen (NO,-N), and ammonium (NH,') ions. In scmé
cases, where samples were not too dirty, manganese (Mn)
concentration was also determined.

A number of methods were used to analyse the samples.

Sodium a:éﬁﬁetassium concentrations were determined by a
ium, magnesium, and manganese

flame emirsicn technique; cal
by atomic adsorption spectroscopy; and chloride and
bicarbonate by titration. A Technicon AutoAnalyzer 11 was
used to determine nitrate-nitrogen, sulpl":,ateE ammonium and

boron concentrations using a colorimetric technique.

3.4 Computer Processing of Laboratory Analysis Results
Laboratory analyses gave values for total
concentrations of anions and cations (mg/L) within each of
the water samples, however it is often advantageous to know
wvhether the water sa@plgs are saturated vwith respect to
certain species, the molar ratios of pairs of species in the

sample, the partial pressure of carbon dioxide with which
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the sample is in equilibrium as well as a number of other
chemical variables. Determination of such variables would be
very time consuming hence a@samputer program (WATEQF) was
used to compute these variables and more.

The WATEQF programme was written by Truesdell and Jones
and was descéibea by them in a paper in 1974 where it was
called WATEQ. However, the original PL1 version was modified
vith more recent thermodynamic data by Reardon (1977) who
included a subroutine which considers isotopic forms of
carbon. The programme has béen renamed WATEQF to distiaguish
it from the original version.

WATEQF was chosen for use in this study since it was
the mcstﬂgasily accessible computer programme of its type
and is more than adequate for the scope of the study. With
it the operator may calculate the equilibrium distribution
of inorganic aqueous species in natural uateré. using the
results from the laboratory chemical analyses and /n situ
measurements of temperature, pH, and Eh (redox potential).
The thermodynamic data used in the prqogramme were compiled
by;g;:;sdell and Jones (1974) after careful consideration of
availible experimental results. Useful output data include
total concentrations of input species as both molalities and
milligrams per litre (mg/L), an analytical and computed epm
(equivalents per mille) balance to check the accuracy of the
chemical analysis, distribution of species including single
and paired ions, ratios between pairs of ions (e.g. Ca:Mg

molar ratio), and level of saturation of the water sample
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vith respect to a number of minerals.

The thermodynamic and chemical theory which forms the
basis of WATEQF's calculations will not be documented here,
hovever a detailed description of the equations and
constants used in WATEQP can be found in Truesdell and Jones
(1974). Wigley (1977) gives a good description of the
thermodynamic background to a very similar British computer
programme (WATSPEC) which can also be used to determine the
equilibrium speciation of agqueous solutions. Texts by
Garrels and Christ (1965) and Stumm and Morgan (1970) detail
the theory of equlibria in aqueous solutions.

A detailed description of WATEQF and dccumEﬂtatién for
the use of the p:cgra%me, as vwell as examples of formatted
input data and the corresponding output, are availible from.

the Systems Analyst, Alberta Agriculture, Lethbridge.



4. Results

Méthods of water sample collection and analysis have
already been described. This section will present the
results of field and laboratory water sample analyses as
;ell as data derived from computer processing of laboratory
analysis results. Detailed discussion of the results will be
presented in a later section. Only brief comments on the
results will be made here. )

Tables 4 to 6 summarize the results of field testing
and laboratory analyses of the water samples taken from
piezometers and the water table wells at these test sites,

vhere the intake zone .covered only the upper geologic unit.

Fin

Concentrations of major ionic species were copnverted to mg/L
by WATEQF. Results in these tables are grouped according to
geologic unit in which the piezometer or water table well
vas completed and hence the type of deposit from which the
wvater sample was taken. Results of analyses of water samples
taken from the water table wells where the intake zone
‘covered more than one unit, or where just a single water
‘table observation well was installed, are given in table 74
These water table well samples do not represent peint source
samples and are often from very shallow depths, coming from
the region just beneath the water table.

Unfortunately, pH could not be measuréd in the field

during collection of the third set of samplesg, because of

49
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technical problems. Eh was measured only once during the
field season since the process was very time consuming.
Difficulty was encountered in obtaining deep samples from
bedrock and the Saskatchewan sands and gravels, and very few
samples from these units were analysed. Therefore data on
the chemical characterstics of the water samples are grouped
according to the four major types q§ geologic unit ffpﬁ
wvhich the samples were extracted. The groupings in order of
increasing depth are;

1. Surface sands

2. Oxidized till

3. Buried sands

4. Non-oxidized till

A number of general comments can be made about the
result’s before éonsidering them with respect to the four
groupings above, w;ter samples from sites 1811 and 1818 have
lower concentrations of many of the major ions than samples
taken from similar deposits at the other piezometer nests
across the field area. Both sites have sands or sands and
gravels as surface deposits and both are located close to
the margins of the major irrigated area. Although site 1818
has a pivot directly north of it, the summer of 1980 was its
first year of operation, These appear to be the only
gsimilarities betwveen sites 1811 and 1818 which may
distinguish them from other piezometer nests across the
field area. The depth of the water table is no different at

these sites than at other sites, hence different recharge
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TABLE 7c

Chemical Mnalysis Results for Third Set of Water Table Well Samples
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rates at the centre and the periphery of the iffiggtgd area
cannot be invoked. Leaky piezometer tips at either site are
also unlikely to be a cause of the lowv observed ionic
concentrations since hydraulic conductivities obtained by
falling head tests on these piezometers (Alberta
Agriculture, 1981) were generally comparible with those
obtained from the other test sites. Only the 13.8m
piezometer at site 1818 could be invoked as being leaky from
the regu;ts Sf these tests.

Wwhen hydraulic gradients through the surficial deposits
at site 1818 are computed from the head elevations presented
in the TID Return Flow Study (Alberta Agriculture, 1981),
net gradient is found to be downward. However, gradients at
site 1818 are very small, being almost imperceptible at the
scale of measurement. This indicates that the groundwater at
site 1818 is moving only very slowly downward since flow
through times are directly related to hydraulic gradient.
Such long flow through times compared with at étth/Sites
across the study site may be responsible for the low ionic
concentrations in the water samples taken at site 1818,

although the pfechanism by which this occurs remains unclear.

sands and gravels, Hence, slow flow through times cannot be
invoked to account for the low concentrations of ionic

species in the groundwater from the non-oxidized till at
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site 1811, .

Unfortunately the differences between groundwater
samples from piezometer nests 1811 and 1818 and the rest of
the field area were not realized until after bulk samples of
the overburden deposits were collected for the 5:1 aqueous
extract analyses, so that the chemistry of the deposits
could not be tested as a possible cause of the observed
differences. However, from observation of the deposits
beneath site 1818 during the 1980 drill program, no
signific;nt difference wvas observed between the deposits
here and at other piezometer nests across the field area.
Two samples of the surface sands were taken at site 1818 but
with the exception of low sodium concentration in their 5:1
extracts, which resulted in slightly lower ECs for the
extracts from these samples, they were not significantly
different from surface sand samples collected elsewhere in
the field area. The results of the 5:1 analyses will be
presented in detail later in this chapter. The reasons for

" the anomalously low concentrations of major ion species at

sites 1811 and 1818 remain unresolved.

A

4.1 Electrical Conductivity of the Water Samples

The electrical conductivity (BEC) of the water samples
vas measured both in the field aﬁd in the laboratory.
Laboratory EC was found to be consistently greater than

field BEC. Pigure 12 is a plot of the two types of EC

U UEPUSF R RCEI DY S f - T
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predicted field EC=0.71(lab EC)+0.026 (2)
vith a correlation coefficient of 0.95 at a 95% confidence
limit. Differences in the calibration of the two
conductivity meters may be responsible for the observed

difference betveen field and laboratory EC. Changes in the

[t

samples after collection seem unlikely to produce such a
marked linear relationship between the field and laboratory
measurements. Degassing of carbon dioxide should cause the
laboratory EC to be less than the field EC however the
}evefgé case was observed so that degassing effects after
sample collection could not be invoked. Further
investigation into the calibration of the two conductivity
meters would be necessary in order to establish the reasons
for these differences.

As expected, laboratory EC is positively correlated
with the concentration of total dissolved solids (figure
13). The equation describing this relationship- is ;

predicted lab EC=0.001(TDS)+0.29 ° (3) -
with a correlation coefficient of 0.98 at a 95% confidence

limit.
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4.2 pH of the Water Samples

Field pH was measured during collection of the first
twvo sample sets vhereas laboratory pH vas measured for all
samples. Field pH ranged from 6.4 to 8.2 while laboratory pH
ranged from 6.9 to 8.2. Laboratory pH is usually higher thsq\
field pH, although no correlation appears to exist between
the two variables. Instead, the relationship between field
and laboratory pH seems random (figure 14). The higher
readings of pH in the laboratory than in the field probably
result from the degassing of dissolved carbon dioxide
between the times of sampling and laboratory analysis. The

consequences of the degassing and its effects on the water

chemistry will be discussed later.

4.3 Dissolved Oxygen in the Water Samples

Dissolved oxygen content of the groundwater samples was
measured in the field during collection of the first égt of
samples, and concentrations were found to range from 0. *tmg/L
to 4.8 mg/L. ssolved oxygen concentration was expected to
decreage with depth since oxygen present in the shallow
vater Es used by bacteria for respiration and in oxidation
rea t;fhs as vater percolates down th:cugh the profile.
Hcvever, i?%figure 15 illustrates, this was not the case.
D;:sglved oxygen concentration is higher in twe of the water
samples taken from bedrock (2.7mg/L and 2.0mg/L), than in

many of the samples taken from much shallower depths and is
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also greater than all four samples taken from the surface
sands. The bedrock at the depths where these two samples
were taken was logged at the time of piezometer installation
(1978) as brown siltstone and sandstone indicating that
éxiaiging conditions may exist at this depth since the brown
colour is imparted by minerals in their oxidized state. The
highest dissolved oxygen concentrations are present in the
samples from the two piezometers in the buried sands beneath
testsite 1813 (4.7mg/L and 4.8mg/L). The effects of
dissolved oxygen concentration on the processes occuring in
the groundwater flow system vill be examined in detail

during the éiscﬁssiangr

4.4 Redox Potential of the Water Samples

Redox potenfial Eh(mv), was also measured in the field
during collection of the first set of samples. The results
plotted against depth from wvhich the sample vas taken are
presented in figure 16. In a similar way to dissolved oxygen
concentration, Eh of the water samples shows surprisingly
little correlation with aepth; A plot of Eh versus dissolved

oxygen for the first sample set is illustrated in figure 17.

The expected linear trend between the two variables was not
obse:vedfaThis lack of linear correlation is probably the
result of the inherent problems in measuring Eh in direct
contact with the atmosphere and further illustrates the

necessity of using the flow cell technique wherever
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possible. The implications of this with respect to a

hydrochemical evolution model will be discussed later.

4.5 Chemistry of Samples from the Surface S;ndi

Two test sites, 1814 and 1818, have piezometers
completed in the surface sands; these range from 2.8m to
7.1m beneath ground surface. Site 1818 is in the northern
portion of the study area while 1814 is on the eastern side
(figure 3). The vate; table well at 1818 is also completed
in sands therefore data is included from this hole. The
_results of field measurements and laboratory analyses
performed on water samples from the surface sands have
already been presented in tables 4 to 6. The increasing

concentration of many of the ions with increasing depth i

obvious.

Tables 4 to 6 also shov that water samples from the
surface sands at site 1814 have much greater ionic
concentrations than vater samples from the surface sands at
site 1818. A homogenei£§ of variance test (F-test),
performed on the total dissolved solids variances from the
two sites showed that gﬁé samples could not be assumed to
have been derived from the same population and so no
difference of means t-test could be performed on the data.
In order to illustrate the differences between the two
sites, mean ionic concentrations and sample standard

deviations (s.d.) have been computed using data from all

{ \\\ | .
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three sample sets, for the surface sands at sites 1814 and
1818 separately as well as for the combined data from the
tvo sites. The results of these computations as well as the
ranges of major ionic consiituents are given in table 8.

In some cases nitrate-nitrogen and chloride
concentrations in the water samples were below laboratory
detection limits, that is, less than 0.1mg/L. Concentrations
of these ions were therefore assumed to be zero during
computation of means and standard deviations.

Table 8 shows that the major ions present in the water
samples from the surface sands at 1814 are sodium and
sulﬁhate. Howvever these are also the two species which have
major differences in concentration between sites 1814 and
1818. At site 1818 the bicarbonate ion is dominant. The
differences between water samples from similar deposits atf
different test sites will be considered in greater detail

during the discussion.

4.6 Chemistry of Samples from the Oxidized Till

.The oxidized till is much more extensive across the
study site than the surface sand deposits (figures 5 to 7).
For this reason there are more piezometers completed in
oxidized till than in the surface sands. The intake zones of
these oxidized till piezometers range from 6.0m to 10.6m
beneath ground surface. At all piezometer nests where

piezometers are completed in .oxidized till, with the
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exception of sites 1814 and 1818, the till directly
underlies the soil horizons. At sites 1814 and 1818 between
5m and 8m of surface sands overlie the oxidized till
(figures 5 to 7).

Tables 4 to 6 present the results of field measurements
and 1abcratéry analyses performed on water samples taken
from piezometers completed in the oxidized till. The sample
from site 1818 has considerably lower concentrations of all
ions except nitrate-nitrogen, than samples from the other

Table 9 gibeé mean iQﬁ;C concentrations, sample
standard deviations and ranges of major ionic constituents
in water samples taken from the oxidized till. Since
concentrations in the sample from site 1818 are so much

lover than those from other sites, means have been computed

then excluding results from ﬁhis site. Table 9 clearly shows
the depression of means and increase in sample standard
deviation which results from the inclusion of data from site
1818.

Sodium and sulphate are present in the highest ionic
concentrations in the vater samples taken from the oxidized
till, Nitrate-nitrogen éanﬁbntratian is very variable, and
vith the exception of sites 1817 and 1820 in the central
region of the field area, nitrate-nitrogen occurs at only
very low concentrations. Comparison of tables 8 and 9

illustrates that concentrations of all major ion species are
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greater in the oxidized till water samples than in thosd
from the surface sands. Further discussion of this

observation is presented later.

4.7 Chemistry of Samples from the Buried Sands

Buried sand lenses are common beneath the field area,
however because of the laterally discontinuous nature of
many lenses, piezomete; intake zones could not be accurately
positioned within them. The water samples from the buried
sands vhich are described in this section come from larger
sand lenses which occur beneath piezomeﬁer nests 1813, 1814
'‘and 1817. Sites 1813 and 1814 are on the east side of the
field area while 1817 is in the centre (figure 3).

The sand lens beneath sites 1813 and 1814 shown in the
cross sections (figures 5 and 6) is continuous betwveen the
tvo sites and represents a buried channel deposit which
presently drains toward the south; it is described earlier
in this thesis and in the TID Return Flow Study (Alberta
Agriculture, 1981)., The four piezometers in this sand“
range in depth from 14.8m to 20.3m below ground sufface.iThe
sands underlie a g%tal of 12m to 15m of surface sands and
oxidized till and are approximately 8m thick beneath each
testsitc.:.
i

The three other piezometers in buried sands are located
at pie;ometet nest site 1817. Here the sands are laterally

discontinuous, lie beneath 5m to 6m of oxidized till, and
v

"o

\
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are 3m to 4m thick. Piezometers in this sand lens are
located between 5.7m and 7.4m belog ground surface.

Table 10 summarizes the chemical analysis results for
water samples from the buried saTds. The original data is
given in tables 4 to 6. Table 10 gives the range, mean and
sample standard deviation for each of the major ion species
present in the samples from the buried sands. The previously
mentioned relationship between laboratory and field pH and
EC are evident in this table. The main feature of the water
samples from these buried sand deposits is the highly
variable ionic concentration of major species. This is
reflected in the total dissolved solid concentrations which
range from 841mg/L to 8833.6mg/L. Once.again sodium and
sulphate ions are the major contributors to the total
dissolved solids.

Examination of the original data given in tables 4 to 6
shovs that concentrations of ionic species at site 1813 and
1814 are generally lower than at site 1817. Ionic
concentrations increase with depth through the sands beneath
sites 1813 and 1814. Total dissolved solids in the upper
piezometer in the sand lens at site 1813 decreased markedly
through the field season. Total dissolved solids do not
increase vith depth in the sand lens beneath site 1817,
instead, they decrease in the upper meter of the sand lens
and increase again at its base.

Hydraulic head measurement taken during 1979 and 1980

(Alberta Agriculture, 1981), indicate a downward hydraulic
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gradient through the buried sands at sites 1813 and 1814.
" Hydraulic gradients also indicate lateral flow.from site
1814 to 1813, At site 1817, hydraulic gradients through the
buried sands are of variable direction and magnitude
throughout the field season,

Comparison of tables 8 and 10 illustrates the
difference in chemical quality between water samples from
surface sands and those from buried sands. Concentrations of

all major ion species are greater in the water samples taken

(3]

from the buried sands than they are in samples from the
surface sands. Comparison of tables 9 and 10 shows that mean
ionic concentrations of all species except calcium and
buried sands as concentrations in water samples

the oxidized till which overlie the sands. Wit}

this point one should note that the mean ionic
concentrations given for the oxidized till in table 9
include vater samples from grestér depths than the top of
the buried sand deposits. /

Changes in the chemical quality of the groundvater

through the buried sands and the relationships betwveen wvater

quality in the buried sands and surrounding tills will béi

&

examined in the discussion.

!; .‘ e e % 
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4.8 Chemistry of Samples from the Non-oxidized Till

The top of the non-oxidized till occurs at depths
between 10m and” 25m beneath most of the study area, its
upper surface is deepegl where it uﬂdEE1ie§ the major sand
lens beneath piezometer’ nests 1813 and 1814 (figures 5 and
6). Non-oxidized till extends to depths of 35m to 40m where
it overlies the’Saskgtéhevah sands and gravels. Piezometers
completed in this unit are spread across the study site at
depths ranging from 13.5m to 32.5m below ground surface.
FPever of these piezometers were sampled in the second and
third data sets than in the first because of their slow
response to bailing.

Results of field measurements and chemical analyses for
major ionic constituents in water samples taken from the
non-oxidized till unit have Fegﬂ presented in tables 4 to 6.
A similar pattern to that shaﬂn by vater samples from the
oxidized till is evident, in that samples gkqg‘the <
non-oxidized till at sites 1811 and 1818 have{iaier
concentrations of all major ion species except
nitrate-nitrogen than g;mplgsrtaken from the non-oxidized
till at other sites across the ;ield area. ,

Table 11 is a summary of the data given in tablgs§4 ta'
6 and giveé the mean, sample gt%nd;rd deviation and range of
each variable, both including and excluding data from sites
1811 and 1818. This table shows that even the déepest Hgtér

samples from the field area have a moderate concentration

range for all major ionic. species.
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Sulphate, bicarbonate .and sodium are present in the
highest ionic concentrations in water samples from the °*
non-oxidized till, althougﬁ the fodium and sulphate
concentrations are not as high as’in the other units.
Comparison of tabies 9 and 11 illustrates the differences
between water samples from the two types of tillt Total
dissolved solid concentrations are considerably 16ﬁér éﬁ
vater samples from the non-oxidized unit than in sgmples
from the ox%sized till, Although most major ionic species in
the non-oxidized till water samples do have lower
concentrations, it is the difference in sodium agd_sulphate
ion concentrations between samples from the two units which

\ .

are the main contributors to this difference in total

~dissolvgd solids. .

In contrast with the trends in most of the ionic
species in water samples from the two till units, mean
bicarbonate ion concentrations are almost equal. Even though
the bicarbonate ion has a slfgbtly higher mean concentration
in samples from the oxid{ze?”fill (891.3mg/L), than in
samples from the non-oxidié;d till (887.1mq/L), it

contributes a larger proportion of the total dissolved

solids concentration in the non-oxidized till,

(approximately 18%) than it in samples from the
oxidized till (approxi{mately 10%)
The chemical nature of the gfoundwater vithin the

non-oxidized till unit and the r asons for the difference

in water chemistry between the two till units will be



.
f '
examined during the discussion.

A summary of the ranges and means of the total
dissolved solid concentrations in water samples from the
four units described above is given in figure 18. Figure 19
is a plot of mean c@nceﬁtraticﬁ of each major ion species
through a. generalized cross-section and sh@vséthé gerferal
trends which occur through the pfafilé. The means used here
include data from sites 1811 and 1818. The depths at which
" the mean concentrations are plotted in each of the four
geologic units are the mean dﬁpéhs Ef@ﬁ vhich all samples
collected from that Unit across the field area were taken.
Changes between types of deposit will be examined in greater

¢

detail during the discussion.

4.9 Results obtained fréi WATEQF

The WATEQF computer programme not only calculates total
ionic concentratiagz of major species preséﬂt in a water
sample, but also gives a number of other data which are
useful\wheﬂ attempting to develop a hydrochemical evolution
model for a groundwater flow system. This section will
summarize some of the more important output variables
obtained once the water sample laboratory results had been

processed by WATEQF.
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4.9.1 Saturation Indices

Some of the most useful variables obtained from the

WATEQF prodramme are the satu?atiaﬁ inégzzs of the water
samples with respect to a numg;f of mineral spe:iegi The -
saturation index, (S1),"0of & water sample is a EEISUFEFFE
the thermédynaﬂie state of the solution relative to
equilibrium ﬁi;h a specific s0lid phase mineral\(wiglefg
1877). The equation isiéh defines the saturggién index is;
| S1=10g(IAB/K(eq)) ()
where IAPEis the ion activity product and K(eq) is the
equilibrium cénstaﬂt for the dissolution reaction of the
species in question. An example can be used to illustrate
this point. The simplified equation for the solution of -
calcite is; \
CaCO,(s)~—acCa** + CO,*" ‘ (5)
vhere (s) denotes the solid phase. For this reaction to be
at equilibrium, the products of the activities of the two.
ionic species on the right hand side of equation 5, that is

the ion activity product, must equal the eéuilibri&m

constant for this reaction, where, A
aCa’*.aC0,’" = K{eq) (6) -1 .

at equlibrium. If the ion activity product is less than
K(eq) ﬁhen'éissclutien vill occur in the attempt to attain
equilibrium, conversely if the ion activity product is
greater than K(eq) then p%eeigitﬂtian vill occur.
Returning to gqgaticn 4 for the saturation index, and

following the reasoning given above, if the saturation index
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is equal to zero, (that i§ IAP-K(eq))J then the dissolution
reaction for the hine;;ligpeéies in question is at
equilibrium and the sampie is ;atureted with respect to that ’
species. When the ion activity product is leds than K(eq),
the saturation index will be negative,.hence this indicates
Gndersaturation with fespect to the mineral species Seing
considered and conversely a positive saturation index
indicates supersa%uration wvith respect to that species.

Table 12 summarizes the saturation indices pbtained
from WATEQF output with respect to the mineral species which
are most oft?n saturated in the water samples, that is
calcit;, dolomite and gypsum. Only results from the first
twvo data sets are presented. For the third data set only ,
laboratory pH was avéilible.and a sensitivity test on one
set of data, running WATEQF first with field pH and then
with laboratory pH , revealed that saturation indices vere
significantly influenced by the differences in field and
laboratory pH; therefore saturation indices frqp the third
data set could not be used. The results are once again
subdivided according Eg geologic unit from vhich the water

iy I R
sample was taken. The saturation indices are given Vit

respect to the mineral species, calcite, dolomite and

gypsum.

Saturation indices of samples taken from the surface

- sands (table 12), show that all samples are supersaturated

wvith respect to calcite while the shallow samples are

supersaturated with respect to dolomite. This is probably
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TABLE 12

~ Saturation Indices of Water Samples
With Respect to Calcite, Dolomite and Gypsum

Depth (m) Hole Calcite Dolomi te Gypsum
Surfaca, Sand
2.8 1814-2.8 0.6/0.7 1.5/1.5 -0.6/-0.3
4.4 1814-4.4 0.5/0.4 1.2/1.0 0.0/0.0
5.9 1818-6 0.2/0.1 0.0/-0.2 -1.9/-1.8
6.1 1818-7(WTW)  =--/0.2 ---/0.3 cel-2.0
7.1 1818-5 0.2/0.0 -0,1/-0.3 -1.8/-1.8
bgized Ti1l
_£.0 1820- N2u=4) 0.5/0.3 1.0/0.7 0.1/0.0
6.1 1816-5(WTW)  0.3/0.2 0.6/0.4 0.1/0.0
6.9 1814-6.9 _ 0.6/0.4 1.2/0.9_,, 0.0/0:0
7.5 1820-5 0.2/0.2 0.4/0.2 0.1/0.1
7.6 1816-4 0.5/--- 0.6/--« 0.1/~
9.2 1814-5 0.3/0.0 0#3/-0.1 0.1/0.0
9.4 1812-5 0.2/-0.3 0.2/-0.8 0.0/0.0
10.6 1818-4 0.1/0.0 -0.3/-0.4 -1.9/-1.8
Buried 3and
/ 5.7 1817-5.7 0.3/0.2 0.6/0.3 0.1/0.1
7.0 1817-7 0.2/0.2 @ 0.170.2 0.1/0.1
7.4 1817-7.4 0.3/0.1 0.4/0.1 0.2/0.2
14.8 1814-4 0.1/0.0 -0.17-0.2 -0.2/-0.3
15.4 1813-5 0.4/0.2 0.5/0.0 -0.1/0.7
19.5 1813-4 0.4/0.1 0.4/-0.1 0.0/0.0
20.3 1814-3 0.2/0.1 0.1/0.0 -0.1/-0.1
Non-oxidized Till
13.5 1816-3 0.1/0.1 -0.2/-0.1 0.0/0.0
13.8 1818-3 0.0/0.0 -0.6/0.5 -1.7/-1.7
16.4 1817-6 0.2/0.2 0.3/0.3 0.0/0.0
17.4 1811-3 0.1/-0.1 0.0/-0.7 -1.5/-1.8
22.1 1811-2 0.4/0.0 0.4/-0.3 -1.6/-1.6
22.9 1812-3 0.5/0.1 0.7/0.0 -0.3/-0.3
24.5 1811-1 0.3/0.0 0.2/-0.3 -2.0/-2.1
- 26.7 1817-5 0.1/0.2 0.0/0.2 0.0/0.0
27.7 1818-2 . 0.1/--- -0.3/--- -1.6/---
26.6 1816-2 0.5/--- 0.6/--- -0.2/---
30.2 1813-3 0.7/0.4 1.2/0.6 -0.1/0.1
32.0 1814-2 0.4/0.3 0.3/0.4 -0.2/-0.3
32.5 1817-4 0.4/0.2 0.5/0.2 -0.1/0.1

NB: Results from first data set precede results from second data set.
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the result of concentration by evaporation and
evapotranspiration in the unsaturated zbné!'bn1§-thg sample
ffaﬁ 4.4 meters at site 1814-is saturated with respect to
gypsuﬁ, the rest are undersaturated.

Saturation indices for samples from the oxidized tills
are also given in table 12. Most samples are saturated or
supersaturated Qith respect to calcite. Samples are S
supersaturated with respect to dolomite in data set 1 uith}%
the exception of the sample from 10.6m at site 1818. In data
set 2 most of the deeper samples are undersaturated with

respect to dolomite. Shalldw samples are saturated with

respect to gypsum while the deepest sample is

ufdersaturated.
In the water saﬁples from the buried sands
supersaturation with respect to calcite is common to all but
one of the samples which is saturated (SI=0.0, table 12).
Dolomite and gypsum saturgtian indices are variable g}th
depth however a number of the samples from the burieé)saﬁd
deposits arg saturated or supersaturated with respect to
these tvci@jﬁgralsﬁ |

Water samples from the non-oxidized till include the
deepest samples from the field area. The saturation indices
of these samples are also given in table 12. All but one of
the samples are saturated or supersaturated with respect to
calcitg; The degree of saturation with respect to dolomite
varies with depth and between the two data sets. The

majority of samples are undersaturated with respect to
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gypsum.

=

\

-9.2 Partial Pressure of Carbon Biﬁ:iag (ECD;)

L]

variable computed by WATEQF for each of

[

Another usefu
the water samples is the partial pressure of carbon dioxide .
(pCO.atm) with which thelcarban dioxide dissolved in the
vater sample is in equilibrium. In the atmosphere the
partial pfé;sufe of carbcnﬁéiaxide is 3.16x10" *‘atm (or 1x
+10-**atm). pcCo, galuesgcaléulateé by WATEQF are presented in
table 13 where they are subdivided according to geologic
unit from which the water sample was taken. All pCO, values
are greater than atmospheric pcCo,, ipdicating that carbon

dioxide was dissolved irto the water in a carbon dioxide

rich environment. This is caus by a number of processes

occuring in the deposits; thet .will be Aiscussed later.
The effect of using laboratory pH ihstead of field pH
in the computations for data set 3 can be clearly seen in
the lower pCO, values which result. One of the predominant
influences quthe PH of groundwater is the amount of ca(ban
dioxide dissolved in the water. Increasing the amount af
carbon dioxide in solution increases the acidity of the
groundvater and decreases its PH. WATEQF is designed to
calculate pCO, for the water samples by taking account ;f In
S/tu temperature and PH among other variables. Therefore,
the higher the input pH the lower the pCO, value in the
output. Since laboratory pH is usually greater than field

PH, pCO, is consistently lower for samples in data set 3
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~ than fof the other data sets. - : -

Water samples from the surface sands have the’ lowvest
mean pCO, value (6.1x10 *atm, S.d.-2.521D"a§m){‘§C§; then
increases 'into the oxidized tills which have the highest
. mean value in the profile (5.14x10" *atm, $.d.=5.8x10 *atm)
as vwell as the widest range in pCO,. pCO, concentrations in
the groundwater decrease into the bugﬁed sands although
concentrations are still higher than‘in the surface sands.
and then-increase again into the non;éiidi£gd till,
Non-oxidized till and buried sané uager samples have mean
carbon dioxide partial pressures of 4.12x10" *atm °

(s.d.=4.23x10 *atm) and 2.39x10- *atm (5.9.=2,38x10" *atm)

respectively.

4.9.3 Ca:Mg Molar ratios

WATEQF computes molar ratios of various péifs of ions
in the water samples from total ion concentrations. One of
the most useful of .these is the Ca:Mg molar ratio. Assuming
the major source of calcium and magnesium ions in the
groundwater system is the dissolution of calcite (CaCO,) and
dolomite (CaMg(CO,),), and that no process occurs, such as
precipitation;of calcite, dolomite or gypsum theh might
alter the concentrations of these ions, Ca:Mg molar ratios
greater than unity would be expected éinge both calcite and
dolomite contribute calcium to the groundvater whereas only
dolomite contributes magnesium. Tablei14 presents the Ca:Mg

molar ratios obtained from WATEQF; égme of the‘samples have
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TABLE 14

Ca:Mg Molar Ratios in Groundwater Samples

Depth (m) Hole . Data Set 1 Data Set 2 Data Set 3
Surface Sand :

2.8 1814-2.8 0.44
4.4 1814-4.4 0.4
0
1

5.9 1818-6
6.1 1818-7(WTW)
7.1 1818-5

REBES

0.80 0.82

6.0 1820-N(HTW)
0.85 0.90

1816-5(WTW)
1814-6.9
1820-$
1816-4

]

9 .
5 0.96 1.00
.6

.2 1814-5

4

6

d

1.02 1.07
1.04 1.07

N OO 0~
BRI D Y e o e WK

1812-5
1818-4

P b ot ot et Y D

o
w
L
L ]

N

7 1817-5.7
0 . 1817-7
.4 1817-7.4
8

4

5

Lam Rl
Ll

S N P ) et MY

P L~ U MY 00 Ll

L1
O = N D
3TN O s

1814-4
1813-5

Lae

P [ T S )
g - - - - -

o o T R
Sl N S U

. ¢ 1813-4
20.3 1814-3

Non-oxidized Till

o ol [ el ol el
. . o

13.5 1816-3 1.72 1.91 1.85
13.8 1818-3 2.83 »  2.57 1.85
16.4 1817-6 1.01 1.04 0.97
17.4 1811-3 1.73 2,00 2.33
22.1 1811-2 1.78 1.80 2.05
22.9 1812-3 1.61 0.83 1.55
24.5 1811-1 2.00 1.75 1.60
26.7 1817-5 1.33 1.11 -
27.7 1818-2 2.37 — S
28.6 1816-2 2.02 - N
30.2 1813-3 1.49 1.13 1.50
32.0 1814 2 1.67 0.96 ———-
3.5 1817-4 1.53 1.18 R
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Ca:Mg molar ratios less than unity. This must be the result
of the relative concentration of Mg?* ions with respect to
Ca?* ions in the water samples. Evaporation and
evapotranspiration can produce this effect since they
concentrate ionic species in the water. This causes calcium
salts to precipitate before magnesium salts because of their
‘lower solubility and results in the relative enrichment of
magnesium.

Examination of table 14 seems to -support the idea of
evaporation and evapotranspiration from the unsaturated zone
above the'watEf table leading to lower Ca:Mg molar ratios
sinceg'in most cases, it is the shallow samples which have
Ca:Mg molar ratios less than unity. However, some deeper

samples also show these trends. For example, the sample at

than one in two of the three data sets. To account for this
some other process leading to the relative enrichment of
Mg**' must be invékeé; This will be investigated in greater
detail in the discussion,

Ca:Mg molar ratios in table 14 are divided according to
geologic unit from which the water samples were taken and
mean Ca:Mg ratio for each unit was computed. Mean Ca:Mg
molar ratio igﬁthe surface sands is 0.86 (5.4.=0.65) and in
the oxidized till it is greater than one at 1.19
(s.d4.=0.61). Ca:Mg molar ratio continues to increase through
the buried sands and into the non-oxidized till’frém a mean

of 1.42 (8.4.=0.32) in the buried sand.to 1.78 (s.d4.=0.46)
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in the non-oxidized till. .

4.10 Results of 5:1 Aqueous Extract Analyses

The procedure for obtaining the 5:1 aqueous extracts
from samples of deposits beneath the study site has been
outlined in the methods section. The results of the chemical
analyses of these 5:1 extracts are presented in table 15;
concentrations of all ionic species are given in meq/L and
site locations can be found on figuz. 3. Samples for which
extracts were analysed include seven from surface sands,
eleven from oxidized tills and one from tﬁ? buried sands.
Unfortunately, no samples were taken from the non-oxidized
tills however, thQSe would have been useful and should be
collected during any further.research.

Graphical plots of each major ion species present in
the 5:1 extract versus depth from which the till or sand
sample was taken are presented in figures 20(a) to 20(3).
Some correlation between depth and concengration of ions
within the extracts was expected; howeveé!this was not the
case for any of the ions. Electrical conductivity (EC),
(figure 20(a)) which is a direct measure of the total
dissolved solids concentrations in the extracts also shoys
no correlation with depth .

A marked differentiation between extracts from the till
and the sands can be seen in figure 20(a) showing that the

electrical conductivities of the extracts from the till

-



TABLE 15

Results of 5:1 Aqueous Extract Analyses (meq/L)

oM

Extract

Ste b
Wumber Seeple
r Woumbeg v

Depth of
Sawp g

b

n.a o.n
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9.2
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weneneD RARXYERILLS ¢
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Surface Sand
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Surface Samd
Surface Samd
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samples are considerably greater than those from sands. The
mean electrical conductivity of till extracts is 6.75mhos
(s.d.=1.30mhos), while the mean electrical conductivity of
the sand extracts is 0.93 mhos (s.d.=0.34mhos). Sample 19
however, seems to be an exception. The position and nature
of this buried sand sample (19) may account for its
exceptional properties. Unlike all the other sand samples
vhich were taken from dry or slightly moist surface sands,
sample 19 was taken from a saturated sand lens at a depth of
approximately 7.5 m which is overlain by 5 metres of
oxidized till. Therefore this sand has probably been
subjected to the same processes of salt deposition as the
oxidized till around it. Results of water sample analyses
(tables 4 to 6), show that water in this buried sand lens
has high concentrations of a number of ions. Ther?fore'when
the sample was air-dried in preparation for the extract
analyfis, any salts present in the saturated sample would
have been precipitated. Once water was added to the sample
to obtain the 5:1 extract these salts would be r dissolved
and be detected in the analysis of the water extract from

the sample.

The félloving observations can be made from igures
- 20(a) to 20(j);
. The pH of 5:1 extracts falls dominantly in\the range
7.8 to 8.8 (figure 20(b)). The mean pH of suface shnd
extracts. is 8.37 (8.d.=0.49). This is slightly greater than

the mean ph of the oxidized till extracts which is X.98
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(s.d.=0.16).

2, Extracts from the oxidized till have greater
concentrations of calcium and magnesium (figure 20(c)),
sodium (figure 20(d)), sulphate (figure 20(e)), and
potassium ions (figure 20(g)) than extracts from the surface

sands. Mean calcium and magnesium concentration in surface

sand extracts is 6.28meq/L (s.d.=3.8meg/L) and 40.54meq/L
(s.d.=12.3meq/L) for the oxidized till extracts. Sodium

concentrations have a mean of 3.58meq/L (s.A.=2.6meqg/L), in
the su;Eaceagands and 46.92meq/L (s.d.=11.02meq/L) in the
oxidized till éxtra;tsi Mean sulphate concentrations in the
surface sands and oxidized tills are 6. 16meq/L
(s.d.=4.92meq/L), and 83.53meq/L (s.d.=19.32meq/L)
respectively while mean potassium ion concentrations are
0.16meq/L (s.d.=0.05meq/L) in the surface sand extracts and
0.58meq/L (5!6_-D.D?meq/L) in the till extracts.

3. Chloride ion concentration (figure EO(h)).shovs a
similar pattern to that described above except that the
division between sand and till extracts is not as marked,
Extracts from the surface sands have a mean chloride ion
concentration of 0,25meq/L (s.d.=0.17meq/L) while in
extracts from the oxidized till the mean is 1.66meq/L
(s.d4.=2.02meq/L).

4. Figure 20(f) shows carbonate-bicarbonate
concentrations in the 5:1 agqueous extracts. In this case

sand extracts have greater concentrations than those from

g

he tills which cluster around 0.6 meq/L and are independent
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of depth.

Mean carbonate-bicarbonate concentration in the surface
sand extracts is 1.3meq/L (s.d.=0.47meg/L) while in the
oxidized till extracts the mean is o.57meq/L
(s.d.=0.06meq/L). There appears to be a decreasing
concentration of carbonate-bicarbonate with depth in the
sand extracts. |

5. Similarities in the grouping of samples can be seen
when the pH graph (figure 20(b)) is compared with the
carbonate-bicarbonate graph (figure 20(f)). This is not
surprising since carbonate-bicarbonate solution buffers the
ph of “the system. The reasons for the anomalous behaviour of
sample 1 ;re unclear and may be the result of experimental
error.

6. Figure 20(i) shows variation in nitrate-nitrogen
concentrat on with depth in the 5:1 extracts. Mean
nitrate-nitrogen concentration is 2.15meq/L (s.d.=3.21meq/L)
in the oxidized till extracts and 0.66meq/L (s.d.=0,97meq/L)
in the surface sand extracts. The large standard deviations
reflect the marked variability of nitrate-nitrogen

concentration. Although mean nitrate-nitrogen concentration

that is observed for other ionic species,
7. Ammonium ion concentrations in the 5:1 extracts are

given in figure 20(j). Mean ammonium ion concentration in



the oxidized till extracts
vhile in the sand extracts
There is little difference
concentrations in extracts

surface sands.

is 0.25meq/L (s.d.=0.07meq/L),
it is 0.20meq/t (s.d.=0.13meq/L).
between ammonium ion

from the oxidized till and

The results of the 5:1 extract analyses will be used in

the discussion to aid in the development of a hydrochemical

evolution model for the groundwater system beneath the study

gite,



5. Interpretation and Discussion of Results

The chemistry of a water sample from any point in the
groundwater flov system represents the end §rcéuct of
physical and chemical processes and process interactions —™
vhich have affected the groundwater, (Schwartz and Domenico,
1973). The order in which the processes occur depends upon
the direction of groundwater flow and the physical, chemical
and biochemical conditions existing within the flow system.
The relative magnitude of process and effect also influences
the chemical quality of the water sample..

In an attempt to better understand the results of t;e
chemical analyses of water samples from beneath the stuay
site, a ?Umbef of processes, which have been identified in
previous studies of groundwater flow systems through
overburden deposits (Moran et al., 1978a,1978b; Hendry,
1981), will be examined here. These processes cannot be
totally separated from each other since they inter’t
considerably, therefore the nature and cansequénces of their
interactions will also be considered. Once the major
processes and the results of their interactions have been
discuesed in general terms, they will then be considered
vith respect to the observed changes in chemical quality as
vater passes through the overburden deposits beneath the
study site. In this way observed changes in groundwater

chemical quality will be explained in terms of the processes

103
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causing the observed response,

Finally, the hydrochemical evolution model which best
explains the observed changes in chemical quality of
groundwater as it passes through the overburden deposits
will be presented.

4

5.1 Processes Occurring in the Groundwater Flow System
The major processes phich modify the chemical quality

iiié the overburden deposits will be considered here.

5.1.1 Soil zone CO, production and dissolution

Respiration of micro-organisms and the oxidation of
organic matter by aerobic bacteria produce carbon dioxide in
the root zone. The oxidation reaction is described by the
equation;

0,(g)+CH,0—)CO, (g)+H,0(1) (10)
vhere CH,0 represent the basic unit of organic matter. This
reaction leads to partial pressures of :sfban dioxide (pCoO,)
in the soil atmosphere from 10-*atm to 10-'atm (Freeze and
Cherry, 1979), which are greater than atmospheric partial
pressure of carbon dioxide at 10- **atm.

The solubility of carbon dioxide in water is inversely
related to temperature. When carbon dioxide dissolves in
water, carbonic acid is formed which further dissociates
into hydrogen cations and bicarbonate anions according to

the reaction:
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H,0(1)+CO, (g)& H,CO,= H*+HCO, - (11)
In this way water infiltrating into the soil zone and
percolating down through it dissolves carbon dioxide and
becomes increasingly acidic because hydrogen ions are
produced. Moran et al. (1978b) calculate that water brought
into contac: with a gas phase where the partial pressure of
carbon dioxide is 10 'atm will have an equlibrium pH of
approximately 5.0 and if the partial pressure of carbon
dioxide is increased to 10 -'atm, the equlibrium pH would be
4.2 assuming no other buffering reaction occurred. FQf.ﬁgiS
reason Freeze and Cherry (1979) refer to the soil zone as an
'acid pump' in the groundwater flow system. This pf@c;ss can
dioxide with which the water samples from the study site are
in equilibrium (table 13) which are greater than values
which would be produced through equilibrium with atmospheric

carbon dioxide partial pressure.

5.1.2 Pyrite (FeS,) oxidation

Pyrite (iron sulphide) oxidation is another process
which increases the acidity of water passing through the
shallow zones of the flow system. This process has been
identified in areas of overburden deposits similar to those
at the study site (Moran et al., 1978a). Pyrite was not
directly observed within the tills of the study area
although it may have been present in a disseminated form.

However, Hendry (pers. comm.) has found disseminated pyrite



in oxidized till from the Enchant area of southern Albe;ta
during chemical analysis of oxidized till samples.

The pyrite oxidation process uses atmospheric oxygen
which is dissolved in the percolating water; it proceeds
acéaféing to the equation; '
4FeS,(s)+150,(g)+14H,0(1)—» 4Fe(OH),(s)+16H*+8S0,*"- (12)
(Moran et al., 1978b). Since a large number of hydrogen ions
are praduéeé in this reaction, only a small amount of
oxidation is required to significantly increase the acidity
of the surrounding water. The ﬁH attained by the wvater and
the concentration of sulphate (SO,*-), ions released by the
oxidation of pyrite are dependent upon the avalibility of
pyrite, the degree of saturation of the deposits, and
whether the system is open or closed with féspect to
availible oxygen. In an open system, depleted dissolved

oxygen concentrations are replenished from the atmosphere

concentrations increase, Moran et al. (1978b) demonstrate
that under open system conditions, where dissolved oxygen
used in the oxidation reaction is centing&ily replenished,
and wvhere the porous medium is saturated,EQQter with a
minimum pH of 2 and a maximum sulphate ion ﬁcn:entratien of
450mg/L can be obtained through pyrite oxidation. However
such ideal conditions farely exist in natural groundwater
flow systems through overburden deposits. In the glacially

derived deposits examined by Moran et al. (1978a) pyrite
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oxidati urred in the unsaturated zone as water

infiltrated toward the water table. In this case rain anq
snow melt contained only enough dissolved oxygen to produce
17mg/L of sulphate ions. The field situation described here
js similar to the situation described by Moran et al. and
therefore probably produces sulphate ions in concentrations
close to 17mg/L. Some other process must therefore be
invoked to account for the high sulphate ion concentrations
observed at or just below the water table over much of the
study site,

1f some other process occurs in the groundwater flow
system, simultaneously with pyrite. oxidation, and uses the
hydrogen ions which are being produced, the pH of the water
will not decline to the low levels possible if pyrite

oxidation were taking place alone. Dissolution of carbonates

is such a process and will be discussed in the next section.

5.1.3 Dissolution and precipitation of carbonates

The two most common carbonates which occur in
Voverburden deposits are calcite (CaCO,), and dolomite
(CaMg(CO,),). Carbonates were identified in the tills of the
field area by acid tests both as clasts and in the
disseminated form in the till matrix. These carbonates were
assumed to be dominantly calcite and dolomite because of the
frequency of water sample saturation with respect to these

minerals. However, it is also recognised that contributions

of calcium, magnesium and bicarbonate-ions from other
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Sources could produce positive saturation indices for
calcite and dolomite through the common ion effect.

For calcite ang dolomite to dissolve in the groundwater
it must be acidic because the dissolution reactions require
the presence of hydrogen ions;

CaCO,(s)+H’——>Ca"+HCO,' (13)

CAMQ(CO.).(8)*2H‘——)Ca”+Hg"+2HCO - (14)
Hence, the dissolution of carbonates is aided by soil
productxon and dissolution of carbon dioxide and by pyrite
oxidation, which both produce hydrogen ions. The two
reactions illustra;ed above (equations 13 and 14), buffer
the pH of the groundwater by using H*, and prevent it from
becoming exceptionally acidic.

Dissolution of carbon dioxide is the major producer of
hydrogen ions in most groundwater Systems, (Freeze ang
Cherry, 1979). The 1ncrea51ng solubility of carbon dioxide
with decreasing temperature has already been outlined. This
effect is transmitted to the solubility of carbonates
through the availibility of hydrogen ions for the
dissolution reactions (Freeze and Cherry, 1979). Hence
carbonate solubility is also inversely felated with
temperature. g

Since temperature of the groundwater affects its
ability to dissolve carbonates, changes in temperature
through the year will result in temporal‘variation in
‘carbonate solubility. In winter or early spring, cold water

entering the flow system from the surface is warmed as it
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moves along the flow path; thus its ability to dissolve
carbon dioxide, and consequently carbonates, progressively
decreases. Carbonates which were taken into solution at
lower temperatures are therefore precipitated. Conversely,
in the summer warm water penetrates the soil zone and
temperature decreases along the flow path thereby increasing
ghe solubility of carbon dioxide and also carbonates (Preeze
and Cherry, 1979).

At carbon dioxide partial pressures typical of those in
the soil atmosphere (10-’atm to 10 'atm), FPreeze and Cherry
(1979) calculate ‘*at dissolution of calcite and dolomite to
equilibrium yill produce a bicarbonate ion concentration in
the range of 100mg/L to 600mg/L undger open system ccnéitiens
wvhere CO, is continually replenished. Moran et al. (1978a)
calculate that pure water at 10 degrees celsius containing
carbon dioxide dissolved to equilibrium at partial pressures
in the range 10 *atm to 10" 'atm will, under open system
conditions, produce water with an equlibrium pH of 6.6 to
7.7 and bicarbonate ion concentrations in the range 192mg/L
to 610mg/L. In a closed system however, where carbon dioxide
is not consistently replenished, bicarbonate ion
concentrations will not be this high.

Shallow samples from the field area often had pH's and
bicarbonate ion concentrations within or slightly higher
than the range predicted by Moran et al.(1978a) and Freeze
and Cherry (1979) (tables 4 to 6). They were also commonly

saturated or supersaturated with respect to calcite and



110
dolomite, (table 12). The slightly higher bicarbonate
concentrations than predicted may result from water
temperatures lower than 10 degrees celsius which, as already
outlined, would increase carbonate solubility.

Deeper water samples from the field area, especially
those from the oxidized till (tables 4 to 6), often have
bicarbonate ion concentrations considerably greater than the
equilibrium values predicted by Moran et al. (1978a) and
Freeze and Cherry (1979). Also, saturation indices with
respect to calcite and dolomite for water samples from the
oxidized till are mostly positive, indicating
supersaturation, (table 12). Further consideration of the
table of saturation indices reveals that saturation of the
vater samples with respect to calcite is reached in the
surface sands, hence increased calcite dissolution does not
appear to be the mechanism by which bicarbonate ion
concentrations increase through the profile (figure 19),.
Increased dissolution of dolomite cannot be invoked either
since dolomite saturation levels vary little between the
'surface sands and the oxidized till (table 12). Some other
process therefore seems to be producing bicarbonate ions
vithin the oxidized till unit.

When calcite and dolomite are both present in a till,
the‘temperature of the groundwater and the order in vhichﬂ
the groundwater encounters the minerals, will determine its
résulting chemical quality. If the groundwater encounters

calcite first and dissolves it to equilibrium then some



dolomite can still be dissolved since the water must attain
certain Mg?'° levels in order that the ion activity product
is equal to the equlibrium constant for dolomite at the
temperature and pressure of the system. However, wvhen more
dolomite is dissolved, Ca’® and HCO,  concentrations also

increase (equation 14) and, this can cause the precipitation

may account for some of the low Ca:Mg ratios observed at
depth in the field area which could not be attribited to
evaporation and evapotranspiration effects.

In the case where dolomite is the first carbonate
mineral encountered by the groundwater—and is dissolved to
equilibrium, the temperature of the(zj::r is very important
(Freeze and Cherry, 1979). Through comparison of equilibrium
constants for calcite and dolomite at various temperatures
groundwater at 10 degrees celsius dissolves dolomite to
saturation and then encounters calcite, saturation with
respect to calcite also occurs through the common ion effect
and no further calcite dissolution is possible. However, if
the vater dissolves dolomite at a temperature lower than 10
degrees celsius, it becomes supersaturated with respect to
calcite and precipitation occurs. Conversely, if water
dissolves dolomite to saturation at temperatures above 10
degrees celsius and then gngg%nterg calcite, more calcite
can be dissolved and the ﬁatgﬁ becomes supersaturated with

/

Se—
s



respect to dolomite.

In tills, calcite and dolomite often exist together and
simultaneous dissolution occurs (Freeze and Cherry, 1979),°
The chemistry of the water which results from such a
dissolution mechanism is dependent upon the relative
abundance of each mineral and their relative rates of
dissolution which are, in turn, controlled by temperature
and partial pressure of carbon dioxide. For this reason,
Ca:Mg molar ratios can develop over a wide range from less
than one to more than one (Freeze and Cherry(§1979)i Such
variations in dissolution reactions can therefore explain
the observed variations in Ca:Mg molar ratios (table;l4).

The presence of Ca®°, Mg**, and HCO," ions in solution,
wvhich have been derived from sources other than carbonate
solution, decreases the solubility of calcite and dolomite
through the common ion effect. The total ionic strength of
the groundwater also has a significant influence on the
solubility of calcite and dolomite. As the total ionic
strength of the groundwater increases, the activity
coefficients of the major ions in solution decrease (Freeze
and Cherry, 1979), (figure 21). This leads to an increagé‘in
the solubility of minerals such as dolomite and calcite,
since the oqulibriﬁm constant is dependent upon the
activities of the ions in solution (equation 6).

Partial pressure of carbon dioxide, (pCO,) variation in
wvater samples from the field area is shown in table 13 and

is inconsistent with depth. WATEQF computes the partial
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pressure of carbon dioxide with which the water samples are
in equilibrium, from the from field pH and analytical
bicarbonate ion concentration taking into account the
temperature of the system. Therefore the high carbon dioxide
partial pressure values wvhich are often observed in the
oxidized tills are probably a function of the high
bicarbonate ion concentrations vhich have already been
noted. It is therefore questionable whether the high partail
pressure of carbon dioxide valtes indicated by WATEQF will
result in significantly increéseé carbonate dissolution
sinde{bicarbonate ions are produced by both carbon dioxide
and carbonate dissoluﬂ&on and the common ion effect will
limit both reactions. If bicarbonate ions are also being
produced by some other reaction, the precipitation of
calcite and dolomite may occur through the common ion effect
even though computed carbon dioxide partial pressure
indicates thai increased carbonate dissolution should be

occurring.

5.1.4 Dissolution and precipitation of lulgﬁgtig

The dissolution of sulphates, especially gypsum
(CasO..2H,0) and anhydrite (CaSO,) has been invoked by Moran
et al. (1978a, 1978b) as the most reasonable mechanism to
account for the high sulphate cancgntfgtians observed in
groundvat?r from overburden deposits. Gypsum dissolves in
vater quite quickly and laboratory experiments by Kemper et

al. {1975) have shown that equilibrium is normally reached



within minutes or hours. The solution of gypsum is described
by the equation;

CaS0O,.2H,0—*Ca?**+50,*"+2H,0 (15)
Cherry (1968) found that if gypsum is dissolved to
equilibrium in deionized water at 8 degrees celsius, 520mg/L

of calcium ions and 1240 mg/L of sulphate ions would be

produced. However in water éanta;ning other ions the
solubility would increase in a similar way to that described
for carbonates because of decreased activities of ionic
species (figure 21). .

The origin of gypsum in the overburden deposits may
have been by the squeezing of brackish water into the
deposits during,glacial loading (Cherry, 1972). However
Moran et al. (1978a) state that %here is a more reasonable
way to account for the presence of gypsum in the shallow
overburden deposits. Oxidation of pyrite in the shallow
zones, where atmospheric oxygen is readily availible,
produces sulphate ions, while calcite and dolomite
dissolution in the presence of high carbon dioxide partial
pressures produce calcium ions. Subsequent excessive
evapefgtién éﬁaézygéetfanspifatian from the unsaturated zone
vhich often occurs in a semi-arid area such as the study
site, results in the precipitation of gypsum and calcite in
the unsaturated zone. This gypsum is then availible for
dissolution in water which subsequently infiltratesrthfaugh

this zone during groundwater recharge events. Pyrite - '
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concentrations which exist in water saméles from the field
area. Therefore shallow gypsum precipitation during dry
spells and solution during recharge events must be invoked.
This idea is supported by the attainment of supersaturation
vith respect to gypsum at a number of shallow piezometers
across the study site (table 12),

GypsSum dissclutia; can 1imit the amounts of calcite or
doloﬁite vhich are able to dissolve, by the common ion
effect. Water which encounters and dissolves gypsum at
‘shallov depth will only be able to dissolve limited
quantities of calcite or dolomite since calcium ions are
already present in the water. Saturation indices with
respect to calcite and dolomite (table 12) show that samples
are often saturated or supersaturated with respéct to these
two minerals. Hence, the common ion effect through gypsum
dissolution is not preventing saturation vitﬁ respect to
calcite or dolomite,

Other sulphate minerals such as mirabillite
(Na,SO,.10H,0), Eplémité (MgSO,.7H,0) and glauberite
(Na,Ca(S0,),), may be contributing to the high sulphste
concentrations in the shallow groundvater. Hovever the
effect of these is difficult to assess since no sulphates
“other than gypsum vere shown in the WATEQF output as being
present in the groundvater samples at concentrations close
td saturation. Therefore gypsum, which vas often at
saturation in the vater samples, seems to be the dominant

sulphate in this flow system.
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Another alternative for a sulphate source is the input
of sulphate to the flow system from atmospheric sources,
(pers. comm. F.Schwartz). Sulphate ion concentration in
precipitation will only be of the order of a few milligrams
per litre, however, over geologic time sulphate deposits
could build up to significant concentrations in the
unsaturated zone ;specially with the dominance of

evaporation and evapotranspiration in this region of

Alberta.

5.1.5 Cation exchange processes

The occurrence of cation exchange in overburden
deposits with a large proportion of colloidal particles and
the mechanism by which this process occurs, have already
been outlined. In this section the effects of cation
exchange on the quality of groundwater as it pas§es through
the flow system will be discussed.

The most important ions in the groundwater which take
part in cation exchange reactions are calcium (ca?*),
magnesium (Mg’°), and sodium (Na‘*). Calcium and magnesium
ions are preferenti#lly adsorbed onto clays in exchange for
sodium ions, according to the equation;

Ca’*(aq)+Mg’* (aq)+Na-clay~4Na‘*+CaMg-clay ‘ (16)
This reaction is reversible and depends on the relative
concentrations of adsorbed and agueous species, however the
forward reaction usually occurs due to the stronger

adsorption affinities of calcium and magnesium than that of
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sodium. When the forward reaction occurs, the groundwater

%

becomes enriched with sodium ions and depleted in calcium
and magnesium ions, gssumiﬁg*all are present. Since each
mole of calcium or magnesium ions which is removed from the
water is replaced by 2 moles of sodium ions, cation exchange
causes a slight increase in the total dissolved solids
concentration of the groundwater.

The major source of calcium and magnesium ions which
enter into the cation exchange reactions appears to be the
éiésaluticn of calcite, dolomite and gypsum, As calcium and
magnesium ions are removed from the groundwater by cation
exchange, more of these ions must be produced to maintain

the ion activity product of each species. A secondary effect

of cation/exchange is, therefore, to increase the

dissolution 4f calcite, dolomite and gypsum through the
common ion effect. Kinetic factors such as temperature and
pressure of the system control the rates at which these
three minerals dissolve in response to the cation exchange
reaction. At a given temperature and pressure calcite may
dissolve more rapidly than dolomite causing ﬁ relative
enrichment of calcium ions over magnesium ions in the
gr§undnater; In this way variable dissolution of calcite,
dolomite and gypsum in response to cation exchange controls
the magnitude of ion concentration variation and molar
ratios in the groundwater. This is therefore another
mechanism vhich could produce the observed variations in

Ca:Mg molar ratios with depth (table 14).
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The common ion effect and subseguent response of the
system by increased dissolution of calcite, dolomite and
gypsum result in two secodary effects:

1. Increased bicarbonate ion (HCO,-) concentration
since this is produced during the dissolution of calcite and
:dolomite (eqguations 13 and 14),

2. Increased pH because hydrogen ions (H') are used up
in the dissolution process.

The increasing sodium concentrations observed along
parts of the groundwater flow path beneath the field area
may, therefore, be explained in terms of cation exchange
processes. This would be supported by simultaneous decreased

alcium and magnesium ion concentrations, assuming these

(2]

ffects are not masked by the common ion effect or other

processes occurring in the groundwater flow system.

Lnl

Moran et al. (1978a) explain high sodium concentrations
in water samples from overburden deposits in North Dakota in
terms of cation exchange processes, since no soluble sodium
salt deposits could be identified which could account for
the high sodium concentrations present in the droundwater.
The presence of sodium at the exchange sites was attributed
to the total immersion of the gedimentlin an agueous
solution with a large sodium excess. The origins of the
sodium rich clays in the study area considered here are not
known.

Even though calcium and magnesium are preferentially

jsorbed over sodium at cation exchange sites, the cation
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exchange reaction described in equation 16 is reversible. In
order for the reverse reaction depicted in eqguation 16 to
occur, sodium concentrations in the groundwater must become
high enough to overcome the greater adsorption affinities of
calcium and magnesium. No reference could be found which
examines the relative concentrations of sodium, calcium and
‘magnesium ions in the aqueous phase with respect to the
direction of cation exchange reactions. Sodium
concentrations at the study site reach almost 2900mg/L
(126mmoles/L) (tables 4 to 6) in water samples from the
oxidized till unit, when calcium ion concentration in the
same sample is approximately 450mg/L (1.immoles/L). The
order of magnitude difference in agqueous molar
concentrations observed here is felt to be éﬁfficient to
overcome the difference in ;ésérpticn affinities, and
therefore to promote the back reaction from right to left in
equation 16. The evidence for reverse cation exchange
occurring beneath the study area is examined later in this
chapter in reference to the results of specific water sample
analyses. Hem (1970) states that in irrigated areas the 7
exchange of calcium for sodium in soil moisture may pFQCEEé

forward or in reverse at different times, and at an

<

particular site may fluctuate extensively. Hence cation

(a1

exchange processes not only occur in the saturated flow
system, but can also affect the quality of the water before

it reaches the vater table.
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decrgasgs\én nitrate-nitrogen concentrations as groundwater
passes from shallow to deeper parts of the groundwater flow
system. The decreases in nitrate-nitrogen concentrations
were found to correspond with decreased dissoclved oxygen
concentrations and decreasing redox potential (Eh). They
were attributed to denitrification by nitrate reducing
bacteria.

Certain bacteria such as Pseudomonas sp. are able to
the amount of oxygen availible is inadequate to meet their
respiratory requirements. The nitrate assimilation reaction
by such bacteria was described by Stumm and Morgan (1970) in
the eqguation;

4NO, " +5CH,0+4H*'—3 2N, +5C0O,+7H,0 (17)

The carbon dioxide produced by this reaction then dissolves
in the groundwater to form carbonic acid according 2@ the
reaction; _
5CO,+5H,0 & 5H" +5HCO, - (18)
If‘;quatigﬂs (17) and (18) are combined the resulting
equati@ﬂ for the overall denitrification process is;

4NO, " +5CH,0 —» 2N, +H* +5HCO, " +2H,0 (19)
This shows that more hydrogen ions are produced as a

consequence of denitrification than are used, therefore the
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concentration of the groundwater increases since these ions
are also produced.

The large number of bicarbonate ions produced by the
denitrification process will affect any carbonate equilibria
existing in the system through the common ion effect.
Precipitation of carbonates will result since the increased
bicarbonate ion concentration increases the rate of the
reactions;

Ca’*+HCO, == CaCO,+H" (20)

Ca’*+Mg’®*+2HCO, = CaMg(CO,),+2H" (21)
Therefore the observed effects on the groundwater system,
which accompany the decrease in nitrate-nitrogen
concentrations will be decreased calcium and magnesium ion
concentrations, decreased pH, and some increase in
bicarbonate ion concentration assuming it is not all used up
in the above reactions (equations 20 and 21). In this way
calcium and magnesium ion concentrations decrease even
though the partial pressure of carbon dioxide computed by
WATEQP increases.

The removal of calcium and magnesium ions {rcm the
groundwater can also have the effect of limiting cation
exchange reactions. However, the secondary effect of
increased bicarbonate ion cancent:atiaﬁ vhich results from
cation exchange processes does not affect the
denitrification process because the reaction (equation 19)

is not reversible,.
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Gillham and Cherry (1978) propose that in order for
denitrification by nitrate reducing bacteria to occur,
dissolved oxygen concentrations must be less than 2mg/L
vhile Broadbent and Clark (1975) indicate that redox
potentials must be less than 320mv. However, they also
recognise that microsite conditions around the bacteria may
be considerably different from those indicated by measuring
dissolved oxygen concentrations and Eh at a comparitive
macroscale. Hence denitrification may be occurring, even

vhere dissolved oxygen concentrations or redbyx potentials

appear too high. T
Dissolved oxygen concentrations in -aterskﬁgbm beneath

the study site have been seen to range from 0.'mg/L to

4.8mg/L and show little, if correlation with depth

ny

(figure 16). Many of the samples have dissolved oxygen
concentrations less than 2mg/L which, accordihg to Gillham
and Cherry (1978), would allow denitrification to occur.

Sulphate reduction is also a bacterial reaction and can
be described by the equation;

SO,* "+CH,0+6H*— H,S5+C0O,+3H,0 (22)

(Stumm and Morgan, 1970). However redox conditions must be
sufficiently negative (less than -200mv, Bohn et al., 1979),
to allow this reaction to proceed. Sulphate reduction would
therefore be expected to occur at depth.

Hydrogen sulphide, (H,S), which is produced during

sulphate reduction has a distinct odour of "rotten eggs”

wvhich can be detected by humans at concentrations as low
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10-*atm. This is therefore a very useful field indicator of

the sylphate reduction process. Conversely, the absence of

')ydrogen sulphide odour does not necessarily mean that
sulphate reduction is not cccuring.i:j> hydrogen sulphide
produced may react with iron minerals which are present and
§0 be removed from the system {Bohn et al., 1979).

Apart from decreasing the concentration of sulphate
ions in the groundwater, sulphate reduction also results in
an increase in the partial presure of carbon dioxide. The
carbon dioxide produced in this reaction is dissolved in the
groundwater according to the equation;

H,0+CO, & H'+HCO,"~ (23)
By combining equations (22) and (23) the final equation for
the sulphate reduction reaction is;

SO,*"+ CH,0 + 5H*— H,S '+ HCO, + 2H,O0 (24)

The increase in bicarbonate ion concentration which results,
has the same effect on carbonate salubilityéas that
described for the denitrification process. In the case of
sulphate reduction though, for every five hydrogen ions used
in the reaction (equation 24), one bicarbonate ion is
produced. Also for each of these bicgrbanate ions which is
used in the precipitation of carbonates, one hydrogen ion is

produced. The net effect is therefore to decrease the number

of hydrogen ions in the system afid therefore to increase pH.

. Vs . . ]
In summary the major chem 1 and biochemical processes

vhich are likely to influence the chemistry of the

\
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groundwater as it passes through the flow system are

1. CO, production in the soil zone; decreases pH. Aids
the solution of carbonates.

2. Pyrite oxidation; decreases pH. Aids the solution of
carbonates.

3. Dissolution of carbonates; increases Ca’‘, Mg'®, and
HCO," concentrations. Buffers pH. Causes variations in Ca:Mg
molar ratio. Causes precipitation of gypsum through the

common ion effect.

Mg'",and HCO,  concentrations. Increases pH. Causes solution
of gypsum through the common ion effect. i

5. Dissolution of sulphates (gypsum); increases Ca®’,
and SO,’" concentrations. Causes precipitation of carbonates
by the common ion effect.

6. Precipitation of sulphates; reduces concentrations
of Ca**, and SO,’ . May act as a source for the high
sulphate concentrations observed.

7. Cation exchange process; increases Na°® and decreases
Ca'® and Mg*'* concentrations. Causes increased dissolution
of calcite and dolomite. Increases HCO, - concentration and
pH through the common ion effect. Occasionally, if
conditions allow, the revefsé reaction occurs with the
. opposite effects. |

8. Denitrification; decreases NO, "concentrations.
Decreases pH and increases HCO,  concentrations. Causes

precipitation of calcite and dolomite. Decreases Ca’*' and
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Mg®® concentrations through the common ion effect.

9. Sulphate reduction; decreases SO,’" concentrations.
Increases HCO,  concentration and inc:éases pH. Causes
precipitation of calcite and dolomite. Decreases Ca’‘ and
Mg'*® concentrations through the. common ion effect.

The order in which these processes occur and the
relative magnitude of their effects determines the observed

chemical quality of the groundwater.

5.2 Interpretation of Water Sample Analysis Results

In an earlier section of this thesis, results of
_chemiéai analyses were presented for all three sets of water
samples collected during the summer of 1980. General
relationships between some of the measured variables were
also observed. The results of both the field and laboratory
chemical analyses were statistically summarized as means,
ranges and sample standard deviations of variables within
each of the four overburden units described (tables 8 to
1),

In this section the changes in some of the measured
variables and the relationships between them will be
examined. They will be discussed in terms of the processes ‘
already described. The general trends in mean csn:gntr;tiégi |
of major ion species between the four geologic units, which
vere illustrated in figure 19 will also be discussed in

terms of these processes,



In order to examine the changes in groundwater chemical
quality which occur within each of the four geologic units,
the results from the first data set will be used. They will
be graphically plotted against depth from which the
groundwater sample was taken, for each of the major
piezometer nests across the study site. A generalized
geologic cross section through the overburden deposits
beneath each of these nests will also be illustrated on
these plots.

The results from the first sample set were chosen since
they include field measurements of pPH, dissolved oxygen and
redox potential (Eh). The results from this sample set were
proven not to be significantly different from either of the
other two sample sets by testing the means and sample
standard deviations of each of the major ion species within
each of the four geologic units, agiﬁggt each other using
the differences of means t-test.

The dominant groundwater flow direction beneath the
study sife has already beengshavn to be vertically downward,
(figures 9 to 11)., Changes in water chemistry between point
source pie:em;ter intake zones at increasing depths beneath”
the ground surface are therefore taken in most cases to

represent changes occurring along the flow path.
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.
5.2.1 Differences between field and laboratory pH

Field pH of the water samples was seen:in the results
chapter to be consistently greater than laboratory pH
(figure 14) however, no correlation was found between the
twvo measurements. It was suggested that the differences \'
between the tv& pH measurements may be the result of )
degassing of carbon dioxide from the sample during
collection and laboratory analysis.

In the previous section, one of the major processes
influencing groundwater guality was seen to be the
dissolution of carbon dioxide in the soil zone, at pértial
pressures up to two orders of magnitude greater than
atmospheric partial pressure. Carbon dioxide and therefore
bicarbonate ions are also produced By denitrification and
sulphate reduction deeper in the saturated zone of the
overburden deposits. Carbon dioxide partial pressure values
with which the water samples from the field area were in
equilibrium were computed by WATEQF from field pH and
analytical bicarbonate ion concentrations (table 13). These

are greater than atmospheric carbon dioxide partial pressure

of the ptocésses outlined above. Cgntact between the
groundvater and atmosphere during collection and analysis of
these water samples would therefore result in the loss of
carbon dioxide from solution as the sample came to

equilibrium with the atmospheric partial pressure of carbon
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and bicarbonate ion concentrations and subsequntly pH would
increase. Therefore degassing of carbon dioxide seems to be
a likely cause of higher laboratory pH than field pH.
Degassing of water samples could also result in the
secondary precipitation of carbonates if their saturation
levels became too high. However, no such precipitation was
observed during the.analysis of the wvater samples and so the
degassing was not thought to be a siénificant problem with

respect to altering the total chemistry of the sample.

5.2.2 Redox Conditions and Biochemical Processes

Redox potentials of water samples from beneath the
field area were measured during the collection of the first
set of samples (table 4). A plot of Eh(mv) versus depth from
vhich the groundwater sample was takea (figuré 16) shows ‘.
little correlation between the two variables due to problems
in the sampling procedure vhich have already been outlined.
All measured redox potentials are low enough to allow
denitrification (less than 320mv), but none reach the low
levels necessary for sulphate reduction (less than -200mv),

Dissolved oxygen concentrations in groundwater samples
vere found to range from 0:1mg/L to 4.8mg/L, showing no
correlation with depth (figure 16). A number of vater
samples had less than 2mg/L dissolved oxygen which would
;llow denitrification to proceed assuming nitrate reducing

bacteria and a suitable organic source wvere present.
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Figure 22 is a plot of dissolved oxygen concentration
(mg/L) against nitrate-nitrogen concentration (mg/L) for the
first set of samples. All samples below the nitrate-nitrogen
detection limit of 0.1mg/L are plotted below the dotted
line. This figure illustrates that even though dissolved
oxygen conditions would allow denitrification to occur, many
of the groundwater samples still have quite high
nitrate-nitrogen concentrations. This may be caused by the
absence of the bacteria necessary for denitrification. Many
of the groundvater samples have nitrate-nitrogen
concentrations which are below the laboratory detection
limit (0.1mg/L) and some ;f these samples come from deep
piezometers at nests where shallovw piezometers have high
nitrate-nitrogen concentrations. If the water at depth
formerly had a similar chemical composition to the water
presently higher in the profile, then the denitrification
process may be inferred to account for the loss of
nitrate-nitrogen through the profile. Denitrification will
be discussed in‘éreater detail when changes through specific
profiles are considered,

The biochemical process of sulphate reduction is also

"related to redox conditions., All of the groundwater samples
marked with a circle on figqure 16 had the distinct odour of
hydrogen sulphide wvhen the piezometer was sampled,
indicating that sulphate reduction is occurring beneath the
field area. The measured redox potential of these samples

were all negative.
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When a water sample is taken from its natural
environment and brought into contact with atmospheric
oxygen, oxidation of reduced species within the water is
likely-to occur. Hence the Eh measurements here, which were
taken with the sample in contact with the atmosphere, are
probably considerably higher than the redox potentials which
exist In situ within the overburden deposits. This explains
the apparent reduction of sulphates at redox potentials
higher than is normally possible. Better methods of f{;id
measurement of redox potential and dissalved;axygen
concentration are necessary before total confidence can be

placed in results from field measurements.

5.3 Changes in Water Chemistry Between Geologic Units

The changes in mean ionic concentrations of major
species in the groundwater, summarized from all three data
sets, are illustrated in figure 19, Mean concentration of
each species in groundwater from each of the four units is
plotted against the mean depth from which groundwater
samples in that unit were t;ken! Concentrations of most
major ion species increase from the sands to the oxidized
till where they reach their maximum concentration in the
profile and then decrease with increasing depth into the
buried sands and the non-oxidized till.

Although mean concentrations of all major ion species

in the groundvwater increase from the surface sands into the



133

oxidized till, the major increases are in sodium
(42mmoles/L) ané sulphate concentrations (25mmoles/L). In
comparison, increases in calcium, magnesium and bicarbonate .
ion concentrations are guite small at 5.7mmoles /L,
4.0mmoles/L and 6.5mmoles/L respectively. pH of the
groundwater decreases between the surface sands and the
oxidized till indicating that the concentration of hydrogen
ions has increased through some process or combination of
processes. T

The fesults of the 5:1 e5tfa:t analyses showed that the
oxidized till contains greater toncentrations of water
soluble salts than the surface sands, (figures 20(a) to
20(j), table .15), and that calcium and magnesium, sodium and
sulphate ions were present in the highest concentrations in
the 5:1 aqueous extracts from the oxidized till samples. The
increase in ionic concentration of the groundwater from the
sands to the tills is therefore not surprising. Even though
flow velocities in the oxidized till are so rapid it would
appear from considering the mean ignic concentrations that
the groundwater has sufficient residence times to dissolve
soluble species from the oxidized till. This will be
considered further when data from each piezometer nest are
examined individually.

Dissolution of gypsum between the sands and the
oxidized tills may account for some of the increase in
calcium ion concentration in the groundwater however the

increase in sulphate ion concentration is greater than that
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for calcium. The lack of calciug to balance sulphate may be
the result of cafbénate precipitation induced ﬁhreugh-thg
common ion effect by increasing calcium ion concentration.
Alternatively, the excess sulphate in solution maygbe
derived from some other source such as dissolution of
mirabillite, epsomite or glauberite. The presence of
sulphates in the system other than gypsum is difficult to
assess since none of the water samples are saturated with
any sulphate other than gypsum.

The increase in mean sodium ion concentration in the
groundwater is the major contributor to the increase in
total dissolved solids between the surface sands and the
oxidized till. The till provides an environment where

smectite is abundant, potentially allowing cation exchange

" to occur. This can result in the relative enrichment of

sodium ions in the groundwater at the expense of calcium and
magnesium, and could account for the large increases in (ﬁéxj
sodium concentration between the surface sands and the N
oxidized till. It could also explain the lack of balance
between calcium and sulphate ion concentration increases.

Calcite and dolomite dissolution increases in response

cation exchange. This can also explain the slight increase
in bicarbonate ion concentration as the groundwater moves
between the surface sands and the oxidized tills, since
bicarbonate ions are produced during the dissolution

process. Calcium and magnesium ion concentrations should

L]
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only increase enough to replace the ions lost to cation
exchange, so that there should not be any change in the
observed concentrations of these ions. The observed increase
in calcium and magnesium ion concentrations from the surface
sand into the oxidized till indicates that calcite and
dolomite dissolution is occurring in excess of the amount
required to balance the losses from the groundwater to
cation exchange sites.

Hydrogen ions are used up during carbonate dissolution
(equations 13 and 14); this usually results in increased
~groundwatertpH. In the generalized cross section (figure 19)
mean pH of the groundwater decreases between the surface
sands and the oxidized till. The process or balance of
processes which caused this decrease cannot be inferred from
the limited information availible here.

Once the groundwater passes from the oxidized till into
the buried sand deposits, mean concentrations of all major
ion species except calcium and nitrate-nitrogen decrease; pH
increases slightly. It should be noted that mean ionic
concentrations for the buried sand deposits were computed
from wvater samples taken at sites 1813, 1814, and 1817. The
means plotted on figure 19 are generally lower than the
specific ion concentrations at site 1817 because of the
influence of the lower concentrations at site 1813 and 1814.
Conversely, mean concentrations are greater than the actual
concentrations at sites 1813 and 1814. The lower mean ionic

concentrations in the groundwater within the buried sands
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than in the overlying oxidized till are probably a result of
chemical or biochemical attenuation processes,

The increase in calcium ion concentrations between the
oxidized till and the buried sands, from 391.5mg/L to
433mg/L where all other ionic concentrations except
nitrateEnitragen decrease, is anomalous. When a hcmcgeneitg
of variance (F-test) and difference of means (t-test) were
carried out to ¢ompare the mean calcium concentrations, the
increase in concentration was found to be insignificant.
With the information availible here, no process can be
invoked which can explain this increase; it is ﬁfébably an
undesirable consequence of generaiizing the data by
computing means in order to observe general trends.

The high nitrate-nitrogen concentration in the

1t of

c

groundvater samples from the buried sands is a res
including the data from site 1817 when computing the mean.
Whether this nitrate-nitrogen is derived i:am a local
geologic source or is the result of agficgitural practices
is uncertain since infc:mgtggn on fertilizer application was
not availible from the farmer. However, recent work by
Hendry (pers. comm.) has shown that nitrates are present in
quite high concentrations in tills from the area, indicating
that a geologic source is likely for at least some of the
nitrate nitrogen in the groundwater. .

Mean concentrations of all ionic species in the
groundwater, except bicarbonate, decrease and PH increases

slightly between the buried sand and underlying non-oxidized
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till. This general decrease in mean concentrations is the
result of chemical or biochemical attenuation processes such
as cation exchange, precipitation, and microbial activity.
Precipitation of salts seems likely since crystals were
found in samples of the non-oxidized till matrix taken
during drilling. These crystals did not respond to acid and
were therefore not carbonates, however, they were colourless
and soluble in water and may have been sulphates.

Surface areas and times of contact between the
groundwater and the till matrix are greater in the
unfractured non-oxidized till than in the oxidized till unit
where the major paths of water movement are the fractures
and the porosity is lower than in the non-oxidized till. The
cation exchange process was therefore expected to be more
efficient in the non-oxidized till than in the é:léjz
till. No evidence such as increasing sodium concentration
with depth, is observed in figure 19 to support this
supposition. However, sodium concentration in the
groundwater is often quite high which may induce reverse
cation exchange. Such a process would initially cause an
increase in calcium and magnesium ion concentrations in the
groundwater, although once concentrations became
particularly high, precipitation of carbonates and/or gypsum
would occur. No large carbonate crystals were found in the
non-oxidized till matrix to support this thoery, although

testing with acid caused considerable bubbling indicating

the presence of disseminated carbonates.
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The higher mean bicarbonate ion concentration in the
groundwater from the non-oxidized till than that from the
buried sands is probably the result of sulphate reduction
vhich is Khown to occur within this unit. The reaction by

vhich the bicarbonate ions are produced was illustrated in

equation (24) earlier in this chapter.

A secondary common ion effect which results from
increased bicarbonate ion concentration is the precipitation
of carbonates (equations 20 and 21), which in turn cigses a
groundvater. This ie probably occurring here, although not
to a great enough degree to use up all the bicarbonate ions
produced during sulphate reduction. This precipitation of
carbonates, in response to sulphate reduction therefore
accounts for at least part of the decrease in calcium and
magnesiym ion concentrations between the buried sands and
the non-oxidized tills,

There is a rapid decline in nitrate-nitrogen
concentratiion through this part of the prafilg which is
probably the result of denitrification. Even though a number
of shallow samples from across the field area have high
nitrate-nitrogen concentrations, no sample taken at more
than 30m beneath ground surface had a nitrate-nitrogen
concentration higher than the standard 10mg/L which is the
safe limit for human consumption (Hem, 1970). The
denitrification process therefore provides an efficient

natural decontamination mechanism. At present, pollution of
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the groundwater by nitrate-nitrogen, whether of natural or
agricultural origin, is not a problem with respect to the
vertical movement of water. The effects of lateral water
movement through the buried sand deposits will be examined

in greater detail later in this chapter.

§.4 Vertical changes in Groundwater Quality Within the
Geologic Units
Results of water sample analyses from the first sample

et are plotted here against depth and generalized

overburden geology for each of the major piezometer nests
across the study site, (figures 23 to 29) These figures will
be used to illustrate changes in water gquality which occur
as the water moves vithin each overburden unit.

The points plotted on these figures represent real data
s0 they have been joined by straight lines. However, this
may give a misleading impression of changes in water quality
through the deposits. For example, considering the cation
plot for site 1813 (figure 25(a)) sodium concentration in
and into the non-oxidized till, If the rate of increase in
groundwater sodium concentration observed between the two
piezometers in the buried sands is extrapolated to their
base, sodium concentration would actually decrease betwveen
the upper boundary of the non-oxidized till and the sample

point within it.
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Such uncertainty exists between all data points shown
in figures 23 to 29. This could not be overcome because
financial and time limits existed with respect to the number
of piezometers which could be installed. The uncertainty
vhich exists between data points on either side of the
overburden geological boundaries is felt to be cosiderably
greater than the uncertainty between data p@ings within the
same geologic unit since the varying grain size and chemical
properties of the overburden deposits affect the groundwater
quality differently. For this reason the plots of chemical |
quality of the groundwater beneath the major piezometer
nests, (figures 23 to 29), will be used to illustrate
changes in groundwater quality which occur within the four
major overburden units. Differences between similar deposits

across the study site will also be examined.

5.4.1 Groundwater Chemistry Changes Through th Surface Sands
Piezometer nests 1814 and 1818 (figures 26 and 28),
eath have two piezometers completed in the surface sands.
The piezometers at 1814 are at 2.8m and 4.4m deep while
those at 1818 are a few meters deeper at 5.9m and 7.1m. The
vater table at site 1814 was shallov throughout the summer
of 1980 (April to September), and varied between 2.05m and
2_53m beneath the surface; at 1818 the water table vas at
,3:.59m at the time of sampling and fluctuated only 0.1m

during the summer.



At site 1814 concentrations of all species increase
through the surface sands. At the base of the sands
concentratiéns are some of the highest seen anyvhere in the
study site. Groundwqter total dissolved solids concentration
reaches 11,497mg/L (figure 26(a)), the major contributors
being sodium and sulphate ions. Calcium, magnesium and
bicarbonate also attain concentrations greater than 400mg/L.

Results of 5:1 extract analyses (table 15) showed that
the surf:ce sands contain some soluble salts which are
dominantly carbonates and sulphates of calcium and
magnesium, and sodium. Concentrations in the 5:1 aqueous
sand extracts were much lower than those from the tills,
with the exception of carbonate-bicarbonate, and dissolution
of carbonates and sulphates by the processes already
outlined cannot account for the high concentrations observed
at site 1814. Por example, the 6.2meq/L sodium concentration
in the 5:1 extract from sample 5, taken at 3.0m beneath site
1814, represents only 142mg/L of sodium in the extract. Even
assumin§ that not all of the sodium was removed by the 5:1
extract, this can hardly account for the sodium
concentration/6f over 2500mg/L which was detected in the
groundvater ose to this .point.

Chloride ion concentration at the base of the surface
sands at site 1814 is high even though no source of chloride
for dissolution was indicated by the 5:1 extract analysis
results. Chloride is gene;ally a very mobile yet inert anion

in the flow system therefore some process seems to be
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concentrating the dissolved species in the shallow
groundwater beneath piezometer nest 1814. Hydraulic
gradients between the base of the surface sand and
underlying oxidized till indicate that water movement is
downwvard from the sands into the till. Hence upward movement
of more concentrated water from the till below cannot be
invoked as the cause of the high concentrations at the base
of the surface sands.

Ca:Mg molar ratios for water samples from the surface
sands at site 1814 (table 14), are much less than 1.0 being
0.44 and 0.49 at 2.8m and 4.4m respectively, Ca:Mg molar
ratios have been discussed in an earlier section and appear
to indicate that evaporation and evapotranspiration are the
processes vhich are concentrating the soluble species.
Evapotranspiration by plants removes water molecules from
the unsaturated zone through selectively permeable membranes
in their féa;g. Dissolved species are left behind in the
remaining water which continues to move toward the water
table and so concentrations of ionic constituents in this
vater become relatively enriched. Evaporation directly from
the vater table at site 1814 would be impeded by the very
porous nature of the surface sands which would not allow
capillary rise of the water to occur, direct evaporation
from the water table is therefafe‘unlikgly to be the cause
of the low Ca:Mg ratios in the groundvater at the water

'table-
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Assuming the irrigation water introduced at the surface
adjacent to site 1814 is pure river water with no
fertilizers added, its total dissolved solids concentration
vould be close to that of the river, in the order of
300mg/L. To attain the observed total dissolved solids

97.5% of

concentration of close to 11,500mg/L, approximatel
the water introduced at the surface would need to be lost
through evaporation and evapotranspiration from t
unsaturated zone so that only 2.5% of the water iptroduced
at the surface reaches the water table. This represents a
minimum percentage since dissolution of soluble salts will
contribute some of the increase in total dissolved solids
concentration. Hence, it seems likely that approximately 5%
of the water added at the surface reaches the water table,
(pers. comm. M.J. Hendry). .

Even though evaporation and evapotranspiration effectg
in the unsaturated zone appear, from the Ca:Mg ratios, to be
the likely cause of the high total dissolved solids
concentrations at the base of the surface sands at site
1814, a problem still remains; hovw can the much lower total
dissalvedggglids concentrations at the 2.8m piezometer be
gc:auntgéifgf? The low total dissolved solids concentrations
and low Ca:Mg molar ratios for samples from this piezometer
are consistent through all three data sets. No reasons for
these differences was identified.

In contrast with the increase in total dissolved solids

with depth through the surface sands at site 1814,



concentrations of most ionic species ‘change little through
the surface sands at site 1818 (figure 29). lonic
concentrations of calcium and sulphate in the groundwater
increase a little with depth, suggesting that gypsum
dissolution may be occurring. This is possible  since the
saturation indices for site 1818 (table 12) indicate
undersaturation of the groundwater with respect to gypsum in
the water samples from the surface sands.

The constant bicarbonate ion concentration between the
two piezometers in the surface sands at site 1818 (figure
29(§)g¥indicgtes that\ no net carbonate dissolution occurs in
thiséééne. Calcite solution is probably limited by the
saturation level of the water since it is supersaturated .
with respect to éalcitg by the time it reaches the 5.9m
piezometer. At this depth the groundwater ié just
undersaturated vwith respect to dolomite. In order to achieve
dolomite saturation, magnesium ion concentration in the
groundvater must increase, however this was not observed
beg;een the twvo piezometers in the surface sands. Dolomite
solution within the surface sands may, théfefere. be supply

limited,

groundwater from the surface sands at site 1818 (figures
29(a) and 29(b)) are much lower than at site 1814 (figures
26(a) and 26(b)). Hydraulic gradients indicate that flow
through the surface sands at site 1818 is downward to just

above the contact with the till where the gradient
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stabilizes and at times is reversed. This probably indicates
lateral flow within thesd sands just above the contact with
the underlying oxidized till. 5:1 extract analysis results
(table 15) show that surface sands at 1818 may have slightly
lover concentrations of sodium salts and sulphates than the
sands at 1814 but the difference between the deposits at the
two sites is not great enough to account fo the much lower
concentrations of ions in the groundvater at site. 1818.

Ca:Mg molar ratios for the piezometers at 5.9m and 7. 1m
in the sur?ace sands at site 1818 are greater than 1.0
(table f4), indicating that the effects of evaporation and
evapotranspiration are not as pronounced as at site 1814.
This is probably the reason for the differences in the
chemical quality of water samples from the surface sands at
these two piezometer nests and may be fhe result of the
different vegetation types at the two sites.

In sunmary, the differences betveen ionic
concentrations in the groundwater samples from the surface
sands at sites 1814 and 1818 seem to be caused by d{ffering
evaporation and evapotranspiration effects within the
unsaturated zone. The reasons for this are not certain but
may result from different vegetation types at the two sites

and their.ability to remove water from the unsaturated zone.
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5.4.2 Groundwater Chemistry Changes Through the Oxidized
Till

' Piezometer nests 1814 and 1816 each have two
piezometers completed in the oxidized till unit (figures
26(a) an® (b), and 27(a) and (b)). At site 1814 the
piezometers are at 6.9m and 9.2m below ground surface and
underlie the surface sands, while at site 1816.the
piezometers in the oxidized till are at 6.1m and 7.6m
beneath ground surface; the oxidized till extends to the
surface. |

At site 1814 (figure 26(a)) total dissolved solids
concentration of the groundwater decreases between the two
piezometers within the oxidized till although some ionic
concentrations increase while others decrease. Calcium,
sodium, bicarbonate and chloride ion concentrations in the
groundwater increase and magnesium, sulphate, and
nittate-nitroéen ion concentrations decrease (figures 26(a)
and (b)). pH of the groundwater also decreases between the
two piezometers in the oxidized till.

The decrease in total dissolved solids concentration of
the groundwater through the oxidized till is probably the
_result of chemical and biochemical effects on water
previously affected by evapotranspiration, as it passes
through the groundwater flow system. This is reflected in
the Ca:Mg ratio which decreases from 0.57 at the top of the
till to 1.09 af the 9.2m piezometer (table 14). The

decreasing magnesium ion concentration in the groundwater

+
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accompanied by the increasing calcium concentration causes
this increase in Ca:Mg molar ratio (figure 26(a)). The
decrease in magnesium ion concentration may be caused by the
precipitation of magnesium salts or by tRe removal of
magnesium from the system through some other process.
Precipitation of magnesium s$alts seems unlikely since they
are usually more soluble tha% talcium salts and the increase
in calcium and bicarbc ate on concentrations indicates that
calcite is dissolving. 1.s precipitation of dolomite is so
sluggish that supersaturation can often exist for quite long
periods. In this case, the saturation indices (table 12) .
indicate that the groundwater has considerably higher levels
of supersaturation with respect to dolomite than those with
respect to calcite because of its high magnesium ion
cancentrgtiénj This may induce the pPrecipitation of dolomite
in preference to calcite and will have the secondary effect
of increasing calcite dissolution in order to maintain

calcium and bicarbonat 1on concentrations in the

¥
groundvater at equilibrium levels with respect to calcite
However, this calcite dissolution. will only replace the ions
lost by dolomite precipitation, hence :alciti.éissalutian in
excess of that in response to dolomite precipitation must be
invoked in order to explain observed increases in calcium
and bicarbonate ion concentrations in the grcundi;ti}.

The slight increase in sodium ion concentration as the

groundvater moves through the oxidized till at site 1814

(figure 26(a)) may be the response to cation exchange. This
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could also explain pért of the decrease in magnesium ion
concentration. The expected decrease in calcium ion
concentration is being obscured by some other process which
is producing calcium ions at a greater rate than they are
‘being adsorbed. Increase in sodium ion concentration through
the oxidized till is quite small indicating that cation
exchange is not occurring to the degree expected in a
deposit in which 50% of the total clay minerals present is
smectite (ﬁendry 1981). This is probably due to the
confining effects of the fracture system which limit the
surface area of contact between the water and the deposit
and induce rapid flov velocities.

Chloride ion concentration in the groundwater increases
through the oxidized till beneath site 1814 (figure 26(b))
to the highest levels observed anywhere in the study site.
This may be caused by some local geoclogic source of chloride
ions within the till although local bedrock is not known to
have high chloride concentrations. The source of chloride
remains obscure. .

Sulphate ion concentfatiFn in the groundwater égglingl“
quite rapidly through the oxidized till at site 1814 kfigure
26(b)). This decline is pfababl} the result of attenuation
by physical processes as well as the pfgci@itaéian of
sulphates. Gypsum precipitation could be occurring since the
saturation in@ices indicate that the groundwater is
supersaturated with respect to gypsum (table 12). The large

decrease in sulphate ion concentration accompanied by the
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increase in bicarbonate concentration in the groundwater
initially seems to indicate sulphate reduction. No hydrogen
sulphide smell was detected in the samples from the oxidized
till, although it may have reacted with any iron or other
transition metals present to form sulphides (Bohn et al.,
1979). The possibility of sulphate reduction occurring here
cannat be completely ruled out.

Nitrate-nitrogen concentration decreases through the
oxidized till probably because of biochemical attenuation
processes such as denitrification. The loss of
nitrate-nitrogen is only ‘a few mg/L and so the secondary
common ion effects of denitrification will not have any
significant influence on the system,

Changes in groundwater chemistry with inc:easing depth
through the oxidized till beneath site 1§16 are somewhat
different from those outlined for site 1814. At site 1816
(figure 27(a) and (b)) concentrations of all major ion
species in the groundwater, except calcium and bicarbonate,
decrease through the oxidized till. The uppermost piezometer
in the oxidized tills at site 1816 is located just beneath
the water table, therefore evaporation and
evapétfgnggéfgticn effects which occur in the unsaturated
zone may account for the high ionic concentrations of major
ions in the vater samples taken from this piezometer,
(TDS=10,351mg/L) in a similar way to those described for
site 1814. This is also reflected in the Ca:Mg molar ratio

at this piezometer of 0.8 (table 14). The 5:1 extract
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analysis results showed that the oxidized till contains many
soluble salts (table 15, figures 20(a) to 20(j)) therefora
it is surprising that the concentrations of major ion

vith depth through the oxidized till. The occurrence of some
physical attenuation process is suggested by the observed
decreasing concentration of mobile ions in the groundwater
vith increasing depth, such as chloride ion concentration,
Precipitation of supersaturated species may also account for
some of the observed decrease in ionic concentrations,

The anomalous increase in calcium and bicarbonate ion
concentrations as ‘the groundwater moves downward through the
oxidized till deposits at site 1816 (figure 27(a) and (b))
may be caused by calcite and/or gypsum dissolution.
Saturation levels with respect to calcite (table 12)
increase with depth through the oxidized till whereas
deiamite and gypsum saturation levels are constant. The
constant dolomite saturation level suggests that the
decrease in magnesium ion concentration through the oxidized
till at this site is balanced by the increase in calcium and
bicarbonate ion concentrations. Calcite solution is more
likely to be occurring than gypsum solution since the
bicarbonate ion concentration in the groundwater and its
saturation level vwith respect to calcite increase, whereas
sulphaté ion concentration decreases and gypsum saturation
level remains constant. Sulphate reduction may also be

responsible for decreased sulphate ion concentration and



163

increased bicarbonate ion concentration. No smell of
hydrogen sulphide wvas detected within the oxidized till at
site 1816, although this does not totally preclude the
possibility of sulphate reduction. Positive redox potentials
were also detected within these tills so that sulphate
reduction seems unlikely.

The decreasing pH through the oxidized till indicates
that some process is producing hydrogen ions at a faster
rate than they are being used up for calcite dissolution.
The two major processes which have been seen to produce
hydrogen ions are carbon dioxide dissolution and pyrite
oxidation, but these occur dominantly in the unsaturated
zone. The process which is producing hydrogen ions within
the oxidized till is therefore unidentified.

The observed changes in the chemical quality of
groundwater as it moves through the oxidized till beneath
sites 1814 and 1816 are similar with respect to some ionic
species but vary with respect to others. These changes
represent the net effect of processes and process
interactions which occur within the oxidized till. No
definite conclusions can be drawn as to which processes are
occurring since the relative magnitudes of their effects are
unknown. However, some speculation on the processes which
are causing the observed changes in vater quality has been
made after considering the limited information availible

here,
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5.4.3 Groundwater Chemistry Changes Through the Buried Sands

Three piezometer nests have piezometers completed in
the buried sand deposits. Sites 1813 (figure 25(a) and (b))
and 1814 (fiqure 26 (a) and (b)) each have two pieigﬁeters
in a large buried sand lens which is continuous between the
twvo sites (figures 5 and 6) and has lateral flow within it
from north to south. There are three piezometers in the
discontinuous buried sand and gravel lens at site 1817
(figure 28(a) and (B)).

At site 1813 (figure 25(a) and (b)), the upper
piezometer is completed close to the top of the buried sand
lens at a depth of 15.4m while the lower piezometer in the
sands is in the middle of the lens at 19.5m. The water table
at this site is much deeper than in other parts of the study
site, at approximately 14mfbeneath the surface located
within the oxidized till just above the sand lens. |

Concentrations of all major ion specieg'in the
groundwater increase vitg depth through the buried sand lens
beneath site 1813 (figure 25(a) and (b)), in the direction
of vertical flow, while pH decreases. This increase in ionic
concentrations is probably the net result of soluble salt
dissolution within the sands .,

The ions present in the highest concentrations in the :
vater samples from the upper part of the sand lens are
calcium and sulphate, which were probably derived by the
solution of gypsum through the great depth of unsaturated

oxidized till above. Séﬂium and sulphate concentrations in
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the groundvater show the most marked increase through the
buried sands. These may have been derived by the solution of
sodium sulphate precipitates which Grossman (1968)
identified in buried ehAﬂnelbéepésits of the Interior Plains
region of Canada. When the observed increase in sodium and
sulphate ion concentrations through the buried sands are
converted to comparible units, the increase in sulphate ion
concentration is found to be in excess of that which can be
attributed to sodium sulphate dissolution, indicating that
some additional source of sulphate exists within the buried
sands.

Part of the increase in calcium and sulphate ion
concentrations as the groundwater moves through the buried
sands may be the result of gypsum dissolution within the
sands, since gréunéﬁgter saturation levels with respect to
gypsum increase slightly through the deposit. Alternatively,
and probably more likely, the gbse:ve§ increase in E
saturation level with respect to gypsum may be the result of
the common ion effect through contribution of calcium by
calcite and dolomite, and sulphate from sodium sulphate.

Increased calcium, magnesium and bicarbonate ion
concentrations in the groundwater as it moves through the
calcite and dolomite. The gligﬁt decrease in saturation
levels with respect to these minerals is caused by decreased
pH which increases the ability of the graunﬂvatér to

' dissolve calcite and dolomite.
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At piezometer nest 1814 (figure 26(a) and (b)), two
Piezometers are completed in the buried sands at 14.8m and
20.3m below ground surface. The saturated thickness of
deposits above the buried sands is much greater at site 1814
than at 1813 because the water table here is only a little
over 2m beneath ground surface.

Concentrations of all major ion species in the
groundvater, as well as its PH, increase through the buried
sand deposits beneath site 1814, Nitrate EDHCEHEf!‘EQﬂS are
below detection limit (0.1mg/L) at this site. There is an
obvious similarity in the concentration trends through the
sands at sites 1813 and 1814. The same processes vhich were
described for site 1813 vill also apply to this site.

Although similar general trends occur in ionie
concentration variations in the groundvater as it moves
thraug&@the buried sand deposits at sites 1813 and 1814, the
absolute concentrations of ions are often quite different.
In order to illustrate these differences, figure 30 shows
the groundwater qQuality changes through the buried sand

' deposits beneath each of the sites, plotted on the same
scales. The boundaries of the buried sands are laéateé at
the depths they occur at site 1814,

Total dissolved solids concentration iﬂ the groundwater

;amélgs is lower at site 1813 than at site.1814, mostly as a
.consequence of lower sodium and bicarbonate ion
concentrations at site 1813, Sulphate and chloride

concentrations in the groundwater are also lowver at site
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1813, Groundwater calcium, magnesium, potassium and
nitrate-nitrogen ion concentrations are higher at site 1813
than 1814¢.

The observed changes in water quality between sites
1814 and 1813 in the direction of the lateral flow camg?nent
are a net result of the processes occuring vithin the sﬂqﬁ
lens accompanied by the input of water between site 1814 ;ﬁé
1813 both from the oxidized till above and from the
underlying non-oxidized till. The input of water from below
is indicated by the negative (upward) gradients that exist
between the buried sands and underlying ﬂéﬂ‘xidiged till at
sites 1814 and 1813, although the upward gradients éfe
considerably stronger at 1813 than at 1814, (Alberta
Agriculture, 1981). Since no information is availible at
present concerning the amount and quality of the water which
enters the buried sands at successive points between the two
sites, the exact processes which occur within the sands
cannot be explained. However, it has already been seen that
wvater from the non-oxidized till generally has lowver iénic
concentrations than the water in the sands so that the input
of water from below may explain the decreasing ionic 3
concentrations from site 1814 to 1813, at least at the base
of the sand lens.

The difference in water table elevation betieen site
1814 and 1813 may be responsible for some of the observed

differences in groundwater guality between the upper two

piezometers at these sites. Above site 1814 the zone of



169

unsaturated flow is very small but its thickness gradually
increases toward site 1813. This may affect the quality of
the water which is entering the bufigd sand deposit from the
oxidized till above. The exact effect of this difference in
saturated zone thickness cannot be assessed because
processes occurring in the unsaturated zone are éémplg;.
Since obtaining water samples from thé unsaturated zone is
so difficult, it has not been included in the scope of this
study. ’

It is interesting to note that nitrate-nitrogen
concentrations increase between sites 1814 and 1813, This

betwveen the two piezometer nests. An irrigated field exists
at the surface between sites 1814 and 1813 and the observed
increase in groundvater nitrate-nitrogen concentration
ﬁetveen them may be the result of excess fertilizers which
have found their way to the groundwater and into the buried
sands through the fracture network in the oxidized till.
Alternatively, siFe geologic source of nitrate-nitrogen may
exist within the qified sand deposits. Whichever is the
case, nit:ateénitfééen concentrations at the base of the
sand leni‘afe greater than the safe potable limit (1Dmg/£§.
Unfagtuniggly no piezometers exiéﬁ which allow samples to be
Eallecgsé from further south in the sand lens along the flow
path to see whether nitrate-nitrogen concentrations continue
to iqsrease or whether they decrease again by natural

attenupgion or denitrification processes. This should be
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checked if any further research is undertaken in the area.

éuggests that water flowing south in this buried channel
deposit, intersects an east-west trending channel and then
flows either east or west to the river. A few samples of

river water were taken during the summer bf 1980 downstream
of where this buried sand deposit waulééinterseét the river,
nitrate-nitrogen levels in £he river vater were found to be
below detection limits. Nitrate pollution of the Oldman
River at this point along its channel is therefore not a
problem at present.

Threée piezometers are located in the discontinuous
buried sand and gravel lens beneath site 1817 at depths of
5.7m, 7.0m, and 7.4m (figure 28(a) and(b)). The water table
at this site ranged bgtﬂeeﬁ 4.95m and 5.18m beneath ground
surface during the field season.

The general trend within the buried sands at site 1817
is for ionic concentrations in the groundwater to decrease
between 5.7m and 7.0m, and then increase again toward 7.4m..
Potassium and bicarbonate ion concentrations showed the
opposite pattern.

Dissolution of soluble sa;ts, enhanced by carbon
dioxide dissolution and pyrite oxidation, probably occur in

the unsaturated zone within the tills above the buried sands

and gravels acc%:panied by the effects of evaporation and
evapotranspiratidon on percolating water. Therefore, once the

vater reaches the saturated zone it has already attained



moderately high ionic concentrations. Total dissolved solids
concentration is 8692mg/L at the shallowest pigzamete: in
this sand lens. -

Brief examjnation of the data from the second and third
data sets (tables 5 and 6) shev§ that relative increases and
decreases in concentrations of various ions in the
groundvwater within the buried sands and gravels at site
1817, were .inconsistent through the summer of 1980. For
-example in the results from the second sample set, calcium
* and magnesium ion concentrations decrease consistently
through the lens while sodium concentration increased
consistently. This is different to thofili

figure 28 for the first sample set.

the summer, and the variable concentrations with éepthi
through the lens may be the result of rapid hydraulic
connection between the surface and the sand lens through the
fracture network in the oxidized till, which causes variable
dilution within the lens in response to discontinuous
recharge events., Hydraulic gradients within this sand lens
also vary temporally, maybe for the same reason.

Processes within these buried sands and gravels at site
1817 probably include the dissolution of some soluble salts
since ionic concentrations in the groundwater increase
between the lower twelpiezameters, however, the variable
than pure speculation on the processes which may be

oeccurring here. -



5.4.4 Groundwater Chemistry Changes Through the Non-oxidized
Till

Four piezometer nests have more than one.piezometer
completed in the non-oxidized till. These are site 1811
(figure 23), 1816 (figure 27(a) and (b)), 1817 (figure 28(a)
and(b)), and 1818 (figure 29(a) and (b)). There are general
similarities between sites 1811 and 1818 ‘where
concentrations of most ionic species in the groundwater
increase through the non-oxidized till, and sites 1816 and
1817 where concentrations decrease through the till,
Concentrations of all major ion species in the groundwater
are much lower at site 1811 rné 1818 than at site 1816 and
1817. Possible reasons for this have already been outlined.

All three piezometers at site 1811 are located in the
non-oxidized till. Therefore by the time the groundwater
‘reaches the upper piezometer at this site it already has a

characteristic chemistry which results from the-dissolution

of soluble species and other modifying chemfcal and
biochemical processes occurring within the oxidized till
above.

The dominant species which cause the general increase
in total dissolved solids as the groundwater moves threuéh
the non-oxidized till beneath site 1811 are sodium and
bicarbonate (figure 23). The major part of the increase in
total dissolved solids concentration occurs through the
lover part of the non-oxidized till. Conversely, most Qf the

decrease in calcium and magnesium ion concentration also
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occurs through the lower portion of the profile. Sulphate
ion concentration varies very little while nitrate-nitrogen
concentration is consistently below detection limit and pH
increases wvith depth
The observed changes in calcium, magnesium, sodium, and

bicarbonate iop concentrations in the groundvater suggest
that cation exchange is occurring as the éraunévate: :éva:
down through the non-oxidized tills. Calcium and magnesium

are being adsorbed onto the exchange sites in return for

concentrations accompanied by an increase in sodium in the
'groundvater.
in an earlier section, also result from cation exchange
because carbonate dissolutjon Qccﬁré in response to the loss
of calcium and magnesium ions from the graundyaterig%he
increase in bicarbonate ion concentration observed between
the upper and the lower piezometer cﬂuléighe}efgre be
explained by this process. |

Other processes vhich have already been discussed and
are known to increase bicarbopate ion concentratrions in
groundvafet, are denitrification and sulphate reduction.
Nitrate concentrations in'the groundwater beneath piezometer

nest 1811 are consistently below detection limit so that

concentration decreasés in the upper part of the profile

whereas bicarbonate ion concentration increases in the lower
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portion so that no direct link can be made between sulphate

reduction and increasing bicarbonate ion concentration

either. i
, - .

The observed changes in groundwater chemical guality
beneath site 1811 are complex and are the end result of an
interaction of processes, probably including cation
exchange. The limited data availible here make it impossible
to account for the observed changes in detail, only
speculation of the processes occurring is passiblé;

- Piezometer nest 1818 (figure 29(a) and (b)) has two

piezometers completed in the nonwoxidized till. At this site

ionic concentrations of all species in the groundwater

increase or remalin constant as the groundvater moves through

the non-oxidized till, Diss@lgtian‘éf soluble salts is
probably the major process which accounts for the observed g
concentrattion increase at site 1818 (figure 29(a) and(b)).
No evidence exists for modificatdon of groundwater chemistry
by processes such as cation exchange or sulphate reduction
although this is not to say that they do not occur.

The reasons for the much lower groundwater
:ancgntratiané at sites 1811 and 1818 than at other sites
across the study site have already been examined. Further
research i8 necessary to understand fully why these
differences exist across the site, Detailed sampling of the
deposits at sites 1811 and 1818 would be useful so that
chemical, grain size and biological analyses of the deposits

could be made. Also, installation of more extensive

i
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piezometer nests would be helpful. .

Site 1816 (figure 27(a) and (b)) has two piezometers
completed in the non-oxidized tilliXQPﬁEEﬂtfatiQﬁE of all
major ion species in the groundwater, exceépt
nitrate-nitrogen and chloride, decrease as the groundwater
moves dovwnward through the till. Nitrate and chloride 3
concentrations increase very slﬁghﬁlyi

When thé upper piezometer in the non-oxidized till at
site 1816 was samplggi it had the aistiﬁcé odour of hydrogen
sulphide. The redox potentials at this site were -135mv at
both piezometers in the non-oxidized till. The occurrence of
sulphate reduction in the non-oxidized till indicated by
this odour can explain the decreasing sulphate
concentrations as the groundwater moves through the deposit
and the occurrence of the maximum bicarbonate ion
concentration within the profile. The lack of hydrogen
sulphide odour at the lower piezometer and the aecre;se in
bicarbonate cansgntraﬁicn between the two piezometers may
indicate that sulphide feductienicccufs dominantly in the
vicinity of the upper piezometer in the non-oxidized till
although this is not necessarily the case since the hydrogen
sulphide may be consumed in the manner described earlier.
The decrease in other major ion concentrations through the
profile is caused by physical attenuation mechanisms through
the matrix of the non-oxidized till and, in the case of
calcium and magnesium at least, by precipitation of

carbonates induced by the sulphate reduction process.
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At site 1817 (figure 28(a) &nd (b)) three piezometers
are Eéﬁplet;é in the non-oxidized till, and in a similar vay
~unit. The smell of hydrogen sulphide was éeke:ted at £he
glcier two piezometers at this site throughout the field
Seaséﬁi The redox_ potentials were -25mv and -110mv at 2§;7mi
and 32.5m fespeétivelyi therefore sulphate reduction igxalsa'
acc‘rring at this site.

The decreasing calcium ion concentration in the
groundwater and dezreasing‘ pl-i, vhich usualdy accompany
sulphate reduction are not observed in the groundwater from
the non-oxidized till beneath site 1817. Some other pfecess
or combination of processes hhich*pfcéuces Ealgéum and
depletes hydrogen ion concentrations in the graﬁnévater must
be dominating the effects of sulphate reduction gSo that they
are not observed as changes in groundwater Quality between
piezometers,

There is no evidence of sulphate reduction at the upper
piezometer in the non-oxidized till at site 1817, therefore
bicarbonate ion :cn:éntraticn at this piezometer. Hovever, a
plot of change in nitrate-nitrogen concentration through
this profile (figure 31) shows that nitrate-nitrogen
concentrations decrease markedly through the upper pcftian
of the non-oxidized till so that high bicarbonate ion

concentrations can be attributed to denitrification.
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Sodium concentrations are high in the groundwater
samples extracted from the non-oxidized till beneath site
1817 (figure 28(a)), this would therefore-be an ideal site
for reverse cation exchange. This could be the case in ﬁhe
lower part ofithe profile singé sodium concentration {n the
grounduagg;,decreases more rapidly than at shallower depths
and this is accompanied by calcium ion concentration
“increase. Therefore the observed changes argéthe net re%ult

of sulphate reduction and perhaps some reverse cation

exchange.

Ih summary, the results of groundwater sample analyses
from piezometer nests across the study site have indicated
that the processes described at the beginnin%icg this
chapter are ali occurring in places beneath the study site.
There i#hpften a lack of similarity when eﬁaqges in
groundwater chemistry through the same geologic unit are
examined at more than one piezometer nest. This is the
result of the interaction of processes within the flow
system. wneﬁ}the quality of a water sample is analysed, only
the end resuit of these pfocess interactions is observed.
Without knowing the relative magnitude of process gbd effect
it is impossible to state with certainty the combination of ’
processes which occurred to produce the observed response.
The best that can be done is to estimate the processes which
appear to be occurring, having considered the physical

conditions existing in the system.
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*PThe next section will briefly summarize the seéUEﬂce of
progesses which is Eelt'terpfcduce the changes in

- groundwater ‘quality observed through a generalized praffle
beneath the study site. This is a éest estimate from t-

data availible.

. 7 b
-
5.5 Su:é;fy of the Groundwater Hydrochemical Evolu-
Water enters the soil horizons from precipit:
snowmelt or irrigation. Precipitation and snowmel
negligible total éisgalved solids concentrations - .
wvater used for irrigating has concentrations in t. L -

200mg/L t@iBDDmg/L. Fertilizers may be added to t* va' -
although the amounts gnd types are unknown. The semisarid
Elimate. meahs that much of the water is returned to the

F
atmosphere through evaporation and!evap@tfanspiragicn

]

instead of reaching the water table, however some water
continues to percolate down thfough the unsaturated zone.
Burnett (1981) estimates that fOcm of the water introduced
at the surface reaches the water table each year.

In this unsaturated zone carbon dioxide partial

ressures are high due to the respiration of micro-organisms

\U‘

and microbial decay, and carbon dioxide dissolves in the
vater resulting in a pH decrease. Pyrite oxidation may also
help to decrease pH. As the pH of the water decreases it

becomes more agressive with respect to carbonate dissolution
..
and begins to dissolve calcite andléalcmite; Gypsum, which
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was formerly precipitated in the unsaturated Séne by the
joint gtfeéts of pyrite oxidation, carbonate dissolution and
evaporation/evapotranspiration, is also dissolved.

By the time the water reaches the water tagfé it v
already has quite high concentrations ofsecalcium, magnesium,
sbdium, bicarbonate and sulphat® ions, as well as some

‘jntassium and chloride. Sodium cations and sulphate anions

are usually the dominant species. Saturation indices vith

respect to calcite, dolomite and gypsum jindicate levels
o

close to or above saturation at or just beneath the vater

[
t£b1e.

As the groundwater moves downward, through the
errburden deposits concentrations of ian{: species change
because of physical, chemical andsbiochemical attenuation
processes which affect the groundwater chemistry. Total
dissolved solids concentrations just below the water table
are often Quite high due to processes occurring in the
unsaturatéé zone. The groundwater then begins to flow down
through the fracture network and matrix of the Q:idi;ed
till. Since the fractures have a very low porosity, flow
velocities are much more rapid through the fractures than /}
through the higher porosity matrix. The rapid movement of
water in the fractures probably limits the processes which
alter the;groundwater quality in the oxidized till., Some
processes must be occurring in the o6xidized till since total
dissolved solids concentrations change through this unit,

3
often decreasing from the very high concentrations present
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in the groundwater from the surface ‘nds. This is somevhat
surprising since the 5:1 aqueous extracts showed that there
are many soluble salts within the 6xidized'till matrix which
could be dissolved by the groundvéter- hovever, rap1d flow
velocities and supersaturatxon of the groundvater vxth
respect to calcite, dolomite, and gypsum, limit the
dissoluti'on of soluble species. The decrease in total .
dissolved solids which is often observed thtough.the
oxidized till is probably due to the precipitation of these
supersatugiled species. ThHis may, also explain the high
conceptrations of soluble salts found in the 5:1 extracté

from the oxidized till matrix. '

Cation exchange'was expected to occur in the oxidized
till since the till is rich in smectite; however, little
direct evidence of cation exchanée i's observed, such as
increasing sodium concentfation accoqpanied by increasing
bicarbonate ion concentration and th Once again this is
probably the result of the very rapid flow velocities in the
fractures. Further research into the relative concentrations

.
of ionic species in the matrix water and fracture wvater
"would be desireable to determine the processes which occur

4 S
in the oxidized till unit, and the degree of exchange of~——_

soluple species which occurs between the groundvater in the

fractures and the till matrix.
Groundwater continues to move vertically downward from
the oxidized tills into the buried sand deposits where ionic

concentrations of most species at the top of the buried
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sands are lower than in the oxidized till. Concentrations
increase again through the buried sands probably because of
dissolution ‘of soluble salts, and concentrations recover,
sometimes reaching the levels observed within the oxidized

till. Lateral flow occurs in the major buried sand deposits,
h

and ionic species concentrations decrease in the direction

of lateral flow. This concentration decrease appears to

Once the groundwater enters the non-oxidized till¥,

oncentrations of ionic species decrease with depth. This is

N

the result of physical, éyemical and bic%kemical attenuation
exchange can occur since residence times ang longer and
areas of surface contact greater tham in the oxidized till,
j;métrificatian and sulphate reduction are also p@ssiblé due
to the low redox potentials and presence of necessary
bacteria within these deposits. This enhances the
precipitation, of carbonates.

By the time the water feac?es the lower parts of the
avetb;raen deposits at the top of the Saskatchewan sands and

gravelsi total dissolved solids concentrations have

gcﬂ::nlly!been reduced to between 2000mg/L and 4000mg/L.
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5.5.1 Effects of Irrigation Return Flow

In the groundwater flow diagfam; (figures 9 to 11}‘
presented in section 2.5, groundwater wae seen to enter the
Saskatchevan sands and gravéls and then begin to move '
laterally toward the Oldman River. Therefore the water which
is entering éhe Saskaﬁc%evaﬁ sands and gravels from the

*at concentrations between ZDDdhgfﬁ

overburden dep@siés above
River.

River water samples taken from downstream éf the study
site have total dissolved solids concentrations in the range
200mg/L to BDDmgfi vhich are not significantly different
from those taken upstream of the site. Therefore, at present
the irrigation return flow does not appear to be adversely
affecting the quality of the Oldman River., This may be the
result of further attenuaticn processes @c:u}ring within the
Saskatchewan sands and gravels which cannot be identified
here because of the lack of piezometers completed in ths
" unit. Alternatively, it may be the result of dilution of th;

’

return flow water EQ*égneentfatians beyond detection when it

v

enters the Oldman Rf?ér_

QVEEbuféﬁﬂ deposits, especially the non-oxidized till are
very important in this groundvwater flow system. These |
processes reduce the generally high ionic concentrations
present in the shallow groundwater which are the result of
evaporation and evapotranspiration effects in the

§
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unsaturated zone as well as dissolution of soluble salts

near the top of the oxidized till.

No pogzntial future pollution of the Oldman River by
irrigation return flows from the stdéy site can be foresedn
from interpretation of the data ava}lable at-;resenti
Natural physical, chemical and biochemical processes within

the overburden deposits are keeping potential problems under

control.



6. Summary and Conclusions

3

The major findings of this study are summarized. here:

(1)The study site, which is situated in southern
Alberta, comprises a hummocky plain underlain by up to forty
meters of laterally and vertically yariablg Laurentide
glacial deposits.

(2)The general sequence of overburden deposits from
surface to bedrock is; v

1. Surface outwash sand
2. Oxidized fractured till

uried outwash sand

L
.
w

4. Non-oxidized unfractured till : ‘

5. Saskatchewan sands and gravels
6. Bedrock ) |
(3)Mean hydraulic conductivities for these'units vary
.ever fout orders of magnitude. The surface sands have the
greatest mean'canéﬂétivity (1.3x10°*cm/sec), while mean
conductivity in the buried sands is 1;1;10‘*cm/ses. The
oxidized and non-oxidized till have mean conductivities of
7.1x10" ‘cm/sec and 5.9x10" "cm/sec respectively. Conductivity
of the non-oxidized till decreases slightly with depth, from
7.9x10" 'cm/sec in the upper parts to 5.0x10° 'cm/sec deeper
in the unit, Hydraulie conductivity of the locally
unsaturated Saskatchewan sands and gravels was found from

one single well response test to be 6.5x10 ’cm/sec.

185
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{4)The elevation of the vater table varies little

across the study site except for a depression in the .

-

southeast which 4s the result of drainage through a buried,
chandel sand deposit. The water table iS§QEﬁEf311Y’2 to 5

meters beneath the surface,
!Q

(5)Flow direction through the!gla:ial overburden
deposits is dcmiggntly vertically downward. Water entering
"the large buried sand lens beneath pigzcm;ter nests 1813 and
1814, flaws south toward the edge of the buried preglacialt
Oldman River Valley and then flows either wegt or east
toward the river,
(6)Flow velocities in the overburden deposits are
generally quite rapid since they are induced by low Y
porosities, Fratture flow in the oxidized tili is éspe:ially
>f§pi5 since Ehé fracture porosity is very low (2x10°*) and .
flow velocities may reach 6x10 'm/day.
(7)5:1 agueous extracts from bulk samples of surface
sands and oxidized t?ll show that the till matrix contains
much greater concentrations of water soluble salts than the
sands.
| 1(8)Graundwat2f chemical quality within the saturated
zone of the overburden deposits is highly variable, -
Concentrations of all ionic species are significantly lower
in water samples from the éép@gits beﬁeath sit§3!1811 and
4818 than tﬁcse from across the remainder of the studé site.

The reasons for this remain unclear.
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(9)Groundwater field pH is consistently lower than
laboratory pH. This probably results from degassing of
dissolved carbon dioxide éuring transportation, storage and
analysis of water samples.

(10)Results of dissolved oxygen concentration and redox
potential measurements performed in the field show no
correlation with depth of sample or with each other.
Measuring these variables with the water sample in contact
with the atmosphere probably affects the samplesi A flow
cell technique would have been desireable.

(11)Partial pressures of carbon dioxide with which the

wvater samples were in eguilibrium are all greater than

deposits which produce carbon dioxide, such as respiration
of micro-organisms, denitrification and sulphate reduction
are probably responsible for this. x

(12)Ca:Mg molar ratios in the groundwater are often
less than one in the shallow saturated zones, -caused by
evaporation gnd evapotranspiration effects on the
‘groundvater in the unsaturated zone above. Ca:Mg molar
ratios increase with depth through the sequence of
overburqén deposits.

(13)The highest total dissolved solids concentration in
the groundwater from beneath the study site is found in
samples from just beneath the water table. This is probably
due to the concentrating effects of evaporation and

evapotranspiration in the unsaturated zone above,



(14)The combined effects of pyrite oxidation, carbon
dioxide dissolution, calcite and dolomite dissolution and
evapotranspiration in the unsaturated zone lead to the’
precipitation of gypsum during periods of water deficit.
This is subsequently dissolved by ﬁercclatian water during
recharge events,

(15)Saturation of the groundwater with respect to
calcite, dolomite and gypsum is attained just beneath the
water table, indicating the presence of salublé minerals in

(16)Sodium and gulphate are the ions present iﬂ the
highest concentrations in the groundwater over most of the
study site. Other major ions present in the groundwater are
calcium, magnesium and bicarbonate. Nitrate-nitrogen and
chloride are locally present in high concentrations.

(17)Concentrations of most major ion species present in
the groundwater decrease through the overburden deposits by
physical, chemical, and biochemical attenuation processes
such as precipitation, cation exchange, denitrification and
sulphate reduction.

(18)Local increases in the contentrations of ionic
species along the groundwater flow path sometimes occur,
such as by the dissolution of soluble salts through the
buried sands. Bicarbonate ion concentrations in the
groundvater {Bcfease through the non-oxidized till since
bicarbonate ions are produced by denitrification and

sulphate reduction,
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(19)Cation exchange and fhe dissolution of soluble
salts does not occur to the degree expected in the oxidized
tills. This is probably caused by the rapid.flow velocities
thréugh the fraﬁturest

‘ (205By the time the groundwater reaches the
Saskatchewan sands and gravels, total dissolved soclids
concentrations are generally in the order of 2000mg/L to
4000mg/L, this is.significantly lower than the 11500mg/L
concentrations observed just beneath the water table.

(21)Nitrate-nitrogen f:oncentrations in the @roundvater,
which are often a problem in irrigation return flpys, do not
pose a contamination threat to the Oldman River ;iithisi
site. Locally, nitrate concentrations reach 500mg/L in
buried sand deposits and this nitrate may have been derived
from th? tills above, however, natural denitrification

processes within the nonoxidized tills rapidly reduce these

nitrate concentrations below detection limit.
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Appendix; Hydrogeologic Borehole Logs
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R PP ~ BOREMOLE No1f09-E-1
HY DROGEQLOGlC LOG Page .ot 1 ..~
Project . Tu“lnlunm“m'ﬂm ......... Reference slevation. 7R.8 .
Type n‘l' drilling _. Surveyed I3
Rig FA,. JUQO " Elevation type: #;l:lﬁf‘:rp g

Drill flund.!!.t:t..,._
F‘urpasl of hail st

) Thin soft coal layers at
6.6m. 7.1m and 12.0m.

o 30.5
Borehole terminated at 30.5m in
siltstone.

’ll]!’l‘ll\]‘lmlll‘l!ﬂ”mllll’l’”l“ I‘VNI‘I‘HIWITIVT;’I’I‘HUIVI‘VII\w’Hlml”l'l\mlMMH"ITN’MH\MIIWI‘MH"H

F
=
Y = _
e Sampls i o
Lithology = Campl‘,“gd, ~ Comments
’ 5 . Construction Dats of Complation
s No.| Type Type of Intake
ERDUND SURFACE
kot SR I SN TN S S S S —
ETiLL: olfve brown sandy clay till, T
= becoming €.
= grained at 2.4m. ) Y 9
E 4.3 5 — 3.8 %55.'3—11132 wra
- = , p
fﬁ@ “3and Yo Tine grave!, [ x rma
= pr llrﬂ; quartz grains. 6.6 B Sé 5.5 Apri) l’ﬂ
3 STTEsTone Trterbedded fad Fiberglass wrap
with brown shales. gé 8.2 AfF”“” -
Shales vary in hardness ) Fiberglass wrap
from hard to soft and are ofter 52— 10.4 April 1979
carbonaceous . 10.4 | Fiberglass wrap
Rentonitic sandstone fros
6.6 to 7.1m.
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" Elevation type: Altimeter [
: From map [

;ampllnd Commants
— .| Construction Date of Completion
No.| Type Type of Intake

Lithology

Stratigraphy|

GRCUND SURFACE I R
- TTT1T ol{ve brown sandy énﬁ'ip — T

i\
|
|
|
|

— e ——

E— SAND ARD GRAVEL 0o

= ‘,

- g &

= -]

iy [ ]

- _ L 6.1E"%

E SILTSTONE: interbedoed siltstone{ | R
a - - - =

E  Minor shale bed from 10.4a to | -

= 10.7m. -
- 12.5 .
- SALDSTOME 14.6

"SILTSTONE: {nterbedded brown
i s1itstones

L Un'l

) Jurm 1978
S—17.8 Fiberglass wrap

. | June 1978
—21.7 Fiberglass wrap
— 2. June 1978

u.2 Ftberglass wrap

s

SANDSTORE: very fine grained  |—.
~ sandstone.

MK

r

_ I 305
Borehole terminated at 30.5a in
sandstone.
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"SAND AND GPAVEL: €. sand and
- gravel, b

dark gﬂyi $h Bbrown

€. sandy clay till

becoming a denser dark
olive grey f. 0
sandy clay ti11 at 7.0m. a
Thin (D im) gravel layer |*
at 11.3m Qﬂ

17.0
18.¢
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olive grayc.
sandy clay tiil.
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SAND AND GRAVEL: ¢.
—3and to . gravel, primarily

- qulrt: iﬂd gﬂn!tic gﬂins.

L)

L NE si’ltstm -1th th1n
ntzrb& of brown shale
throughout.

- Major shale beds (1.0

wand 0.3 thick) at 32.0m
(containing carbonaceous and coal
Tayers) and 55.0m.

March 1979
Well screen
March 1979
Mgll screen

March 1979
Well screen

b

~ | BOREHOLE Nu,m -6l
HYDROGEOLOGIC LOG __Poge.l.of 2.
Project...... TABER IRRIGATION RETURN FLOM . Refersnce slevation. IH.!
Type Bf drilling .. _Rotary ....... Contractor Alta.. Enx{rooment. Surveyed E
s Altimst
Rig .FA 1000 ... Logged by M.C. et al.  Elevation type Fri:nmn:p %
Drill fluid, Hiter ____________________ Checked by ......................... . Date drilled June 30, 1978 .
Purpose of hole St‘.ﬂtisrmhi; control and ground weter. nbserutina
* - Hi ’
, g| =2ample . sted
" Lithology L J DE— é“?ﬁm,‘.? Commaents
® [no. [ Type | O™TVENON | Date of Completion
B 5 o ik Type af lnuE17 -
agum SURFACE

=
-
B
-
=
=
—
=
=
=
-
=
-l
—
-
-
=
=
=
=
-
=
=
=
-
-
=
-
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HYDROGEOLOGIC LOG  [PORRSLE, RepiET

Project \ eererens vervesreer.... Reforence llmhanx__?.if!_,ﬁ,,
Type of dnlhn e actor Al Environment Sorveyed (X
. " ] Elmlm type ' Altimeter [
Rig by . From map [
Drill fluid Mater Checked by Dan drilled June 30, 1978
Purpose of hole .5 .l.t.!s.r!Eh.‘.t.'-..ieﬁ.r,ﬂl‘_!né.srg-umi -it#r nb:ewnipn.
- § Sample Combiet
Litholog el | Completed -
I ooy = 1. Construction Comments
= No. [ Type
——— o] _ - _ .
45 ] ] ) ] )
- STUTSTURE " continued _EE" I ER e
Thin coal layer at 45.1m. "
- .
Hard sandstone bed (0.3m) at —
55.6m. 7
—
61.0 || | ]
Borehole terminated it 61 om in :
siltstone.

‘I\I"M\I\IHI\IH\“HII‘I‘HM\IHLJHHMILLMthI!\Hl\lul‘\l\[MIILULUM\ImnIUIII\IIUMI_IMNHMNIWIMWHHIIllllhlul“l

lVYIITTII'ITYTYI‘IT'""T‘YIIIIlllYI'ITTIIYIT'I'YY"I‘TTIIH TlY'Yl'Y"I""V'TII'II"'VYTYI
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HYDROGEQLOGIC LOG

Project . TABER IRRIGATION RETURN FILQW
Type of drilling Rotary

BOREHOLE Nol18)2-£-1
Poge..l of ¢

................................. Reference elevation .776.1.

Surveyed D

_.:TEncountered boulder at 27.7m. D O
E IO
- 0
: e
- (o}
3 2
- )
C O.
- 36.0 {o
= SAND AND GRAVEL: c. .
S -
L sand gnd gravel Y-
- )
3 8
3 (Y
E:br.carb. shale, goft 4 _
SIL !»Tmi .

Elevation type : Altimeter [
Rig FA 1000 Logged bym.C.. g2 2) ... yp From map [
Drill fluid,  Water Checked by ... Daote drilled.Juog. 30..1978
Purpose of hole .Stratigraphic conteol and ground water obse vetien.
£
Q
e| Saomple
Lithology o Complon.d Comments
® Construction Date of Completion
s No.| Type Type of Intake
P, S — —— ——— " ——— ——— — ——————————_———J
- :"CTayey sandy sTTt 'R [~
P —SARD: 7. sand s P
E TILL: olive clay til becoming 0
o blue-gray clay ti11 at Oe
— 12.2m, coal chips through- o
- out. _O
o Coal layer (0.6a) ol
C encountered at 10.1m. . April 1979
- ?o 2 9.4 Fiberglass wrep
o Oe
3 +0
- 0°
— (o} June 1978
- ’o', X 15.6 Fiberglass wrap
= «0
F 04
— »O
3 04

March 1979
Well screen

June 1978
Fiberglass wrap

EXE0) RXSYRUXT] FRRITRUTNE IOAY) worloas D wud e i
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Typi of dri!lmg l‘“"’y

HYDROGEOLOGIC LOG

Ganfrm:hi‘“l: Eﬂvtrmnt

Serveyed [
Elevation type: Altimeter [

Rlﬁ ”n.fﬁ.u-lmg,x.sﬁﬁéi“n .... Lﬂﬁqﬂ h’!a;;:;. ﬁ,‘-.. . From map Z
Drill fluid, Vater . . Checked by ... . Dote drilled_ June 30, 1978 .
purpén of hole Stﬁtigﬂphic cnnt?a‘l _and irp;.gl}lg”ﬂt!r ob;gﬁgj‘lg, 7777777 v
- — T — — _ _
i Somple
a 1) - _
Lithology Combinen | commonts
T . , S e R Data of Completion
% No.| Type Type of Intaks
| 45 o e b — —
- ot inued —45.5 June I¥/0
- ILT§!@E continued L Fiberglass wrap
- £. siltstane
= thin carb, ;hﬂ; at 46, ﬁ

—SANDSTONE: 1.
sandstone, soft.

Thin, brown sfitstons at 51.5m.
Thin, hard shale at 57.6m.

61.0

_ ;;W; 14 AFRTRUSELTY W

sanditone .

IWTIW'I‘ITIWIVI\]J 'IIVIHHI’II‘I\I’Mwllll’ﬂmmmrﬂlWWI!IWT’I’I\WIVI\I’IW’I’IHWH\I WWW’FI\’EIWIII‘IIIM]WW]W
] | ] |

Iﬂﬂhale t-minted :t 61.0m in

] J 1 . n 1 1
Mll'II‘I‘I‘II‘IIW‘E\I‘\I]‘IL;I‘IIll[llﬂl\Il\lll‘ll;ll[llIl\I‘Ml‘\lmll‘lmrl‘]‘mxl‘\ll\II‘IJJI\IIUIU‘\II‘]‘LIILIMIHII‘I]‘.JIIJLI‘II[III!IWIEI\H
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"HYDROGEOLOGIC LOG

Project . TAﬂER IRRIGATION RETURM FLOM

Type of drllhng Rotary

@
O

Surnyiﬂ
" Elevation typa: Altimster

Rig .FA 1000 From map [
Drill fluid .} . Date drilled July 1, 1978
Purpose of hole .,5,‘,,",!,‘5,',9“9” "9“"" water ﬁﬁ!ﬁ!ﬂ“
= ] - P -
a = _
e| Somple . ) —

Lithology el _ Cc,gmel,“-;a, ~ Comments
olu [+ -onstruction Date of Completion
= | No. Type Type of Intake

,Fﬂﬁ{"ﬁ“‘“ — i1 —_— ]
- TILL: grayish brown sandy clay o]

- . t111 becoming denser at g

C e, At 11.0m til1 p

- becoming sandier,

=i Thin coal layer at 2.9%.

- Minor gravel layer at 7.6m.

E

- Z— 9.6 June 1978

- . Fiberglass wrap
a 12.2

Es ND: c. sand with minor 1nterbe

= -7

- of gravel.

— - o March 1979

o 2 15.4 Well screen

:7 _ 18.6 )

E TILL: very dense dark grayish L ) o

= brown sandy clay ti11. % 5] —19.5 | March 1879

o Gravel lenses encountered ) T

= at 32.0m, 35.7wm and 37.8m. O

- Boulders (7) encountered ‘tfg

- 21.2m and 24.7m. * - P June 1980 -
2 g 3 — 2.1 Well screen

- =}

%

- 0 52— 3.2 | March 1979

= : b Well scresn

E

E B o 73751 27 .36.7 June 1978

- GRAVEL: consolidated gravel with - Fiberglass wrap
- minor c. sand. 4].4 B

= SA NDSTCI!E: soft to very hard silty|l o

- sandstons . E 42,7 | Jume 1978 —

Fibarglass wrap
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HYDROGEOLOGIC LOG “F‘%L%'fz "%f“”z"‘ """

. Sunrlyﬁl [ @]
Elevation type: Aitimster [
From map O
Daﬂ drilled vy 1, 1978
Furpall af hd;l: SF_t!_E.‘.S!‘.l.E”_‘.'.‘?.E?.'!.t.'f?.‘,.!.!‘iit?!'ﬂ..‘!!.tst.ﬂhxrﬂﬂQr"
e| Saomple .
cen i = Completed .
= il
Lithology Il Construction Comments
u — -
L {Nao.| Type
— — e _— m — e i————— — i = e — e —
45 ) - 1 I _
= SANDSTONE : cont fnued - B =
- Coal seam (0.3m) at 45.4m. L= 3
= Bentonftic sandstone from 45.4 | — =
- m to 50.9m. -~ =
a Shale interbeds from 51:5a to o =
- 5‘ 5“ . 5‘ 5,, == 3
E SILTSTONE B - 3
= . 8.2 [ = 3
;SANDSTDNE €. sandstone 7519 o || {
Borehole terminated at 61.0m 1n - 3
= sandstone. 'y -
3
/ E
3

IHH‘VMTNHNIIFWM‘HIM[[WIIIITWIIW\ITl\l’l\’IMVI’IIITIMT’IW’IE'F'I“I\’I’WIWTM

r ]
[llllll\l\IM'\HI\[I"J‘\I\I‘I\IE\III\H\I\I;J‘IHI\Imll\mm\lmml

A
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NG~ et o~ ~ BOREHOLE No JAIA-E-1
HYDROGEOLOGIC LOG Poge }.of. 2.
Frcjasi .. JABER IRRIGATION RETURN FLOW . Reference elevation .. T7LE

: Suriﬂyﬁi f%

" Elevation typs: Altimeter ]

Rig FA .... mﬁn .... angld b’ﬁ..‘;._!.ia. '1 P From map [

Drill flmd‘“tﬁ‘ Checked by .. . Date drilled July. 1, 1978

Furpan of hola .5_§.':!..t.1_1r_,lp_ﬁ1.§..'.:Ruir.n;’!_.i -Jner thervn19!1,.,...,;“.‘“.=,_.§..i...=§,,..:

Lithology E‘?Wf",'f? Commaents
-ONMIruction 1 pute of Completion
. Type of Intake

EELRFACE _ ,q —_—— ]
E TILL: olive m:ming p;'l: p'Hv! ) =
- ~at 2.4m, dark graylsh brown 2.3 June 1980 3
- at 3.6m amd olive gray at — 2.8 L “:ﬁ-‘ I
= 8.2m sandy clay til1, - — o 3
= Coa) chips encountered from]s( ] —— 4.4 ﬁ“ screen -
g 3.6m to 8.2m. o ] —6. ﬂzgiql: l?lli wrap 3
- wm. sand layer from 2.7m to =< ssj e JUNg rg =
- 3.6m. - el ;:mn 3
= ) —9.2 i’ﬂ:fg?m wrap —
- 134 3
= SAND f. to m. sand -rlth interbed L March 1979 3
= of gravel. - Egu’g H!'IF‘IE screen —
g 3
3 ;" 5] —20.13 March 1979 =
. , 22,31 o Nell screen 3
= TILL: very dark gray ¢. sandy L4 3
E clay ti11. = =
= Gravel layers (0.2m and \ —24.8 June 1978 =
- 0.6m) encountered at 26.5m 'Q‘f S S Well screen -
= and 36.0m respectively. ag =
a o 3
& 3
E :’Qﬂ E
o } . 25 A March 1979 =
= =
C 4 = 2.0 lﬂii‘ Screen =
3 =
E - sk 3
= GRAVEL: cansolidated gravel 3
= primarily composed of 3
— quartz and gramitle -
- materiat. .
E 4.3 . . =
P Y——— —— o June 1978 -
LTjS[E B = Z—45.0 | Fiberglass wrap =
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" | BOREHOLE NolBl4-E-1
HYDREEOLOGIC LOG T I
Pm;g:f,.WTBEEE_I.'?F_IE‘%T‘P'!._FFT‘.J.'?'_.F_'-_‘?'.‘...,”.,,,,,..,,i.i.....!,“._ Reference Ihvnflﬁn..z?;j..!:;,é,
Type of drilling  Rotary S Swveyed )
Ric FA 1000 Elevation typa: Altimster O
Rig ... o e From map [
Drifl fluid_ _Water. .. Bau drilled  Jdly 1, 1978
Pur-pan of hole . St"!ﬂj!"!PﬂE.E?ﬂ?t?.‘...‘.'?.d..ﬁ‘?,‘!'.'ﬁ_!".!.“%‘?.".,E'?.‘SY’.‘Z_'E??'.‘...,“.,.;;g,,z,;_..m_m,,,
— E — — i —
% o~
| Sample o
£ ’ Complated
Litholo =1 )
oy = Construction Comments
& | No| Type
e = — L) = — — I
s I R
SILTSTONE: continued 1 1 R
Dark br. siltstone with thin] _
dark br. shale beds at 44 5al_
46 .50 and 54 .6m. —_
Thin coal layer at 54.6m. -
- 54.6[
= SANDSTONE: soft sandstone with |—
0.3m thick shale layer| ="
at 55.5m, -
-
. 80.0
SILTSTONE 61.0 ||
Borehole l‘.:rlrln;teﬂ at 51 h in

siltstone.

IHIIHMJ‘.JH‘JIMIJLIJI]Mllh‘ﬂH‘IIHIl‘lﬂl‘lULIIII‘I‘IJIMLIH‘]‘I\III}IIJIMILIJ\L!WI‘I\\I‘"\NU\[J‘W\I\IH\;IIJIHN;I\[“IIIHHI
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" HYDROGEOLOGIC LOG  Page.l oot 2.

ijif:f ,,K_IE!;EB.JM.IEATLC!.REIMH AN ......................... Reference slevation .761,2. ...
canfrucim A1u;..én.vimﬂnnt Surveyed MX

‘BOREHOLE Nol8IS-E-1

Elevation type: Altimeter [
From map jam|

1.2m. 5.8

E \VEL: consolidated gravel and ¢
sand primarily composed o
quartz and gramitic

Thin (~0.3m) soft coal

25.6m.

I\II’MI\II{HII!HINUIWHT’I‘l TETTT II\’I\’HI'IWII m[mlmmm
I

matertsl, .

_1l.6 Fx

SILTSTOME: soft to-ednselidated. |~
. to ¢. grained siltstor

14.6 |-
SANDSTONE : ¢, grﬂnid nndstom
entonitic from 23.58 to

25 &m, -

Tayers at 22.3m, 23.2m and ]

. 4

-
A
K
25.9 | o~
T STLTSTONE —
E ] 28.7 [ ]
| =g —_— =
- SAHBSTOHE ]
F 7 3.0 =
E SILTSTONE: interbedded siltstones,
- minor carbonaceous
- streaks. -
- Hard sandstone bed frﬁis’
= ¥B.7mto ¥.Mm. ]
3 "
3 A
E 43.6 | -

w2k

=
3 - .
e Sample R
Lithology 3 - Cii:'ﬁ:;:gﬂ Commaents
2{No|Type] o Date of Completion
e B 7 7 777”7 Tmiailnun _
GROUND SURFALE - | 1 - S
TILL: dark grayish brown becaming~| | T T
olive at 1.2m
€. grained sandy clay till
Gravel (0.3wm) layer st A

] ] ]
mllulu‘[‘lm‘hllll\lIl‘h\IIJLH!‘HIUUH‘LMIIINW‘HIJLM‘LUMIll\llﬂllu\lll‘llILILIL[IIIIIIH“W‘I‘I\UHIlll.‘m

g March 1979
< — 18.2 Well scresn

oo lug




HYDROGEOLOGIC LOG [ raeels ™'

Praj-et.m;.‘..T‘.‘.!.!:.‘.,.IERI.%TIQ!_.R.ET,\!!‘.".'_.EE@,,,,,,..__,,,-_._.___,,___, Reference slevotion . 763.2.
Type of drilling  Rotary . Contractor Alta. Environment Surveyed &
: Elevation type: Altimeter [}
Rig .. FANO00 Logged byM™.C.. et a3l . ... ype! From map [
R Checked by ........_............. Dote drilled July 2, 1978
urpote uf hal- §tFAt‘_§HPM§ Eaﬂtrei anﬁ srmuﬂ Juur nbarutmn., ...............................
— = § e e ————— m— e — = — —
Sample
. 4 &
Lithology =1 Cm,“gl‘,',‘.,d Commants
= Construction
S| No. | Type
— B — 9! _ I ~
- m:.ﬂ'm T continued - Thin (<O ¥~ | | T I -
E ] shale_ at 43.6m, 469w 47.4 [
p =  sar
— SANDSTONE _ 50.9[3
C SILISTONE: fnterbedded s11tstoned
o Hard shale layer from 58.8m
- to 59.4m. — *
s L 59.4 —
E SANDSTONE © 81.0 L=
o = L
- Borehole ;e,nﬂn;tgd at 61.0m in
E sandstone.

"

u‘u‘l‘u“]lumluw‘IIIMLMlmlmummmlwwln“w“wmnwhMmmunlmumnmnhnmmmﬂ ‘
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HYDRQGEOLOGIC LOG [POEOLE Mo

Survi;ﬂl E
Elivahan type : Altimeter [
From map [
: , Duh drilled Jly 2, 1978
Purpan m‘ hnl: ...5)‘5!‘.!,?.‘,9“!"""?_E?'_‘F_F_?,‘_,,!,!E,B"W_'!ﬂ,!lt_-:r.?l;’.i.!.f!_l_ﬂ@n,,.,,..,,,_.....,g..,;,.,,..
- — _ § - — —_— — — -
e| Somple .
Lithology =1 _ }ngpliu.d Commaents
! = — Construction e o et ia
2| No.| Type Date of Completion
B N e : T;;pgaf!nt:ki
ERC!JHD SURFACE
— —— e — - ggﬁigzﬁésﬁ

TILiL olive becaming dark grn;
sandy clay till at 9.6m.

Thin coal layers at 10.7m

and 25.0m, _ gt Sl
Thin gravel layers at 12.0m 4.5 *“ ‘Em
7.7m, B1.6m and 29.9m. 3 dupe 1980
17.7m, B1.6m and 29.9m. 6.7 #ﬁ seruen
—17.5 979

F?ﬁlrg*u: wrep

13 My 1979
3 13.2 Fiberglass wrap

MI‘llVITIHI\I‘I‘MW\TN’I]]’['II‘mTHYH’N[’HI’IIH"I’I‘TTI]‘I’T’I‘I\]H‘II‘I\]\

% 28 June 1978 s
- ) E 8.6 Fiberglass wrap
- - 30. 5
E AN AN GRAVEL R, - 2 31,9 | June 1980
TILL: dark gray sandy clay til1, :'gu % . Well screen

dense.
Thin coal layer at 36.9m.
Thin gravel layer at 35.4m.

. June 1978
Z 41.6 Fiberglass wrap

“@

1 - | I ]
ILNI!I‘[LLJI‘J_I\IHIIHM‘IIIHHIIHHN‘IMUIIMLIJI‘Il’llll‘l‘llllWJImLLlJUll“LLIHlI‘I‘IUHL.HIIH[MIH[IJUIII“JIMIH[MLLIJI}
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- — BOREHOLE No., 1!16 E 1.
HYDROGEOLOGIC LOG _Poge 2. of.
E ﬁihrtm:l ﬂmhnn..ﬂLQ
Swrveyed
" Elevation typae: * Aifimeter [
Drill fluid W “" .... ﬁhlﬁld by Dah drilled Ny 2,.1978
Furpan of heh
— =~ — — -
s Sample
Lithology = . Camplihd Commants
= - Construction
S {No| Typs
S — . e ﬁ E—— — e —
6 ___ d 1 - .
- SAND AND GRAVEL: continved  46.3E5d - v 3
E SlffgfﬁEz soft s1Tistone — 1 - =
= = B ‘B.Z = :
= T tonit! 3
3 DS H‘E : bentonitic nnd,smﬁ o= 3
- g;TSTmE Tnterbedded s11tstones,| — 3
- brown carbonaceous p— -
o streaks throughout. =
- Thin coal seam at 54 .3m. - 3
. o 56,4 3
E SANDSTONE: f. grained 4 3
= bentonitic sandstone.|— =
o _ - N 1 ] =y 3
TANE - 0 b= V =
SILTSTONE: 61.0p [ ] b =
Eorehole terminated at 61.0m in 3
- s1Ttstome. 3
3
: 3
3
=
o - - o - 3
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BORENOLE ng.mi—:ﬁ;l,m
Poge...1. of 2.

S—'nyd E
" Elevation type: L"‘l-ﬂﬁ‘ -
From mop [
Dats drilled #wly 3.. 1.!7! _____
] qtﬂ’ Pﬁilﬁ’lﬂﬂ",-. ,,,,,,,
_— —
igi Sample Completed
Lithology =l _ C'uﬂp ‘,'; y Commaents
2| No. | Type onsiruction Dets of Completion
7 - ) 1 bl Bided Type of Intake
“A’E_Euiiﬁg_____ g1 — X
- TILL: olive becaming grayish brn - 11 - =
- sandy clay till st 4.9m, 3
- Grave) laysr from 4.0m to b
- 4., ¢/ 3
- , I X - LANTY {2reen =
—_ ot rrab 71 L -
TILL: olive samdy clay ti11, ] g_hq ﬁgﬁh“ wrap 5
Thin grave) lTayers at 10.4m - -
14.0m and 19.5a. Tt 3Een =
_ March 1979 3
’e 164 | wn screen 3
_ 20.4 JC =
- TILL: olive gravelly clay 111 3
e , _ 2.8}y i ﬁ_gi June 1980 3
= TILL: olive sandy clay TV ng 1.8 Well screen ]
E 25.0 J2C 3
= 11 OTTve gravelly clay T111 i %
26, ; March 1979
o S %.7 Well screen
29.0
’,gl_. d:ri griy und; t:hy . ke E—ES March 1979
Thin gravel Tayer at 34.7m. = Well screen
- 3.2 June 1978
. — June L
js_g; g;:;:‘i :‘ndmﬁ::umnﬂ '{ »Ze 3.8 Fiberglass wrap
— — — e “l‘
SILTSTONE: 1t. bem. te IR, . ,
TSTONG: 1t. bro —41.8 | June 1978
siltstone. Sé‘ " | Fiberglass wrap




P
ol
L]

HYDROiéiEC)LéG'I”Cr Lbé

n@

R-fm- ﬂmﬁm 17.3 5.
S-"nyﬂ

-6l

Borehole terminated at 61.0m in
siltstone.

III'WIIl"‘ll"fﬂ'l]'l'l'TYlllI'ITTT"TTI'I‘Tﬁ]’l‘l'lfl VIIVY'THV"IYU

-DF

=
€l eno.
) 3 Sample L
Lithology = _ ccéﬁpm,‘,ﬂ Commants
== Construction_
ZiNo.| Type
— — — E — — ——— i o —
| 4% SR S N —_——
- SILTSTONE: continved ~ [
« n coal seams at 40.8m, —
E 41.8m and 44 .50 sk
= SANDSTOME: bentonftic sandstone, -1
- 52.4
SILTSTORE : 1nterbedi|¢d siVts tones
containing coal from 52.4m
to 53.6m.
Thin (0.6m) shale bed at
60.3m. —

IIIHIHIl“llIHIHIIJLHLJII‘III{N]Mmlﬂlll\llllmnmmlﬂlll\llmII]IIIIII\III!

] MMIM\I‘MI\I‘ILI\H‘rl‘\llll\‘lilxﬂ‘ﬁ\II[IIIHL]leI‘IIl\I‘ILl\II‘H\ILI
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. ) ~~ | BOREHOLE No IIEE-T
HYDROGEOLOGIC LOG _Poge 1 of 20
Project ....... . TABER JRRIGATION RETURN FLOM . . Reference elavotion  774.3.
Type of drillin , Surveyed [
Yp - Elevation typa: Altimeter [J
Rig : - From mop O
Drill fluid Vater Checked by ......... ... Date drilled )y 4.1978 .
Purpose of hole ..5.‘.!'.'.?.'.9?.‘.!’".'.‘.‘.99’.‘.‘.'79.’..!!T"‘.i.i’f?,“?!é; water observation, . ... ...
— ' -1 Il —
§ Sampls Completed
Lithology 2 E;';E‘;" n Commaents
SINo [ Type | ~CTHTUEHON 1 pate of completion
a ] ) Typg of Intake B
GROUND SURFACE | . - - o
= SAND: m. sand primarily composed | | qaj( T T - 3
3 of feldspar, quartz and coal 3
F —1.5 June 1980 3
- —— 4.5 Well screen 3
3 B —5.9 [ Jume 1978 3
. FaveT Yo BouTaeRS =1 Fiberglass wrap 3
E TILL: sandy clay ti11, soft. 3
- 1 June 1978 =
':' S 10.6 Fiberglass wrap 3
E —13.8 March 1979 3
Eé&ﬂ o Wil screen s
JILL: sandy clay ti11, dense. 3
E Gravel layer (0.7m) at -
=
C 40.8m. y 3
- Coal layer (0.3m) at 37.2m s
o Sentonitic clay (0.3m) at =
- 28.7m. 3
E 2 ——27.7 | March 1979 3
: - g1l screen 3
3 \ > E
3 B
3 N 3
g o} -
3 7 :
3 O , _
3 ? ——42.6 | Jue 1980 =
3 ) 2e Well screen ]
o [ _ _ S —




212

HYDROGEOLOGIC LOG B"“E;'.,%‘;F__,ﬁ:%’f‘?__“

‘w‘;h‘mlw_wj‘umnl‘u“h“MMHI

Project .. [ . Reference elevation 774,13

Type of dﬂllm ﬂDtl" ) Serveyed [0)

,ﬁ v 1 ] N " Elevation type : Altimeter [

Rig .....To. Dge y SN et a1 From map [

Drill flmd ...... !ﬂ;r_ .............. . Checked by . Date drilled. ly 4, 1978

Purpose of hnl- Stmt,tiﬂphic .cootral and. m'mmi Mater ﬂﬁﬂﬂ;t;lgng ............................

, B| Semple | omple :
Lithology 2 ngrﬁp,l!,';,d, Commants
: ° Tve -onstruction Date of Completion
= No. | Type Type of Intake

L T N . S
E TILL: continved % E
3 49.7 3
- GRAVEL ﬂm to medium gravel, LA 3
E occasfonal coal chips, 3
T 53.3 k 52,9 | March 1979 =
[ SANDSTOME: soft to hard sandstonel . E - Well screen 3
= often clayey and _ 3
E bentonitic. T
= §1.0 |4 ,i.l
= Bm‘ehule tenninlted at 61.0m in
= sandstone,
= f
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HYDROGEOLOGIC LOG

1 drilii ] . » * : . ) !grﬁy-i oo
Ts'vpc of drilling Rotery. . . . ContractorAlta E;n.g!rm; Elevation type : Aieare B
Rig ........ FA...1000 ... Logged by D.¥., et 2l ... . From map [
Drill fluid.. . ! Water . Checked by........._..... .. .. Date drilled July. 5..1978.......
Purpose of hole ... ! S tr.q.t.isr.l.pr!!;..cynt.m]..onﬁ!.smmijgit:t,ﬁﬁsgmgimg.._w;.wm...W.
§ Sompls -
Lithology g’ ’ ngmfplgﬁtfg Commants
®{ no | Tvou onstruction Bate of Cospletion
3 hiadl R4 B - Type of Intake
__GR_OJNDSURFACE_ . — ]
E saw 5
F ¢ > aaf
— GRAVEL: gravel, occesfonal coal ‘%
- chips.
- %
3 %0
E 1

10. 4

SILTSTONE: gray siltstone, thin
carbonaceous layers at —
10.4m, 17.1m and 19.5m. -
Thin coal seam at 18.9m.

-
E » A —
: .
s B March 1979
[ e arch 1
- L 2 —25.2 Well screen
o kT30 I Q
Borehole terminated at 30.5a in he

siitstone.

l”"‘ll',l'l IUIUIT,TYYYUHU
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" HYDROGEOLOGIC LOG BORE@'&';% '_‘f.!.f,,'i‘?j‘

Project ... TARER .IRRIGATION RETURM. FLON........................... . Reference slevation 773.4... .
] kﬁyﬂ
Type of drilling . Metary . . Controctor. All:-Kind _....... * Elovation type: 5
Rti FMHEL BL: B Lm h" F!'_ -g (@)
Drill Md'ﬂif vieee... Checkad by . Date drilled Juw 1960.. ...
Purm of hole .;S.?.f.s.t;mhiﬁ.Ezfg;ggé.?a.gé.},imgm ABATALASEAOR. ...l
Somple . »
Lithology g N c:?mm-,".,é Comments
- .ongtruction
2iNo. | Type Dats of Completion
_ =] - _ B Type of Intake
_Ground Surface 1 1 4 o\
?ﬁiﬁ?ﬁ: - :“?_
TILL 0

- ~ollve becoming greyish-brown -c

sandy clay till at 12.7 m. Q

graivel layer st 17.4 o 17.9 m |%

and 21.5 to 21.9 m. o , , N

sand and gravel layer st 30.5 | O 3—7_5 Jume 1980

to 3l.4 m. Q' Well screen

\):
U

/

2 == 7 Juns 1980
S a7 Well scresa

OEORTY

June 1900 .
J - Wall screen

Uﬂ

LX
2]
L
=

55

4]0

o
X

—.1 June 1980

— Wsll scream
Borshole terminatad at M.1 n
im till.

lwlllﬂlmwili[nnllllIlllllllllHMIlllwmlllllllﬂlllllnllﬂlﬂlllljWWLMJIWlllllmjﬂllllllllllll&”

mmmlmwrmmllmmmlmlmmwl TMITMFWIMW!IIW[[[IIMNTWMITMIIWITMNWTTleTIWI[WTMITllm[l]mm[TTl
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BOREHOLE No. 13} - F.

" HYDROGEOLOGIC LOG TR

Project ET“E‘imG‘\“Q‘“mHﬂ . Reference th L1743,
Typi of drilling ....7! ' Elnﬂhm type  Altimeter [
Rig ”...PHLM,ISQQ .............. Logged by ..G.A............... From mep [
Drill ﬂmd'g;rr__ Chm:t-d by —- Dmi drilled  Jume 1980.........

ﬂf”l‘

Sample ) A
Lithology = _ —cgm?',‘,',‘.,d, Commants
3 _ Construction Date of Completion
s No.| Type T}ﬂpﬁ of Intake
EMEE{ELEEE—!FF—ﬂE St _—— ——— =—— " S S
— o)y )
TILL . - L3
ollive i-iﬁ'yef:lsy till DL

sand lemss at 5.4 n *s
till becomes sandy till Q

at 15.2 n.
%

@"5"06 >

0%,

—_15.0 June 1980
Well screem

o8
4

»
[8)

hh brown till grading
o blue-grey ﬂll

=

R

53 ——20.9 June 1980
) Wgll sereen

S8S

—27.0 June 1980
ioll scTeen

E
A
(X

Bor
in till.

lllwllllllml\lllIlllh“lll\l‘wmNI\I\\I‘IWIUMNIII\IWMN nﬂmuuﬂwmlwulu“llwllmmmlhmujumuﬂ
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