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Abstract

Large volumes of both solid and liquid wastes are
generated by the potash industry in Saskatchewan. The
waste, consisting primarily of NaCl, is stored on the surface
near the plants in waste disposal basins which are artificially
constructed lagoons and/or natural depressions. Several of
the mines use deep-well injection to dispose of some of the
excess brine in conjunction with surface storage.

The waste disposal basins are underlain by Pleistocene
sediments. Infiltration of brine from ‘the waste disposal
basins into the underlying sediments and subseque'nt' in-
corporation into groundwater flow systems present a po-
tential hazard of contamination of the groundwater re-
sources in the vicinity of the mines. Ultimately, if pollution
of groundwater cannot be contained, the surface ‘water
systems will be contaminated.

To determine the effect of the waste disposal basins on
the groundwater and surface water regime, a study was
undertaken by the Hydrology Research Division, Inland
Waters Directorate, from 1968 to 1975, near one of the
potash mines: International Minerals and Chemical Corpo-
ration (Canada) Ltd., K2 potash plant, Esterhazy, Saskat-
chewan. The study involved the definition of the hydro-
geological and hydrochemical environment and subsequent
monitoring of both environments. In addition, detailed
studies were conducted on the spatial and temporal varia-
tion of the groundwater chemistry and an electric analog
model was constructed.

The results of the various investigations show that,
first, the waste disposal basin is underlain by a semi-con-
fined buried valley aquifer. However, a major facies change
in the fill of the buried valley between the waste disposal
basin and Cutarm Creek significantly retards movement

of contaminants towards Cutarm Creek. Secondly, electric
analog simulations indicate that within 30 years consider-
able contamination of an area several hundred acres in
size, immediately east of the brine pond, could occur. The
analog simulations do not incorporate the effect of the
difference in density between the brine and the ground-
water on the flowpath of the brine, nor do they take the
physicochemical effects of the brine on the permeability
of the sediments into account. The stated time period for
pollution to occur appears therefore to be a minimum
rather than a maximum. Transient results of the analog
simulations show that high injection rates will be necessary
for hydrodynamic containment. Thirdly, significant tem-
poral variations were found to be present in the grdund-
water chemistry. Analytical/storage uncertainties associated
with groundwater samples analyzed outside the field were
found to be of such magnitude that they masked the
temporal chemical variations and caused significant un-
certainties in subsequent calculations of mineral equilibria.
Fourthly, sequential sampling of the observation well
network shows that at the point of sampling no contamina-
tion of the aquifer has occurred. However, although the
observation well network is adequate for monitoring the
hydrodynamic response of the aquifer to natural and man-
made inputs, it is inadequate for the monitoring of pollu-
tant movement in this hydrogeological environment.
Different methods, which provide more continuous cover-
age between individual points, will have to be used to
monitor the position and rate of movement of a brine front
in the subsurface.

Further research will have to be conducted on the
effect of brine on the permeability of the sediments under-
lying the waste disposal basins. Proper definition of the
processes involved and the rate of progress of these pro-
cesses is mandatory for long-term waste management.

Xi



Résumeé

En Saskatchewan, l'industrie de la potasse produit
beaucoup de résidus solides et liguides. Ces résidus, du NaCl
surtout, sont stockés a la surface prés des installations, dans
des bassins spécialement construits ou dans des dépressions
naturelles. Plusieurs mines éliminent également une partie
de I'excés de la saumure par injection dans un puits profond.

Les bassins reposent sur des sédiments du pléistocéne.
L'infiltration de saumure dans ces sédiments représente un
risque de pollution des eaux souterraines aux environs des
mines. Si cette pollution parvient a se répandre, les eaux de
surface seront également contaminées.

Afin de déterminer les répercussions des bassins a
résidus sur le régime des ealx souterraines et des eaux de
surface, la Division de recherche en hydrologie, de la
Direction générale des eaux intérieures, a réalisé de 1968
4 1975 une étude prés de I'une des mines de potasse, soit
l'instaliation K2 de !'International Minerals and Chemical
Corporation (Canada) Ltd. & Esterhazy, en Saskatchewan.
Cette étude comportait la détermination des caractéristiques
de 'environnement hydrogéologique et de l'environnement
hydrochimique dinsi que la surveillance des paramétres de
ces environnements. On a, de plus, étudié de fagon détail-
lée les fluctuations spatio-temporelles des paramétres
chimiques des eaux souterraines et construit uh modéle
électrique analogique.

Les résultats indiquent que le bassin & résidus se
trouve au-dessus d’une couche aquifére de vallée enfouie et
3 nappe semi-captive. Toutefois, une modification
importante du faciés du soi recouvrant cette vallée entre le
bassin et le ruisseau Cutarm retarde de fagon impertante le
mouvement des contaminants vers le ruisseau. D’autre part,
d’aprés les simulations analogiques électriques, il pourrait se

Xii

produire une contamination considérable sur une étendue
de plusieurs centaines d‘acres immédiatement & l'est du
bassin a saumure d’ice trente ans. Cependant, ces simula-
tions ne tiennent pas compte de I'effet de la différence de
densité entre la saumure et les eaux souterraines sur le trajet
de la saumure, ni des effets physico-chimiques de la saumure
sur la perméabilité des sédiments. Le délai indi'qué pourrait
donc étre plutdt un minimum qu’un maximum. Les
résultats provisoires des simulations analogiques indiquent
que le confinement hydrodynamique exigera des injections
massives. Par a/iIIeurs, on a observé des variations temporel-
les significatives dans les caractéristiques chimigues des

‘eaux souterraines. Les incertitudes relativement aux

méthodes de conservation et d'analyse en laboratoire des
échantillons d’eaux souterraines sont toutefois telles
qu’elles ont masqué les variations chimigues temporelles et
fendu notablement imprécis les calculs des équilibres
minéraux. Enfin, I’échantillonnage continu du réseau .de
puits d’observation indique qu‘au point d’échantillonnage
aucune contamination de i'aguifére ne s’est produite.
Toutefois, bien que le réseau de puits d’observation
convienne alasurveillance de la réaction hydrodynamique de
I'aquifére face aux apports naturels et anthrepiques, it ne
convient pas a la surveillance du déplacement des polluants
dans cet environnement hydroegéologique. On devra recourir
3 des méthodes différentes, permettant d’obtenir une plus
grande continuité de surveillance entre les points, pour
controler la position et la vitesse de déplacement du front
de saumure dans le sous-sol.

Des recherches supplémentaires devront étre ef-
fectuées sur l'effet de la saumure sur la perméabilité des
sédiments sur lesquels reposent les bassins a résidus.. I} est
essentiel pour la gestion 3 long terme des résidus que les
processus en cause et la vitesse de déroulement de ces
processus soient bien connus.
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| Introduction

GENERAL REMARKS

The element Potassium is basic to life; without this
element there would be no plant and animal life. In plants
potassium is essential to the formation of organic com-
pounds during photosynthesis, whereas in animals it is a
vital element in the tissue. Lack of potassium in animal
diets stops growth, results in muscular weakness, degenera-
tion of such vital organs as the kidneys and heart, etc.

The term ‘‘potash” was derived from the method of
producing potassium carbonate in the early days. Prior to
the discovery of soluble potassium salt in Germany in 1839,
practically all potassium was obtained by leaching wood
ashes and evaporating the leachate collected in large iron
pots. The white residue left in the pot was called “pot ash”.
The name potash has since become a generic term which
refers to soluble salts that are used by agriculture and in-
dustry for their potassium content.

Most potash (90 to 95 per cent of the world produc-
tion) is used for fertilizers. Muriate of potash (KCl) is the
common commercial formn of potash used as fertilizer.
When pure, it contains 63.2 per cent K, O equivalent.

Potash mineralization in Saskatchewan was first dis-
covered in a core from the Norcanol Radville No. 1 well,
drilled early in 1943 by Imperial Oil Ltd., near the town of
Radville in southeastern Saskatcheéwan (Anonymous, 1965,
p. 3). Since the potash-bearing beds in this well occurred
at a depth of 7650 feet (2330 m), the discovery was not
considered commercial. In 1946 ore grading 21.6 per cent
K,O over 11 ft (3.3 m) was recovered from the Verbata
No. 2 well drilled near Unity in west-central Saskatchewan.
In this well the potash-bearing beds were encountered at a
depth of approximately 3465 ft (1055 m) and the possibi-
lity of commercial production was considered.

The first commercial pfoduction of potash in Saskat-
chewan was attempted in 1951 by Western Potash Corpora-
tion Ltd. by using solution mining on land acquired in the
Unity district (Anonymous, 1965, p. 9). After an unsuccess-
ful attempt at solution mining, a shaft-sinking operation
was begun in 1952. By 1960, after several delays, a depth
of 1800 ft (550 m) had been reached at which depth the
Blairmore Formation was encountered. Water from the

Blairmore Formation flooded the shaft with sand and
water to within 360 ft (110 m) of the surface. The project
was subsequently abandoned. During the period.1950 to
1960 exploration for potash accelerated dramatically in
Saskatchewan, resulting in the first exploitation; the first
commercial shipment of muriate of potash was made in
March 1959, by the mine of the Potash Company of Ame-
rica, which is located east of the city of Saskatoon.

International Minerals & Chemical Corporation (Cana-
da) Ltd. entered the fieid in 1955 in a lease near the town
of Esterhazy in eastern Saskatchewan. Shaft sinking was
begun in 1957 and the potash deposit was reached in 1962.
Since that time this mine, the world’s largest potash mine,
has been in continuous operation. In 1965 a second shaft
and plant were started, which became the I.M.C.C. K2
operation. ’

The study described in this report was carried out
around the |.M.C.C. K2 plant and is concerned with the
disposal of both the solid and liquid wastes and their effect
on the environment. The study was started during the
summer of 1967,

OBJECTIVES

The objectives of this research project were

1. To study the effects of the waste disposal basin on the
groundwater regime

2. To evaluate the long-term effects of the waste disposal
basin on both the groundwater and surface water re-
sources in the area

3. To determine if and when remedial measures must be
taken to limit the spread of subsurface pollution

4. To recommend possible alternative solutions to the
waste disposal problem around potash mines.

LOCATION OF STUDY AREA,
PHYSIOGRAPHY, AND CLIMATE

The study area, which includes the I.M.C.C. K2 waste
disposal basin, is located approximately 8 miles (14 km)
east of the town of Esterhazy in southeastern Saskatchewan



(Fig. 1). The area is located within the Assiniboine River
Plains physiographic division (Acton et a/., 1960). Regional
drainage in the area is through several northwest-southeast
trending creeks. These creeks discharge into the Qu’Appelle
River, which in turn discharges into the Assiniboine River
system. The topography is level to gently rolling and con-
tains numerous temporary and permanent sloughs.

The waste disposal basin at the . M.C.C. K2 mine is lo-
cated approximately 1 mile (1.6 km) west of Cutarm Creek.
Cutarm Creek valley, a relatively wide and flat-bottomed
glacial mettwater channel, is the only significant topogra-
phic feature in the area. The elevation of the terrain around
the K2 plant is about 1650 ft (502 m) above mean sea level,

whereas the bottom of Cutarm Creek valley is at 1510 ft
{460 m) above mean sea level. The maximum relief in the
area is approximately 140 ft (42 m).

The climate for the area is classified as a Dfb or *’Cold
Forest”’ climate - (Richards and Fung, 1969). Annual pre-
cipitation as measured at the Broadview meteorological
station, which is located approximately 40 miles (64 km)
southwest from the study area ranges from 9 to 27 in.
(229 to 682 mm) with an average of 17.5'in. (445 mm) per
year. Most of the annual precipitation, 50 to 70 per cent,
occurs during the summer season. The temperatures$ range
from +109°F to -50°F (+43°C to -46°C) with a mean of
+35°F (+1.7°C). '
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Prairie Evaporite Formation

GENERAL STRATIGRAPHY

The Prairie Evaporite Formation is part of the Upper
Elk Point -Subgroup of Middle Devonian age. The Upper
Elk Point Subgroup is continuously present in the sub-
surface over a wide area that extends from North Dakota
northwestward through Manitoba, Saskatchewan, Alberta,
and into t\he No‘rthwgst Territories. The Upper Elk Point
Subgroup consists of a cyclical carbonate and evaporite
sequence with thin clastic beds. The carbonates are com-
monly reefoid (Grayston et al., 1966). The sediments were
laid down in a continuous basin. Present limits are erosional
(pre-Cretaceous in the northeastern part of the basin and
pre-Jurassic in that part of the basin located in southern
Manitoba and adjacent parts of North Dakota)} or deposi-
tional. Since deposition considerable removal of the salt
beds by solution has taken place along the edges and within
the basin, resulting in salt collapse structures (Grayston
et al., 1966; Holter, 1969; Christiansen, 1967, 1970, 1971b;
van Everdingen, 1971).

The Upper Elk Point Subgroup copnsists, in ascending
order, of the Winnipegosis:Keg River Formations, the
Prairie Evaporite and Muskeg Formations, and the Dawson
Bay Formation. The Winnipegosis-Keg River interval is
composed of reef and non-réef carbonates ranging from
less than 50 ft (15 m) thick in the inter-reef areas to more
than 600 ft (180 m) in the thickest reef sections (Grayston
et al., 1966). The Prairie Evaporite and Muskeg Formations
overlie the Winnipegosis-Keg River carbonate sequence.

- The formations range up to 1000 ft (305 m) thick, filling

in the depressions between the Winnipegosis and Keg River
reefs and forming a cover up to 250 ft (75 m) thick over
the highest reefs. These formations consist predominantly
of evaporites and are known as the Prairie Evaporite Forma-
tion in central Alberta, Saskatchewan, and North Dakota
(Bailey, 1953) and Muskeg Formation in naorthern Alberta
and the Northwest Territories (Law, 1955). The distribu-
tion of the Prairie Evaporite Formation in Alberta, Saskat-
chewan, and Manitoba is shown in Figure 2. The Prairie
Evaporite Formation consists essentially of halite {NaCl),
and only in the top 100 to 200 ft {30 to 60 m) of the
section near the centre of the basin located in Saskat-
chewan, Manitoba, and North Dakota do potash beds inter-
bedded with halite occur (Grayston et al., 1966; Holter,

CHAPTER 2

1969). Sylvite (KCI) and carnalli‘te {KCl MgCl;-6H,0) are
the most common potash minerals present. '

Three main potash-bearing beds are recognized in the
upper part of the Prairie Evaporite Formation in Saskat-
chewan. These are named in ascending order the Esterhazy,
Belle Plaine and Patience Lake Members (Fig. 3). Interven-
ing halite units are unnamed and contain little or no potas-
sium mineralization (Holter, 1969).

The Prairie Evaporite Formation is overlain by the
Dawson Bay Formation. This formation attains.a maximum
thickness of 240 ft (72 m) in southeastern Saskatchewan.
In the areas where the Dawson Bay Formation is thick,
three units can be recognized: a basal clastic unit (““Second
Red Beds”), a carbonate sequence, and an upper unit com-
prising evaporites (Lane, 1959). The “Second Red Beds”
consist of thick-bedded red and green dolomitic shales.
This unit directly overlies the Prairie Evaporite Formation.
The contact between the two formations is generally grada-
tional except in those areas where the Prairie Evaporite

. Formation has been removed by solution. In these areas

the ““Second Red Beds" rest directly on the Winnipegosis
Formation.

At I.M.C.C. Ltd. potash ore is being mined from the
Esterhazy Member. The Patience Lake Mermber is not pres-
ent in this region and appears to have been removed by
erosion. The second potash ore zone is present but imme-
diately underlies the “Second Red Beds’’ of the Dawson
Bay Formation. Mining of this potash ore bed is not con-
sidered because it could result in fracturing of the overlying
formations caused by subsidence, which would lead to water
inflow problems in the mine. The Esterhazy Member lies .
approximately 100 ft (30 m) below the shales of the “Se-
cond Red Beds”. The ore mined at Esterhazy is sylvinite
{(a mechanical mixture of halite and sylvite). The ore is
low in insoluble content but contains carnallite in some
areas. In ofe with low carnallite content, milky halite crys-
tals occur in a groundmass of clear waxy sylvite. Carnallite,
where present, fills interstices betweén halite and sylvite
crystals and also fills fractures in the ore bed. The in-
soluble material consists of finely divided dolomite, an-
hydrite, and clay (Keys and Wright, 1966; Wardlaw, 1968;
Baar, 1972).



RELATIONSHIP BETWEEN ORE AND
WASTE PRODUCTS

The volume and type of waste produced during the
mining and refining of potash ore is a function of the type
and grade of ore, the depositional environment, and pene-
contemporaneous and post-depositional changes in the ore
beds.

The bulk of the waste is directly related to the type
and grade of ore. Two end members can be recognized in
the type of ore. These are sylvite and carnallite, which
contain 63.2 per cent and 16.9 per cent K, O equivalent
respectively‘. The ore that is present in Saskatchewan does
not consist of the end members only, but is composed of a
mixture of sylvite and/or carnallite and halite. Thus far, all
mining activity in Saskatchewan has concentrated on those
areas where the ore is primarily sylvinite and has no or only
a low carnallite content. !n addition to a much lower K, O
equivalent than sylvite, carnallite ore has another disadvan-
tage because it contains MgCl,, which is undesirable in the
finished end product and must be removed. This is readily
achieved by selective solution, but as a result, larger volu-
mes of waste brine are produced than during the processing
of sylvinitic ore. Since carnallitic ore prevails and constitutes
the major resource for potassium in the Prairie Evaporite
Formation, a shift toward the mining of carnallitic ores will
be inevitable in the future {Baar, 1977, pers. comm.). This
will result in waste brine volumes far exceeding present
levels of brine production per ton of KCI produced.

Another source of waste, albeit a minor one, which, like
the grade and type of the ore, is determined by the original
depositional environment, is the insolubles. The insofubles
consist primarily of clays and minor amounts of anhydrite,
gypsum, quartz, and cérbonate minerals (Streeton, 1967).
The clays are either interspersed with the ore or they occur
as discrete thin layers in the ore bed. The other minerals
generally occur interspersed with the ore. If the location of
the mines in Saskatchewan is considered with respect to
type of ore and insoluble content, then it can be seen that
the ore in southeastern Saskatchewan contains approxi-
mately 1-5 per cent carnallite, whereas the ore mined by
the various companies in central Saskatchewan is essentially
free from carnallite but contains a higher percentage of
insolubles (Holter, 1969; Baar, 1972).

Although the bulk of the waste is determined by the
type and grade of the ore, additional sources of waste
within the ore bed have been created by penecontempo-
raneous and post-depositional processes. In both cases the
processes have resulted in the formation of barren zones,
primarily composed of halite, within the ore.

The penecontemporaneous changes in the ore bed are
the result of the effect of surface water or groundwater
flow (undersaturated brine) on existing deposits of eva-
porites. These are

1. erosion of the ore bed during periods of exposure, and
subsequent deposition of halite in eroded areas;

2. leaching of ore beds just after their deposition by in-
flowing diluted brines;

3. leaching of carnallite beds below the sylvite-bearing beds
shortly after deposition.

With respect to point 3 the following comments can be
rhade. Conversion of carnallite to sylvite by infiltrating
brines is accompanied by a volume reduction in the rock
mass of approximately 50 per cent. Subsequent collapse or

subsidence of the overlying salt and potash beds in the

leached area will result in considerable disruption in the
continuity of the overlying potash beds. For a more de-
tailed description of the above phenomena the reader is
referred to a report by Baar (1972).

Post-depositional changes, caused by deep ground-
water flow systems, have resulted in considerable removal
of salt and subsequent collapse of the overlying strata. In
many areas the entire section of the Prairie Evaporite
Formation has been removed (Holter, 1969; Baar, 1972;
Christiansen, 1971b; Gendzwill and Hajnal, 1971). A num-
ber of documented cases are present where blocks of the
overlying formations have been found within the potash
mining horizon in these solution areas (Baar, 1972).

Depending on the size of the barren zones as well as
their distribution and frequency, many of the smaller ones
have to be mined for technical and economic reasons and
the waste salt thus obtained is transported with the ore to
the surface.



Waste Disposal Techniques

In addition to the volume of waste generated during the
milling and refining of the potash ore three other sources
can be recognized. These are: “wash’’ water in the mill;
shaft water, and spent mill chemicals. All wastes from these
various sources are discharged in a waste disposal basin.

Figure 4 summarizes the origin and kind of wastes.

Table l Chemical Composition of Brine (Sept. 2,1972).

Parameter Concentration

Specific conductance (umhos/cm) 264 000

pH (units) 7.6
Density (g/cm®) 1.19
Ca (ppm) . 1980

Mg 7 940

Na 88 500

K . 39500
HCO3 120
SO, 2100

Cl 200 000

Fe . <0.02
Mn 8.4
Pb 0.018
Cu 0.012
Zn 0.045
F . 0.1
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The waste, both liquid and solid, from the mill and
other sources is pumped as a slurry into the waste disposal
basins. The waste disposal basins consist of artificially con-
structed lagoons and/or natural depressions. Figure 5 shows

" the waste disposal basin at 1.M.C.C. K2 plant, which is of

the constructed type. The solid particles in the slurry build
“alluvial’’ fans above and deltas below the brine level from
the point of discharge in the wasté‘disposal basin. A chemi-
cal analysis of the brine in the waste disposal basin at
I.M.C.C. K2 is shown in Table 1.

Waste volume production is in the order of 1.5 tons of

solid waste per ton of finished product, and 20 to 40 gal-

lans of brine per ton of ore milled. The size of the individ-
ual disposal lagoons fanges from 400 to 1000 acres {160-
400 ha).

In addition to the storage of waste in disposal lagoons
most mines alse use deep-well injection to reduce the vo-
lume of liquid waste (Dennison and Simpson, 1973). The
disposal formations are all located below the Prairie Evapo-
rite Formation. Injection rates range from 150 to 1200
(US) gpm (0.5-4.5 m®/min).



CHAPTER 4

Problems Related to Waste Disposal

GENERAL

in Saskatchevyan the potash industry is not allowed to
diécharge brine at any time during the year into bodies of
fresh watef. This is contrary to practices in other potash
mining districts in the world. For example, in the Werra
area in West Germany, discharge is allowed into streams
until a certain concentration level is reached (Poschke,
1965). '

The companies operating in Saskatchewan, therefore,
miust retain the waste within the boundaries of the mine
property (i.e. Wa‘sfe.. disposal basins) or dispose of part of
the waste by other means, such as backfill of solid waste in
mined-out areas (not practiced at this time), or disposal of
brine by deep-wel! injection. The biggest disadvantage of
the present waste disposal method, if no other techniques
such as deep-well injection are used to reduce the waste
voliime, is the constant need for increased storage capacity.
This means that existing lagoons will have to be expanded
constantly in future years to supply the necessary storage
space.

Besides the physical storage problem of the waste, the
waste disposal basins present a number of other problems

which have to be considered. These will be discussed briefly
in the following sections. :

EVAPORATION

Evaporation {Anonymous, 1970) in southeastern Sas-

katchewan ranges, according to a five-year average (1964-

1969), from 425 to 450 mm (16.7:17.7 in.). This amount
equals the average annual precipitation. Furthermore, tests
using class A evaporatioh pans have shown that evaporation
from brine surfaces (pans}) during the summer season
exceeds annual precipitation by a factor of 1.2:1.5 (May-
bank and Calvert, 1970). Unfortunately, results obtained
from evaporation pans are not really compatible with eva-
poration from large surfaces of water or brine (Wartena,
1974). Similar experience has been gained by the potash
industry. Originally it was thought that evaporation would
be an important factor in brine volume. reduction, however,
surface roughness, turbulence, unfavourable temperature
gradients (too great a depth in most brine ponds), and the

very high salt content of the brine have resulted in far less
evaporation than expected. Several years of operating expe-
riencé "have shown that evaporation from brine ponds
approximately equals the annual precipitation; therefore,
evaporation is no longer regarded-as a factor in the reduction
of brine volume. '

Onhe method to increase evaporation, which has not
been employed in Saskatchewan, is the use of spray sys-
tems. According to Smoak et al. (1969}, spray systems, as
used in experimental brine ponds, showed a considerable
increase in evaporation rates. The main disadvantage of the
rmethod is the possibility of driftage of droplets, which
could result in airborne transport of pollutants.

EROSION

The dykes of the brine ponds undergo severe erosion.
The dykes are buift from till and are compacted during con-

“struction. Initially, in most cases special measures, such as

riprap covers or wave breaker booms, were not taken to
protect the dykes from wave erosion. The combination of
strong winds (wind speeds of 30-60 km/hr are common),
wide open prairie with little or no protective forest cover
in the vicinity of the lagoons, the relatively large brine
storage areas, and the absence of a protective wave-breaking
cover near the dykes caused severe erosion by wave action
(Fig. 6, A and B). This problem is further aggravated by the
brine itself. The brine has an average specific gravity of
1.19, which in comparison with water not only results in -
greater impact energy of the waves on the dykes, but also
tends to keep more material in suspension, thereby further
increasing the impact energy. This combined effect has
resulted in accelerated erosion of the unprotected dykes by
wave action. Rates of erosion observed over a period of one
year are as high as 3 ft (90 e¢m) in places.

To alleviate some of the problems of dyke erosion sev-
eral methods have been used such as lining the dykes with
scrap iron and/or old cars, discarded conveyor belts, straw
bale booms, and waste salt {Fig. 7, A, B, C, and D). The
most successful of these methods is the deposition of waste
salt against the dyke. Although the exposed salt is subjected
to minor karst type erosion by rainfall, intermittent spray-
ing of the surface with brine results in precipitation of



halite in the interstices of the granular waste salt. The
““cemented’’ waste salt forms a hard crust at the surface and
wave action has little effect on the stability of this surface.
Another beneficial effect of the waste salt on the inside of
the dykes is that it reduces the surface area subjected to
brine infiltration in the immediate vicinity of the dyke.

The long-term effect of potassium-rich NaCl brines on
the montmorillonitic clays may be more serious than dyke
erosion. Montmorillonitic clays are abundant in the sedi-
ments underlying the brine and in the fill used for dyke
construction. The effect of the saturated, potassium-rich
NaC! brines on these clays is twofold. Initially, it will cause
dispersion of the clay minerals {(Baver, 1959) and subse-
quently it will induce mineralogical changes from mont-

morillonites to illites (Foscolos, 1977, pers. comm.}. In the
first instance this will resuit in a decrease in the permeabil-

ity, whereas in the second instance an increase in the

permeability can be expected. The increase in permeability
in the latter case is caused by the reduction in the original
“mineral’”’ volume that occurs during the transformation
from montmorillonite to illite.

To the writer's knowledge no detailed studies have been
conducted on the rate of change in the mineralogy, perme-
ability, and porosity of the sediments subjected to brine in-
filtration. This problem, however, warrants further study,
because a progressive increase in the permeability of the
sediments would result in higher brine infiltration: rates,
which may become environmentally unacceptable.



Regional Stratigraphy

INTRODUCTION

All waste disposal basins near the various potash mines
are underlain by glacial drift deposits of Pleistocene age.
The drift deposits comprise all sediments overlying “'bed-
rock”, which in most of southern Saskatchewan consists
of sediments such as shales, clays, silts and sands of Upper
Cretaceous age. The drift deposits comprise till, clay, silts,
sand, gravel, and various admixtures, depending on the
mode of deposition. The thickness of the drift deposits
varies from less than 1 ft (30 cm) to greater than 1000 ft
(300 m). The aquifers and aquifer systems within the
Pleistocene section are the most important units within
the section: Not only do the aguifers constitute potential
freshwater resources of great magnitude, they also re-
present the permeable paths for migration of pollutants in
the shallow subsurface (Meneley, 1965, Vonhof, 1975a).
Since almost all surface water bodies receive a considerable
volume of water through discharge from these aquifers
(Weyer, 1972, 1973; Fritz et al., 1976), pollutant transport
into the aquifers will not only contaminate the subsurface
freshwater resources, but would eventually also lead to
pollution of surface water.

The origin of the aquifers, their position in the section,
areal extent, development, type and uniformity of sedi-
ment, and interrelationship is directly related to the glacial
history of the Pleistocene Epoch. Because of the lack of
surface exposures, extensive drilling programs, both on a
regional and local scale, are necessary to obtain the data to
define the complex stratigraphic relationships and to corre-
late the various lithologic units within the Pleistocene sec-
tion. In addition to the information on the Pleistocene
section, data on the underlying bedrock, in terms of type
of sediment, preglacial topography, structural pattern,
etc., have to be considered because of their effect on de-
positional and erosional pattern during Pleistocene time.

Excellent studies. on the regional Pleistocene strati-
graphy were conducted by Christiansen (1967, 1968a,
1968b, 1969, 1972). These studies greatly facilitate the
correlation of local and regional stratigraphy.

The regional stratigraphy and bedrock topography
of the area under study (Plate 1) was determined by using
data collected by the Saskatchewan Research Council
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(Christiansen, 1971a; Cherry and Whitaker, 1969), the
Geological Survey of Canada (Klassen, 1972}, consultants’
published (Beckie and Balzer, 1970) and unpublished re-
ports, Saskatchewan Water Resources Commission (Ano-
nymous, 1964-1967), Saskatchewan Department of En-
vironment (Anonymous, 1968-1975), testhole information
from wildcats (oil industry) and potash exploration pro-
grams, and from testdrilling programs conducted by the
inland Waters Branch, Environment Canada, in 1968, 1969,
1970, 1971, and 1973.

The size of the area considered for the regional strati-
graphy is approximately 2500 square miles (6500 km?).

REGIONAL BEDROCK STRATIGRAPHY
AND TOPOGRAPHY

The regional bedrock stratigraphy is shown in the cross
sections on Plate 1. As can be seen, the various formations
dip gently toward the southwest. The sediments of the
Swan River Group of Lower Cretaceous age are composed
of sand, clay, carbonaceous shale, and, locally, coal. The
Swan River Group has created considerable difficulties
during shafting operations for the various potash mines
because it is a good aquifer; which upon penetration caused
a number of shafts to flood temporarily. The Swan River

- Group is overlain by the Ashville Group, which consists

primarily of shale. The upper beds of the Ashville Group
are considered to be of Upper Cretaceous age {Wickenden,
1945). The Favel Formation, which overlies the Ashville
Group, comprises shales, impure limestones, and bentonite
beds. Because of its varied composition in comparison to
the over- and underlying formations, the Favel Formation
can be easily recognized on geophysical logs and is an ex-
cellent stratigraphic. marker in this area. The Favel Forma-
tion is in turn overlain by the Vermillion River Formation
of Upper Cretaceous age. The latter formation consists
primarily of shales. The youngest formation of Upper
Cretaceous age present in the area is the Riding Mountain
Formation. This formation overlies the Vermillion River
Formation and unconformably underlies the Pleistocene
sediments. The upper beds of this formation outcrop in
the area, in the Qu’Appelle and Assiniboine river valleys.
Near the top of the Riding Mountain Formation a distinct
hard siliceous shale can be found, which is called the



Odanah Member. The distribution of this member is res-
tricted to an area along the Qu’Appelle valley between
Esterhazy and Rocanville (Christiansen, 1972). The refer-
ence section for this bed is located in Isd. 14, sec. 5, T. 18,
R. 33, W 1 mer., in the southern part of the area (Wright,
1972). The Odanah Member appears to have undergone
considerable shearing and thrusting during Pleistocene time
as indicated by Christiansen (1971a, 1972). Where the
siliceous shale of the Odanah Member is subjected to ero-
sion by surface water, it forms distinct deposits of shale-
pebble gravel in the stream beds. The Odanah Member is
absent in the vicinity of the 1.M.C.C. K2 potash plant
(Christiansen, 1971a); however, the presence of thick beds
of shale-pebble gravel in the fill of glacial valleys cut into bed-
rock, which drained in the direction of or parallel to the
present-day contact configuration of the Odanah Member,
suggests the following possible sources of origin. First, the
areal extent of the Odanah Member could have been much
larger during pre-Pleistocene time and considerable erosion
of the member took place during Pleistocene time, pro-
viding the shale pebbles. Secondly, the shale-pebble gravels
could represent reworked pre-Pleistocene alluvial and/or

~ colluvial deposits, or, thirdly, the siliceous shale pebbles in

the valley fill could have been derived locally. Since the
base level of these glacial valleys is several hundred feet
below the contact of the Odanah Member, this would imply
that siliceous shales are not restricted to the Odanah Mem-
ber only, but also occur in older sections of the Riding
Mountain Formation.

Although the Riding Mountain Formation is described
as primarily composed of shales and clays, during the drill-
ing program conducted in the vicinity of the |.M.C.C. K2
potash plant several thick sections, up to 75 ft (25 m)
thick, of silt and very fine grained sand were found. Micro-
fauna coliected from these sections seem to indicate that
these beds are correlative with the upper part of the Pakowki
Formation in western Saskatchewan (Caldwell, 1976, pers.
comm.).

The very fine grained nature of the sediments in the
Riding Mountain Formation strongly suggests that the
pre-glacial topography was a badland type of topography.
On a gross scale this is reflected in the bedrock topography
as shown in Plate 1, which is characterized by uplands and
valley systems. The pre-Pleistocene bedrock surface. has
been strongly modified by glacial erosion. In addition,

dissolution of the Prairie Evaporite Formation by deep
groundwater flow systems has resulted in salt collapse
features, which locally have caused the formation of major
depressions in the bedrock surface. Studies of the bedrock
stratigraphy in this area show that salt collapse occurred in
post-Cretaceous time and during the Pleistocene Epoch
(Christiansen, 1971a, 1971b, 1972).

The valley systems shown on the bedrock surface in
Plate 1 are part of the regional Hatfield Valley system
(Christiansen, 1971a, 1972). The Hatfield Valley is one of
the major glacial meltwater valleys in Saskatchewan, run-
ning from the northwestern part to the southeastern part
of the province. The Hatfield Valley is a major aquifer
and in this area it functions as a major subsurface drain
which collects water from a large area and diverts it into
the Qu’Appelle Valley (Christiansen, 1972). In the eastern
part of the area (Plate 1) it most likely also supplies water
to the Assiniboine river system. The cross sections on
Plate 1 show that the fill is highly irregular: in places the
fill is primarily till, whereas in other parts of the area it
consists of thick beds of well-sorted sand and gravel. The
considerable variation in fill and rapid facies changes are
also indicated by several areas with flowing wells. The
I.M.C.C. K1 plant near Yarbo obtains all its water, 450-650
Igpm (2000-2900 1/m), from these aquifers. No appreciable
decline in the static level or increase in drawdown has
occurred since these wells vere first operated in 1962.

Drift thickness in this area varies from less than 1 ft
(0.3 m) to 450 ft (135 m). The thin drift cover occurs
in the bedrock upland area in the vicinity of the Qu’Appelle
Valley, .whereas thick drift sections are present in salt
collapse areas and bedrock valleys.

SURFICIAL FEATURES

Most of the area under investigation (Plate 1) is charac-
terized by ridged ground moraine with a relief of 5 to 15 ft
(1.5-4.5 m). Flutings are present northeast of the |.M.C.C.
K2 potash plant. The southeastern part of the area is
characterized by a sand plain, the Welby Sand Plain, which
was formed in an interlobe area (Christiansen, 1972).

" Kaposvar, Cutarm and Deerhorn Creeks are southeasterly

trending meltwater channels.



CHAPTER 6

Stratigraphy of .M.C.C. K2 Potash Mine Disposal Basin

INTRODUCTION

Once the regional stratigraphic setting of the Pleisto-
cene drift deposits and the bedrock sediments was deter-
mined, the in\iestigation was focused on asmall area, approx-
imately 6 square miles (15 km?2) in size, in the vicinity of
the disposal basin. A total of 96 testholes were drilled in
this area (Plate 2), 15 of which were drilled for and funded
by I.M.C.C. Lid. The latter testholes are all located in sec.

28, T. 19, R. 32, W 1 mer., and were drilled to determine.

the suitability of this area for future brine pond expansion
{Vonhof, 1970). Because of yearly funding limitations the
testdrilling program was conducted over the period 1969
to 1973. ‘

The regional setting showed that the |.M.C.C. K2 waste
disposal basin was located on the northern flank of a bed-
rock upland. Furthermore, information available up to the
end of 1968 suggested that a buried valley was present

southeast of the existing waste disposal basin (Fig. 8).

Based on this information, a testdrilling program was con-
ducted during the summer of 1969 to prove the existence
and location of this buried valley and its relationship to the
sediments in the vicinity of and below the brine pond. A
total of 41 testholes were drilled, with an average spacing
of approximately 0.25 miles (400 m). The results are shown
in Figure 9. As can be seen in Figure 9, the bedrock topo-
graphy differs considerably from that determined from the
regional setting (Fig. 8). Not only is the buried valley south
of the brine pond nonexistent, but the true position is
found to be under the brine pohd. Considerable difficulties
were experienced in the definition of the position of this
buried valley immediately east of the brine pond, because
of terrain conditions (soft, muddy, swampy) during the
drilling program conducted in the summer. To overcoine
this problem of mobility, further drilling programs were
conducted during the winter. No major time loss was expe-
rienced as a result of climatic conditions. Only a few days,
when the temperature dropped below -30°C or when bliz-
zard conditions occurred, were lost. During the winter of
1969-1970 an additional 40 testholes, including 15 test-
holes drilled for I.M.C.C. Ltd., were completed. The results
of this drilling program are shown in Figure 10. A compari-
son of Figures 9 and 10 shows the existence of a second
eastwest trending buried valley under the northern part of
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the brine pond. This valley, immediately west of the brine
pond, is only 1000 ft (300 m) wide and approximately 250 ft
{75 m) deep. There is a considerable difference in the fill
between the two buried valieys. Details of this difference
will be discussed in one of the following chapters.

An evaluation of the fill characteristics in the east-west
trending main buried valley in the vicinity of Cutarm Creek
and the projected valley gradients of the second buried
valley under the centre of the brine pond suggested that
two types of valleys cut into bedrock were present in this
area. In order to prove or disprove these suspicions a fur-
ther 10 testholes were drilled during the winter of 1970-
1971. An additional five testholes were drilled during the
winter of 1972-1973 northwest of the brine pond to better
define the position of the buried valley in this part of the
area. The results of the final phase of subsurface data col-
lection are shown in Figure 11 and Plate 2. The major dif-
ference between Figures 10 and 11 is that the northern
buried valley, instead of draining toward the east-northeast,
drains toward the west. Furthermore, the confluence of.
the two buried valleys is essentially under the brine pond.

Based on the experience gained during the data-gather-
ing process and the drastic changes in the perceived con-
figuration of the bedrock topography with each increase in
information, and taking into account that in most cases
budget restraints predetermine the number of data points,
the writer offers the following suggestions which may aid
in future exploration programs in similar geological set-
tings:

1. |f problems with mobility are expected in summer dril-
ling programs, drilling can be done in the winter, after
freeze-up

2. A reconnaissance testdrilling program should be con-
ducted to obtain preliminary information on the type
and distribution of Pleistocene drift deposits and bed-
rock sediments and on the bedrock topography. With
this information, for example the type of bedro_ck sedi-
ments and the relief, a fair idea of the preglacial type of
erosion and, consequently, landfofm can be obtained. In
case of badland topography, analogies with present-day
exposed surfaces can be made and based on studies of
valley width versus depth; in thesé areas estimates can be
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made of the testhole spacing required for the detection
of these valleys in the subsurface. Furthermore, the
preliminary information on the local relief of the bed-
rock surface in relation to regional features, in combina-
tion with glacial process models (Clayton and Moran,
1974), should provide insight into the type of processes
which may occur and the type and distribution of sedi-
ments which could be found. Once this information is
available, the appropriate drilling program can be de-
signed to obtain the necessary information to properly
define the geologic model in the area.

The distribution of testholes in this area is such that the
position of the buried valleys in the immediate vicinity of
the waste disposal basin is reasonably well defined. How-
ever, if the area in section 26, T. 19, R. 32, W 1 mer. is
cdnsidered, the testhole density is insufficient for proper
definition, and conclusions with respect to distribution of
sediment and evolution of the Pieistocene geological model
for this part of the area are based mainly on conjecture.
With respect to pollutant movement in the buried valley
system, the lack of data in this area is not considered too
serious, because if brine movement. is detected in the buried
valley east of the pond, remedial measures should be taken
tong beforethe brine reaches this area.

The results of the geological investigation are shown as
the bedrock topography (Plate 2}, six cioss sections
{Plate 3), sand and gravel isopach map (Plate 4), and total
till isopach (Plate 5).

RIDING MOUNTAIN FORMATION

The Riding Mountain Formation underlies unconform-
ably the Pleistocene drift deposits in the area. Outcrops
of the formation occur approximately 0.75 miles (1.2 km)
south of the Highway 22 in the valley walls of Cutarm
Creek. Outcrops were also found in the valley walls near the
dam during its construction in the northeast part of the
area. Subsequent slumping has obliterated these occur-
rences. :

The Riding Mountain Formation comprises primarity
non-calcareous, gray (5Y, 5/1}*, unoxidized mudstone and
clay. In places large siliceous concretions are present. With-
in the clay section the formation contains beds of very fine
grained, silty, greenish gray (5GY, 5/1), non-calcareous to
slightly calcareous sands. The very fine grained sands and
silts are common in the western part of the area (west of
sections 26 and 35, T. 19, R. 32, W 1 mer.). The position of
these beds has been indicated on cross sections E-E’, F-F’,

*Munsell Colour Code, dry samples.

and H-H' (Plate 3). The contacts with the overlying and
underlying clays are gradational and the contacts shown in
the cross sections stiould be considered as such. The thick-
ness of these beds varies from 10 to 90 ft (3-27 m). In the
eastern part of the area it appears that most of these beds
have been removed by erosion.

PLEISTOCENE STRATIGRAPHY

The Pleistocene drift deposits comprise tills and fluvial
sediments. Two tills are recognized in the area. According
to Christiansen (1968a, 1971b, 1972), the tills in most of
Saskatchewan can be-divided into the Saskatoon Group and
the older Sutherland Group. The tills in these groups can
be differentiated and correlated on the basis of their total
carbonate content. The tills in the Sutherland Group in-
variably have a total carbonate content approximately 30
per cent less than the tills in the Saskatoon Group. The total
carbonate content in the tilis of the Saskatoon Group varies
from a mean content of 41.6 ml/g {m! CO; gas evolved
upon testing, per gram of sample) in the Saskatoon area
(Christiansen, 1968b) to 41.3 ml/g in a section from Saska-
toon to Echo Lake, Qu'Appelle Valley (Christiansen, 1972)
to 52 ml/g néar Cratér Lake, south of Yorkton (Christian-
sen, 1971b). The corresponding mean total carbonate
values for the Sutherland Group are 26.7, 30.4, and 35
ml/g, respectively. According to Christiansen (1972), the
variation in the total carbonate content in both groups can
be attributed to systematic. areal differences, which most
likely relate to differences in source areas for the tills.
Christiansen (1968a) has shown that the Saskatoon Group
could be further divided into the Battleford and Floral

:Formations. The till of the Floral Formation is hard and

generally jointed and stained, whereas the Battleford Form-
ation is typically soft, friable, and unjointed. According to
Christiansen (1972), there is no consistent difference in
total carbonate content between tills of the Floral and Bat-
tleford Formations.

To determine the total carbonate content in the tills,
240 sidehole cores from 17 testholes were analyzed by the
Saskatchewan Research Council; 87 samples were from the
upper till and 153 samples from the lower till. The méan
total carbonate content in the upper till is 31.5 ml/g with a
standard deviation of £ 3.1 ml/g, whereas the lower till has
a mean value of 45.3 * 6.0 mi/g (Fig. 12). The mean value
for both tills combined is 40.1 ml/g. If these values are
compared with those published by Christiansen (19683,
1968b, 1971b, 1972), then both tills in the area under in-
vestigation belong to the Saskatoon Group. Furthermore,
based on the physical characteristics of the two tills, it is
reasonable to assume that the upper till is equivalent to
the till of the Battleford Formation and the lower till is
correlative with the till of the Floral Formation.
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The difference in total carbonate cont_ént between the
Battleford and Floral Formations would seem to indicate
that in this area a significant difference exists in the total
carbonate content between the two tills, which contradicts
the conclusion reached by Christiansen (1972). However,
a close examination of the carbonate profiles in the test-
holes (see for example cross section F-F', I1', and J-J',
Plate 3) shows that the major shift in carbonate content
‘does not correspond to the position of the contact between
the two tills in most testholes. Rather, it coincides much
more closely with the change from oxidized to unoxidized
till in the Floral Formation. It appears, therefore, that the
lower total carbonate profile in the Battleford Formation
and in places in the upper part of the Floral Farmation
could be the result of post-depositional weathering, or the
source for the till in the Battleford Formation was mainly
weathered Floral Formation. If the total carbonate profiles
in testholes with multiple till beds and thick till sections
are examined (testholes 7, 18, 19, and 35), it appears that
no tills of the Sutherland Group are present in the area.
Only two samples near the base of the till section, testholes
9 and 21, showed total carbonate contents less than 30 rhl/g,
however, each sample in both testholes was taken immedi-
ately above the Riding Mountain Formation. The lower
carbonate content in these samples is most likely caused by a
high percentage of non-calcareous bedrock sediment in
the till.

Battleford Formation

The Battleford Formation comprises friable, oxidized,
calcareous, sandy and silty till. The thickness varies from
6 to 17 ft (2-5.5 m) and averages 10 ft (3 m). The contact

with the underlying Floral Formation more or less parallels -

the present surface.

Floral Formation

The Floral Formation, which underlies the Battleford
Formation, consists of oxidized to unoxidized, calcareous,
hard, pebbly till. The upper part of the formation is oxi-
dized and the thickness of the oxidized zone ranges from
8 to 20 ft (2.5-6.5 m). The Floral Formation is generally
fractured with fractures extending at least 30 ft (10 m)
below the contact with the overlying Battleford Formation.
The fractures can be easily recognized because. their sur-
faces are always more oxidized than the matrix (Fig. 13).
Excellent examples of fracture patterns were found and
measured in two borrow pits within the northern part: of
the brine pond (NOTE: the northern half of the brine pond
was still under construction when this investigation started,
and the patterris were measured prior to flooding). Addi-
tional patterns were measured in road cuts during the
construction of new approaches into Cutarm Creek from
Highway 22. The results of these measurements are shown
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in Figure 14. In all -locations well-developed fracture
patterns were found. There is a considerable difference in
the density of the fractures, as shown by the plan views,
between the Cutarm Creek locality and the borrow pits.
Polar projections of the fracture traces show that in both
localities orthogonal sets of near vertical fractures are pre-
sent. A reasonably well developed set of near horizontal
fractures is also present in the borrow pit sections. The
significance of the fractures in terms of groundwater flow
and, consequently, pollutant transport will be discussed in
detail in another section of this report.

The thickness of the Floral Formation varies consi-
derably. This is illustrated in the total till isopach map
(Plate 5) and the cross section in Plate 3. Although the map
shows the combined till thickness of the tills of both the
Battleford and Floral Formations, since the thickness of
the Battleford Formation can be considered uniform, this
map shows mainly the variation in thickness of the tills of
the Floral Formation. As can be seen in Plate 5, the thick-
ness of the total till section in most of the area is less than
50 ft (15 m) and, consequently, the thickness of the Floral
Formation is less than 40 ft {12 m). Two areas, however,
show a considerable deviation. One is the buried valley
under the central part of the brine pond where the Floral
Formation thickens to 150 ft (45 m). The other is the
buried valley system east of the brine pond, in the east half
of section 27 and southwest quarter of section 35, T.19,
R. 32, W 1 mer., where the tills of the Floral Formation
reach a combined thickness of 250 ft (75 m). Also in this
part of the area the thickness of the tills outside the buried
valley system is greater than in the western half of the area
under investigation. :

FIu"Vial Deposits

The fluvial deposits comprise silt, sand, polymict gravel,
and gravel that consists mainly of siliceous shale pebbles.
Generally, the indiVi\dual beds are well sorted and the par-
ticles subangular to subrounded. The sand size ranges from
very fine to very coarse with medium sizes predominating.
The gravels vary in size from 2 to 40 mm. The shale-pebble
gravel beds consist of subrounded to rounded siliceous shale
fragments which were derived from the Riding Mountain
Formation. The pebbles range in size from 2 mm to at least
50 mm. The shale pebbles are generally embedded in a
sandy matrix. Furthermore, several of the very coarse
grained sands consist entirely of rounded to well-rounded
shale particles.

The fluvial deposits occur mainly as extensive valley
fills (cross sections E-E', F-F', G-G', H-H', I.I', and J-J',
Plate 3). In most of the area west of sections 26 and 35,
T. 19, R. 32, W 1 mer., the deposits rest unconformably



on the Riding Mountain Formation and underiie the tills
of the Floral Formation. East of sections 27 and 34, T. 19,
R. 32, W 1 mer., the fluvial deposits occur as thin discon-
tinuous (?) layers and lenses interbedded with till layers of
the Floral Formation. Minor occurrences of fluvial deposits,
lenses, and thin discontinuous beds are present at the con-
tact between the Battleford and Floral Formations.

The thickness of the fluvial deposits below and within
the Floral Formation is shown in the sand and gravel iso-
pach map (Plate 4). As can be seen in Plate 4, thick deposits
of fluvial sediments are present in the buried valley under
the northern part of the brine pond and in part of the
northwesterly trending buried valley located in section 27,
T. 19, R. 32, W 1 mer., east of the plant site. Thicknesses of
150-200 ft (45-60 m) are common in these areas. The thick-
ness of the fluvial deposits in the buried valley located
under the central part of the brine pond, the reach of
buried valley near Cutarm Creek and the eastern part of the
northwesterly trending valley in sections 26 and 27, 7. 19,
R. 32, W 1 mer., differs markedly from the other portions
of the buried valley system. In these areas fluvial deposits
are more haphazard in distribution and the thicknes_s‘varies
greatly. A comparison of Plate 4 with the total till isopach
map (Plate 5) shows essentially a mirror image. The most
significant change from a hydrologic point of view occurs
in the reach of buried valley near Cutarm Creek (cross
sections I-1’ and J-J’, Plate 3). Not only does the continuity
of the fluvial deposits change in this area but also the
degree of sorting and uniformity of the sediments. The
sections in this area are characterized by rapid vertical
facies changes, inclusion of till and shale fragments in the
fluvial deposits and a generally unsorted appearance. Corre-
lation and extent of individual sand and gravel beds in this
area, as shown on the cross sections, is completely hypo-
thetical and for illustrative purposes only. A much more
detailed drilling program would be required to resolve the
stratigraphic complexities in the geological model in these
areas.

in many parts of the buried valley system colluvial de-
posits occur near the bedrock surface. These deposits are
composed of unsorted admixtures of angular shale frag-
ments, sand, and gravel.

EVOLUTION OF BEDROCK TOPOGRAPHY AND
DEPOSITIONAL HISTORY

It is apparent, if the distribution and type of Pleisto-
cene sediments are considered, that two generations of
bedrock valleys are present in this area, i.e. preglacial and
glacial in origin. It appears that the bedrock valley under
the central part of the brine pond which shows closure
west of the brine pond in sections 28 and 33, T. 19, R. 32,

W 1 mer., is preglacial in origin. Similarly, part of the north-
westerly trending valley in sections 26 and 27, T. 19, R. 32,
W 1 mer., is thought to be preglacial in origin, although the
latter valley has undergone considerable change during
Pleistocene. time. Both valleys drained the upland and their
confluence was most likely in the northeasterly corner of
section 27, T. 19, R. 32, W 1 mer., from where the joint
valley continued in a northeasterly direction towards the
present position of Cutarm Creek. During glaciation several
events occurred which led to the formation of a newly cut
valley. The new valley used part of the existing valley sys-
tem—the portion of the buried valley system filled with
thick deposits of fluvial sediments. It is unfortunate that
no tills or other sediments are present in the area below the
fluvial deposits, which would define the time stratigraphic
interval of the deposition of these fluvial deposits, however,
their occurrence under the till of the Floral Formation and
their incorporation in the tills of the Floral Formation in
the eastern part of the area definitely indicates that the
fluvial deposits are older than the tills. They may, however,
still have been deposited during the glacial period which
deposited the tills of the Floral Formation, because strati-
graphic relationshi‘ps in the eastern part of the area suggest
that the fluvial deposits were laid down just prior to the
deposition of the tills. If this contention is true, then the
following events must have taken place. During the advance
of the ice, drainage from the existing valley system was
blocked, resulting in considerable ponding and deposition
in the portions of the existing valley system. Simultaneous
with the upslope advance of the ice onto the bedrock up-
land considerable thrusting, accompanied by excavation,
took place in the reach of the buried valley near Cutarm
Creek. During this time the existing fluvial deposits. were
incorporated in the tills of the Floral Formation. lce
thrusting is common in those areas in Saskatchewan where
pre-Pleistocene bedrock uplands, with or without existing
valleys, were present (Kupsch, 1962; Clayton and Moran
1974; Christiansen and Whitaker, 1976).
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Concomitant with the thrusting, thick deposits of till
were deposited south of the buried valley on the west flank
of a small bedrock upland (west to southwest half of sec-
tion 26, T. 19, R. 32, W 1 mer.), partly infilling a valley.
The deposition of thick sequences of till in this location
confirms the theoretical glacial - processes proposed by
Clayton and Moran (1974). It should be pointed out,
however, that ice thrusting could also be partly responsible
for the thickening of the drift deposits in this area. During
this time the ice front appears to have been quasi stationary
and it is thought that the ‘‘glacial’’ bedrock valley was cut
as an ice marginal meltwater channel draining towards the
northwest. Its position and trend correspond to the mar-
ginal position of the ice in this area. The direction of thrust-
ing indicates a southwesterly direction of ice flow, and if
the configuration of the bedrock topography is considered
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with respect to the ice flow direction, then the marginal
position of the ice will be more or less perpendicular, i.e.
northwesterly. The proximity of the meltwater chan-
nel to a thrust zone would explain the heterogeneity of the
sediments in that vicinity (NE corner sec. 27, T. 19, R. 32,
W 1 mer.). Furthermore, a gradual increase in the degree of
sorting can be observed in a northwesterly direction along
the “‘glacial™ bedrock valley.

The preglacial bedrock valley under the central part of
the brine pond apparently was not used as a drainage path
by the meltwater. The distribution of fluvial deposits in this
valley is at least spotty in those portions that could be in-
vestigated. Its. relationship to the glacial bedrock valley to
the north is not known because its assumed confluence is
located under the brine pond and could not be investigated.
It appears-that during the period when the tills of the Floral
Formation were deposited, which was also the time when
the fluvial deposits in the ‘‘glacial’’ bedrock valley were
covered, the valley was mainly filled with till. Another
possibility is that, since the trend of this valley is more or
less parallel to the direction of ice flow, most of the fluvial
fill was removed by thrusting.

Subseqguent to the deposition of the tills of the Floral

Formation, the till of the Battleford Formation was depo-
sited. Little or no modification of the existing topography
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in most of the area occurred during the glacial period, as
is indicated by the uniformity in thickness of the Battleford
Formation. It is not known whether Cutarm Creek Valley
was formed during the retreat of the last glaciation or
whether Cutarm Creek was already in existence and re-
activated as a meltwater channel during that time.

SUMMARY

Two different tills belonging to the Battleford and
Floral Formations respectively can be recognized in the
area. No tills of the older Sutherland Group have been
found. Thick deposits of fluvial sediments are present in
most of the valleys cut into the bedrock. The age of these
deposits is not known, but stratigraphic relat|onsh|ps

~ suggest that they were deposited just prior to the tills of

the Floral Formation.

A major facies change occurs in the fill of the bedrock
valleys in the eastern part of the area, where continuity
has béen severely disrupted and modified by glacial thrust-
ing. Part of the preglacial valley system appears to have
been preserved in the area.

The major discontinuity in the buried valley fill between
the brine pond and Cutarm Creek is of utmost importance
when contaminant movement is considered.



Observation Well Network

INTRODUCTION

A total of seven observation wells were installed near
the waste disposal basin, The inside diameter of the wells
is 6.5 in. (16.5 cm), and all wells were instrumented with
continuous water level recorders with a 5 in. (12.7 cm)
diameter float. The recorder platforms are attached to the
casing. A concrete pad, 6 in. (15 em) thick, was poured
around each well, and a metal shed, 48 in. (D) x 68 in. (W)
x 65 in. (H) (that is 122 cm (D) x 173 cm (W) x 165 cm
{H)), was constructed on the pad over each observation
well. Since the water level in most of the observation wells
is near or above surface, the sheds were insulated with 2 in..
(5 ¢m) thick fibreboard and propane heaters with outside
venting were installed. Access to the wells for well mainte-
nance purposes could easily be achieved by removing a roof
panel.

Six wells were completed in the upper part of the aqui-
fer, and one well, located next to a shallow well, was com-
pleted in the lower part of the aquifer. The proximity of
the waste disposal basin to Cutarm Creek, a distance of less
than 1 mile (1.6 km), necessitated an adequate definition of
the hyﬂrological environment in the area between the waste
disposal basin and Cutarm Creek. Six of the seven wells

-were therefore installed in the main buried. valley east of

the waste disposal basin and the seventh well was located
west of the waste disposal basin. The location of the wells
is shown in Figure 15.

Accessibility of the observation well sites is poor be-
cause of wet terrain conditions. Well construction and
maintenance work were therefore conducted during the late
fall and winter months. ‘

In addition to the seven observation wells, a still well
was installed in the brine pond to record the fluctuations
of the brine level. :

WELL CONSTRUCTION

The procedures used for test drilling and well construc-
tion in the glacial aquifers were those developed over many
years by the contractor, Elk Point Drilling Ltd. {Topilka,
1967). Prior to well construction a testhole is drilled to
determine the texture, sorting, and stratification of the

CHAPTER 7

material in the completion zone. The selection of the com-
pletion interval is based on the description of the cutting
samples, the single. point resistance and spontaneous poten-
tial electrical logs, and the driller’s log. After this informa-
tion is obtained, the testhole is abandoned and, if neces-
sary, is plugged with bentonite-cement grout. The well is
then constructed within a 10-ft (3 m) radius of the testhole.
This procedure is designed to eliminate formation damage
resulting from drilling fluid entering the completion zone.

The hole for the well is drilled to the top of the comple-
tion zone. Before the casing is installed, a landing ring is
welded to the bottom of the casing. This landing ring en-
gages on the bushing at the box of the lead packer and
prevents the screen assembly from passing entirely through
the bottom of the casing. The casing is run, and the annulus
is filled with a bentonite-cement grout. After the grout has
set (about 24 hours) the completion zone is drilled out
using clean water -as drilling fluid. The water is run off to
waste rather than being recirculated during the drilling of
the completion zone. A very detailed driller’s log is kept of
the drilling character; the colour of the returning fluid (a
qualitative measure of the silt and clay content) is noted;
and samples are collected from each 1-ft (30 cm) interval
in the completion zone. After the completion zone has
been drilled, the screen assembly is made up, using screens
with the desired slot size and the necessary fittings and
blank extension pipe as the situation requires. Following
screen installation, the position of the screen is verified by
measurement with a w'eight,ed' steel ‘tape and then the
packer is swedged. The well construction details are shown
in Figures 16-22. Johnson stainless steel screens were used
in all wells.

When the screen assembly has been installed, the well
is developed. The objective of well development is to bring
a well to its maximum designed production capacity. This
is achieved by reducing the skin effect, increasing the per-
meability, and creating a natural ‘‘gravel” pack ¢lose to the
screened interval. The procedures and techniques involved
in the development of screened wells in unconsolidated
sediments are therefore designed to {Anonymous, 1966,
p. 294):

1. Correct any damage to or clogging of the water-bearing
formation occurring as a side effect from drilling (skin
effect);
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2. Increase the porosity and permeability of the natural
formation iin the vicinity of the well;

3. Stabilize the formation around the screenéd interval so
that the well will yield water free of sand, silt, etc.
(creation of natural gravel pack).

The techniques employed for the observation wells
include high-velocity hydraulic jetting in the screen, wir-lift
pumping, mechanical surging, and, in one well, hydraulic
jetting with a dispersing agent (sodium acid polyphos-
phate). At the outset, development procedures are carried
out gently to allow the sand to collapse around the screen.
As development proceeds, the energy applied to the com-

pletion zone is increased. Development is continued until .

the discharge water is essentially sand-free, sequential
hydrodynamic response tests show no further increase in
the transmissivity, and the electrical conductivity has sta-
bilized. The successful use of hydrodynamic response
testing as a means to measure the progress of well develop-
ment has been described elsewhere (Vonhof, 1975b).

OPERATING EXPERIENCE

_Each observation well was equipped with a Leupoid
Stevens Type F recorder with a weight-driven clock. The
maximum continuous recording period for this type of
) installation is 32 days. The observation well network was

operational on May 1, 1971, and recording continued until
December 20, 1975. Figure 23 shows the data recovery for
the wells in each year and the source of the record loss,
whereas Figure 24 shows a summary of the récord loss for
each well over the total recording period (1702 days) and
the magnitude and source of the record loss over the total
number of l"'ecordihg days (11 914).

Before discussing the causes of the record losses, it
should be pointed out that the regular maintenance pro-
gram consisted of:

1. replacement of the clocks once a year
2. cleaning of moving parts once a month

3. cleaning and/or replacement of pens once every 3
months

The loss of record attributed to human error refers to

those occasions when the charts were not changed on time.
With respect to observation well D {Fig. 23) additional re-
cording-days were lost because the propane heater was not
lit early enough in the fall, and since the water level in
" observation well D is approximately 7 ft above ground
level, this resulted in freezing of the water column in the
well. The record loss designated as mechanical failure con-
sisted mainly of clock failure. Although the clocks were
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replaced regularly on a yearly basis, the record (Fig. 23)
shows that a shorter replacement interval, for example,
6 months, would have been desifable for this type of clock.
Another type of mechanical failure was caused by the mal-
functioning of the thermostats on the propane heaters. This
resulted in either freezing of the well or overheating of the
well housing. The overheating caused the ink in the pen
nibs to dry up. In one instance the temperature was so high
that the plastic ink reservoir actuaily melted, The total
number of recording days lost to malfunctioning of the
thermostats on the propane heaters was in the order of 75
days, which represents approximately 10 per cent of the
record loss attributed to mechanical failure.

The record loss was worst in 1975. A number of phe-
nomena occurred in that year which were not foreseen;

1. A severe storm (small twister) destroyed the well shed at
observation well B (June, 1975). The shed was com-
pletely ripped off the foundation and the propane tank
(500 gal) located behind the shed was rolled off its
foundation blocks.

2. A change in the waste disposal practice was initiated by
I.M.C.C. during the late summer of 1975, which resuited
in very rapid rises in the water levels in the observation
wells. Loss of record was caused by insufficient free fall
space for the counterweight of the recorder. In addition,
a number of the wells, D, F, and G, overflowed.

In summary, the main source of record loss can be at-
tributed to mechanical failure of the clocks, which accounts
for approximately 70 per cent of the total number of days
lost. '

The operating performance of the still wells in the brine
pond was disappointing, to say the least. Since no still well
was present in the brine pond when this program started, a
number of makeshift installations were constructed. All of
these were built near the high brine level mark, at the time
of construction, on the inside of the dykes. As the result of
rising brine levels, the recorder housing became partially
submerged and wave action demolished the hoi.using. In
addition to ‘this inconvenience, a hest of other problems
caused loss of recording days. These were:

1. severe corrosion

2. deposition of brine films on moving parts

3. deposition of thin salt crusts on moving parts
4

. crystallization of halite between the float and the inside
of the casing, plugging of intake pipe by salt crystalliza-
tion and slime buildup, etc.




As a result of these problems the data recovery over the

period 1971 to 1976 was as follows:

1971 78.4 per cent
1972 91.2 per cent
1973 81.3 per cent
1974 59.1 per cent
1975 50.9 per cent

The overall data recovery for the period was 73.2 per
cent. :

FUEL REQUIREMENTS

As was pointed out before, six of the seven wells had
water levels close to or above ground surface. In order to
avoid freezing of the water in the casing, which could have
caused damage to the casing and would have resulted in
interruption of the hydrograph records, heaters were instal-
led in the sheds. It was hoped that sufficient heat would be
conducted downward through the concrete floor and the
casing to prevent frost from reaching the casing from the
outside. The depth of the frost line varies from 7 to 9 ft
(210 to 275 cm) below surface, depending on the climatic
conditions during each winter. No loss of record as a result
of freezing was experienced during the winter months when
the heaters were operational. The heaters used were pro-
pane heaters vented to the outside. The capacity of these
heaters was 8000 Btu/hr. The inside temperature of the
sheds was thermostatically controlled and kept at approxi-
mately 70°F (21°C). It is not known what the minimum
temperature was which would have prevented freezing of
the water in the casing. Since the area where the wells are
located is essentially inaccessible for vehicles during the
winter months, sufficient propane had to be delivered in
the fall to each well site to last for the winter and early
spring. Based on experience gained during the construction
of the wells, when the non-insulated metal sheds were
heated and propane was supplied in 100-Ib (45 kg) bottles,
it was felt that 500 gal (2270 1) of propane per well would
be sufficient. Figures 256 and 26 show the propane con-
sumption for the winters 1971/1972 and 1972/1973 re-
spectively. As can be seen in Figures 25 and 26, sufficient
propane was on site to assure continuous operation of the
heaters from the late fall to the following spring. The mean
daily temperatures in Figures 25 and 26 show that the
winter of 1971/1972 was much cooler than the winter of
1972/1973, which is also reflected in the propane consump-
tion, Of all the wells in Figures 25 and 26 well B shows the
highest propane consumption. This is caused by the loca-
tion of well B, which is on a small knoll in an open area,
whereas the other wells are much more sheitered from the
wind by bushes.

HYDRODYNAMIC RESPONSE OF WELLS AND
CHANGES WITH TIME

The hydrodynamic response of a finite-diameter well to
an instantaneous charge of water is a measure of the trans-
missivity of the aquifer (Hvorslev, 1951; Ferris and Knowles,
1954; Ferris et al., 1962; Cooper et al., 1967; Van der
Kamp, 1976). However, as Ferris et a/. (1962, p. 104-105)
properly warned: “The duration of a ‘slug’ test is very

"short, hence the estimated transmissibility determined from

the test will be representative only of the water-bearing
material close to the well. Serious errors will be introduced
unless the . . . well is fully developed and completely pene-
trates the aquifer’.

Few wells completely penetrate an aquifer. According
to Cooper et al. (1967), the vertical permeability of most
stratified aguifers is only a small fraction of their horizontal
permeability; therefore, when flow is induced within a
cylindrical volume of indeterminate radius around the well
bore by adding or withdrawing a relatively small volume of
water, then that flow will be essentially radial. In this case,
the aquifer thickness can thus be considered equal to the
length of the inlet section, and the transmissivity value can
be considered to represent that part of the aquifer in which
the well is completed. Because the volume of water added
or removed during a hydrodynamic response test is small,
the radius of investigation will be relatively smali. A hydro-
dynamic response test is thus uniquely suited to measure
the transmissivity immedjately surrounding the inlet sec-
tion, which is the region most affected by formation
damage, well development and changes which occur with
time as the result of clogging of the well screen. The use
of hydrodynamic response tests as a means of monitoring
the progress of well development has been described else-
where (Vonhof, 1975b).

From 1971 to 1974 hydrodynamic response tests were
conducted at different times on the various observation
wells to determine whether a reduction in the transmissivity
was occurring with time. Also, in the summer of 1973,
new testing equipment was obtained which made it possible
to evaluate different methods of hydrodynamic response
testing. Before the summer of 1973, the equipment used to
conduct the hydrodynamic response tests was that devel-
oped by the Saskatchewan Research Council as described
in Vonhof (1975b). The new testing equipment that became
available in the summer of 1973 used an electric pressure
transducer for measuring the change in the water level
during the tests. A complete description of the equipment
is included in Appendix |.

The instantaneous charge for the hydrodynamic re-
sponse test was provided by a solid slug, a bailer, and various
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volumes of water which could be added to the well. The
solid “stug was used in conjunction with the equipment
developed by the Saskatchewan Research Council, whereas
the other methods were used with the pressure transducer
equipment. The charge would result in the following
changes in the water level 'in a well with a 6.5 in, (16.5 cm)
inside diameter:

Siug +0.775 t (23.6 cm)
Bailer - 0.590 ft (18.0cm)
Large addition + 0.805 ft (24.5 cm)

Small addition 0.609 ft {18.5 cm)

The results of the various hydrodynamic response tests
from 1971 to 1974 are shown in Figure 27. During 1971
and 1972 only one set of transmissivity values was obtained
in each year for the various wells, whereas in 1973 two sets
of values were obtained for all wells except observation
well D. Furthermore, a series of sequential tests, using
different charges, were conducted on both dates in 1973. It
is obvious from the data in Figure 27 that some care has
to be exercised in the interpretation of transmissivity values
obtained from hydrodynamic response tests. This became
especia‘l,ly apparent when sequential tests were run over
short time intervals {(a few hours or less). The value of -the
transmissivity varies not only with the type of charge but
also with the sequence of the charges. Almost invariably
an increase can be noted in the magnitude of the trans-
missivity between the first and the last test of a series of
tests irrespective of the type of charge. Furthermore, a
change in the type of charge, addition or withdrawal, in a
series of tests is generally accompanied by an apparent
change in the transmissivity. This strongly suggests that
minor well development takes place during the hydrodyna-
mic response tests.

Figures 28 and 29, observation wells A and B respec-
tively, show examples of a series of hydrodynamic response
tests conducted on December 4, 1973. In addition, both
figures show damped oscillations which took place during
the first few seconds of the test. (Note: the damped oscilla-
tions were only obsefved on the tests with the solid slug).
According to the criteria outlined by Bredehoeft et al.
(1966) and Van der Kamp (1976), the aquifer-well system
should be overdammiped and the wells should not undergo
force-free oscillation following an instantanéous change in
the water level. Meneley (1970) ascribes these oscillations
to the relative movement of the float on the water surface
after the slug has been lowered. Observations of the start
of hydrodynamic response tests with different types of
charges and recording methods on the same wells show
that this type of oscillation is indeed.absent, and the con-
tention that the oscillations are inherent to the slug test
method is in all likelihood true.
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To better define the effect of a partiéular type of charge
on the magnitude of the transmissivity, another series of
hydrodynamic response tests was run on December 10 and
11, 1974. These tests were conducted on observation wells
F and G, and different volumes of water were added. The
volumes were varied from 0.53 to 5.25 |, which resulted in
a change of 0.081 ft (2.5 m) to 0.805 ft (24.5 cm) in the
water level. The results are shown in Figure 30. As can be
seen in Figure 30,

— a rather large difference is present in the magnitude of
the transmissivity values for the different sizes of the
charges,

— the magnitude of the transmissivity in each volume class
femains more or less the same, although a slight increase
can be noted with the progression of several tests in one
volume class.

- The above observations would suggest that the magnitude

of the transmissivity as determined by hydrodynamic re-
sponse tests is volume dependent. Furthermore, the results
indicate that in observation well F the transmissivity in-

- creases when the volume of the charge is reduced, whereas

for observation well G more or less the opposite is true.
This could indicate that zones with different transmissivity
are present around the screen section; however, the num-

- ber of tests conducted with small volumes is insufficient to

ascertain that coenclusion. A much more detailed study
would have to be conducted, with a large number of tests
with different charges on several wells with different
transmissivities, to determine whether a relationship
between volume (size of charge) and magnitude of the
transmissivity indeed exists. It is questionable whether
this would be worthwhile. Examination of the data in
Figures 12 and 15 shows that the variation within one
particular charge is comparable to differences between
charges of different sizes. It may therefore very well be
that many of the differences in transmissivity values ob-
tained from these tests are inherent in the system which
is used for conducting the hydrodynamic response tests.
In other words, the observed variation may be a measure
of the accuracy of the system. If the groups of sequential
measuremeénts are considered, then for most of the wells
the transmissivity values vary with respect to the mean
value of each group from 13 to *15 per cent. This type of
variation is insignificant if it is corhpared to the natural
variation in the transmissivity of the fluvial deposits.

If sequential hydrodynamic response tests are to be
used to monitor deterioration of the well, differences
between consecutive tests should be at least larger than the
inherent variability of the method. This means that multi-
ple measurements should be made each time the method is
used to determine the transmissivity. Furthermore, for
comparative purposes, the size of the charge should be the
same in all the tests.
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2. The highest water level in well A is recorded during the
“winter’”’ months.

3. Decline of the water level from its highest point coin-
cides with the time when the mean daily temperature
during the “winter” period starts to increase. This is
true for all years except 1974, when this decline started
earlier.

4. Increases in the water levels coincide with the end of
the “winter” périod in 1971, 1973, 1974, and 1976.

5. The amplitude of the highest water level decreased from
1972 to 1975.

6. From April 1971 to April 1975 only a modest net in-
crease of approximately 0.5 ft (15 cm) can be noted.

7. The level in the brine pond increased 3.90 ft (119 cm)
from April 1971 to June 1973, at which time it peaked.

8. From June 1973 the brine level has been gradually de-
creasing.

9. There is no relationship between the long-term changes
in the brine level of the waste disposal basin and the
water levels in the observation wells.

The decline in the brine level corresponds approxi-
mately with the time a deep disposal well became oper-
ational.

The hydraulic head measured in an observation well
under natural conditions is a function of the hydrodynaric
equilibrium between recharge and discharge. When the net
water level in a well is rising, it indicates that the rate of
recharge to the aquifér exceeds the rate of discharge. Con-
versely, a decline in the water level would signiify that dis-
charge exceeds recharge. Since the peak water levels occur
during the “winter’” period in all years and recharge is negli-
gible during this period, the peaking could indicate delayed
recharge. On the other hand, it is known from the barome-
tric efficiency that the “confining’ layer is semi-confining
at best and furthermore that large portions of the aquifer
are artesian. It is therefore conceivable that peaking of the
water levels indicates a partial blockage of discharge as the
result of the buildup of the frost layer or it could be a
combination of both. Why the decline of the water level
more or less coincides with the time when the mean daily
temperature during the ‘“winter’’ period starts to increase
is not known, and only some highly speculative hypotheses
can be advanced to explain this phenomenon. It is known
that during freezing of water several salts precipitate,
whereas others stay in solution and become more concen-
trated into brines. These super-cooled liquids could there-
fore be the cause of a large number of “holes” in the frost
fayer. However, with a further reduction in the tempera-
ture, further precipitation of salt will occur. This phenom-
enon has been observed on many occasions in the brine

pond, which is essentially an open body of “water”’ during
the winter. When thé air temperature dropped to below
-30°C, considerable crystallization of NaCl took place in
the shallow portions of the brine pond. A similar process
could take place in the zone where the frost layer is formed
every winter in the discharge areas, which would result ina
progressive blocking of the discharge. Once the mean air
temperature reverses its decline and starts to increase again,
the process would be reversed and the discharge would in-
crease, resulting in a decline in the water levels. The decline
would be relatively rapid, because recharge is not occurring.

The increase in the water level at the end of the “win-
ter” period, which more or less corresponds with the spring
melt period, in almost all years indicates that recharge is
occurring relatively rapidly, which strongly suggests a rela-
tively open system.

The lack of correlation between the hydrographs of
observation wells and the brine level is puzzling. Two
contradictory lines of evidence are shown by the data. On
the one hand, the loading phenomena strongiy suggest that
the aquifer is ¢onfined and does not have a direct hydraulic
connection with the brine pond (based on the criteria out-
lined by van Everdingen (1968)}). On the other hand, the
barometric efficiency and the behaviour of the water levels
in reaction to natural input parameters strongly suggest that
the aquifer is semi-confined at best. Although no testdril-
ling was conducted in the area occupied by the bfine pond,
projection of stratigraphic information collected around the
brine pond does not indicate any major changes. It is there-
fore reasonable to assume that the semi-confined condition
is also present under the brine pond. According te van
Everdingen (1968), in the case of a confined aquifer in
hydraulic connection with a reservoir, movement of water
between the reservoir and the aquifer affects the water
levels in the aquifer. Initially, the rise in aquifer water level
may be partly due to loading by water in the reservoir.
Since the aquifer in this area is semi-conAfined, it would be
reasonable to assume that at least some influence of the
reservoir (brine pond) would be detectable; however, the
hydrographs of the observation wells show otherwise. A
possible explanation for this contradiction may be that the
hydraulic connection in the semi-confining layer between
the bottom of the brine pond and the top of the aquifer
has been destroyed by the effect of the brine on the sedi-
ment in the semi-confining layers. It isa well-known fact
that a solution with a high concentration of Na-ions will
cause cation exchange in Ca-Mg montmorillonites and sub-
sequent dispersion, which in turn will cause a drastic reduc-
tion in the transmissivity of the sediment. The tills contain
a considerable amount of montmorillonitic clays. Infiltra-
tion of brine into these sediments could therefore have
resulted in destruction of transmissivity and a change from
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a 'semi-confined to a locally confined _c'onditié’n. If this
contention is correct, it would explain the apparently
contradictory behaviour of the semi-confined aquifer.

As was pointed out in a previous chapter, evaporation
from a brine pond is negligible in comparison with annual
precipitation. An indication of the rate of evaporation from
the. brine pond was obtained from the hydrographs of the
still well from May 19, 1973, to August 19, 1973 (Plate 8).
During this time little or no waste was discharged in the
brine pond, and the instantaneous small rises that can be
observed are caused by high-intensity rainstorms. It is there-
fore reasonable to assume that the decline in the rise of the
brine level after the rainstorms is dite to evaporation. Based
on the rate of decline, the evaporation rate over this period
is in the order of 0.0115 ft {3.5 mm) per day.

SUMMARY

Loss of record in observation wells that have water
levels above or close to the ground surface and that are
located in afeas inaccessible for servicing during the winter
months can be prevented by using propane heaters in the
observation well houses and on-site fuel storage. Fuel requi-
remenits are less than 500 gal of propane per house per
season, :

The operating experience with the Leupold Stevéns
Type F recorder with a weight-driven clock over a total of
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approximately 11900 recording days shows a loss of re-
cord of 10.7 per cent. The main cause of loss of record was
mechanical failure of clocks (5.9 per cent).

The results of a large number of hydredynamic re-
sponse tests using different volumes and different recording
equipment show that minor well development occurs
during consecutive tests and that the magnitude of the
transmissivity is, to a minor degree, dependent on the vol-
ume of the slug.

The hydrographs of the observation wells show that the
water level traces are essentially parallel and show similar
responses to input changes. Continuous recording in a few
wells (three) supplemented by spot measurements in the
other wells would therefore be more than sufficient for
long-term monitoring of the water levels. A significant
saving in the operating and maintenance cost of the long-
tef monitoring program can thus be realized. o

A comparison between the long-term flu¢tuations of
the water levels in the observation wells and the brine level
in the waste disposal basin shows that there is no relation-
ship; however, short-term loading events within the.brine
pond cause an immediate response in the observation wells.

An extensive study of the barometric efficiency of the
wells in conjunction with the response of the water fevels
in the wells to input changes shows that the aquifer is semi-
confined at best.



CHAPTER 8

An Electric Analog Simulation of Groundwater Flow
Patterns (D. R. Bourne and J. A. Vonhof)

INTRODUCTION

In order to calculate convective travel times and the
direction of pollutant movement within the sedimentary
deposits, groundwater flow nets are required. Flow nets
can be constructed by mapping key hydrologic phenomena
in the field (Meyboom, 1963) or by solving a mathematical
model of the hydrogeologica! system (Toth, 1963; Freeze
and Witherspoon, 1966, 1967). Once the mathematical
model has been calibrated against field measurements; the
model can be used for predictive purposes.

The mathematical model approach involves replaéing
the hydrogeological system with an equivalent mathema-
tical model in the form of a boundary value problem. Once
the problem is formulated in a mathematical model, then
accepted mathematical techniques for solving boundary
value problems can be employed.

Boundary value problems consist of five essential com-
ponents: '

1. the partial differential equation which governs the
system

. the shape of the region
. the boundary conditions

. the initial conditions

oA WN

. the hydrogeological parameter distributions for K, «,
and n in the region of flow.

The two most common methods for solving boundary
value problems are by analytical and numerical techniques.
Analytical techniques produce the most satisfactory form
of solution, but these techniques are only effective if geo-
metries, hydrogeologic parameter distributions, and bound-
ary conditions are all relatively simple (Bear, 1972). Any
complex boundary value problem must be solved using
numerical techniques, either by the finite difference meth-
od or the finite element method. The finite differerice
method is adopted in this study.

To solve the boundary value problem numerically,
either a digital computer or an analog model may be em-
ployed. A digital computer is the most efficient method
of solution, but the electric analog offers several advantages
in practical situations:

1.. A very large one-, two-, or three-dimensional grid can
be used, whereas in a digital computer storage may be
limited or computation time may become excessive.

2. The hydraulic conductivity variation either within or
between geologic formations can exceed four orders
of magnitude in an electric analog model. Digital solu-
tions for such cases may require excessive computer
time (Freeze, 1975, pers. comm.).

3. Analogs are more effective as a communication tool
with practicing engineers, administratars, and laymen
(Meneley, 1975, pers. comm.).

4. Non-technical personnel can operate the analog at a
minimum cost.

The solution or output of an electric analog model of a
steady state groundwater flow problem is a hydraulic head
value for each nodal point in the system, namely y(x,y,z).
In the transient case, the output is A{x,y,z,t), the change
in hydraulic head from time zero to time t.

Both a steady state and transient analysis have been
applied to the study site analog model. A short description
of the essential components of these two boundary value
problems is necessary before proceeding. Figures 33 and 34
illustrate the study site boundary value problem.

Steady State

The nonlinear partial differential equation describing
steady state groundwater flow through a heterogeneous,
anisotropic, saturated porous medium in three dimensions
is

b L 8y 5 [ acp] 8
K Z) X |+ | Kixy,z)——— |+__
5% [ (x'y’z)ax] By Va5 1752

6
K Y e — =0
[ (xyZ)Bz:l

$ = hydraulic head, L

(1)

where .
K(x,y,z) = hydraulic conductivity, L/T

x,y,z = Cartesian coordinates, L
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Both impermeable and constant head boundary con-
ditions are present at the site. Impermeable boundaries are
located in two places: (1) the contact of the shale bedrock
and the unconsolidated deposits, and (2) under Cutarm
Creek.

The water table is assumed to be a constant head boundary,
the hydraulic head along the water table being equal to
its average elevation.

The region of flow is restricted to the unconsolidated
deposits.

Of the three hydrogeologic parameters {K,a,n), only K
is needed for the steady state case. The K distribution in
the region of flow is obtained by employing a number of
techniques, which are described in the following sections.

Transient Case

The nonlinear partial differential equation describing
transient, three-dimensional flow throu_gh a heterogeneous,
anisotropic, saturated porous medium is

8 | a¢] 5 _ &p]
— | Kixy,2) == |+ — | Kix,y,z2) =
éx [ (v ox 8y'|: (xyZ)ZSy

+8 [K(x,y,z) 132]= Y ’[a( xy.z) + n(x-.y,Z)ﬁ] %

52 52 5t
+Q(x,y.z,t) : (2)
where v = specific weight of water (M/L¥T?)

alx,y,z2) = compressibility of medium, (L/MT?)
n(x,y,z} = porosity

B = compressibility of water (L/MT?)

t= time (T)

volume rate of withdrawal or injection
at any node (L3/T)

Q(x,y,z,t)

Two types of boundary conditions, impermeable and
constant flux, are present. The region of flow is, as in the
steady state case, confined to the unconsolidated deposits.

The distribution of the hydrogeologic flow parameters,
K, &, and n, must be known in order to obtain a transient
solution. The K distribution is the same as that in the
steady state case. The distributions of compressibility, «,
and porosity, n, can be obtained indirectly from pump tests
and will be discussed later. Table 3 summarizes the hydro-
geologic flow parameters required for the steady state and
transient cases.

HYDRAULIC CONDUCTIVITY DISTRIBUTION

Several methods were employed to estimate the hydrau-
lic conductivity distribution within the subsurface geologic
units. Pump tests, hydrodynamic response tests, hydraulic
conductivity estimates from grain size analyses, electric
logs, and the published literature provided a good basis for
selecting K-values.

Till
No K-measurements of the till were made at the study

site. Freeze (1969) noted that in the absence of actual field
measurements of K two approaches could be followed:

1. Estimating K from the texture of the sediment using
empirically or experimentally justified relations.

2. The use of K-measuréments from geologically similar
areas.

Since there were insufficient data available on the tex-
tural characteristics of the till at the study site, the hydrau-
lic conductivity was based on values determined for geologi-
cally similar areas. Table 4 summarizes K-measurements of
fractured and unfractured till from Saskatchewan and other
geologically similar areas. Note that there is a distinct dif-
ference in K-values between fractured and unfractured till.
Although the fracture density and orientation was mea-
sured in two borrow pits where the Floral Formation was -

Table 3. Hydrogeologic Components of the Steady State and Transient Groundwater Electric Analog Model.

Boundary conditions

Hydrogeologic parameters

Groundwater

flow equations Constant Constant
Imperm, head » flux K o n
Steady state VHKX,Y,2)P) =0 X X X
VAKX,Y,Z)P) =
Transient 8 X X X X X
t

24



w T ey e v T

exposed, no information was obtained on the aperture of
the fractures. Consequently, the permeability -of the tills
in the. Floral Formation could not be calculated. A value of
K =1 Igpd/ft* (5.7 x 10~ cm/sec) was selected for the
till at the study site on the basis of Table 4. In the sub-
sequent calculations the hydraulic conductivity in the tills
is assumed to be isotropic and homogeneous.

Buried Valley Fluvial Deposits

The hydraulic conductivity of the buried valley fluvial
deposits was calculated, from a variety of methods, to
have an average value of 330 Igpd/ft2 (19 x 1072 cm/sec).
These fluvial deposits are composed basically of sand and
gravel. The average K-value of the sand was measured at
200 Igpd/ft? (1.1-x 1072 ecm/sec). The average K-value for
the gravel was estimated and measured at 1000 Ig‘pd/ft2
(5.7 x 1072 cm/sec). Once again, the hydraulic conductivity
within the buried valley fluvial deposits is assumed to be
isotropic and homogeneous. The methods used to estimate
and measure the hydraulic conductivity are discussed in
detail in the following sections.

Pump Tests
Pump test data were analyzed by the authors using the
Theis, Jacob, and Theis recovery methods. These methods

provide determination of the derived formation parameters
transmissibility (T) and storage coefficient (S), where

T=Kb , (3)

and  S=b.y (e + nf) = bS, (4)
where b = thickness of the geological formation (L)

8, = the specific storage (1/L)

_ The pump test data are inéluded in Appendix .

The Theis and Jacob non-equilibrium methods are ap-
proximate solutions to boundary value problems describing
transient groundwater flow. These methods are based on
analytical mathematical solutions that relate the lowering
of the hydraulic head in a pumping well to T and S of the
aquifer. The theory and assumptions behind these methods
are discussed by Todd (1959). An especially helpful engi-
neering guide is the one by Kruseman and.de Ridder
(1970). ’

Three ‘important assumiptions in the theory of pump
tests are

1. the aquifer is of infinite areal extent
2. the pumping well fully penetrates the aquifer

3. thereis no leakage from adjacent geologic units.

At Esterhazy, none of these assumptions are satisfied,
so there aré limitations on the direct application of the
methods to the data. The first assumption restricted the
analysis to very early drawdown-versus-time data to match
the Theis type curve properly. Noticeable deviations from
the type curve for large times due to leakage and boundary
effects make these data unsuitable for direct calculation.

In aquifers that are only partially penetrated by a
pumping well, flow lines around discharging wells are not
horizontal but radially oriented around the bottom of the
well screen. Only at some distance from the pumping well
is the flow horizontal. Kruseman and de Ridder (1970)
specify this distance as approximately 2.b, where b is the
saturated thickness of the aquifer. At the site, the buried
valley fluvial deposits have a maximum thickness of 250 ft
(76 m), so a partial penetration correction method should
be utilized for any observation well within 500 ft {152 m)
of a pumped well. As it turns out, all distances between
observation wells and pumping wells in the Esterhazy tests
are greater than 500 ft (152 m), therefore, the Theis and
Jacob methods hold without correction.

Results of the Theis and Jacob methods are summarized
in Table 5. Observation well locations are illustrated in
Figure 35. An example of a plot of the Jacob method is
illustrated in Figure 36. There is a wide variation in the re-
sults both between and within each method. In general, the
Jacob method gives a better estimate of the T-value because
boundary effects can be readily determined on the graphs
and affected data identified.

Theis Recovery Method

After pumping of a well has stopped, the water level
will rise again, ultimately to its original position. The rate
at which the water level rises reflects the transiissibility of
the aquifer. The limiting assumptions are the same as in the
Theis and Jacob methods. Kruseman and de Ridder (1970)
describe the theoretical and practical aspects of the me-
thod.

The Theis recovery method was applied to each of the
pumping wells. The results are listed in Table 6 and a sam-
ple plot of the Theis recovery method is illustrated in
Figure 37. The values indicated are of the same order of
magnitude as those obtained with the Theis and Jacob me-
thods.

Hydraulic conductivities (K ) are usually calculated by
dividing transmissibility by the length of the well screen
(B). However, in this case of partially penetrating well
screens, dividing T by the average saturated thickness of
the aquifer (b,) resulted in hydraulic conductivity ('Ka)
values closer to those arrived at by other methods than if
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Table 4. Hydraulic Conductivity Values for Till and Shale in Saskatchewan and Other Geologically Similar Areas:(after Bourne, 1976).

Method
. Hydraulic conductivity (Igpd/ft?)
Geological B ( . [ - 2 ° g o Depth ,
formation 'ug é '% Location Source §‘ g §f S 5 ;3 § § % (ft) range or average »
5Lz £ » 2 £ 88 3% % |
g 5 5 e &# I & 6% 4§ 3 MeanK  Horizontal K Vertical K
Till X  Alan Hills, Sask. Meyboom .(1966b) X 0-50 0.025-
) 6.75
Till X  Gravelbourg, Sask. Freeze (1964) X 75 0.05 to
’ 3.0
Till X  South Central Sask.  Meyboom X 0-50 - 0.125 to:
: 12.5
Till.and Shale X . South Central Sask. Meyboom (1966a) : X 0250 0.4
Till X Southern Sask. Mawson (1961) ) X 0-30 0.17 to
1.7
Till X  Ohio Norris (1962) X X v 0-110 0.75
Till Saskatoon, Sask: Meneley (1970) Shallow 0:.002 to
0.02
Till X  Good Spirit Lake,  Freeze (1969a) X 7.9x107°
Sask. to 3.0
Till X  North Dakota Sloan (1972) X Shallow  0.012 to
0.12
Till X  Southeastern, Clister (197.3) X Shallow  0.17x1073
Manitoba to 0.17
Till X Alberta, Sask. & Grisak etal, (1975) .5-65 5.6x1"’0_3‘
Manitoba
Till X Eastern Manitoba Grisak & Cherry (1975) X X 0-75 3x1‘0'_3 .
Till X Eastern Manitoba Grisak & Cherry (1975) X 0-75 9x107°
Till X  Regina, Sask." Lissey (1962) X Shallow  0.024 to
0.6 .
Bearpaw Shale X  South Central Sask. Meyboom X 0-200 0.018-
0.125
Bearpaw Shale X  South Central Sask. = Meyboom X _ 300: 0.009 ]
Bearpaw Shale X  South Sask. Peterson (1954) X 100 102107 1073107

Reservoir
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Table 5. Transmissibility and Storage Coefficient Values for the Theis and Jacob Methods.

Theis method Jacob merthodr
Observation Pumped Average T T
well well Igpd/ft S Igpd/ft S

A B 15 000 2.9X107* 67 000 2.0% 10::
C 12 000 1.3X107* 40 000 0.9 X 107
F 15 000 1.8X10™ 89 000 18X107
G 11 000 12X107? 64 000 1.2X 10

B A 18 000 2.6X107* 73 000 22X 10‘:
C 15 000 2.7X107* 62 000 24 X 107
F 24 000 3.2X107 426 000* 6.4 X107
G 13 000 1.9X10™ 377 000* 6.0X 10

C A 38 000 2.7X107* 188 000 2.5 X 10‘_:
B 6 000 3.3X107* 76 000 5.6 X 107
F 19 000 2.1X107* 22 000 3.3X 1077
G 3000 53X 107 347 000 5.7X 10

D F 72 000 2.3X 107° 183 000 14X 103
G 12 000 09X 107 213 000 1.6 X 10

F A 7000 L1X10™ 88 000 1L7X107™
B 45 000 3.1X10°* 96 000 19X 10‘:
C 49 000 24 X107 94 000 1.3X10”
D 29 000 20X 1075 191 600 1.6 X107
G (vertical) 18 000 40X1073 36 000 0.37

G A 2 000 4.8X107° 69 000 16X 10‘:
B 18 000 2.4 X107 172 000* 3.5X 10"
C 23 000 1.7X107* 259 000* 2.6X107*
D v 10 000 14X 107 126 000 2.1X107*
F (vertical) 17 000 5.3 X,IO—B

36 000 0.7

*Not enough points to make a reliable prediction.

the transmissibility was divided by the length of the well
screen. Both values, K, and K, are reported in Table 6. The
Theis recovery calculations are included in Appendix I11.

Hydraulic Conductivity Estimates from Grain Size Distri-
butions

Hydraulic conductivity estimates derived from grain
size distribution curves have been successfully applied to
unconsoljdated sands, ranging in diameter from 2.0 mm to
0.0625 mm (Masch and Denny, 1966). This technique
involves the determination of the median grain size (MDsg)
and the inclusive graphic standard deviation (o)) from grain
size distribution curves. A set of type curves is then used to
translate these two measurements, MDso and 0y, into an
estimate of the hydraulic conductivity K.

Hydraulic c¢onductivity values for approximately 60
samples were determined by this method. The K-values
ranged from 66 to 1000 Igpd/ft* (3.8 x 107> t0 5.7 x 1072
cm/sec), and averaged 200 Igpd/ft? (1.1 x 1072 cm/sec).
These figures compare well with published figures on K-
values for unconsolidated sands (Todd, 1959; Bear, 1972).

Also, these results agree with the K-values calculated for
the buried valley fluvial deposits from the pump tests.

Hydrodynamic Response Tests

Hydrodynamic response tests were conducted on ali
observation wells using the method outlined by Cooper
et al. (1967). The results are shown in Table 7. These re-
sults indicate K-values in the same range as determined by
pump tests and grain siZze estimation techniques. Hydraulic
conductivity estimates were obtained by dividing the cal-
culated transmissibilities (T) of each well by the length of
their well screen. This method of calculating hydraulic
conductivity values from transmissibilities contrasts with
the Theis recovery method, where reasonabie K-values were
obtained by dividing T by the average saturated thickness
of the aquifer.

Transmissibility Estimates from Well Logs

A total transmissibility estimate for each testhole in the
buried fluvial deposit can be determined using lithologic
and geophysical well logs. The method is as follows: total
thickness of both sand and gravel is calculated using the
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Table 6. Hydraualic Conductivity Estimates from the Theis Recovery Method for Observation Wells A to G.

Well Average T T
screen aquifer Ki=— K,=—
Pumping length thickness Q T bs by
well by (ft) b, (ft) Igpm Igpd/ft Igpd/ft? Igpd/ft?
A 8 60 499 57 000 7125 950
B 10 180 8.3 55 000 5500 305
C 8 165 16.6 66 000 8 250 400
D 10 190 16.6 68 000 6 800 358
E 8 230 49.9 110 000 13 750 478
F 14 220 49.9 38 000 21715 173
G 8 220 49.9 33 000 4125 150
Table 7. Hydraulic Conductivity Values from Hydrodynamic Response Tests for Observation Wells A to G.
T T Well screen K K
ObsewatiOn well cm?/sec Igpd/ft length, ft Igpd/ft? cm/sec
A 13.9 80X 102 8 1000 38X10°3
B 2.5 14X 10?2 10 140 8.0X 103
C 2.3 13X 102 8 162 9.2X1073
D 1.9 11 X 102 10 110 6:3X1073
E 9.7 56 X 102 8 700 40X 102
F 20 12X 102 14 86 4.9X1073
G 6.6 38 X 102 8 475 2.7X1072

available well logs, assuming these are the only lithologic
units present. Using the hydraulic conductivity estimates
previously determined for the sand and gravel, the total
transmissibility at a well is estimated from

Tiotal = (Peotal sand * Ksang!) T (Btotal gravel * Kgravel) (5)

Total transmissibility values, T,o,,, were plotted -at
each well in the buried aquifer, then contoured to give an
initial T estimate for the aquifer (Fig. 38). The average
K-value of the aquifer is calculated by dividing the trans-
missibility by the saturated thickness of the aquifer at a
number of points. This method of calculation produced an
average K-value for the buried valley fluvial deposits of 330
Igpd/ft? (1.9 x 1072 cm/sec).

Subsequent to this study, Vandenberg (1978) analyzed
pump test data from the Esterhazy area by matching time-
drawdown curves obtained from pump tests with simulated
time-drawdown curves obtained from an analytical expres-
sion for drawdown in a leaky strip aquifer. Results of his
investigations indicate K-values for the buried valley aquifer
ranging from 4.9 t0 8.5 x 1072 cm/sec (860-1500 igpd/ft?),
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assuming that the average thickness of the aquifer is 38 m
(125 ft). These values are somewhat higher than results

~ obtained by this study; however, considering that K-values

range over 2 orders of magnitude, the results between
the two independent investigations are in reasonable agree-
ment. '

Porosity and Compressibility

In addition to the hydraulic conductivity, transient
simulations require values of the distribution of porosity, n,
and compressibility of the geological units, ¢, in the region
of flow. No direct measurements of n and o were made at
the site, however, an indirect measurement of these para:
meters is the storage coefficient (S), where
S=b.y {a+ nh) (4)
and b, 7, and B are known constants. The storage coeffi-
cient was measured in the buried valley fluvial deposits
during pump tests. An initial average value of S= 2.3 x
10~ was selected from Table 5 for the buried valley fluvial
deposits. Assuming the average saturated thickness for the
fluvial deposits is 125 ft (38 m), S, =2 x 107 1/ft.



Since the storage coefficient or specific storage was not

measured during pump tests for the till, an estimate of

7 x 107* was adopted (Domenico, 1970).

ELECTRIC ANALOéfMODE L

The electric analog model approach was used to solve
the previously outlined boundary value problem at the
study site. A review of the theory, the design criteria and
the construction methods is given in Appendix V.

Four main sources of errors are inherent in an electric
analog analysis of a hydrogeological problem. These are:

1. Errors owing to the replacement of a continuous field
by a finite difference model.

2. Errors in the electrical equipment.
3. Leakage of electricity in the electric analog model.

4. Errors in the hydrogeological model, i.e. in the configu-
ration of the hydrogeologic parameters K, a, and n.

Karplus (1958) discusses items (1) and (2) in detail.
Discretizing errors can be kept within reason by selecting
small enough nodal distances. Inaccuracies owing to (2)
above seldom exceed 3% according to Karplus (1958). The
more sophisticated electrical equipment of recent years has
probably reduced this figure even further,

As discussed in Appendix IV, leakage of electricity in
the electric analog model is negligible.

The largest errors in a hydiogeological model study are
in the estimation of the hydrogeologic parameter distribu-
tions (K, «, and n). These errors are difficult to measure,
therefore, a complete error analysis of these parameter
distributions was not undertaken.

We have assumed that the two hydrogeologic forma-
tions are homogeneous and isotropic, although in nature
they are heterogeneous and anisotropic. Errors owing to
this assumption are probably small within a highly perme-
able buried valley aquifer.

ANALOG MODEL SIMULATIONS

The results of the analog model simulations are pre-
sented in two parts: steady state and transient flow. How-
ever, before proceeding with the discussion of the results,
a number of observations must be made. First, an impor-
tant hydrological feature at the study site is a flowing
seismic shothole located between obsefvations wells D and
F (Fig. 35). This shothole, which presently flows at 20

Igpm and has been flowing for at least 15 years, is com-
pleted in the buried valley fluvial deposits. It provides an
escape route for some of the subsurface flow and reduces
the travel time of a small portion of the brine from its
source to the location of the flowing hole. All steady state
solutions are simulated with the flowing seismic shothole
plugged. Secondly, all measurements of the depth of brine
in the brine pond are multiplied by the brine density of
1.19, so that the hydraulic heads of the brine and fresh
water are consistent. Lastly, all calculations of brine travel
were made for a true scale cross section (J-J'). This cross
section corresponds with stratigraphic cross section J-J’
(Plate 3).

Steady state results include both the calculation of con-
vective travel times and the direction of brine migration
from the brine pond to its discharge points.

Darcy’s law provides the specific discharge v=Q/A. The
actua! velocity of fluid movement is v/ = Q/nA, where n is
the porosity. Calculation of steady state brine travel times
are therefore based on:

D" Kéh
ndl

Since the velocity of groundwater varies with the hy-
draulic gradient, each flow line is divided into several
constant-hydraulic-gradient segments. The travel time for
each segment is then calculated from:

= (6.23)1.n
L
5l
where

n = porosity (dimensioniess)
t= time (days) 7
| = distance (feet)
K = hydraulic conductivity (Igpd/ft?)

? = hydraulic gradient (dimensionless)
|

Total travel time for each flow line, from its source to
its discharge point, is calculated by adding the travel times
of the various segments.

Steady state results were recorded for the two hori-
zontal layers of the electric analog model.

Once the travel times and directions of brine migration
have been established, it is possible to carry out a transient
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analysis of some possible remedial meastres that have been
suggested to prevent the brine from migrating to the surface
waters of Cutarm Creek. Transient resurlt’s were recorded
only for the horizontal buried sand and gravel layer of the
electric analog model.

Steady State Resuits

Four steady state cases were investigated:
(A) brine pond at present elevation of 1671 ft
(B) brine pond at an elevation of 1666 ft
(C) brine pond at an elevation of 1661 ft

{D) the natural groundwater flow system with no brine
pond.

Figures 39 and 40 illustrate the measured hydraulic
head values in the two horizontal layers of the electric
analog model for case A. Figures 41, 42, 43, and 44 show
the groundwater flow pattern along cross section J-J' for
cases A, B, C, and D, respectively. Flow lines are not drawn
on these cross sections because the diagrams are vertically
exaggerated 16 times. Therefore, flow lines are not at right
angles to the equipotential lines and it is a time-consuming
task to locate them accurately. For the reader’s conve-
nience, approximate direction of groundwater flow is indi-
cated.

In the steady state cross sections the hydraulic head
measurements which intersect the ground surface do not
all correspond to the ground elevation. There aré two rea-
sons for this:

1. the maximum hydraulic head in the brine pond is higher
than the ground elevation because of the high density
of the brine

2. the water table is approximated as a step function rather
than a continuous function.

This problem of inconsistent hydraulic head measure-
ments at the water table is particularly noticeable near
Cutarm Creek and around the brine pond.

Recharge and discharge areas for each case are also
indicated on the cross sections. For cases A, B, and C, the
recharge and discharge areas are identical, with recharge
occurting west of point X and discharge east of this point.

Since the discharge areas are the same, total travel times
for a number of flow lines are plotted against the distance

from the eastern dyke of the brine pond to Cutarm Creek

(Fig. 45). Note in this figure that the surface area from
point X east to the facies change in the buried valley aqui-
fer will be poliuted by brine within 30 years for all brine
pond elevations. From the facies change (about 5600 ft
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east of the brine pond) 10 Cutarm Creek, the-brine travel
times increase significantly. Also, as the brine pond eleva-
tion is decreased a slight increase in brine travel time is
apparent.

Direct brine contamination of Cutarm Creek by any of
the cases A, B, and C will take between 640 and 1260 years,
therefore, this mechanism of surface water pollution does
not pose an immediate problem. The area of greatest con-
cern is located between point X, the recharge-discharge
boundary, and the position of the facies change in the
buried valley sediments {approximately 5600 ft (1707 m)
east of the brine pond) on Figures 41, 42, and 43. In this
area long-term discharge could result in the contamination
of the surface. The surface drainage characteristics are such
that the pollutant would be transported to Cutarm Creek.

Another area of concern is the buried valley aquifer to
the west of the brine pond. The steep hydraulic gradient
there ensures that the brine will be readily convected
through this area. Contamination of the aquifer is almost
certain unless remedial measures are undertaken.

Preventive measures designed to solve these problems
are investigated in the following section on transient results.

Figure 44 shows the simulated steady staté groundwater

. flow pattern before the construction of the brine pond. A

comparison between Figure 44 and Figures 41, 42, and 43
shows that the discharge area Has increased considerably
since the construction of the brine pond, but the position
of the groundwater divide has changed only slightly, be-
cause the position of the centre of the brine pond coincides
closely with the topographic divide.

Transient Results

Vonhof (1975b) has suggested that a few low rate in-
jection wells, properly located, might reverse the hydraulic
gradient, thereby limiting the migration of the brine in the
buried valley aquifer. Only low injection rates were con-
sidered because only small volumes of potable water are
available for injection in the area.

Several combinations of injection wells, of which the
locations are shown in Figure 46, were simulated with the
electric analog model. Table 8 summarizes the injection
well combinations, their pumping rate and duration of
pumping. None of the injection well combinations investi-
gated were successful in reversing the hydraulic gradient in
either the east or west portions of the buried valley aquifer.
Two examples are shown in Figures 47 and 48.

To understand why low-rate injection wells are not
effective in reversing the hydraulic gradient one must look



Table 8. Injection Well Combinations and Their Injéction Rates.
Each Injection Rate was Simulated for 5, 10, 20, and
50 Years,

Injection rate/well

Injection well combinations: Igpm

5

10

LI 15
30

50

5

B 1!

I, 1V, V, VI 30
50

) S

L, 11, VII, VI 10
_ 30

50

5

VIL, VIII 10
15

30

50

at the. amount of water being transmitted through the
buried valley aquifer at various brine level elevations. The
quantity of water flowing through the buried valley aquifer
is calculated by

§h

Q=KA __
5l

where K = 330 lgpd/ft>. Table 8 shows the volume of
water flowing through stratigraphic cross sections F-F’ and
H-H’ (Plate 3). Cross-sectional areas for F-F' and H-H’ are
88 000 ft* and 200000 ft* respectively. The figures in
Table 9 range from 370 to 565 Igpm, indicating that a
minimum of 370 to 565 Igpm would have to be injected
into the buried valley aquifer to reverse the hydraulic gra-
dient. At this site, injection wells of this magnitude are not
feasible because of the reasons previously stated.

To check the validity of the water volume calculations
a transient electric analog simulation was undertaken with
a brine level elevation of 1671 ft. Results show that a
combined injection rate of 500 Igpm at well locations I and
Il (Fig. 46) is necessary to reverse the hydraulic gradient in
the western portion of the aquifer. This analysis supports
the resultsin Table 9.

Effect of Flowing Seismic Shothole

The flowing seismic shothole was simulated on the elec-
tric analog model to examine its effect on the flow paths
and pollutant travel times indicated by the steady state
solutions. Changes in hydraulic head after 5, 10, and 20

Table 9. Quantity of Water Flowing Through Cross Sections FF'
and H-H' for Various Brine Level Elevations.

Quantity flowing

Brine pond Hydraulic through aquifer,
¢levation, gradient Igpm
feet above rhean — - —
sealevel ~ FF H-H F-F' H-H'
1661 0.023 0.008 465 370
1666 0.025 0.010 505 460
1671 0.028 0.011 565 505

years, with the seismic shothole flowing at 20 Igpm, are
illustrated in Figures 49, 50, and 51. In order to examine
the effect of the seismic shothole on various steady state
solutions, pollutant travel times from the brine pond to
the seismic shothole were calculated with the shothole both
plugged and unplugged (see Table 10). There is very little
difference in pollutant trave! times for various brine pond
elevations.

When last checked (March 1976), brine-contaminated
water had not reached the seismic shothole. Fresh water
was flowing from the shothole at 29 000 Igpd.

As the brine pond elevation is increased, there is anin-
crease in the hydraulic gradient around the-seismic shothole.
This results in an increase in the discharge from the shot-
hole. '

Although the effect of the f‘lowing‘s,hqthole on the
travel time of brine from the brine pond to the shothole is
negligible (Table 10), the presence of the flowing shothole
provides an easy escape route for the brine once it has
reached this location,

Table 10. Travel Times of Brine from the Brine Pond to the Flowing

Seismic Shothole with the Seismic Shothole both Plugged
and Unplugged,

Years to reach flowing -

) seismic shothole:
Brine pond elevation,

feet above mean sea level Plugged Unplugged
1661 10.5 9.9
1666 9.8 9.3
1671 8.7 8.6

SUMMARY

The steady state electric analog simulations of the
groundwater flow conditions near the brine pond show
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that from the point of view of potential pollution two
problem areas can be recognized.

1. It appears that an area of approximately 340 acres
(135 ha) east of the brine pond could be polluted by
discharging brine within 30 years.

‘2. Brine pollution by groundwater discharge directly into
Cutarm Creek does not appear to be a major pollution
hazard béecause of the presence of a major facies change
in the buried valley deposits west of Cutarm.Creek, This
results in a drastic increase in the travel time of the
brine.

3. If brine infiltrates into the portion of the buried valley

weést of the groundwater divide, it will flow through this

section more quickly than through any other part of the
buried valley aquifer because the hydraulic gradient is

steepest here. This would result in fairly extensive pollu-

tion of this aquifer.

The transient electric analog simulations-show that low-
rate injection wells {(up to 50 Igpm) would not reverse the
hydraulic gradient in the buried valley aquifer. Calcula-
tions indicate that injection rates of between 350 and 575
lgpm would be required.

A word of caution must be expressed on the interpreta-
tion of the significance of the calculated travel times. First,
it was assumed that the brine infiltrating the till sediments
under the brine pond would not cause any changes in the
sediments. This is not true because the introduction of
brine in this type of sediment will have a drastic effect on
the permeability. Initially, it will reduce the permeability

significantly, whereas continued exposure of the sediment

to the brine will cause major mineralogical changes, which
in turn may increase the permeability again. At this time,
insufficient information is available on the effect of the
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brine on this type of sediment and on the rate of progress
of these processes. Considerable research will have to be
conducted to define the rate of change, both in terms of
the mineralogy and the permeability in the sediments. It
should be pointed out that these processes take place not
only in the recharge area under the brine pond, butalso in
the discharge areas when the brine reaches the aquifer. This
means that if these processes are indeed slow, a considerable
delay of the emergence of brine in the discharge areas can
be expected.

Secondly, although the density of the brine was taken
into account as an input pararheter in establishing the
hydraulic head in the brine pond, the difference in density
between the water and the brine was not considered in the
analog simulations. The problem of flow of two fluids with

different density cannot be handled by the analog model.

Since it is known (observation wells G and F) that the up-
ward gradient is negligible at least in a portion of the aqui-
fer, the brine, once it has reached the aquifer, will have a
tendency, under the influence of gravity, to concentrate
in the lower portion of the aquifer. Whether the brine will

flow upwards depends largely on the hydraulic g’radi'ents.’

At this time it appears that these gradients may indeed be
present in the vicinity of the brine pond near the east dyke.
The distribution of the completion zones of the existing
observation wells in the aquifer is adequate to define the
gradient distribution in the vicinity of the brine pond. This
distribution is; however, insufficient for monitoring
changes in the hydrochemical environment caused by brine
infiltration. This will be discussed in more detail later.

The travel times for brine in the aquifer, arrived at by
the various analog mode! simulations, should be considered
as the worst possible case, representing a minimum rather
than a maximum value.
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CHAPTER 9

Groundwater Chemistry (C. C. Davison and J. A. Vonhof)

INTRODUCTION

An integral part of any study in an area with a potential
groundwater pollution problem is the collection of water
samples for chemical analysis. Since the representativeness
of the chemical analysis of a water sample is not only de-
pendent on the accuracy of the analytical methodology,
but is also strongly influenced by the medium to be sam-
pled (groundwater versus surface water), the sampling pro-
cedures, and the handling of the samples, a number of
studies were conducted over a period of several years to
determine the effect of some of these parameters. The ma-
jor impetus for these studies was the analytical resuits for
samples taken during a series of pump tests (1971) which
subsequently froze during storage. 4

It should be pointed out that the main interest was
focused on changes that occur during storage and shipment.
It was realized that little or no control could be exercised
over the changes that take place in the chemical equilibria
in the groundwater during extraction from the aquifer, i.e.
the effect of differential pressure gradients across the
screen, pump, and discharge point, turbulent flow regimes,
etc. However, since the extraction technique did not change
during the course of the studies, the sum total of these
eéffects was considered to be constant. Fufthermore, it was
thought that if the samples for the various studies were
taken from the flowing wells in the area, many of the dele-
terious effects of pumping would be eliminated.

At no time was any sediment observed in any of the
discharges from either the pump wells or the flowing wells,
and the water samples were as a rule not filtered. Although
filtering of water appears to be more and more of a recom-
mended practice (Weyer and Feder, 1978), the effects of
filtering on the distribution of the major ions is poorly
documented. According to Demayo et a/. (1978), consider-
able care must be exercised in the interpretation of the
trace metal content of water in filtered samples. Depending
on the analytical technique that will be used for the deter-
mination of the major cations, considerable variation can be
introduced in the concentration of the ions, for example
by acidification of the sample (filtrate or raw sample),
because the acid can dissolve portions of or all of the sus-
pended materials and various colloids. Filtering of a sample

does not provide any guarantee that the filtrate is free from
suspended and/or colloidal material and as such is of ques-
tionable value.

1971 GROUNDWATER SAMPLING PROGRAM

A total of seven observation wells were constructed in
January and February of 1971. Subsequent to their com-
pletion a pump test was run on each observation well.
These tests were conducted in March, 1971. During the
pump tests water samples were collected at various times
to determine whether any changes took place in the water
chemistry. Furthermore, the electric conductivity of the
pump discharge was measured continuously. Figure 52
shows an example of the analytical resuits of the water
samples from observation wells A and B. During the pump
test, only a slight change was noted in the specific conduc-
tance values, however, when the results from the laboratory
analyses were. received, it was found that the specific con-
ductance values were much lower and that considerable
variation in the concentrations of especially bicarbonate
and calcium existed. Furthermore, trace element concen-
trations showed an even greater variation as is shown for
iron in Table 11.

Table 11. Iron Concentration (mg/l) in Pump Discharge Water.

Observation well A Observation well B

Time Concentration Time Concentration
(min) (mg/) (min) ~ (mg/)
1 146 3.5 13.8
15 39 10 42
100 36 35 3.1
500 04 60 0.04
1065 5.9 180 43
.335 0.04
1245 3.7

It should be pointed out that the water samples for
trace element analysis were acidified to a pH < 1.5. The

. magnitude of the variation was puzzling, to say the least,

espegially if the short duration of the pump test and the
type of aquifer were considered. Further checking with the
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laboratory revealed that the samples on arrival were. in
various stages of freezing, from completely to partially
frozen. It appeared that the observed variability in the ionic
compasition was frost-induced and the true concentration
of several ionic species could not be determined.

1972 GROUNDWATER SAMPLING PROGRAM

To evaluate further the effect of freezing and to deter-
mine which values of the 1971 sampling program couid be
considered correct, a more extensive study was conducted

"~ in the fall of 1972. At the same time unfrozen samples

were subjected to temperature cycles and shaken for

various time periods to simulate transport and storage. The,

sources of the water were two flowing wells. The samples
collected from each well were all taken within one hour and
were divided into five classes. These are

1. Samples kept at a constant temperature of 75°F
(23.9°C)

2. Samples subjected to fluctuating daily temperature cycle
from 40-75°F (4.4-23.9°C)
(a) analyzed at 40°F (4.4°C)
(b} analyzed at 75°F (23.9°C)

'3. Samples subjected to shaking and fluctuating daily tem-

perature cycle from 40-75°F (4.4-23.9°C)
(a) analyzed at 40°F (4.4°C)
(b) analyzed at 75°F (23.9°C)

Triplicate samples were taken for each class and analyzed

in a field laboratory over a consecutive 6-day period.

One triplicate set of samples was analyzed immediately
and is referred to as the field value. Also several samples
were forwarded to the Western Laboratory, Water Quality
Branch, Environment Canada, in Calgary, Alberta. The
analyses conducted in the field were calcium, total hard-
ness, alkalinity, iron, and pH, and the method used for
analysis is the same as that employed by the Western Labo-
ratory. Concurrent with the above-mentioned program, a
Jarge number of samples were frozen and also analyzed over
six consecutive days; daily samples of the two wells were
collected for immediate analysis. In addition, acidified
samples were collected for héavy metal analysis by the
Western Laboratory. Some of these samples were allowed
to freeze.

The results of the analyses of the samples in the five
classes of unfrozen samples from flowing wells 1 and 2 are

shown in Figure 53. -Only the average value of the analysis'

of the three samplés in each class for each day is plotted in
Figure 53. None of the classes show a specific trend, but if
the groups of daily results are compared over the 6-day
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period, a slight decrease in the alkalinity and total hardness
values can be detected. No such changes are indicated by
the calcium values. These observations show that temper-
ature fluctuations and shaking do not materia)ly change the
composition of groundwater samples for the ions analyzed
here, but that length of storage time will affect the compo-
sition, albeit in a small way, of a groundwater sample.

Figure 53 also shows that the immediate field value is
almost always farger than the Calgary Laboratory value.
This difference is particularly noticeable for the alkalinity
data. In addition, Figure 53 shows that the most significant
changes take place in less than a day. Again, this is espe-
cially noticeablé for the alkalinity data. Although the pH
values are not shown in Figure 53, considerable changes
were noted between the immediate field value, the consecu-
tive 6 days of field analysis; and the Calgary Laboratory
value. Increases of up to 0.3 pH units were noted between
the immediate field value and the samples which were

" analyzed in the field, whereas increases in the order of 0.5

pH units were present between the immediate field sample
and the Calgary Laboratory value.

Since it is apparent from Figure 53 that no significant
trends are present between the five sample classes, the. re-
sults of the daily analyses of the samples in each class can
thus be regarded as multiple samples from the same popula-
tion. In other words, the results are a measure of the accu-
racy of the analytical methods. The ranges of the relative
standard deviation (standard deviation x 100/mean value)
for daily results over the 6 days of analysis are:

Flowingwell 1  Flowing well 2

Alkalinity 0.4-1.1% 0.3-0.9%
Calcium 1.6-6.4 0.8-2.1
Total Hardness 0.2-:25 04-1.8

The values of the relative standard deviation are in general
smaller than those obtained by Carron and Aspila (1978)
from round-robin quality control studies. The analytical
methods used in the field can therefore be considered
relatively accurate.

The results of the daily analyses of the frozen samples
are summarized in Figure 54, which also shows the fre-
quency distribution of the analytical results of the frozen
and the unfrozen samples. The frozen samples show a much
greater degree of scatter than the unfrozen samples, and the
analytical fesults of water samples that have been frozen are
unreliable. Since not all the parametefs could be checked in
the field laboratory, several frozen samples were sent to the
laboratory in Calgary. The results of the analyses are shown
in Table 12. Table 12 indicates changes for alkalinity, total
hardness, and calcium similar to Figure 54. In addition to
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these parameters, sulphate also undergoes drastic changes
during freezing, whereas sodium, potassium, and chleride
are essentially not affected. Therefore the only data that
can be salvaged from all the analyses made on the water
samples collected during the pump tests in the various ob-
servation wells which froze during transport to the labo-
ratory in Calgary are the results on the concentration of
chloride, potassium, and sodium ions.

The effect of freezing on acidified samples taken for
heavy metal analysis was investigated further in the follow-
ing controlled experiment. The “‘sampling flow sheet” is
shown in Figute 55. Heavy metal samples were acidified
with one of three acids (HCI, HNOs, or H,S0,) to de-
termine whether any one acid had superior preserving
qualities for heavy metals. Two sets of samples, one with
no air space or full and the other with 25% ajr space, were
collected for treatment with each acid. Each set consists
of three bottles. This was done to determine whether the
presence of an expansion space (25% air space) during
freezing made any différénce in the analytical results. For
one experiment a complete series of samples consists of
36 prepared sarmples. Eighteen of these samples were sub-
sequently frozen. Two complete series were collected from
two different groundwater sources: flowing well 1 and
flowing well 3, respectively.

All samples were analyzed by the Western Laboratory,
Water Quality Branch, Calgary.

The prepared water samples were analyzed for Fe, Mn,
Zn, Cu, Pb, Cd, and the pH was measured. The results are
shown in Figures 56 and 57. The following observations
can be made:

Iron

{A) Unfrozen samples: little or no difference between
fult and “‘air space’” samples (less than 2% for
flowing well 1, 3-10% for flowing well 3).

(B) Frozen samples: considerable difference between
full and “air space’” samples. Considerable differ-
ence between full frozen and unfrozen samples.

Little difference between ‘‘air space’’ frozen and.un-
frozen samples (up to 5%).

Manganese

{A) Unfrozen samples: no difference between full and
“air space’’ samples

(B} Frézen samples: considerable difference between
frozen and unfrozen samples for both the full and
““air space’’ samples.

Zinc and Copper
Only trace amounts were present in the two sources,
however, it appears that both zinc.and copper are best
preserved by nitric acid. Théir trace distribution in the
frozen samples is erratic.

Lead and Cadmium
Neither metal was detected.

- All samples were again analyzed approximately 2 weeks
later, on January 10, 1973, to determine whether any change
had taken place in the heavy metal content. The result of
this second analysis is shown in Figures 58 and 59. Except
for the manganese values of the frozen samples, no changes
were observed. Both the ‘“‘air space’” and full sample values
showed changes in the manganese content. The most drastic

Table 12. Major Ion Analyses of Frozen and Unfrozen Samples, Flowing Wells 1 and 2.

Flowing well 1

Flowing well 2

Unfrozen Frozen Unfrozen Frozen
Immediate Calgary Calgary Immediate Calgary Calgary
field laboratory laboratory field laboratory laboratory
5/11‘/72 15/11/72 18/11/72 13/02/73 12/11/72 20/11/72 18/11/72 13/02/73
Spec. cond. (umhos/cm) 1620 1544 1107 882 2700 2685 2430 2458
pH 7.00 7.80 8.00 8.30 7.85 7.90 8.30 8.30
Ca (mg/1) 196 189 123 78.9 129 129 . 103 87
Total hardness {mg/1) 733 730 556 403 425 427 344 281
Na (mg/l) 86.5 84 85 421 430 460
K (mg/1) 9.6 9.6 9.2 7.0 6.4 7.0
Alkalinity (mg/1) 515 495 331 169 333 317 239 170
S04 (mg/l) 418 377 394 1036 924 1009
Cl (mg/l) 7 13.8 13.3 140 - 60.9 54.0 61.5
NOTE: All samples were collected at the same time. a
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change occurred in the “‘air space” frozen samples. The
second set of values approximates the values of the un-
frozen samples. Further analyses of these samples for man-
ganese did not show any more changes. No explanation can
be given for this phenomenon.

Another set of samples immediately frozen at the time
of collection and kept frozen for 2% months was analyzed
March 1, 1973 (Figs. 58 and 59). The results of the analyses
are similar to those obtained from earlier frozen samples.

A number of water samples were collected from Bragg
Creek in Bragg Creek Provincial Park and from the Bow
River at Cochrane. These samples were subjected to the
‘same. procedures as the groundwater samples. The only de-
tectable heavy metal present in these waters is lead
(Table 13).

Table 13. Lead Content in Frozen and Unfrozen Surface Water

Samples.
Frozen
No 25%
Unf;ozen air space air space
Bragg Creek at 0.030 0.003 0.027
Bragg Creek, 0.029 0.003 0.019
Alberta » 0.027 0.003 0.003
Bow River at 0.012 0.003 0.015
Cochrane, 0.003 0.015
Alberta 0.013 0.003 0.004

As can be seen from Table 13, a similar variability
between frozen and unfrozen samples is present in surface
water as was found previously for groundwater.

It is obvious both from the major ion and the heavy
metal analyses of water samples which froze that the
results of such analyses are almost invariably unreliable.
The ions that seem least affected by freezing are chloride,
potassium; and sodium.

In addition to the experiments on the effect of storage,
shipping, and freezing on the ionic content of a water sam-
ple, the sources—flowing wells 1 and 2—were also sampled
daily for immediate analysis. Flowing well 1 was sampled
daily from November 5 to 18, 1972, and flowing well 2
from November 12 to 18, 1972. The results of the daily
immediate analyses are shown in Figures 67 and 68. The
daily variation in the ionic content of the analyzed para-
meters is greater than the analytical variability, which
therefore suggests that temporal variations exist. The tem-
poral variations were investigated in detail during the
summer of 1973, at which time further work was also
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conducted on analytical variability. The latter experiments
were expanded in 1974.

1973 AND 1974 GROUNDWATER
SAMPLING PROGRAM

An extensive groundwater sampling program was con-
tinued in 1973 and 1974 in order to describe the chemical
characteristics of the groundwater flow through the buried
valley aquifer in the study area. The main aims of the pro-
gram were:

1. To establish the spatial distributions of the concentra-

tions of major chemical constituents (Ca, Mg, Na, K,

HCO3, S04, Cl), conductance, and pH.

2. To define the probable physico-chemical factors con-
trolling 1.

3. To investigate the temporal variations of the major
chemical species, Eh, Fe, and Mn.

4. To define the probable -physico-chemical factors con-
trolling 3.

5. From the results of 1-4 to establish the baseline water
quality criteria for the aquifer in the study area.

A comprehensive statistical assessment of the experi-
mental errors associated with discrete measurements of the
chemical constituents is a prerequisite in any discussion of
chemical water quality (Wainerdi and Uken, 1971). This
allows one to eliminate the risk of misinterpretation and
also to establish the range of statistically probable inter-
pretations these measurements represent. Such a treatment
is especially critical in discussions of variations (either
spatial or temporal}, since random sampling, preservation,
or analytical errors may obscure existing natural trends.
During this study several quality centrol experiments were
carried out to appraise the importance of these undesired
sources of variation.

Sampling Schedule

Figure 60 shows a flowchart representation of the
sampling schemes undertaken to measure the major hydro-
chemical constituents of the buried valley aquifer in the
study area. A complete listing of the results of the chemical
analyses is given in Appendix V.

Field Methods

Water samples were collected in November 1973 from
the seven observation well installations and three flowing
wells located in the study area (Fig. 35). The observation
wells were pumped with a 4-in. OD (10 cm) submersible
pump located immediately above the screened portion of
the well, and water samples were collected from the dis-
charge outlet after approximately one hour of pumping.




During the 1974 summer sampling period a manual
pump was operated for approximately five minutes to bail
air-contaminated water from the observation wells prior
to sampling. Water samples were taken from the screened
interval of the wells by means.of a brass downhole Nansen
sampler (capacity one litre) activated from the surface by
a weighted messenger. Water samples were taken directly
from the well heads at the flowing localities.

Temperature, pH, Eh, and specific conductance were
all measured at the sample sites at the time of sampling.
Values for pH were determined using a portable, tempera-
ture-compensating, Eh-pH meter (Corning model 610 A)
and combination pH electrode (Sargent Welch Mfg. Co.).
The electrode was calibrated before each measurement with
the standard buffer solutions, pH = 7.00 and pH = 4.00.
Drifting readings were eliminated by shading the instru-
ment from direct sunlight and equilibrating the electrode
with the temperature of a ““dummy’’ solution before im-
mersing the electrode in the “fresh” solution to be ana-
lyzed. With proper care, field pH can be measured in well-
buffered aqueous samples to a precision of +0.02 units and
an accuracy of +0.05 units (Langmuir, 1971). During this
particular study, calibration with the pH = 7.00 buffer was
not made Wwith the buffer at the same temperature as the
sample. Instead, the meter was adjusted to read pH = 7.10
when inserted in the pH = 7.00 buffer to compensate for
the temperature difference between the buffer and sample
solutions.

The Eh of the water samples was measured in the field
using a portable Corning model 610 A combination -Eh-pH
meter, and platinum metal and calomel reference electrodes
(Corning Mfg. Co.). The temperature of the electrodes was
allowed to equilibrate with that of the sample before a
fresh sample was collected for the Eh determination. The
fresh sample aliquot was transferred immediately from the
wellhead (for flowing wells) or the airtight Nansen sampler
(for observation wells) to a measuring beaker containing the
Eh electrodes. A plot ‘of the meter-reading versus time
allowed the Eh of the sample to be estimated:; the lowest
reading was taken to represent the best estimate of the Eh
of the sample. The measured potentials were converted to
Eh by adding the potential of the calomel reference elec-
trode (cre): ‘

E® (cre) = 0.2415 - [(0.00076) (T-25) ]

Several other improved methods for measuring the field
Eh of anoxic groundwater samples have been reported in
the literature (Back and Barnes, 1965; Edmunds, 1970;
McNaughton, 1975). In these methods, Eh measurements
are made in airtight plastic chambers to eliminate the risk
of oxygen being added to the sample. If the samples are

transferred to the measuring cell by peristaltic pumps,
special precautions must be taken to reduce interference
effects such as streaming potentials and external electrical
interferences. Minute gas bubbles coating the electrode
surfaces can also create interference problems.

Temperature measurements were made in the field at
the sampling site with a Fisher brand mercury thermometer
calibrated in 0.2°C intervals. The performance of the field
thermometer was periodically checked against two identical
spare thermometers. Field determinations of specific con-
ductance were made with a portable battery-powered,
temperature-compensating conductivity meter (Beckman,
RB3). The electrode was calibrated in the field against the
standard 0.01 M KC! solution (1413 timhos/cm @ 25°C).
Water samples from the observation wells were filtered to
remove particulate matter (greater than 2 um) before being
placed in polyethylene sample bottles and saved for further
chemical analysis. The water samples collected from the
flowing wells were not filtered.

During the summer of 1973, a 2-litre sample was col-
lected daily from flowing well 1 and flowing well 2, so that
total alkalinity, total hardness, calcium, and total iron
could be determined at a central field laboratory. With
these methods the calcium, magnesium, iron, and bicarbo-
nate concentrations of the samples were known within one
hour of sampling. Alkalinity was measured by titration witt.
0.01 N H;S04 to the two end paints pH. 4.2 and 4.5
(Traversy, 1971). Total hardness and calcium were analyzed
by titration with disodium ethylenediamine tetraacetate
(sodium EDTA) and the appropriate dye indicator: Erio-
chrome Black T for total hardness; Calver Il for calcium
(Traversy, 1971). Total iron was determined by the 2,4,6 -
tripyridyl-s-triazine (TPT2) colorimetric method (Traversy,
1971), using a Bausch and Lomb Spectronic 20 colori-
meter. These procedures were calibrated daily with labo-
ratory-prepared standards. Replicate aliquots were analyzed
routinely and a reproducibility of *1% - *+2% was estab-
lished for each technique. In addition to the daily sam-
pling of wells, a 2-litre sample for wet analysis and a 250-m|
sample for atomic absorption spectrophotometry were
collected once a week from flowing well 1 and flowing well
2 and shipped to the Western Laboratory in Calgary for
complete analysis. Two m! conc. HNO; was added to the
250-ml sample (for atomic absorption spectroscopy anal-
ysis) to guard against chemical precipitation during storage.

During the summer of 1974 a compact single-beam
atomic absorption unit (Jarrell-Ash: Dial Atom II), with a
single-slot premix burner head, was installed at the centra!
field laboratory to complement the wet analytical tech-
niques. Wet techniques were used to determine Ca, Mg,
and HCO; concentrations; Ca, Mg, Na, K, Fe, Mn, SO, and
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Cl concentrations were analyzed by atomic absorption
spectroscopy (AAS) techniques. Standard solutions for
AAS analyses were prepared beforehand in a Calgary labo-
ratory and checked against U.S. Geological Survey Standard
Reference Water Samples. Water samples for field AAS de-
terminations were prepared with the addition of 0.6 ml
conc. HNO; per 100 ml to normalize both the samples and
standards. Na, K, Fe, and Mn were analyzed by AAS follow-
ing the methods of Kahn (1968} and Fishman (1966) in
conjunction with *‘Atorhic Absorption Analytical Methods”
supplied with the Jarrell-Ash spectrophotometer. Cl and
SO, were determined by indirect AAS techniques (Durik
et al., 1969). A detailed description of these indirect AAS
methods is presented in Appendix VI. Careful Standard
Addition techniques {Barefoot, written comm.) were
adopted to detect and correct for matrix interference effects
in the determination of both Ca and Mg (Angino and
Billings, 1972). Appendix VII outlines the main features of
the Standard Addition Method. Rapid and accurate dilu-
tions for AAS methods in the field laboratory were made
with disposable micropipette and macropipette - systems
(accurate to *0.1% of total volume). Small disposable
plastic pharmaceutical vials were used to prepare samples
for analysis.

Laboratory Methods

Samples sent to the Western Laboratory in Calgary were
analyzed for pH, specific conductance, Ca, Mg, Fe, Mn, Na,
K, HCO3, SO4, Cl, and SiO,. Ca and Mg concentrations
were determined by EDTA complexometric titration meth-
ods; Fe and Mn were determined by AAS; Na and K de-
terminations were carried out by automated flame photo-
metric techniques; HCO3 was determined by titration with
a standard acid to the double end points pH 4.5 and pH
4.2; SO, was determined by barium chloride titration using
Thorin as an indicator; Ci determinations were carried out

by an automated thiocyanate method; and SiO; was de-.

termined by automated heteropoly blue method (Traversy,
1971). Ideally, in a complete and correct chemical analysis
of a sample, the sum of the anions in milliequivaients per
litre (megq/l1) should be equal to the sum of the cations in
milliequivalents per litre. Complete laboratory analyses
which had a cation-anion difference (in meq/l) greater
than 5% of the sum of cations and anions (in meq/l) were
rejected because of the possibility of significant analytical
inaccuracies (Hem, 1970).

Sample Preservation During Storage

Preservation of the chemical character of water samples
during storage prior to laboratory analysis is of prime con-
cern, especially when dealing with groundwater samples.
Groundwater can be highly enriched in CO, (up to 10 to
100 tirhes atmospheric equilibrated sample concentrations),
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and CO; losses from the sample to the atmosphere during
periods of storage can result in a pH increase in the sample,
according to the reactions

CO; +H,02 H,C05 2 HCO;™ +HY

Increases in pH of up to 1.0 pH unit have been recorded in
groundwater samples after a few weeks of storage (Robert-
son et al., 1963; Davison; 1974, 1976).. Figures 61 and 62
illustrate the pH and pCOz changes occurfing as a result of
CO, losses during storage in water samples from flowing
wells 1 and 2 (FW1 and FW2). Increases of pH can result
in extreme supersaturation of the sample with respect to
carbonate mineral phases (Fig. 63), and precipitation of
these phases can occur during storage if proper preservation
techniques are not used, To evaluate this possibility a group
of samples from FW1 and FW2, which had been stored un-
preserved for 3 months in polyethylene bottles at ambient
temperature, were tested to détermine whether significant
amounts of Ca or Mg carbonate had precipitated during
storage. Appendix. VIl briefly outlines the experimental
procedure. The results of this experiment, which are sum-
marized in Table 14, reveal that for these water samples
large quantities of Ca (up to 60% of the total) had precip-
itated, presumably as calcite, during the 3-month storage
period. Only minor amounts of Mg (up to 1.6 ppm) had
precipitated after the storage period. There is a direct
correlation between the Ca and Mg results; the samples
which indicated the greatest losses of Ca also indicated the
greatest losses of Mg. Clearly, standard EDTA complexo-
metric analysis of these samples would yield underestimates
for Ca concentrations. Sekerka and Lechner {1974) have
also observed Cu, Ag, and Hg losses owing to precipitation
in unacidified aqueous samples.

Chemical Equilibria

Calculations of inorganic equilibria and ionic speciation
for individual water analyses were done using a Fortran IV
version of the computer program WATEQ (Truesdell and
Jones, 1974;: Plummer, 1972) and a revised version of the
program WATEQF (Plummer, 1975). WATEQF was design-
ed for treating water samples from low-temperature aqueous
environments (0-50°C); if equilibria at higher temperatures
are to be considered {up to 350°C}, the computer program
SOLMNEQ should be employed for the calculations
(Kharaka and Barnes, 1973).

For any given chemical reaction
aA + bB & ¢cC + dD + ne

where a, b, ¢, and d are the stoichiometric coefficients- of
the chemical species A, B, C, and D respectively and n is the



Table 14. Summary of Sample Bottle — Sample Solution Analysis, Unacidified Groundwater Samples.

Sample No. i Sample bottle* Filter ‘paper,T 0.45 um Sample solutiont _ Total§
Dis,t,riby,t,ion of Ca » ‘
FwWi-1 0.92 (37) 0.01 (0.4) 2.32(93) 3.24 (130)
FW1-2 1.40 (56) 0.01(0.4) 2.15 (86) 3.54 (142)
FW1-3 0.72 (29) 0.08 (3.2) 242097 3.24 (130)
Fw2-1 1.37 (5§5) 0.03(1.3) 0.97 (39) 237 (95
FW2-2 0.70 (28) 0.01 (0.6) 2.02 (81) 2.74 (110)
Fw2-3 0.27(11) 0.01 (0.6) 2.10 (84) 2.40 ( 96)
Distribution of Mg
FW1-1 0.05 (1.3) 0.05(1.1) 2.18 (53) 2.28 (55)
Fwl-2 0.07 (1.6) 0.03 (0.8) 2.34 (57) 2.44 (59)
FW1-3 0.04 (0.9) 0.50 (1.D 2.30 (56) 2.40 (58)
Fw2-1 0.05 (1.2) 0.01(0.2) 0.95 (23) 1.01(24)
Fw2-2 0.02 (0.4) 0.01 (0.2) 0.99 (24) 1.02 (25)
FWw2-3 0.01 (0.3) 0.01 (0.2) 1.07 (26)

1.09 (27)

NOTE: All concentrations expressed as m_iIlimoles per litre, within parentheses as parts per million.
*Sample solution removed; bottle rinsed with double-distilled H20 and precipitate dissolved with conc. HNO3.
FSample solution filtered through 0.45 um ;filter paper washed in conc. HNO3.

4Sample solution <0.45 um.
§Sample bottle + filter paper + sample solution = total.

number of electrons, e”, involved in redox reactions, there
is a corresponding mass-action equation given by

_lcle [D] ¢ [e7)n
[A]2 [B]®

K

K is termed the mass balance constant or “equilibrium
constant”’ of the reaction and the square brackets indicate
activities of the chemical species (Garrels and Christ, 1965).

The values and sources of the equilibrium constant
used in the WATEQF calculations are listed in a report by
Davison (1976). When data for the equilibrium constant of
a given chemical reaction are available at more than one
temperature, the equilibrium constant may be expressed

either by a power function of the absolute temperature, T,

logK = A+ BT + C/T + DlogT

where A, B, C, and D are constants; or by the van't Hoff
equation, )

H..
log K = logky, - 7;_'(1? - %)

in which Tr is the reference temperature (Truesdell and
Jones, 1974). The latter expression is used when experi-
mental equilibrium constants are known over a wide range
of temperature conditions. Davison (1976) lists the exprés-
sions of this form used in WATEQF. The van't Hoff rela-
tion is a linear interpolation used to estimate the equili-
brium constant when its value at 25°C and H, ° are known.

Solid Phase Equilibria.

The degree of equilibrium of a_i particular solid mineral
phase with an aqueous solution {i.e. AX(S) = Af';q) + Xfaq)b)
can be expressed as a saturation index, denoted S| (Wigley,
1971):

1AP
Sl = log —
np
KSp

where mp denotes the particular mineral phase, IAP is the
ion activity product in the selution (i.e. [AT ]X [X™ ), and
ksp is the equilibrium constant or “solubility product” of
the particular mineral phase. An Sl (saturation index) of
0.0 indicates that the solution is exactly saturated with
respect to the mineral phase, mp; a positive Sl implies that
the solution is supersaturated with respect to the mineral
phase; a negative Sl indicates undersaturation. WATEQF is
capable of calculating the degree of saturation for 99 differ-
ent mineral phases.

Spatial Distribution of Major Constituents

In November, 1973, all the observation wells and flow-
ing wells in the study area were sampled to determine the
spatial distribution of the major chemical constituents in
the aquifer. Temperature, pH, and specific conductance
were measured in the field at the time of sampling using
the techniques outlined previously. The water samples were
shipped in tightly capped 2-litre polyethylene bottles to the
Western Laboratory, Water Quality Branch, in Calgary for
subsequent chemical analysis. The laboratory analyses of
the samples, recorded in Table 15, were completed within
one month of sampling.
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Table 15. Major Ion Analyses for November 1973 Groundwater Samples.

-log Spec. cond.

Well No. Ca Mg Na K S04 HCO4 Cl pH* pCO, (umhos/cm)
OWE¢ 4.9 24 2.5 0.23 33 94 0.3 6.9 1.28 1360
OWC, 5.1 2.0 3.8 0.23 4.0 9.5 0.5 7.0 1.38 1540
OWG 5.2 2.5 34 0.23 35 9.1 0.5 7.0 1.39 1500
OWFd 5.1 29 11.2 0.26 7.1 11.8 14 7.1 1.39 2280
FWI, 4.8 2.8 3.7 0.23 4.6 9.5 - 04 6.9 1.28 1480
OWDs 49 2.7 2.5 0.23 33 9.4 0.3 7.0 1.38 1540
Uncertainty 1 .7 0.6 0.4 10.04 0.6 +1.2 0.2 - - -
OWB, 48 2.9 34 0.23 39 94 0.5 6.8 1.18 1520
01/ o 5.1 2.8 3.8 0.23 3.9 9.5 0.5 7.0 1.38 1540
OWA, 55 3.0 3.9 0.24 35 9.8 12 6.8 1.17 1790
FW24 34 1.0 204 0.18 10.8 6.6 1.7 7.5 2.04 2640
_ Uncertaintyt 0.4 0.6 .1 #0.01 1.0 .7 0.1 - - -
FW3; 54 3.1 58 0.25 5.9 10.8 0.7 7.0 1.33 1930

NOTE: All concentrations expressed as millimoles per litre.
*pH and specific conductivity measured in the field.

fUncertajnty expressed as 2-S of laboratory analyses for 1973 and 1974 sampling periods.

s =shallow
d =deep
i =intermediate

The water samples from the wells in the shallow portion .

- of the aquifer were chemically similar: pH = 6.8-7.0, spe-
cific conductance = 1350-1790 umhos/cm, Ca = 4.8-5.5
mmoles/l, Mg = 2.0-3.0 mmoles/l, Na = 2.5-3.9 mmeoles/I,
K = 0.23-0.24 mmoles/l, HCO; = 9.1-9.8 mmoles/!, S04
= 3.3-4.6 mmoles/l, and Ci = 0.3-1.2 mmoles/I.

Compared with the samples fror the shallow wells, the
samples collected from the two deep wells (OWF and FW2)
contained much higher congentrations of Na, SO; and Cl.
Water from FW2 had a lower concentration of Ca, Mg, and
HCO3 than the shallow wells. The HCO3; content of the
sample from OWF was significantly higher than that in the
samples from any of the other wells. FW3 is completed at
an intermediate depth in the aquifer. The ionic concentra-

tion of the water of this well is higher than that of the.

shallow wells, but lower than that of the deep ones. Both
Na and SO4 show a higher concentration compared with
the shallow wells.

Speciation and Mineral Equilibria

Calculations of the species distribution and degree of
saturation with respect to stoichiometric mineral phases
were carried out for all of the wells sampled during Novem-
ber, 1973, usinga modified version of WATEQF. The effects
of ion pairing and complexing were accounted for in all of
the calculations. The species distribution for each sample
based on the major ion analyses is presented by Davison
(1976). Table 16 contains a summary of the mineral satura-
tion results.

Almost all of the samples were saturated with respect
to calcite (CaCO;), dolomite (CaMg(COs),), silica gel
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(Si0O, — amorphous). All of the samples were undersatu-
rated with respect to gypsum (CaSQ,). The samplés taken
from the wells in the deeper portions of the aquifer were
nearer to gypsum saturation than the samples from the
shallow wells (Table 16).

Table 16. Summary of Chemical Saturation; November 1973
Groundwater Samples, from WATEQF (No Fe, Mn,

or Eh data).
Piezometer ‘ *Slc SIp vSIG SIsiLG
OWE 0.0 =04 =0.9 ~0.10
owC 0.1 -0.1 -0.8 -0.07
OowWG 0.1 -0.2 -0.8 -0.07
OWF 0.2 0.1 -0.6 -1.10
FW1 -0.1 -0.4 ~0.8 -0.04
OWD 0.1 -0.1 -0.9 -0.10
Uncertaintyt +0.10 30.30 #0.10 -
OWBR -0.1 =05 -0.8 -0.10
owC 9.1 =0.1 -0.8 ~0.07
OWA -0.1 -04 -09 ~0.07
FWwW2 0.1 -0:3 -0.7 -0.07
FW3 0.1 0.0 -0.7 - -0.10
. 1AP

*SI_ . =log =—

Smp =8 R

SImp = 0(tuncertainty) —>saturation

SImp > 0 — supersaturation
Imp < 0~ undersaturated
C = calcite, CaCO3
D = dolomite, CaMg(CO3);
G = gypsum, CaSOq4q
SILG = silica gel, SiOz (amorphous)

tUncertainty based on analytical and storage vaﬂatlon m determi-
nations of Ca, Mg, HCO3 and SO4.




Chemical Processes Occurring within the Aquifer

The main spatial chemical characteristics of the ground-
water in the aquifer are illustrated in Figures 64, 65, and
66. The concentrations of the total dissolved constituents,
Na;, SO4, and Cl, increased with increasing depth in the
aquifer and increasing distance along the groundwater flow
path. Figure 66, which is a modified Piper plot of the data
(after Edmunds, 1970), suggests a linear trend from Ca—
Mg—HCO; type water in the shallow pertion of the aquifer
to more concentrated Na—SO4 type water at depth. This
trend in water chemistry with depth has been observed in
many other groundwater flow systems in southeastern
Saskatchewan and southwestern Manitoba. A number of
concurrent chemical reactions have been suggested to
account for the chemical evolution of such groundwaters
(Rutherford, 1966; Cherry, 1972). These are:

1. Sequential dissolution of calcite and dolomite under
high pCO, conditions encountered in the soil zone
during groundwater recharge. This could generate a Ca-
HCO; dominated water with minor amounts of Mg.

2. Dissolution of minor amounts of halite NaCl as a source
of Cl present in the groundwaters.

3. Dissolution of minor amounts of highly soluble sulphate
minerals such as gypsum, epsomite (MgSO4-7H,0),
mirabilite (Na;S04 - 10H,0), or thenardite (Na; S0O4) to
yield Mg, Ca, Na, and SO, ions.

4. Exchange of Ca and Mg for exchangeable Na or K on
montmorillonite clays.

To test whether these mechanisms could generate the
chemical pattern observed in the described groundwater
flow systems, various solutions to the defining mineral
dissolution, cation exchange, and mass balance equations
were attempted. The results indicated that the chemistry
of the groundwater at all the sampling locations except for
OWA could be generated by:

1. Dissolution of halite
2. Dissolution of gypsum

3. Exchange of Mg and Ca for exchangeable Na and K on
montmorillonite clays

4. Dissolution of calcite and/or dolomite.

The following example illustrates the computations in-
volved.

The water analysis for the samble from OWE is:

Cay = 4.9 mmoles/l HCO3,+ = 9.4 mmoles/l
Mgy = 2.4 mmoles/l SO4 5 3.3 mmoles/|
Nay = 2.5mmoles/l Cl, 0.3 mmoles/!
Ka = 0.2mmoles/I pH = 6.9

*Subscript A denotes water analysis.

Step | Assume that all the chloride comes from halite {(H)
dissolution,
Cl, =Cly
S NaH = CIH
i.e. 0.3 NaCl< 0.3 Nay, + 0.3 Cl

Step Il Assume that the remaining sodium and potassium
come from cation exchange (CE) for calcium and
magnesium on montmorillonite clays,

Sodium and potassium available from CE is:
Nay + Kpa - Nay = (Na +K)gg
ie.26Nay +0.2 K, - 0.3 Nayy = 2.4 (Na + Klgg

Step |11 Assume that all sulphate comes from gypsum (GYP)
dissolution,

CaS04 (gypsum) 2 Cagyp + 504 gyp
S04, +SOagyp

o CaGYP = SO4A
i.e. 3.3 CGSO4 2 33 CaGYP +3.3 SO4GYP

Step IV Calcium and magnesium available from calcite/
dolomite (CAL/DOL) dissolution i$ equal to the
tota} calcium plus magnesium before cation ex-
change minus the calcium contributed by gypsum
dissolution, :

(Ca +MalcarpoL = Cap + Mgy +(Ca+ Mglce
- Cagvyp

ie.4.9Cap +2.4Mgs +1.2 (Ca+ Mgl

~3.3Cagyp =52 (Ca + Mg, poL

Step V In order to maintain a near-neutral pH during
calcite/dolomite dissolution,
2(Ca + MglcapoL = HCOscaLmoL

i.e.2X 52 (Ca+ MdlcarmpoL
= 10.4 HCO; CAL/DOL

Step VI Compare HCO3 ca (/oL With HCOs 5

i.e. HCO3 CAL/DOL = 10.4 m»mOVIES/I.
COs3p = 9.2 mmpoles/|

Within the uncertainties of the analyses the cal-
culated HCO3CAL/DOL equals HC03A for OWE.

Similar calculations for the other sample localities in
the aquifer yield HCO3CAL/DOL values approximately
equal to the HCO3, measured in the sample (Table 17).
It is very likely that an even better correlation would have
been obtained if the bicarbonate concentrations had been
measured in the field.
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Table 17. Comparison of Calculated Bicarbonate (HCO3CAL/DOL) and Analyzed Bicarbonate (HCO3 o) Concentratiotis for November 1973

Groundwater Samples.

Sample location OWA OWB OWC OWD = OWE OWG FW1 Fw3 OWF Fw2
HCO3CAL/DOL 13.0 10.8 11.1 11.1 104 115 106 106 124 6.0
HCO34 9.8 9.4 9.5 9.4, 94 9.1 9.5 108 - 118 6.6

"NOTE: Concentrations expressed in millimoles per litre.

HCO3cAL/DOL = bicarbonate concentration predicted assuming the excess Ca + Mg (after stoichiometric gypsum dissolution and cation ex-
change) is contributed from calcite/dolomite dissolution:

HCO3a = analyzed bicarbonate concentration.

A prerequisite to this hypothesis is the availability of
gypsum and halite in the till and/or aquifer materials. Cherry
(1972) has postulated that if such minerals exist in the tills
of the prairies, they could have been emplaced .by the
mobilization of deep-seated brines during the excessive
loading of Pleistocene glaciation.

Although this theory offers a possible source for the
gypsum and halite, a much simpler explanation can be
reached if the sediments in the area (and for that matter
in most of the Western Plains) are considered in combina-
tion with the setting of the aquifers in the hydrogeological
environment. It is a well-known fact that the bulk of the till
material is locally derived and the till composition reflects
the underlying or nearby strata (Pawiuk and Bayrock,
1969). It is also well known that the bedrock sediments in
most of southern Saskatchewan were deposited in a marine
and/or brackish water environment. These sediments com-
prise mainly clays and silts and have a varying organic mat-
ter and sulphide mineral content. Examination of drill cut-
tings and cores of these sediments from various parts of the
province showed the presence of sulphide minerals and
their weathering product:.gypsum. It would therefore be
logical to assurne that since the bulk of the sediment in the
till is derived from the bedrock; the sulphate ions were de-
rived. from dissolution of dispersed gypsum and/or from
the weathering of sulphide minerals. Furthermore, oxida-
tion of organic sulphides would also add to the sulphate ion
content. A similar origin for the sulphate ions in ground-
water is also proposed by Wallick and Krouse (1977). In
addition, many buried valley aquifers straddle the contact
between the bedrock and the overlying Pleistocene deposits
as is; for example, the cése in the study area. In such in-
stances there is a direct contribution to the groundwater
from the bedrock.

The existence of gypsum in tills and soils has been do-
cumented by several authors, for example, Rozkowski
(1967), Pawluk and Bayrock (1969), Maclean and Pawluk
(1975}, and Christiansen (1968b}).

As was pointed out before, the groundwater chemistry
in OWA differs from that of the other shallow wells in that
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the Cl content is higher (Fig. 65). Because of the proximity
of OWA to the brine pond it was originally thought that
this indicated subsurface brine migration, especially since a
small brine seep is present in the dyke just north of OWA.
However, the results of subsequent sampling programs
show much lower Cl values, similar to the other shallow
wells. It is therefore likely that the higher C! value in the
November 1973 sample is external in origin (analytical
error, bottle contamination, etc.).

The linear trend apparent on the modified Piper plot
of the major ion content of the groundwaters in the stidy
area suggests that the mixing of groundwaters of differing
composition in the aquifer could also be responsible for the
observed chemical pattern (Fig. 66). Included on this dia-
gram are some chemical analyses from shallow wells in the
till in the vicinity of the study area (Rutherford, 1966). It
seems likely that older concentrated Na—SO4 —Cl waters
migrating from underlying formations may be mixing in
the aquifer with younger dilute Ca—HCOj; waters produced
by the sequential dissolution of calcite and dolomite.during
vertical recharge through the overlying till. Meneley (1970)
has obsgrved a similar mixing of chemically distinct waters
in the Tyner Valley buried aquifer system near Saskatoon,
Saskatchewan. Here, younger Ca—Mg—HCQO; water, which'is
recharged through the overlying glacial till, appears to be
mixing in the aquifer with older Na—-S0O4 —Cl water entering
horizontally from another formation.

Temporal Distribution of Dissolved Constituents

A preliminary appraisal of the chemical analyses of
samples collected periodically from two flowing wells in
the study area (FW1 and FW2) revealed significant chemical
fluctuations with time. Several investigators have reported
significant temporal variations in the water éhemistry of
various groundwater flow systems which can be related to
(1) rapid groundwater transit after recharge in shallow flow
systems (Jacobson, 1973; Hoag, 1975); (2} natural or
artificial fluctuations of the water table into and out of
weathering profiles (Bergstrom, 1974); and (3) mixing of
waters of differing chemistries in highly pumped aquifers
(Fritz et al., 1974). To establish the significance of tem-




poral variations in the aqueous chemical constituents of the
aquifer in this study, samples were collected daily from the
two flowing wells FW1 and FW2 for a 2-week period in
November, 1972, and daily from FW1 and FW2 for 3
months during the summer of 1973. Samples were taken at
approximately the same time each day (within an hour) to
eliminate the effects of diurnal chemical- variations. FW1 is
set into the top b ft of the aquifer and FW2 is set into the
bottom 5 ft of the aquifer. Eh, pH, temperature, and
specific ‘conductance were measured immediately in the
field, and Ca, Mg, Fe, and HCO; were determined in the
field laboratory within % hr of sampling. Determinations
were done in triplicate to achieve a maximum uncertainty
of *2% for these methods. Details of the sampling and
analytical techniques have been outlined previously. The
results are presented in Figures 67 and 68. Concurrent
hydrographs and precipitation records are included with
the chemical data for comparison.

(a) Flowing Well 1

Throughout the month of November, 1972, the pH, Eh,
Ca, Mg, and HCOj; levels varied in the groundwater issuing
from FW1. Lévels of Ca, pH, and HCO; gradually increased
during the monitoring period, whereas Eh and Mg decreased
during the same period (seée Fig. 67). No systematic varia-
tions were observed in the specific conductance or the Fe
levels for this period. The water levels in the observation
wells in the aquifer declined continuously during the month
of November (AH = 0.20 ft).

A large storm occurred early in the sampling period of
the summer of 1973 (June 2-4), which induced a distinctive
peak in the well hydrographs of the study area. Although
some of the chemical records are sparse for this early period
(i.e. Eh and Mg}, it is possible to relate a response in pH,

Ca, Fe, and HCOj; to this storm event. The pH of the water

in FW1 rose sharply to a peak (from pH = 7.0 to pH = 7.3)
'2 days afterthe well hydrograph had peaked. Levels of Ca and
HCO; in the water rose gradually and both peaked approxi-
mately 10 days after the storm. The Fe content of the well
water increased sharply 15 days after the storm (from 5.5
ppm to 7.0 ppm); these high iron levels were only observed
for a period of 3 days, whereupon the iron content of the
well water returned to its original level. Throughout the
remainder of the summer of 1973 there were no further
major variations in either the hydrograph record or the pH,
Ca, Mg, Fe, or HCO; records. The pH declined until the
latter part of June (pH = 6.9) and then began to increase
gradually (except for some minor pertirbations) during the
rest of the summer (up to pH = 7.25). Ca and HCO; levels
decreased slightly, Mg levels increased slightly, and the Fe
content remained fairly constant during the rest of the
summer monitoring period. Specific conductance measure-

ments for FW1 showed no apparent response to the intense
storm in early June. However, the specific conductance
level gradually declined until mid-July {(from 1400 umhos/
cm to 1250 umhos/cm) and then rose sharply back to its
original level, with no apparent relationship to any of the
other measured constituents. This pattern is paralleled by
the specific conductance record for FW2 during the same
period (Fig. 68). Since continuous calibration of the
conductivity probe during the monitoring period did not
reveal any instrument problems, probe poisoning or power
supply fluctuations can be ruled out as possible causes of
these variations. Variations in Na, SO,4, and C! (which were
not analyzed for) may be responsible for the specific
conductance variations observed in FW1.

Although the reliability and thermodynamic signifi-
cance of Eh measurements in natural environments is a
debated topic, some workers feel that meaningful Eh values
can be obtained in certain well-poised environments
{Langmuir, 1971; Whitfield, 1974). For instance; the
presence of moderate quantities of Fe or Mn (i.e. Fe > 1
ppm) near neutral pH can induce stable and meaningful
measurements (Langmuir, 1971). These requirements exist
in the groundwater of this study.

The Eh values for FW1 describe a regular trend during
the summer of 1973. Two distinctive maxima peaks occur:
one in late June, and the other in mid-August. This tem-
poral variation in Eh for FW1 does not seem to be related
to variations of other constituents. One would expect
fluctuations in the iron levels of the water in response to
such dramatic Eh variations {up to 100 mV). If the Eh
measurements actually represent natural redox conditions,
it is possible that the observed variations were induced
either by other organic or inorganic reactions.

(b) Flowing Well 2

Daily measurements of pH, Eh, specific conductance,
Ca, Mg, Fe, and HCO; for water issuing from FW2 during
the summer of 1973 are presented in Figure 68. The pH
level remained fairly constant throughout the 3-month
observation period (7.65 * 0.5), although slightly higher
values occurred early in June and in mid-July (7.70). The
Ca content of the water from FW2 increased in early June
(from 125 ppm to 145 ppm), gradually decreased until the
beginning of July (120 ppm) and then increased again
during the rest. of the 1973 monitoring period (up to 130
ppm). The Mg content of the water was highest at the be-
ginning of the monitoring period (40 ppm} and it gradually
declined throughout the rest of the summer (down to 35
ppm). Levels of HCO3 climbed slightly until early July
(from 400 ppm to 410 ppm) and then gradually declined
throughout July and August (down to 390 ppm).
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‘The Ca in' FW2 seemed to respond to the intense storm
that occurred in early June, and the Ca peaked approxi-
mately 10 days after the well hydrograph peaked. None of
the other measured constituents responded noticeably to
the storm influence however.

The Fe level in FW2 rose sharply late in June (from
3.2 ppm to 5.5 ppm), remained high until the end of July,
‘and then dropped sharply to the previous level. The Eh
trend for FW2 seems to parallel the Fe trend closely for the
greater part of the summer {with the exception of August),
with low Eh levels corresponding to high Fe levels. During
mid-July (starting July 15) the specific conductance, Eh,
and Fe levels in FW2 responded suddenly and simulta-
neously. The hydrostatic pressure within the aquifer also
began to increase at this time, suggesting that the aquifer
was being recharged. Direct rainfall infiltration can be ruled
out as a likely recharge mechanism, since the mid-summer
months are characterized by sparse rainfall and high evapo-
t,ranspira’tibn. The fact that the changes in water chemistry
of the deeper portion of the aquifer and this recharge event
occurred simultaneously, whereas the chemistry of the
shallow portion of the aquifer had no similar response to
this hydrodynamic event, seems to suggest that the source
of this recharge is a deeper groundwater flow system. This
observation also lends support to the mixing hypothesis
discussed earlier.

(c) Ferric Oxyhydroxide Stability

Maximum -and minimum field values of Eh were used to
calculate the effect of Eh variations on the ferric-oxyhydrox-
ide stability relationships in the groundwaters under

investigati‘on.'Ferric-oxyhydroxide stability was calculated
manually by the pQ method (Langmuir and Whittemore,

1971) using measured Eh, pH, Fe, and SO, values for FW1
and FW2.

The pQ is given by

pQ = (E° - Eh)/ 1.9842 X 107* T - log Fe?* - 3(log

K. +pH)
where E° =-1226 X 1072 +4.147 X 1072 T- 5111 X
1076 T2 volts, : '
K,, = solubility of water = [H*] [OH"], and
T="K. -

‘At 7°C, E° = 0.7482 volts and K, = 107! *63. The calcu-

lated pQ is compared with the logarithm of the solubility

product denoted szp, for the reactions

Fe(OH)s (amorphous) & Fe** + 30H™; pK,, ++36.0"
@7°C

a-FeOOH (goethite) + H,0 5 Fe** + 30H™; pKp =
+42.75* @7°C

. . C°P,eg (T- 298.15)
calculated from pK, . - pK1 + H3og +—— 228 4
sp” PRT ™ M208 45757

11
[298.15 T:I
If the calculated pQ falls within the range 36.0 > 42.8, the
concentration of iron in the groundwater and the Eh are
likely controlled by the oxyhydroxide phase. Low pQ
values in this range suggest control by an amorphous oxy-

hydroxide phase; higher pQ values suggest control by a
more crystalline phase.

Table 18 lists the results of the pQ' calculations for the
range of Eh observed in samples from FW1 and FW2 during

Table 18. pQ Calculations for Eh Range Observed in Flowing Wells 1 and 2 during 1973-1974.
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Date Eh pH FetoT [FeOH*] [FeS04° ] [Fe?*) pQ*
’ Flowing well 1
10-7-73 -30mV 7.06 1.06 0.05 0.14 0.48 41.0
9.8-73 +40 mV 7.16 1.02 0.05 0.12 0.47 39.5
10-7-74 +60 mV 6.85 1.04 0.05 0.13 0.48 40.0
16-8-74 +18 mV 6.74 0.91 0.04 0.11 0.41 38.2
Flowing well 2
10-7-73 -74 mv 7.60 0.88 0.03 0.22 0.32 40.4
24-7-73 -30mV 7.60 0.61 0.02 0.15 0.22 39.8
10-8-74 +129 mV 7.47 0.59 0.02 0.15 0.21 37.3
10-7-74 +20 mV 7.30 0.65 0.02 0.16 0.23 39.7

NOTE: All concentrations expressed as 10_4 mol/l.
Eh and pH measured immediately in the field.
FeQT from chemical analyses.

[FeOH'], [FeSO4° ] and [Fe?*} from WATEQF calculations for complete chemical analyses.

+36.0 < pQ <042.5 implies control by a ferric oxyhydroxide phase.




this study. [FeOH*] , [FeS0,°], and [Fe**] were deter-
mined using activity coefficients for the species from
WATEQF and

Fe?* + H,0 5 FeOH* + H*; K,, = 107°° (Lang-
muir and Whittemore, 1971)

Fe?* +S0,~ 5 FeS04%; Ky, = 10729 (lzatt et al.,
1969)

All the pQ values for FW1 and FW2 were observed to
fall within the ferric-oxyhydroxide stability range {36.0
< pQ < 42.8) despite the large variation in Eh (and pH)
values measured for these wells (Table 18).

ERROR ANALYSIS

Introduction

Sampling errors, inadequate sample storage and pre-
servation techniques, analytical errors, inaccurate dis-
sociation constants and inaccuracies in the calculation of
activity coefficients can result in errors in the calculations
of chemical equilibria and the distribution of chemical
species. Sampling errors refer to those errors introduced
either by the contamination of the sample at the time of
sampling or the sampling of an inhomogeneous population.
Wells and springs that intersect more than one chemical
type of water, piezometers and wells th,af are inadequately
flushed out prior to sampling, and sampling stations that
are subject to temporal chemical variations can exhibit
significant sampling error.

Groundwater samples are often particularly susceptible
to changes in the pressures of O, and CO,, and improper
sample storage and preservation techniques can result in a
chemical alteration of the sample as it adjusts to new
equilibrium conditions. For instance, during this study,
the pH levels in groundwater samples have been observed
to increase up to 1.0 pH unit owing to CO, escape to the
atmosphere during storage. This often results in super-

saturation of the sample with respect to carbonate mineral

phases; losses of dissolved species because of precipitation
would therefore be expected in unpreserved samples. The
presefvation techniques should also be chosen to comply
with the analytical téchniques used. If, for example, the
samples are to be analyzed by atomic absorption spec-
troscopy techniques, the sample matrix should closely
approximate the matrix of the standards that are to be
used.. This can be accomplished by the normalization of
both the samples ahd AAS standards with a predetermined
volume of reagent grade acid (either HCl or HNO; ).

Among the remaining sources of error, analytical error
is probably the most signjficant source of error in calcula-

tions of mineral solubilities and chemical speciation for the
major chemical constituents in groundwater samples
{Merino, 1975). Two factors can contribute to analytical
errors: inaccuracy and analytical variability.

Analytical Inaccuracy ,

Analytical inaccuracy (constant error or bias) refers to
those errors which have the same magnitude and sign
throughout a series of observations. Analytical inaccuracy
in the determination of the major chemical constituents in
aqueous solutions is often the result of faulty standards or
improper analytical technique. Interlaboratory quality
control studies which have been carried out in the United
States and Canada indicate that large inaccuracies can exist
in the standard analysis of many major chemical consti-
tuents (Robertson et a/., 1963; Traversy and Wales, 1970;
Skougstad, 1975; Carron and Aspila, 1978). Tables 19 and
20 summarize the results of these studies.

Table 19. U.S. Geological Survey Interlaboratory Quality
Control Study (modified after Skougstad, 1975).

SRWS No.. 31* (12/70)

Determination Mean 2-8t
Ca 12.77 mgft 1.68
Mg 222 0.64
Na 25.33 1.76
K 0.79 0.28
HCO3 34,74 248
S04 29.70 2.94
Ci 27.10 2.74
F 0.35 0.14
Si0, 7.14 1.26
Spec. cond. 217.55 umhos  9.24
pH 7.68 units 0.52

*SRWS No. 31 was issued to 32 competing laboratories.
1S = Standard deviation of sample population.

Throughout the summer of 1974, during this particular
investigation, Ca and Mg were analyzed in the field labo-
ratory by EDTA complexometric titration and AAS
methods. The EDTA methods indicated higher Ca and
lower Mg levels than the AAS techniques (Figs. 69, 70).
Some of the discrepancy was attributed to a faulty Ca
standard which accounted for a 16% positive bias in the
EDTA determinations of Ca. The remaining inaccuracy
appeared to be related to the quantity of iron and/or
manganese present in the samples. Those samples with the
highest iron and manganese levels indicated the greatest
AAS — EDTA discrepancy (Figs. 69, 70). It is probable
that the EDTA titration procedure yielded overestimates
for Ca and Mg owing te the formation of interfering Fe-
Mn-EDTA complexes (Traversy, 1971). Skougstad (1975)
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Table 20. Inland Waters Interlaboratory Quality Control Study,

(modified after Traversy and Wales, 1970)

Hardness

Laboratory Ca Na K

No. Mean 2-S Mean 2-S Mean 2-S Mean 2-S

101 13.3 1.82 525 4.72 11.5 0.79 6.8 0.39

102 13.8 1.18 54.2 3.90 11.9 0.13 6.3 0.08

- 103 13.2 0.77 52.2 0.68 114 . 0.14 6.4 0.14

104 135 0.52 50.5 0.90 i1.4 0.43 5.9 0.16

, 105 13.1 0.26 §2.5 0.00 12.0 0.40 59 0.21

N‘OTEE Concentrations exbre'ssed‘ as; mg/i.
S = Standard deviation of sample population.
(modified after Carron and Aspila, 1978)
Sample 1 Sample 2 Sample 3 Samplé 4 Sample 5
Analytical = -

parameter Mean 2-S Mean 2-S Mean 2-S Mean 2-S Mean 2-S
Ca 4353 3.92 39.73 2.84 16.26 144 . 35.90 2.20 30.55 2.02
Mg 11.25 1.54 10.38 1.02 3.79 0.62 8.34 0.80 6.72 0.72
Hardness 155 9.72 141.7 9.34 56.2 5.26 124.8 8.02 104.3 7.12
Na 8.08 0.96 79.67 10.61 4.72 1.12 55.91 9.96 8.39 0.88
K 1.54 0.28 6.20 142 1.18 0.26 10.30 1.30 1.07 0.32
Alkalinity 114 8.90 119 45.2 40.4 5.70 81.7 42.8 -71.3 5.30
Cl 142 2.40 72.7 7.44 7.88 1.90 63.0 4.68 18.3 2.20
S04 37.3 7.08 41.6 5.64 14.5 4.02 323 7.42 20.5 3.66

A total of 35 laboratories participated.

observed a similar discrepancy between Ca determined by
both EDTA titration and AAS technigues.

Failure to detect and correct for various interferences
which can accompany the AAS determination of Ca, Mg,
and K can also be a source of analytical inaccuracy in the
major constituent analyses of groundwaters. Angino and
Billings (1972) present a comprehensive treatment of
interference problems encountered in AAS analyses.

Variability

The scatter or dispersion of a set of sample observations
is referred to as the variability of the observations (Davis,
1973). The statistic generally used to express variability is
the standard deviation (S). For a series of observations
Xl‘, X2, X3, ..oy

S=[ZIX-%)*/n1 1%
where X is the sample mean. The variance, S2, is linearly
additive. Thus, for a system with S;2, S;2, S32, ... inde-

pendent variances the total variance ST2 is

Sr? =8> +52+83% +...
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In analysis of variance it is conventional to express variation
in terms of a unitless coefficient of variation, V,

100S

X
Since V? is directly related to S?,

\/‘T2 = V2 + V2 + Vi o+
For a given groundwater sample ocation, variations in the
measured chemica! constituents can be attributed to two
broad independent sources: (a) sampling. variation, VS and
(b) laboratory/storage variation, VL' The total variation
(VT) of any individual constituent ¢an thus be expressed,

2 _ 2 2

V.r = VL + VS
During the three sampling periods of this particular
hydrogeochemical investigation a total of over 300 ground-
water samples were collected from wells FW1 and FW2.
The variations of the measured chemical constituents for
these samples were assessed using a modified version of the
computer program NORMSTAT. NORMSTAT calculated




—

.

the sampling mean (X) and the coefficient of total variation

) (V-rz) of each chemical constituent. This was carried out

individually for each well, each sampling period and each
laboratory involved. The results are summarized in Tables
21,22, and 23.

Sampling Variation

Sampling variation can arise from the sporadic conta-
mination of samples at the time of collection, or the
sampling of an inhomogeneous population, Inhomo-
geneity is the result of temporal and/or spatial variation.
If sarhple contamination is minimized by using proper care
in the field, the sampling variation can yield a meaningful

estimate of the inhomogeneity of the sample population.
The sampling variation determined for periodic samples
collected from the same location is thus a measure of the
temporal variation of the sample population at that loca-
lity.

Distribution of Variations

During the summer of 1973, samples were coliected
daily from the two flowing wells FW1 and FW2. Triplicate
determinations yielded a maximum analytical variation of
+2% for the. Ca, Mg, and Fe analyses performed in the field
laboratory. Analyses of HCO; and specific conductance
had maximum laboratory variations of £+1%. The coeffi-

Table 21. Mean, Standard Deviation, Total Coefficient of Variation for Major lons in Field Determinations: Flowing Well 1, 1972-1974.

Nov. 1972 and Summer 1973

field analyses

Summer 1973 and 1974
Water Quality Lab.

Summer 1974
field analyses

Chemical _

2

o 2 .

constituents n X s VT n X S \% n X S 'V

pH 92 7.11  0.11 24 34 6.91 0.20 8.4 - - - -
Eh 72 -65 27 1725 34 +96 29 912 — — — -
Conductance (umhos/cm) 91 1375 55 16 34 1308 50 14.6 37 1540 93  36.5
Calcium (ppm) 84 157 6.5 17.1 34 154 50 10.5 37 187 145 60.1
Magnesium (ppm) 78 77 625 659 30 72 650 815 36 60 7.0 100
Sodium (ppm) — — — — 32 92 8.0 75.6 37 85 4.7 30.6
Potassium (ppm) - - - - 34 10.8 0.85 61.9 37 9.7 0.8 68.0
Manganese (ppm) - - - - 33 275 0.04 211.6 33 254 0.07 7595
Iron (ppm) 77 58 0.35 36 34 57 050 76.9 33 5.3 2.3 1883
Bicarbonate (ppm) 85 625 13 4.3 27 571 12.0 44 36 592 37 39.1

Sulphate (ppm) - - =~
Chloride (ppm) - - _

- - 37 403 265 432
30 13.5 09 26.9 37 14.5 3.8 686.8

n = number of obsérvations.

X =sample mean. ]
S = standard deviation of observation.

VT2= total coefficient of variation = ( 102_8 ).
X

Table 22. Mean, Standard Deviation, Total Coefficient of Variation for Major Ions in Field Determinations: Flowing Well 2, 1972-1974.

Nov. 1972 and Summer 1973

field analyses

Summer 1974
field analyses

Summer 1973 and 1974
Water Quality Lab.

Chemical

constituent n X 8 Vi’ n X § Vi’ n X s vy’
pH 84 7.63 006 0.62 34 7.36 0.07 0.9 - - - -
Eh(mV) 67 -106 14 1744 33 +33 205 3859 - - - -
Conductance (umhos/cm) 86 2304 48 4.3 34 2230 89 159 36 2597 70 7.3
Calcium (ppm) 79 106 1.75 2.7 34 110 21 3.6 36 135 35 6.7
Magnesium . 74 34 1.7 25 32 30 2.7 81 35 26 3.8 213.6
Sodium - - - - 33 483 10 43 36 455 12 7.0
Potassium — — — — 34 10.6 1.2 128 36 7.3 0.11 2.3
Manganese - - - - 33 126 014 123 33 0.15 0.08 2844
Iron 59 38 045 1405 34 3.7 0.26 494 32 33 095 8287
Bicarbonate 79 403 5.25 1.7 27 382 125 10.7 35 407 11 7.3
Sulphate - - - - - - 36 988 25 6.4
Chloride — - - -

29 63.2 31 343 36 61.8 1.0 2.6
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Table 23. Mean, Standard Deviation, Total Coefficient of Variation for Major Ions, Western Laboratory: Flowing Wells 1 and 2, 1973.

Flowing well 1

Flowing well 2

Constituent n X S Vi’ n X S vl
Spec. Cond. 11 1548 1113 51.7 11 2685 81 9.14
Ca (ppm) 11 186.9 216 133.0 11 1309 7.9 36.8
Mg 11 55.0 45 67.8 11 25.8 112 891.5
Na 11 87.3 3.2 13.4 11- 434 30 44.6
K 11 10 1.15 1323 11 7.4 0.2 7.72
Fe 9 5.88 0.76 167.4 7 36 1.9 2840
Mn 8 0.24 0.01 4.95 9 0.2 0.29 13620
HCO; 10 559.9 55.5 98.4 10 383 36 87.5
S04 11 384.4 22.1 33.0 11 954 26 7.53
al 11 13.6 1.6 140.4 11 61.7 12 3.72

Table 24. Distribution of Coefficients of Variation for 1973 Sampling Period: Flowing Wells 1 and 2 (field analyses only).

Flowing well 1

Flowing well 2

2

Constituent VL Vg VT2 Vo Vg Vr
pH - - 24 - - 0.62
Eh - - 1725 - - 1744
Spec. Cond. 1* 15 16 1* 3.2 43
Ca 4 13.1 171 ~t ~ 2.7
Mg 4 61.9 65.9 4 21 25
Fe 4 32 36 4 136.2 140.2
HCO; 1 3.3 43 1 0.7 1.7

*Maximum laboratory variability (spec. cond., £1%; Ca; Mg, Fe, 2%, HCO3, ¥1%).

fLaboratory variation not determined (x~2%).
V. * =coefficient of laboratory variation.

VS2 = coefficient of sampling variation.
VT2 = coefficient of total variation = VL2 + \’32.

cients of total variation, sampling variation, and laboratory
variation were calculated from these daily samples.Sampling
variation (temporal variations) accounted for most of the
total variation in Mg and Fe observations for both FW1 and
FW2 (Table 24). Sampling variation was also a major
component of the total variation for the Ca and HCOj
observations from FW1 (Table 24). The total variation of
Ca and HCO; observations from FW2 was extremely small
and was entirely a result of laboratory variation (Table 24).

Once a week during the 1973 summer sampling period,
bulk water samples were coltected from FW1 and FW2, and
subsequently split; one half of the split sample was sent to
the Western Regional Laboratory for complete chemical
analysis, and the other half was analyzed in the field-
based laboratory. Appendix IX lists the resuits of the
chemical analyses of these split samples. Total variation,
sampling variation, and Ié‘boratory variation were computed
for the Ca, Mg, Fe, and HCO; determinations from the
field laboratory (Table 25). This sampling variation was
used to compute the laboratory variation in the results
from the Western Laboratory. This laboratory variation is
the combination of laboratory analytical variation and an
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additional unknown variation introduced by the shipping
and storage of unpreserved samples. Sampling variation was
a minor component (i.e. < 10%) of the total variation in
the Western Laboratory determinations of Ca, Mg, Fe, and
HCO; for these samples (Table 25). This implies that the
determinations done by the Western Laboratory could not
be used to illustrate the temporal variations in the
chemistry of the groundwaters of this study.

Uncertainty

There is always a degree of uncertainty associated with
each discrete measurement of a system. Thus, it is probably
most realistic to express each discrete measurement as a
range of statistically probable values instead of a single
value. The spread of two standard deviations (£2S) of the
variations about the measured value is referred to as the
uncertainty associated with the measured value. The
uncertainty is the 95% likelihood that the observed value
lies within these upper and lower confidence limits.

The analytical/storage uncertainties associated with
the Western Laboratory determinations of Ca, Mg, Fe, and




Table 25. Comparison of Split Groundwater Samples, 1973, between Field Laboratory and Western Laboratory Analy;es: Flowing Wells 1 and 2.

Field lab Western lab _
Constituents VL2 V52 VT2 VL2 V32 * VT2
Flowing well 1
Ca 4.0 1.7 5.7 131.3 1.7 133.0
Mg 4.0 7.5 11.5 60.3 ) ' 67.8
Na - - - - - 1347
K - - - - - 132.3%
Fe 8.2 4.2 8.2 163.2 42 167.4
Mn - - — - - 4.95+
HCO4 1.0 1.1 21 97.3 1.1 98.4
SO, - - — - - 33.0t
C1 - - - - - 140.0+
Spec. Cond. - - 14.7 - - 51.7%
Flowing well 2
Ca 4.0 7.6 11.6 29.2 7.6 36.8
Mg 4.0 73 77.0 818.5 73 891.5
Na - - - - - 44.6%
K . - - - - - 7.72%
Fe 4.0 688 692 2152 688 2840
Mn - - - - - 12621+
HCO; 1.0 6.1 7.1 814 6.1 875
S04 - - - - - 71.5%
C1 - - - - - 3.7%
Spec. Cond. - - 13.4 - - 9.1%

*Constant for any given sample concentration, i.e.

1No field analyses done to allow separation of VL2 and Vsz.

HCO; were calculated for this particular study. These

results were used to establish the resulting uncertainties in
the saturation indices calculated for calcite (SIC), dolomite
(S,I_D), gypsum (SIG), magnesite (SIMAG),,.and siderite
(SIS|D). S| calculations were carried out using the com-

puter program WATEQF for the £2S range of Ca, Mg, Fe,
and HCOj; values reported by the Western Laboratory.
in large uncer-

Analytical/storage uncertainties resulted
and S'SID

tainties in the calculation of Sl

and also in Sly; A for flowing well 2 (Table 26).

for both wells

Table 26. Saturation Index Uncertainty Arising from Analytical/
Storage Uncertainties of the Chemical Species: Flowing

Wells 1 and 2.

Flowing well 1

Flowing well 2

Sl 0.42£0.10 -0.01 £0.10
S[D 0.60+0.22 -0.50£0.30
SIG -0.85 £0.10 -0.70 £0.05
SIMAG -0.22 £0.14 -0.85 £0.30
S[SID 0.79 £0.30 0.38 £0.30
SI = saturation index = log 1 AP

K
C = calcite P
D = dolomite
G = gypsum

MAG = magnesite
SID = siderite

reflects inhomogeneity of sample population.

Table 27. Summary of Analytical/Storage Uncertainty in the
Western Laboratory Determination qf Ca, Mg, Fe, and
HCO; during this Study: Flowing Wells 1and 2.

Flowing well 1 Flowing well 2

Constituent X * Uncertainty X % Uncertainty

Ca 187 £42 ppm 131 £ 14 ppm

Mg 55+8.8ppm 26 £ 15 ppm

Fe 59%1.5ppm 3.6 3.0 ppm

HCOg 560 £110 ppm 383 £70 ppm
During this particular hydrogeochemical study,

significant analytical/storage uncertainties were observed
in the standard Western Laboratory determinations of Ca,
Mg, Fe, and HCOj (Table 27). These uncertainties resulted
in significant uncertainties in subsequent mineral equilibria
calculations for the groundwater samples. The analytical/
storage uncertainties were also found to be many times
greater in magnitude than observed temporal variations of
these species in the groundwaters. This implies that the
results of the Western Laboratory chemical analyses could
not be used to illustrate temporal chemical variations
affecting the groundwaters of this study. Chemical analyses
that were performed in replicate in the field laboratory
reduced the analytical and storage uncertainties to a level
that allowed temporal chemical variations in the ground-
waters to be distinguished.
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SATURATION INDEX CALCULATIONS

In addition to the calculation of the saturation indices
for caleite, dolomite, and gypsum in the WATEQF Il
program, similar calculations were performed on a number
of samples using a WANG MODEL 700 C programmable
calculator. Because of limited storage capability, the
program does not include ion pairing and complexing. The
program for the Wang calculator was developed by van
Everdingen (pers. comm.). The saturation index was cal-
culated by using the expression,

|og I_A_E
Ksp

Sl

The value of log AP was obtained from the Wang printout
and log Ksp (logarithm of solubility constant for a specific
mineral species at a certain temperature) was obtained from
the literature (Garrels and Christ, 1965; Blount, 1965). A
comparison of the results on the saturation indices obtained
from both programs is shown in Figures 71, 72, and 73.
Two sets of values are illustrated in the figures:

— saturation index values based on the results of the
analyses of the Western Laboratory

— saturation index values based on the results of field
analyses of split sample.

An examination of Figures 71, 72, and 73 shows that the
saturation index value%s obtained by the Wang program in
comparison to the WATEQF Il program are (a) essentially
the same for calcite; (b) the same or slightly lower for
dolomite; and (c) slightly lower (more negative) for gypsum.
If the uncertainty in the value of the saturation index is
considered {Table 26}, then the values obtained by both
programs can be considered similar. This implies that ion
pairing and complexing over the range of ionic concentra-
tion (Table 28) both in the surface water and the ground-
water is negligible. -

Table 28. Range of loni¢ Concentration in Surface and Groundwater

Groundwater

Surface water
North of Plant
Parameter FW1 Fw2 K1 runoff K2
Ca 174-191 118-130 76-102  74-200
Mg 65-75 26-33 37-52 26-103
Na 80-97 389-480 22-34 88-1340
K 90-13.0 7.0-7.6 3.0-6.0 92-390
CO3 - - = 0-11
HCO4 612-642 390-431 337-436 261-317
S04 332-410 900-1000 77-194 130-940
c 2.5-14 60-64 3.5-105 180-2200
7.53-7.70 7.91-8.30 8.08-8.56

pH 7.01-7.20
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Figures 71 and 72 also show that the degree of satura-
tion with respect to calcite and dolomite increases dras-
tically during storage. Furthermore, a slight decrease in the

. degree of saturation with respect to gypsum (or systerna:

tically low SO, .and/or Ca values in the water quality
analyses) can be noted. Figure 73 shows a similar pattern
for the surface water in Cutarm Creek north of the K1
plant, whereas the plant runoff from the K2 plant shows
exactly the opposite pattern with respect to the saturation
index of calcite and dolomite. It was noted during sampling
that these samples contained considerable amounts of algae
and other aquatic biota and it is therefore most likely that
continuing respiration by the organisms during storage and
transport increased the CO, content, which suppressed the
saturation index. This contention is further supported by
the considerable decrease in the pH that can be noted
between the field value and the laboratory value, from 8.4
to 8.00 respectively.

The differences in the saturation index which occur
between the field and the laboratory for both groundwater
and surface water indicate that great care has to be exer-
cised if the data from the laboratory are to be used in the
calculation of solid phase equilibria.

SUMMARY

The chemistry of the groundwater in the aquifer
studied exhibits significant spatial variation. Generally,
there is an increase in TDS and pH with depth and an
attendant chemical evolution of the water with depth and
distance along the groundwater flow path. The shallow
portion of the aquifer is characterized by dilute Ca—HCO3
water, whereas the deep portion of the aquifer is charac-
terized by more concentrated Na=S0, water. This spatial
variation can be explained by:

— calcite and/or dolomite dissolution during ground-
water recharge through the soil Zone; continuous
halite and gypsum dissolution in the aquifer along
the groundwater flow path; and continuous cation
exchange of Ca and Mg for Na in the aquifer along
the groundwater flow path.

—the mixing of chemijcally distinct groundwaters
within the aquifer. Dilute Ca--HCQO3 water could be
entering the upper portion of the aquifer as recharge
through the till and mixing with more concentrated
Na—SO, water entering the aquifer at depth from
deeper flow systems.

During this study, temporal variations were observed
to affect the chemistry of the water in the aquifer. The
shallow groundwater (FW1) responded chemically to a
distinctive recharge event which occurred early in June,
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1973. Ca, Mg, HCOj3, Fe {?), and pH levels increased in
the shallow well after this recharge event. These variations
could result from the recharge of Ca—Mg—HCO; water
through fractures in the overlying till. Throughout the rest
of the summer HCO3, Ca, Mg, and pH levels in FW1 showed
little variation. Variations in the specific conductance and
Eh of FW1 water occurred throughout the summer, but
these did not appear to be related to any of the other

chemical constituents which were measured. The variations .

in the specific conductance of FW1 water paralleled those
for the deep well (FW2) water and seemed to be related to
a mid-summer rise in the hydrostatic pressure in the aquifer.
The specific conductance variations had a larger magnitude
in FW2 than in FW1.

The chemistry of the water in the deep well {FW2) did
not respond as dramatically as that in FW1 to the spring
recharge event. Only Ca (and possibly Mg (?)) increased
noticeably in FW2 water after this event.

The Fe, Eh, and specific conductance levels in FW2
varied simultaneously during the middle of the summer

observation period. These variations appeared to be related

to a mid-summer hydrostati¢ pressure increase in the aqui-
fer. Probably, this chemical response in the deep well was
caused by groundwater entering the deep portion of the
aquifer from deeper flow systems.

Freezing of water samples, both acidified and non-
acidified, introduces considerable uncertainty in the ana-
lytical results for these samples. The effect of freezing on
the ionic concentration of most ions is such that the ana-
Iytical results should be disregarded.

To guard against possible misinterpretation of hydro-
geochemical data the analytical/storage uncertainties asso-
ciated with discrete chemical measurements of a system
should be assessed. It is obvious from this study that sole
reliance upon the analytical results of laboratory analyses
would introduce significant uncertainties in mineral equi-
librium calculations for groundwater samples. Furthermore,
the analytical/storage uncertainties associated with the
laboratory analyses were found to be of such magnitude
that they would mask temporal variations in the ionic
species in groundwaters. The results of a comparative study
of field and laboratory analyses of surface water show
that similar caution has to be exercised in the interpretation
of laboratory analyses. :

In order to determine whether the iaboratory analysis
for a particular ionic species in a water sample is adequate
for monitoring purposes, both the range of the temporal
variation and the analytical/storage uncertainty of the
species should be determined.
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CHAPTER 10

Sequential Sampling of Observation Well Network and

Monitoring

The observation wells were sampled sequentially over
the period 1971-1975 to determine whether any changes
in the water chemistry were caused by the presence of the
brine pond. The results of the analyses are shown in Table
29. Examination of Table 29 shows that no significant
changes have taken place in the water chemistry of the
aquifer at the points of sampling. The small variations in
the concentrations of the various ionic species are well
within the variability of the groundwater chemistry as
shown in Tables 21, 22, and 23. This would suggest that
no contamination of the aquifer by the brine has taken
place. However; this statement requires further elabora-
tion. To detect contaminant movement in the shallow sub-
surface by monitoring of the water chemistry in a few
widely spaced observation wells the completion zones of
the wells must be located within the travel paths of the
" contaminant. The patterns of contamination zones in the
shallow subsurface vary widely and are a function of, for
eéxample, the behaviour of the contaminant in the soil,
water, and rock environment; ranges in geologic and hydro-
logic conditions in space; and ranges in hydrologic con-
ditions in time (Legrand, 1965). If the geologic conditions
which are present are further examined, then the following
comments can be made. The main aquifer in the area is
glacio-fluvial in origin. This type of fluvial deposit is charac-
terized by a heterogeneous distribution of the various
types of sediment, both in a lateral and vertical sense. This
is well illustrated, for example, in the geological cross sec-
tions (Plate 3), which show that even with a short distance
between the testholes, it is next to impossible to correlate
individual beds. The transmissivity of an.unconsolidated
sediment is a function of the type of sediment; the lack of

continuity of the individual beds will therefore strongly

affect the distribution of the transmissivity in the sub-
surface. This in turn will strongly influence the migration
of any contaminant. Another factor which will further
complicate the travel path of the contaminant once it has
reached the aquifer is the difference in density between
the brine and the fresh water, which will affect the fiow
path of the brine. To assume therefore that the completion
20ne of the observation well intersects the flow path of
the contaminant or that sufficient dispersion and diffusion
of the contaminant take place so that it will be detected
by sequential sampling of the observation wells is folly. To
improve the usefuiness of the observation wells in detecting
possible contamination the wells should be pumped for
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several days at the highest rate possible before taking the
water samples. If there is contamination in the vicinity of
the well, it may then be possible to draw some of the con-
taminated water into the wells. However, it should always
be realized that even with extended pumping times, only a
limited portion of the subsurface environment can be sam-
pled. Furthermore, it should be kept in mind that in six of
the seven wells used in this study the completion interval is
located in the upper portion of the aquifer. Although this
distribution appears to be sufficient to define the gradient
distribution in the aquifer, it is completely inadequate to
monitor the water chemistry, especially if the effect of the
different density of the brine on the flow aspect of an ad-
vancing brine front is considered. To improve this situation
would require the installation of several observation wells
and/or piezometers with completion zones at different
depths in the aquifer. This means a considerable investment
in new structures, as well as high operating costs in terms
of well maintenance, sampling, and chemical analyses.
Even with an expanded observation well network, however,
there is still the problem that each sampling site is only a
point source in a much larger environment. Alternatives to
an expanded observation well network would be sequential
testdrilling and/or geophysical methods, Depending on the
drilling method, the testholes should be electric logged or
water samples for analySis should be taken over several
intervals. This method has the advantage that additional
stratigraphic information is obtained to delineate the areas
where additional observation wells or piezometers would
be needed for further monitoring. However, this method is
cost intensive and has the same disadvantage as an observa-
tion well network in that each sampling site is a point
source only.

The geophysical methods which are of particular interest
are the resistivity methods. The advantage of surface resis-
tivity surveys is that the method is nondestructive and it
provides a much more continuous coverage between adja-
cent points. One of the main drawbacks of this method is
that because of salt accumulation in the soil (spiilage, spray,
dust) a highly conductive layer is generally present at the
surface in the vicinity of the brine pond, which would con-
centrate any applied current in this layer and thereby mask
resistivity contrasts at depth. To overcome this problem it
is suggested that electrodes be installed permanently at
different depths and locations in the aquifer. Once the back-
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Table 29. Sequential analyses of observation wells A - G.

WELL A WELL B WELL C
DATE | 24/03/71 {26/11/73 | 08/06/74 |21/07/74 [20/11/75| 11/03/71 |23/11/73 [19/11/75 | 10/03/71 |23/11/73 |19/11/75
pH 7.7 6.8 7.5 6.9 6.9 7.5 7.0 6.8 7.5 7.0 6.8
Cond. | 1470 1810 1600 1450 1460 1440 1510 1480 1560 1550 1540
Ca 183% 223 143 191 170 167 195 198 193% 203 185
Mg 62% 77 66 61 72 61% 63 73 74% 69 80
Na 70 92 71 74 78 72 80 77 78 88 85
K 9.3 9.7 9.1 9.2 9.4 8.8 8.9 8.8 8.8 8.9 8.8
HCO, | 590% 597 228 594 603 517% 572 576 623% 577 612
S0, 370% 396 370 370 450 394% 363 . | 472 425% 376 505
c1 11.0 42 19 11 11 12 18 12 11 19 10
WELL D WELL E WELL F WELL G

DATE | 15/03/71 | 26/11/73 | 18/03/71| 26/11/73| 17/11/75 | 20/03/71| 21/11/73| 18/11/75| 23/03/71] 23/11/73] 20/11/75
pH 7.8 6.9 7.5 6.8 6.9 8.0 7.1 6.9 7.9 7.0 6.8
Cond. | 1330 1540 925 1370 1355 2010 2280 2230 1520 1490 1504
Ca 168% 184 143% 191 165 205% 204 192 168% 197 182
Mg 63% 68 67% 55 67 75% 69 80 65% 67 74

| na 83 88 55 62 59 255 266 260 71 80 80
K 9.4 9.3 9.6 9.0 9.4 8.5 10 11 9.1 9.1 9.4
HCO, | 514% 602 490% 579 594 721% 708 703 528% 573 604
50, 436% 390 338% 279 380 691% 683 710 389* 355 493
c1 14 17 8.3 12 8.6 51 51 49 12 15 12

* Values incorrect (determined on water samples that were frozen).




ground resistivity values are determined for the various
electrode configurations, sequential surveys should detect
any changes caused by brine movement and aid in the
delineation of contaminated areas and the rate of move-
ment of the contaminant. Although a considerable cost will
be associated with the initial installation, it will be signi-
ficantly less than, for example, the expansion of the ob-
servation well network. Furthermore, operating and main-
tenance costs in comparison with the other méthods are
relatively low. Excellent results were obtained by Banner
and van Everdingen (1979) in a study of the propagation
of the freezing front in unsaturated and saturated soils by
using multi-electrode systems installed in the subsurface.
Although the objective of similar installations near brine
ponds is to detect brine and monitor its rate of movement;
the problem is analogous to that studied by Bannef and van
Everdingen (1979) because in both cases it is the significant
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change in the resistivity of the medium, caused either by
freezing of the soil or by the presence of brine, which is
measured.

In summary, the sequential analyses of samples from
the observation wells show that no contamination of the
aquifer underlying the brine has occurred in the location
where the wells are compléeted. However, the spatial dis-
tribution of the sampling points (i.e. completion intervals)
in the hydrogeological environment is inadequate to mo-
nitor contamination of the aquifer. It is therefore suggested
that the existing observation well network be greatly ex-
panded or that alternative methods of monitoring be adopt-
ed. Of the latter, the permanent installation of electrodes at
various depths and places appears to be most promising,
both in terms of cost (capital, maintenancé and operation}
and continuity of surveillance.



Conclusions

Thick deposits of fluvial sediments are present in the
buried valley that underlies the northern part of the waste
disposal basin. The fluvial deposits are overlain by approxi-
mately 35 ft (11 m) of fractured and oxidized tills under
the basin.

A major facies change occurs in the fill of the buried
valley between the waste disposal basin and Cutarm Creek
which will retard brine movement in the buried valley
towards Cutarm Creek.

The hydrographs of the observation wells show that the
response of the wells to natural and manmade input is
essentially the same. For long-term monitoring of the water
levels in the wells, continuous monitoring of a few wells
(where the number is determined by the quality of the
recording equipment) supplemented by spot rmeasurements
in the other wells would be sufficient. A significant saving
in the operating and maintenance cost of the monitoring
program can thus be realized.

Extensive studies of hydrodynamic response tests in
the observation wells show that minor well development
occurs during consecutive tests, and that the magnitude of
the transmissivity is affected to a minor degree¢ by the size
of the slug.

An evaluation of the long-term hydrograph record of
the observation wells and an extensive. study of the baro-
metric efficiency of the wells show that the aquifer is semi-
confined at best. This conclusion corroborates the findings
of the geological investigation.

Steady state electric analog simulations of the hydro-
geological environment in the vicinity of the waste disposal
basin show that once brine has reached the buried valley
{a) brine pollution by groundwater discharge directly into
Cutarm Creek does not appear to be a major pollution
hazard; (b) extensive pollution of the aquifer west of the
brine pond would occur; (c) an area of several hundred
acres immediately east of the waste disposal basin would
eventually be polluted. The time period over which the
latter pollution would occur is, according to the simula-
tions, thirty years. However, in the time calculations, the
effect of the density of the brine on its potential flow path
in the subsurface was not considered, nor were the physico-
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chemical processes induced by the brine in the sediments
which affect the permeability taken into account. The
stated time period appears therefore to represent a mini-
mum rathef than a maximum value.

The lack of data on the effect of brine on the perme-
ability of the sediments and the rate of progress of the
physicochemical processes warrants further study. Without
a proper definition of these processes predictive models of
contaminant movement in the vicinity of brine waste dis-
posal basins become a theoretical exercise.

Transient state electric analog model simulations show
that if the hydraulic gradient is to be reversed to limit the
spread of pollutants, injection rates between 350 and 600
Igpm would be required on a continuous basis. Injection
rates of this magnitude would put a considerable strain on
the freshwater resources in the area, and alternative methods
such as grout and slurry curtains might have to be con-
sidered.

The various hydrochemical surveys and studies con-
ducted in the area show that

— freezing of water samples, both acidified and non-
acidified, introduces considerable uncertainty in the
analytical results

— the chemistry. of the groundwater in the aquifer
exhibits considerable spatial variation. The shallow
portion of the aquifer is characterized by dilute Ca—
HCOj3 type water, whereas the deep portion shows a
more concentrated Na--SO, type water.

— daily analyses for several ions in a field laboratory
show that considerable temporal variation occurs in
the chemistry of the groundwater. The chemistry of
the water in the shallow portion of the aquifer
responded distinctively to a major recharge event
which occurred in June 1973.

— the analytical/storage Uncertainties associated with
the Western - Laboratory analyses of groundwater
samples are of such magnitude that they mask the
temporal variations in the chemical environment in
the aquifer. Furthermore, they introduce significant
uncertainties in the mineral equilibrium calculations.

65



— to determine whether the laboratory analysis for a
particular ionic species in a water sample is adequate
for monitoring purposes, the range of the temporal
variation and the analytical/storage uncertainty of
the species should be determined.

The sequential water sampling program of the observa-
tion wells shows that no brine contamination has occurred
in the aquifer at the points of sampling. However, if the
various aspects of the flow of brine in this hydrogeological
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environment are considered, then the distribution of the
completion zones of the observation wells is inadequate to
monitor contaminant movement and additional data points
will be required. Rather than increasing the number of
observation wells drastically, it is suggested that geophysical
surveillance be considered. The type of system that is en-
visaged for monitoring purposes, both in terms of cost and
continuity of surveillance, would consist of electrodes
permanently installed at different depths and locations in
the aquifer.
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Waste disposal basin, I.M.C.C. K2 potash plant, Esterhazy, Saskatchewan
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Figure 6. Dyke erosion.
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Figure 7. Dyke protection (upper) straw bale boom (lower) conveyor belt.




Figure 7. (cont’d) Dyke protection (upper) car wrecks (lower) waste salt cover.
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—1600— CONTOURLINE ON BEDROCK SURFACE, CONTOUR INTERVAL 50 FEET (15 METRES).
—1550— ELEVATION IN FEET ABOVE:MEAN SEA LEVEL.

— — — THALWEG BURIED VALLEY. N
A A STRATIGRAPHIC CROSS-SECTION.
° o ; .
= [:] WEST VALLEY WALL CUTARM CREEK.
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SCALE
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300 0 300 600 METRES
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a1 BRINE AND| TR VALLEY
c/1e1s
LM.C.C.. K2, SHAFT
1630
° U.S.A.
: LOCATION OF STUDY A
sec. 28, Tp. 19, R32, W. | Mer isec. 27, Tp. 19, R 32, W. | Mer HIGHWAY 22 CATION OF STUDY AREA

Figure 11. Bedrock topography after 1970-1971 and 1972-1973 drilling program,
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Figure 12. Total carbonate content in Battleford and Floral Formations.
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LL

$0¢:33.Tp.19.R.32 W.Amer

soc 34 Tp 18, RI2W.Imer

LEGEND

Ca  oBsERVATIONWELL

m WEST VALLEY WALL CUTARM CREEX.

SCALE

(8)
%‘
\ ‘?; 1000 0 1000 FEET

300 METRES

OUTLINE OF
BURIED VALLEY

s6c. 28.Tp 19.R.32'Wii mer

aﬁ::;uotmuuc

sec2? Tp. 19, R.32 W.I mer

a
I.M.C.C..K2, SHAFT

HIGHWAY 22

Figure 15. Location of observation wells.



TOP CASING-DATUM

SAND, C..GR., NON'CALC:-SL. CAL C., UNOX, SUBANG-
ROUNDED, MAJORITY SUBROUNDED, WELL SORTED,
80% QUARTZ, 15% FELDSPAR, 5% LST.DOL.

& HEAVY MIN.

SAND AS ABOVE, SL. FINER BUT MAJORITY STILL
C.GR.+ AFEW GRANULES (<1%)

SAND AS ABOVE WITH V. C, GR. FRACTION {<3%)
AND A FEW GRANULES AND SMALL PEBBLES (<4 mm)

V.C. GR. SAND, GRANULES & PEBBLES SUBANG.-SUBR.

SAND AS ABOVEWITH V.C. GR. SAND AND GRANULES
FRACTION INCREASING (UP TO 5%)

SAND AS ABOVE + V, C. GR. SAND AND GRANULES
(UP TO 4%) :

SAND AS ABOVE + V. C. GR. SAND (10%). SUBANG -
SUBR., UNOX. AND GRANULES SUBANG.-SUBR.
(ROUNDNESS VARIES WITH ROCK TYPE) = 2-3%

SAND AS ABOVE + APPROX. 15% V. C. GR. SAND
AND GRANULES.

SAND AS ABOVE + A FEW ROUNDED SILICEOUS
SHALE PEBBLES.

SAND C. GR. (80-85%) AND V.C. GR. SAND GRANULES &
A FEW SMALL PEBBLES (15-20%) AND A FEW SIL.
SHALE WELL ROUNDED PEBBLES (UP_TO 8 mm)

SAND, G-V, C. GR., NON CALC -SL. CALC-, UNOX.,
SUBANG -SUBR,, WITH APPROX. 10% GRANULES
& SMALL PEBBLES (<4 mm)

46

47

52

53

54

55

56

FEET BELOW DATUM (DATUM=TOP CASING)

TOP CASING

1661.32FT. (A.M.S.)

7"(17,8 cm) o.o.i/
CASING

CEMENT—2,

WELD p

SOOONN RN

45.93'
(13,99 m)

654" (16,8 cr)\l
CASING 4

/]
LANDING RING —
LEAD PACKER

BUSHING———"[

4" (10,2¢cm) 0.D.
0.012" (0,30 mm)
STAINLESS STEEL
SCREEN

COUPLER

4" (10,2 cm) O.D.
0.015" (0,38 mm)
STAINLESS STEEL
SCREEN

COUPLER & PLUG

OBSERVATION WELL A: COMPLETION ZONE AND RECORD

Al

N K

I3
O
2Nk

4.1’
(125 ¢cm)

9.25'
(2,.82m)
41
(125 cm)
__Y_ _.
TE.Iem)._____ |

Figure 16. Observation well A: completion zone and record.




TOP CASING = DATUM

197, VEVAVAVAVAYAYAXAN |

2

SAND, M. GR., UNOX., SL. CALC., SUBANG
SUBR., SALT & PEPPER COLOUR

80% QUARTZ, 15% FELDSPAR, 5% LST., DOL.,
AND HEAVY MIN.

SAND, F.-M. GR., UNOX., SL. CALC., SUBANG.-SUBR.,
8 AFEW SILICIOUS SHALE PEBBLES (- 2%),
WELL ROUNDED, SMALL (- 4 mm).

SAND AS ABOVE WITH A FEW SHALE PEBBLES
{-<1%) UP TO 16 mm

SAND AS ABOVE SL. FINER (F/M v 60/40).

SAND AS ABOVE WITH THE ODD SHALE
PEBBLE.

SAND F. GR,, UNOX., SL. CALC., SUBANG. -
SUBR,, SALT& PEPPER, WITH A FEW
SHALE PEBSLES.

SAND AS ABOVE WITH APPROX. 10% M. GR.

SAND.

SAND AS ABOVE.

SAND AS ABOVE WITH THE ODD SHALE
PEBBLE FRAGMENT.

SAND AS ABOVE. |

SAND AS ABOVE.

SAND AS ABOVE.

FEET BELOW DATUM (DATUM

TOP CASING)

TOP CASING

7" (17.8¢m) O.D
CASING }/

CEMENT —<

WELD
6% (16.8 cm) ~
CASING

<
=

|

" LANDING RING —] A

LEAD P,ACKER

BUSHING

4" (10,2cm) O.D.
0.007" (0,178 mm)
STAINLESS STEEL
SCREEN

COUPLER

4" (10,2¢cm) O.D.
0.007" (0,178 mm)
STAINLESS STEEL
SCREEN

COUPLER & PLUG

OBSERVATION WELL B: COMPLETION ZONE AND RECORD.

5.1'(155,5cm)

5.1' (155,5 cm)

_3
020@

0.45' (13,7 cm)
, Lem)

1659.13FT (AM.S)

11.25'
(3,93 m)

1.cm)

‘Figure 17. Observation well B: completion zone and record.




TOP CASING 1659.56 FT (A.M.S.)

¢
7" (17,8 cm) O.D. A
CASING %
TOP CASING = DATUM ¢
: _f :
< CEMENT
a T~ ’
¢
8 / 50.65'
E /1 /{ (15,44 m)
WELD )
6%s" (16,8 cm)—~
CASING g _ A
/]
é

_‘zL‘_ o

SAND, F.-M. GR., UNOX., SL. CALC., SALT & PEPPER WITH \\\ I / / 45(137¢m
AR ClLr SO, SUGANG Sl corTED AN e L
MIN, : 0 BUSHING s 1%--54 ’

—51
SAND AS ABOVE, SL. COARSER, (F/M = 40/60) -
WITH A FEW SMALL SHALE PEBBLES (< 10 mm). -

—52
SAND AS ABOVE (F/M = 40/60) WITH A FEW 4" (10,2cm) O.D, —
WELL AOUNDED SHALE PEBBLES (UP TO 16 mm). &  0.010" (0,25mm) 4.1

> STAINLESS STEEL (125¢cm)

—S3 @ SCREEN —
SAND M. GR. (F/M = 25/70) AND APPROX. 5% &
C. GR. SAND WITH A FEW LARGE SHALE PEBBLES —
(UP TO 20 mm). %

| 54 F — '

0 - (296355m)

SAND AS ABOVE WITH WELL ROUNDED = I '
SHALE PEBBLES (10-15%). = !

| 55 §  COUPLER (7.6.cm)
SAND AS ABOVE:WITH SHALE PEBBLES (UP TO % ——
25%) & A FEW GRANULES. E =

5 2 —
SAND AS ABOVE WITH SHALE PEBBLES 9Q -
(5-10%). PEBBLE SIZE VARIES FROM 2-10 mm. m 4 (10.26m) O.D.

—57 m 0.012" (0,30 mm ‘ 4.1

W - STAINLESS STEEL (125 cm)

SAND & SHALE PEBBLES AS ABOVE. n SCREEN R

—58
'SAND & SHALE PEBBLES AS ABOVE, SAND — ¢
SL. FINER (F/M = 40/60). -

59 14 é)L

COUPLER & PLUG 0276icm)______v._
SAND & SHALE PEBBLES AS ABOVE. ¥
60

OBSERVATION WELL C: COMPLETION ZONE AND RECORD

Figure 18. Observation well C: completion zone and record.




TOP CASING = DATUM
]

A

\

‘6!
o

6%
o

©: o
e

© 5|

SAND, F. GR., WITH 20-25% M. GR. SAND, UNOX.,

SL..CALC,, SALT & PEPPER, SUBANG.-SUBR.,
WELL SORTED (80% QUARTZ, 20% FELDSPAR,
LST., DOL. ETC.) & THE ODD SILICIOUS SHALE
PEBBLES.

SAND AS ABOVE.
SAND AS ABOVE.

SAND AS ABOVE.

SAND AS ABOVE WITH.A FEW SHALE
PEBBLES (<1%). ]

SAND AS'ABOVE.

SAND AS ABOVE WITH 10-20% M. GR. SAND.,

SAND AS ABOVE (F/M = 80-90/10-20.
SAND AS ABOVE (F/M = 80-90/10-20).
SAND AS ABOVE (F/M = 80-80/10-20).
SAND AS ABOVE WITH 20-25% M. GR. SAND.

SAND AS ABOVE (F/M = 75-80/20-25).

TOP CASING)

FEET BELOW DATUM (DATUM

TOPCASING  1654.44 FT (AM.S.)

7" (17,8cm) O.D.
CASING

CEMENT

A

WELD
6%s" (16,8 cm)
CASING

1.1’
(33,5cm)

NN

KRRy

LANDING RING:7/ o

LEAD PACKER
BUSHING —

4" (10,2 ¢m) O.D.
0.007" (0,178 mm)
STAINLESS STEEL
SCREEN :

COUPLER

4" (10,2cm) O.D.
0.007" (0,178 mm)
STAINLESS STEEL
SCREEN

COUPLER & PLUG

OBSERVATION WELL D: COMPLETION ZONE AND RECORD

211105
~¥-_1==(13,7cm)
2078, Lom)

5.1
(155,5¢m)

(3,44

(155,5 cm)

Ead
(

11.28'

m)

Figure 19. Observation well D completion zone and record.




TOP CASING = DAT UM

RO PRAY:

b= >
i 9101010l

B 1151 EEEEE

SAND, C. GR., WITH APPROX. 30% M. GR., SAND,

UNOX., SUBANG.-SUBR., WELL SORTED, sL.CALC.

WITH A FEW GRANULES

(80% QUARTZ, 20% FELDSPAR, LST.,DOL., ETC.).

SAND AS ABOVE.

SAND AS ABOVE WITH A FEW PEBBLES (<4 mm).

SAND AS ABOVE.

SAND AS ABOVE WITH A FEW SILICIOUS SHALE
PEBBLES (<5 mm).

SAND AS ABOVE WITH A FEW SILICIOUS
SHALE PEBBLES (<8 mm).

SAND.AS ABOVE WITH APPROX. 1-2%
GRANULES.

SAND AS ABOVE WITH A FEW PEBBLES
(UP TO 10 mm).

SAND, M. GR., WITH APPROX. 20% C. GR. SAND,

SL. CALC., UNOX:, WELL SORTED, SUBANG.-SUBR.

SAND AS ABOVE WITH A FEW GRANULES.

FEET BELOW DATUM (DATUM

TOP CASING)

TOP CASING

7"(17,8 cm) O.D,
CASING

. 4
CEMENT——

16698.91 FT (A.M.S.)

fo/—Ta 1
% stz
. 7.41m
? % ( )
WELD
gzas 16,8 cm)—4) < B T"
7.
t? | ®1em)
NI Fhse
. .45"
_117;
TG
BUSHING -——/ t
& i102em 0D 41
STAINLESS ey (125 cm)
SCREEN J—
— 9.28'
(2,863 m)
4o
COUPLER 023" 7em
—1\ 2

4" (10,2em) O.D.

0.015" (0,38 mm)

STAINLESS STEEL
SCREEN

COUPLER & PLUG

OBSERVATION W'ELL E: COMPLETION ZONE AND RECORD

(125¢cm)

Figure 20. Observation well E: completion zone and record.



TOP CASING = DATUM

SAND, F. GR., UNOX., SL. CALC., SALT
& PEPPER, SUBANG:-SUBR. WELL
SORTED. (80-85% QUARTZ, 10-15%
FELDSPAR, 5% LST, DOL. HEAVY
MINERALS.)

T QO ey

SAND AS ABOVE.

SAND AS ABOVE.

SAND AS ABOVE.

SAND AS ABOVE.

SAND AS ABOVE:WITH SOME SILICIOUS
SHALE PEBBLES (<1%).

T
IM]
L

SAND AS ABOVE.

(MM
Ll

|
L

SAND AS ABOVE.

SAND AS ABOVE,

SAND F.-M. GR., WITH 1-2% C. GR. SAND, UNOX
SL CALC., SUBANG.-SUBR, WELL SORTE

SAND AS ABOVE WITH 1-5% C. GR. SAND &
A FEW SHALE PEBBLES.

SAND F.-V.C. GR. WITH FEW GRANULES & SHALE PE
SL. CALC., UNOX., APPEARS UNSORTED, MOST LIKELY
THIN INTERBEDS OF VARIOUS SIZE RANGES.

SHALE PEBBLES HAVE OX. STAINING.

SANDM.-C. GR,, SL. CLAYEY & FEW GRANULES & SHALE
PEBBLES UNOX., CALC.

SANDM.GR., V. SILTY & CLAYEY WITH APPROX. 5%
COARSER SAND.& SHALE BLOCKS & SHALE PEBBLES
& ORGANIC MATERIAL, POORLY SORTED.

SAND F.-C. GR., SL. CALC., UNOX., SILTY & CLAYEY,
SHALE BLOCKS 8 CONSIDERABLE ORGANIC MATERIAL.

213

215

'.‘E
©
TOP CASING)

FEET BELOW DATUM (DATUM

B

225

OBSERVATION WELL F:

TOP CASING

1655.51 FT (A.M.S.)

7" (17,8 cm) o._nu E —————————— l -
CASING ‘_

CEMENF———<:

G% &6 ,8 cm)

LANDING RING —7%

LEAD PACKER — »
BUSHING .

4" (10,2cm) 0.D.
0.007" (0,178 m‘m%
STAINLESS STEEL
SCREEN

COUPLER

4" (10,2¢cm) O.D.
0.007" (0,178 mm
STAINLESS STEEL
SCREEN

COUPLER

4" (10,2cm) O.D.
0.015" (0,38 mm
STAINLESS STEEL
SCREEN

|s|||||||||‘||gu|||||~||~|||“

T

~gag’ ¥
43 7 cm)
.20’ (6,1 cm)

(155.5 cm)

23"0 cm)

.15.60'
sy {4,75m)
(15,5 cm)

(125 cm)

229 COMPLETION ZONE AND RECORD.

Figure 21. Observation well F: completion zone and record.



L/

IR OE
Helt:

SAND, M. GR., UNOX., SL. CALC., SUBANG.-SUBR.
WELL SORTED. i

(80-90% QUARTZ, 10-20% FELDSPAR, LST., DOL.
HEAVY METALS <5%.)

SAND AS ABOVE.
SAND AS ABOVE.

SAND AS ABOVE WITH APPROX. 10% C. GR. SAND

SAND AS ABOVE WiTH APPROX. 10-15% C. GR.SAND. . -

SAND, M.-C. GR., UNOX_, SL. CALC., SUBANG.-SUBR.,
WELL SORTED.

SAND AS ABOVE.
SAND AS ABOVE.
SAND AS ABOVE.

SAND AS ABOVE.

51

— 55

57

—60

61

TOP CASING)

FEET BELOW DATUM (DATUM

TOP CASING

1655.62 FT (A

2
[42]

7" (17,8cm) O.D
CASING

NN

AN

L]

CEMENT—=<

]
/

WELD

6%" (16,8 cm)
CASING

LANDING RING

4" (10,2cm) O.D.
0.012" (0,30 mm) -
STAINLESS STEEL
SCREEN

COUPLER

4" (10,2cm) O.D.
0.015" (0,38 mm)
STAINLESS STEEL
SCREEN

COUPLER & PLUG

OBSERVATION WELL G: COMPLETION ZONE AND RECORD

G
[ - F
LEAD PACKER

BUSHING ——/

7°

- 50.15
(15,28 m)

Figure 22. Observation well G: completion zone and record.




SOURCE OF RECORD LOSS (%)

8
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(=]
!

w
o
1

3

58

‘HUMAN ERROR

B C D E F
1971 (252 DAYS)

G

TOTAL A B C D E F G TOTAL A
1972 (366 DAYS)

D E F G TOTAL
1973 (365 DAYS)

D MECHANICAL FAILURE []]] WELL MAINTENANCE

[/
m COUNTERWEIGHT CABLE TOO LONG (UNEXPECTED-RISE INWATER.LEVEL)

: N FLOWINGHOLE

(o

D E F G TOTAL A B C D E F G
1974 (365 DAYS) 1975 (354 DAYS)

D E'F'G. A'B' C' D E'F' &

@ DESTRUCTION:RECORDER HOUSE (STORM)

Figure 23. Hydrograph data recovery for each observation well and cause of record loss.
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. Summary of record loss for each observation well

Figure 24

“ over total recording period and source of record loss.
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ACCUMULATIVE GAS CONSUMPTION (%)

MONTHLY GAS CONSUMPTION (PERCENTAGE)

TEMPERATURE (°C)

80
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b OBSERVATION WELL F/G
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1971 1972

Figure 25. Propane gas c‘onsum';;tion for each observation well: winter 1971-1972.
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ACCUMULATIVE GAS CONSUMPTION (%)

MONTHLY GAS CONSUMPTION (PERCENTAGE)

TEMPERATURE (°C)
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Figure 26. Propane gas consumption for each obsérvation well: winter 19721973,



TRANSMISSIVITY (cm?/sec)
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Figure 27. Transmissivities of observation wells from slug tests at different times over period 1971-1974.
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H/Ho (RESIDUAL WATER LEVEL CHANGE, FEET/MAXIMUM WATER LEVEL CHANGE, FEET)

1.0

0.8

0.6

0.4

0.2

0.0

MATCHING CURVES - SLUG TEST ANALYSIS
(after COOPER etal., 1967)

EACH THEORETICAL MATCHING.CURVE IS’
CHARACTERIZED BY A SPECIFIC VALUE

OF OC WHERE OC =5 8
<

WHERE r, = RADIUS SCREEN (cm)
r. = RADIUS WELL (cm)
S = COEFFICIENT OF STORAGE

MATCHING CURVE VALUE QC-=10"*
USED IN INTERPRETATION

DECEMBER 4, 1973.
CALCULATED TRANSMISSIVITIES

BAILER == 1.2 cm¥SEC.
LARGE:ADD. =x= 13.6 cm?SEC.
SMALL ADD. =@ - 13.8 cm?SEC.
SLUG =4= 14.3 ¢m¥SEC.

L 1 1§ 1 1 11 1 1 1

FEET

.800; T 7 T T T T T T
700+ -
SLuG
600+ B
S0} ]
400 1 1 1 1 1 L 11 )
1.0 10
SECOND
OBSERVATION WELL A

10

t, TIME SINCE TEST STARTED (SECONDS)

Figure 28. Consecutive slug tests with.different size slug in observation well A and damped oscillation.
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H/Ho (RESIDUAL WATER LEVEL CHANGE, FEET/MAXIMUM WATER LEVEL CHANGE, FEET)

08
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X
+ ™~ “
MATCHING CURVES - SLUG TESTANALYSIS X
(after COOPER et al., 1967 —_— N
EACH THEORETICAL MATCHING CURVEIIS oo Ty, N,
CHARACTERIZED BY A SPECIFIC VALUE ~= \ <
OF CC WHERE cC =25 Bl ~\

WHERE r, = RADIUS:SCREEN (cm)
r. = BADIUS WELL (cm)
S = COEFFICIENT OF STORAGE

N\
MATCHING CURVE VALUE: CC = 10°¢ \
USED IN INTERPRETATION

\
A\
AN
AN
N
DECEMBER 4, 1973. ’:‘\é\
\OEX
CALCULATED TRANSMISSIVITIES \1\\(%\\
BAILER =v= 1.7 cmASEC. ANY
SMALLADD. =@ = 1.8 cmASEC, RYONY
LARGEADD. =% = 1.9 cn?SEC. \Q}\
SLUG =+= 2.0 cm?SEC: : ¥\
2
\
\ W\
. \\\
‘\ \
em T T T T T T T T T T T T T T T T T t\
W\
E N
\ \\
750} 4 \ e
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- .
# N\
X
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t, TIME SINCE TEST STARTED (SECONDS)

Figure 29. Consecutive slug tests:with different size slug in observation well B and damped oscillation.
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Figure 38. Transmissibility estimate (Igpd/ft) in the buried valley fluvial deposits.
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Figure 46. Location of injection wells and flowing seismic shothole (FW1).
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Figure 56. Analytical results, heavy metal samples, flowing well l;
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Figure 57. Analytical results, heavy metal samples, flowing well 3.
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Figure 58. Successive analyses, frozen heavy metal.samples, flowing well 1.
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Figure 60. Summary of hydrocheriical sampling schedule, 1973 and 1974,
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Figure 61. Comparison of field and laboratory measured pH values of groundwater samples
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Figure 63. Calcite saturation in stored groundwater samples (after Davison, 1974).
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Figure 64. Na-SO, ion plot of aquifer water samples.
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Figure 65. Na-Cl plot of aquifer water samples.
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APPENDIX |

Hydrodynamic Response or Slug-Testing Equipment
(J. A. Banner and J. A. Vonhof)

The slug-testing apparatus consisted of two main parts:
tools to quickly introduce or extract a quantity of water
into or from the well béing tested and a mechanism to con-
tinuously record the water level in the well.

The “arrow tube’ was developed for this project as a
means of quickly introducing water from a point just above
the water surface to raise the water level in the well a con-
trolled amount in a minimum’ of time and with a minirfium
of disturbance by impact. The arrow tube used for this
project consisted of a 3-ft (90 cm) length of 4-in. (101.6
mm) outside diameter aluminum tubing, open top and
bottom, and fitted with brass spiders to guide thé afrow.
The arrow consisted of a 3/8-in. (9.5 mm) diameter brass
shaft, 3 ft (90.cm) long, fitted with a 3 74-in, (9.5 cm) four-
bladed head fabricated from 1/16-in. (1.6 ‘mm) brass plate.
The arrow was normally held up inside the aluminum tube
by the spring-loaded plunger of an electric solenoid, but
was free to fall to a point where the head protruded from
the bottom of the tube when the solenoid plunger was
electrically retracted. The arrow tube was prepared for use
by stretching a double layer of Saran Wrap across the bot-

tom of the tube and holding it in place with rubber bands.

The tube was then filled with the desifed amount of water

" and lowered down into the well by means of an electric
cable which both supported the tube and provided a con-
nection to the solenoid. The tube was positioned close to
the water surface but far enough above it so that when the
surface was raised by the additional water, the bottom of
the tube was still out of the water. At the appropriate
time, the solenoid cable was connected via a push button
to a battery, the solenoid was tripped, the arrow was
dropped through the Saran Wrap, and the water was re-
leased.

Water was extracted from the well, when required, by
means of a bailet consisting of a 3-ft (90 cm) length of
3-in. (76 mm) copper pipe fitted at one end with a %-in.
(27 mm) foot valve and at the other end with a lifting
ring. The bailer was lowered into the well by means of a

rope tied to the lifting ring. The foot valve allowed the

bailer to fill gently without excessive displacement of the
water surface. At the appropriate tim'e,‘_the bailer was
quickly withdrawn, lowering the water level in the well.

The water level in the well was measured by means
of a pressute transducer and a transducer indicator and
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recorded by a strip-chart recorder. The pressure transducer,
a Celesco model P1D variable reluctance transducer with
full scale range of * 1 psid, was installed in an aluminum
protective case. To prevent problems associated with com-
pression of entrapped eair in the cavity of the transducer,
the case was fitted with a porous cup, and the transducer
cavity, porous cup and connecting tubing were filled with
water. The reference side of the transducer was connected
to the atmosbher'e via 2 mm internal diametefr nylon tubing
taped to the conneéting cable. The fesponse tifhe of this
system was faster than the response of the recorder used to
record it. '

The transducer was connected via the cable to a Pace
model CD25 transducer indicator: This unit provided not
only an indicating meter with expanded ranges but also
controls for calibrating the transducer, a calibrated variable
offset to suppress any desited pefcentage of the transducer
range ‘and an output to drive a recorder. This output was
recorded by a Hewlett Packard Mosley 680 strip-chart
servo-recorder which provided a wide choice of chart speeds

‘and allowed range expansion indépendent of the transducer

indicator. The transducer indicator and the recordeér were
powered by a Terado model 50-201 reed-controlled con-
stant-frequency 150-W power converter operated from a
12-V automobile battery. ‘

in use, the transducer was filled with water and cali-
brated in a column of water of known height, usually one
foot (305 mm), until a two-point calibration was achieved.
This gave an accuracy (combined hysteresis and non-line-
arity) of = %% of the calibrated fange. Then, with the
recorder running, the transducer was lowered into the
water in the well. If water was to be added, the transducer
was placed about 10% of its range below the water surface;
if water was to be removed, it was placed at about 90%.
The arrow tube or bailer was then positioned. When the
effects of introducing the transducer into the water had
dissipated, the arrow tube was tripped or the bailer with:
drawn. Recording was continued until the water level

ceased falling or rising.

Few problems were encountered with this equipment.
At some sites, induced 60-H, currents caused noise in the
recording system. This was eliminated by grounding the

equipment to a shoft ground rod driven into the ground.



At other sites, grounding the system had to be avoided to
prevent noise. Filling the transducer with water was a nui-
sance and the porous cups were easily broken. These prob-
lems were eliminated in a modification {not used on this

project) which made use of Statham model PL 131C-XX-
350 miniature flush-diaphragm strain-gauge transducers
mounted in cases with radial holes at the height of the
diaphragms.
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PUMPING TEST DATA - DRAWDOWN TEST
OBSERVATION WELL Nearest testhole(s) IWB 44
| Clevation 1661.32 ft. Depth 45,5 fr.,
! TIME PumPing Well B c F G
SINCE START gﬁdm;‘i‘f‘é‘late L S I 1305
OF PUMPING ty | 8:33 16.66 49.98 49.98
" minutes. days Dwdn. | %/¢? 1078 Dwdn. tr2 1077l Dwdn. [t ye2 1078|l  Dwdn. t/r’ 1078
15| o.004 0006 | 1.2 || o014 0.83 |l 0.021
30 0.0208 0.0115 | 2.81 , 0.039 1.22 0.057
45 0.0312 0.016 | 4.23 - || 0.062 1.83 0.09
60 0.0416 0.02 5.63 || o.0166 | 0.113 |l o088 _‘_g:._-,{._s____ 012 | ]
75 0.052 0.023 7.03 0.0249 | 0.1618 [l 0.11 3.05 0.5
90 0.0625 0.0275 | 8.45 0.129 3.67 0.18
105 0.0729 0.0301 | 9.86 0.148 4.28 0.202
120 0.0833 0.035 | 1126 || T TMoaes | .89 || 0.23
‘“—i-ss 0.0937 0.0375 | 12.68 0.0498 0.2556 |f 0.183 5.50 0.25 B
AT ICETA YR O R 0.20 6.11 0.27
165 0,114 -—0.0435 | 15.49 SR | B
| — 180 .0.125 _ i .. 0.047 _ | 16.90 e Jm e e 042275 _7.34 0,31 - -
195 _0.135 0.049 | 18.31 0.0747 0,368 -
Dm0 fooms | oost {1sn |\ f o loasa | sse fl o2 |
| ~ 2u0 _0.167 0.057__| 22,58 || 0,0913 | 0,455 | 0.277 9,81 0.3 |
i 270 | o.187 0.060 | 25.35 0 0.301 1.10 0.402 _
300 | o0.208 _ | o0.066 | 28.16 10,321 1.22 0.43 L
|30 | oso | o0 | 3380 (OO PO (XSS O O R (0 S I
L 450 0.312 0.083 | 42.25 0.41 1.83 0.533
. 600 0.417 0.1826 1.137 0.476 2,45 0.611 _
L s 0.520 . ' o
b 900 0.625 0.2407 1.704
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PUMPING TEST DATA - DRAWDOWN TEST
OBSERVATION WELL B Nearest testhole(s) IWB 43
Elevation 1659.13 ft. Depth 47.3 ft.
TIME PuinPing Well A c F G
SINCE START gﬁ:.;:: (_"iat , —860— L 1935 1935
OF PUMPING ' %Q) 49,9 16.6 49.9 49.9
minutes days Dwdn, t’/rz (10'8 . Dwdn, t/r2 10"7 Dwdn. t/r2 lofe Dwdn, /r? 10'8
15 0.0142 0.05 e o o e
30 0.0208 0.10 2.812 [ 0.01 0.177 0.0015 0.556 0.0015 0.556
45 0.0312 0.14 4.225 0.025 0.266_ |l 0,007 0.835 0.007 0.835
60 0.0416 0.18 5.634. 0.034 0.355 0.007 | 113 |l 002 | 1113
75 0.052 0.22__ | 7.03 . 1l"0.026 1.388 0.0345 1.388
90 0.0625 0.24 | 8.45 0.056 0.5319 | 0.038 1.669 0.05 1.669
105 0.0729 0.265 | 9.856 (| | 0.05 1947 || 0.075 1.947
120 0.0833 0.295 {1126 || 0,077 | 0.709 | 0.06 2.225 || 0.08 2.225
135 | 0,093 0.3 [12.67 ) 0.071 2,504 0.096 2.504
150 2]..0.206  _f . 0.36 _ |14.06 et | e 0.081. ..__|__2.271 _0.111 2,777 __
180 0.125 0.385_ |16.90° | 0.11 1.066 |l 0.103 _3.338 || 0.141 3.338
a0 _fooss _ f 0.3 (w71 || oazs | 1.34. . |lo.123___ _3.898__|| 0.17___ | 3.8
a0 | oasr | ouss|22.s7 0.137 | _1.42 0.141 4,46 0.195 | 4.46
| 2o | oas - ouss 2535 | oas | 19 floas | sl o022 | s.o1
I___. 300 _|._0.208 0.515 128.16 I __ 0.179 _.3:56 _ _f| 0.245 | 5.56
330 | 0.229 || o0.54 |30.98 o ) | | o
l _30  _t o250 W I o 0.21 6.68 0.29 _6.68
| 300 0.270 0.587 (36,61 | 0,193 | 2.30 S I e
% 450 0.312 0.63  |42.25 |l o0.21 2.66 0.251 8.34 0.364 | 8.34
. 510 0.354 0.665 |47.88 _
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PUMPING TEST DATA - DRAWDOWN TEST

OBSERVATION‘NELL C Nearest testhole(s) IWB 49

' Elevation 1659.56 ft. : Depth 50.6 ft.

SINCE START Radius(r) ~ T9I5" 1085 3000 | 3000

OF PUMPING p”“‘pm%(ﬁ“te 49.9 | 8.33 49.9 49.9

minutes : days Dwdn. t/rz 10'81 Dwdn. - t/rz 10-7 Dwdn. t/rvz 10-8‘ Dwdn. t/r‘z
0 - 0.0208 0.0085 0.567 ‘ ‘ ‘

o g e oy = ——

T ws | e.0812 0.02 0.852 || 0.001 0.266 I |

60 0.0416 0.035 | 1.136 || 0.004 | 0.355
75 0.052 0.05 | 1.418 | 0.008 0.443 || 0.003 0.577 || 0.001 0.577

R L RN R U ——

ctem oo inm we | ———————— -

90 0.0625 _ _0.069 | 1,706 || _o0,01 __0.5319 10,0085 _0.694_ |l 0,004 | 0.694
_15  } 0.0729 _ | 0.087_ | 1.988 __ || 0.013 0.620 '

120 | _0.0833 | 0.04 | 2.272_ || o.,0175 | 0.709 _ |l 0.006 _ | _0.925 | 0.028 0.925

|- .

132 0.0937 0.1225_ | 2.556 || _0.,02___ | 0,798 _ il __. _ : ———— » -
| oaso | 01oe || o014 | 2.83% || 0023 | o0.885 | 0.02 1.155 )| _0.045 1.155

i :

!

180 | 0.125  § 0.17 3608___ |.-0.029 1.064

210 .__0.145 __D0.193 ._3.976 | _0.034_ | 1,24

0,049 1_1.62 . 0.078 1,620

20 | o7 _ |l o022 | _4sse || o4 | 142 floos | _1.8s5 | 0.095 | 1.855
270 _0.187 - 0.258 5.113_ || 0.044 | _1.59 0.072 [ 2,083 |l o111 | 2,083
. 300 | 0,208 _ | _0.28L | 5.680 || 0.0485 | 1.77. [l 0.084 __ | .2.314_| 0128 __|__2.314
330° 0.229 ' . o.0s250 | 1,95  H- |
%0 | o250 _ || o325 | 6.817 || 0.056 | 213 - T
30 | ozo )b oeswr |oz3ss | Jlous | s | | T
o.&so © | 0.312 . 0.385 8.522 .i,._..Q_--_ﬁ‘a 2,66 |l 0.138 | 3.472 .. _________ S S
osw0 o ooas  oose | s.s || _ . - ]
600 | o017 | o.468 | 11372 || c.0835 | 3.55 0.185 4,633
750 - 0.520 | 0,092 | 4.43 -
900 1 o625 || (. 0.105 5.32 1T T
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PUMPING TEST

DATA - DRAWDOWN TEST

OBSERVATION WELL D Nearest testhole(s) IWB 56
l Elevation 1654.44 ft, Depth 33.8 ft.
3 F G
sx-NngaMgTAnT Ezgg;g%r‘)ﬂ'ell RALEN S
OF PUMPING P“‘“"‘"%Q‘)'fte 49.9 49.9
minutes days Dwdn, t/r? 1078)| Dwdn. t/e2 1078 Dwdn. trr2 Dwdn. e

15 0.0142 0.01 0.343 || 0.005 0. 34

30 | o0.0208 0.02 | o.502 || o0.017 | o.s0 || R R

= ooz | o | Tose I ews om0

60 0.0416 0.043 1.00 0.03% | 100 || 4 @

75 0.052 0.06 1.255 0.05 | 1.26 _ -

90 0.0625 0.071 1.51 0.065 1.51 N R

105 0.0729 0.084 1.76 0.08 | 1.76 R

120 0.0833 0.10 2.01 0.095 | 201 || | _
135 | 0.0937 0.112 | 2,26 || o.11 _2.26 || . L

150 ~ 0.104 0,126 | 2.51 || 0.125 2,51 N . e

180 0.125 0.15 3.02 0.152 | 3.02 I L
. 210 _ Q.15 o071 | 3.52 || 0.178 3.52_ - ] —
I 240 0.167 0.192 | 4.03 |l o0.206 | 4.0 R .
I 270 " 0.187 0.215 4.53 0.226 4.5 R T

300 | 0208 || " 0235 | 5.09 0.25 5.03 o e _

i 30 | 0.273 0.250 6.04 0.29 | 6.04 o

450 | 0.326 ' 0.3125 7.55 0.347 7.55 1 _

Coe0 | osor | o047 | 1007 N o031 | 10,07 S A U S

| —- —
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PUMPING TEST DATA - DRAWDOWN TEST

OBSERVATION WELL

Elevation

E

1669.91 ft.

Nearest testhole(s)

D

epth

IWB 59

56.0 ft.

TIME
SINCE START

1 OF PUMPING

Pumping Well B

Radius(r)

Pumping rate g 44
Q)

3715

minutes days

Dwdn..

Te? 105

Dwdn.

Dwdn. t/r2

/r?

240 0.167

0.001

~l.2101

420

0.291

0.021

450
480

T o312

0.333

510 0. 354
540

570 | 0.395

255 0177 e i Mt -

270 0.187 0.0045 | 1.358 -1 - -

285 0.197 0.0065 | 1.434 - —

300 | 0.208 0.007 | 1.509 ——— - —
330 f 0.229 B 0.01 1661 - — — e

360 1™ 0,250 | “o.0145 | 1.812

30| 0.210 o.omss | 1.e2 ||| T ;:;_..- o |

i - ———

. - .- e
- '
—-—— ——— et et 1 — - —
———— i e © e ean e m—— " - - e e ———— s o - — - —
i
i
- ——— T —— —l . e et —
: - —— —




PUMPING TEST DATA - DRAWDOWN TEST

iyl

OBSERVATION WELL F Nearest testhole(s) IWB 70
Elevation 1655.51 ft. Depth 212.3 ft.
T |~ o
SINCE START | Pompies pate o 5 _3000
OF PUMPING A9 | 8.33 . 16.6
minutes days Dwdn. t/rz 10-8‘ Dwdn. t:/rz 10"'7 Dwdn, t/r’z 10'-8
15 | 0.0142 0.011 0.833 —  0.363__
30 0.0208 o.06 | 1.22 - | T
45 0.0312 0.0 | 1.83 | o.0035 | o.835 | .
60 0.0416 0.5 | 2.45 | 0.005 1,113 . _ 100
75 0.052 _.0.135 | 3.0 0.0065__ | _1.388 |l 0.005 0,57
90 0.0625 0.165__ | 3.67 0.0095 1.669 0.007 0.69
o205 | o029 | oass | w28 || o.ot0s | pewr _||__ | _
_120 | o083 |l o021 _| 4.8 || o013 | 2,25 _|l0,01 0,925
s oo ) oass | osso || oors | 2 | _
150 0.104 |l 0.255 | 6.11 || 0.0185 | 2.777 - |l0.017 | 1.15
0 | oaas oo | 7. | oom | 333 -
20 | o5 || 035 | 8.56 || 0.027 | 3.898  [l0.03_ | 1.62__
w0 | 0.7 0.355 9.81 0.0305 | 4.46 0.03 | 1.85 | o073
2o | oaer_ |l oy | 110 || 0032 | s flo.os3 | 208 _
(a0t o208 U owos | 122 | o035 | s.se o |lowosy | 2.1
I 360 | o2s0 | ous | 1.7 Co0.0625_ | 6.68 |l
| 4o | o312 || o2 | 1.83 0.0525 | 8.3  [lo.08 3,47,
L s10 | o.us 0.5 | 203 N | R o
600 | 0.417 0.583 | 2.45 0.062 11,137 0.104 4,63
L 750 | o520 R o 10,127 5.78 .
i; 900 0.625 | | 0.15 6.94
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PUMPING TEST DATA - DRAWDOWN TEST

OBSERVATION WELL

F

Elevation

1655.51 ft.

Nearest ‘testhole(s) IWB 70

Depth

212.3 f¢t,

TIME
SINCE START
OF PUMPING

Pumping Well
Radius(r)
Pumping rate

Q

G

49.9

te2 107

minutes days Dwdn. Dwdn. AL Dwdn. /r? Dwdn. L/l
15 |.o.one2 | o.ass | oe.e0s N, | ... . e
30 0.0208 0.235 0.885
45 0.0312 0.29 | 1.33 B
60 0.0416' 0.335 .77 - - T
75 0.052 0.38 T2.21 ] - S | e R
90 0.0625 0.415 | 2.66 | T A
105 0.0729 0.45 3.10 { T
R WS U NEVCTI NS A S SIS B N
150 0.104 0.527 | 4.43 '
TTie0 | 0.12s 0.57 | 5.32 - 0T
21077 77 Too1as Toer  |e2e I TV o
240 0.167 0.647 7.1 #""' I
~ 30 | 0.208 | o711 | s.86 | ) o S T
360 0.250 0.76 10.64 ) I -
T 250|032 Tl o827 | 1329 f I B A
600 0.417 0.91 17,75 | o - ) I
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PUMPING TEST DATA - DRAWDOWN TEST
OBSERVATION WELL G Nearest testhole(s) IWB 70
! Elevation 1655.62 ft. Depth 57.0 ft.
|
TIME Pumping Well A i B C D
SINCE START gi:;ﬁérz‘at . 1305 | 935 3000 5
OF PUMPING | o 49,9 | .33 16.6 16.6
minutes days Dwdn, t/rz 1‘0"8 1 Dwdn. t/r2 10'8 Dwdn, t/r2 10'8 Dwdn. .t/rz
~15 0.0312 0.005 | 0.83 —
0 | o0.0a16 || o0.037 | 122 | T T I |
T as 0.0312 0.07 | 1.83 | o0.0015 | 0.835 || 000035 0.754
60 0.0416 0.105 2,45 __ || ..0.0035 1.113 .0.0025  _f__0.46___ | 0.008 4 1.00 __
75 0.052 0.13 | _3.05__ || 0,005 _ |_1.388 0.004 ___|__0.57 0,011 | _"1.255
90 0.0625 0.162 3.67 0.006 1.669 0.006 0,69 __||_0.0175 | _1.51_
105 0.0729 0.185 | 4.28 0.0075 1,947 0.0085___| 0.81 _ || 0.021 1.76
120 0.0833 0.21 4.89 0,011 __| 2.225 __|{.0.0105__ | _0.93__ || 0.0275__| _2.01  _
135 | 0.0937 0.235 | 5.50 || o0.0125 2.504 || 0.013 1,04 0,033 | 2.26
150 0106 |l 026 | 611 || o0.016 2.777 0.0175 _ | 1,15_ || 0.0385__|_ 2.51 __
180 0.125 0.30 _ |_7.34__ ||_o0.021 3.338 _ || 0.0245 | 1.38 _ || 0,069__ | 3.02_
—_210  y_0.345 _ |l _0.335_ |__8.56 _.0.025 3.898 |l 0,03 ___ |__1.62__ |l 0.0585_ _ | .3.52 _
240 0.167 0.37 9.81 Il 0.030 4,46 |lo.0385s | 1,85 | o0.068 | 4.03 __
20 | oasr  _oss | 1100 0 o032 | son . flowoes | 208 || o077 | a3
300 | 0.208 0.426 1,22 © 0.036 5.56 f|o.0s2 | 231 | o086 | 5.03
360 | 0250 I o0u67 | 1.47 | 0.042 | 6.68 0.065 2.78 0.099 6.04
450 0.312 0.526 | 1.83 0.053 8.3 | 0.0825 3.47 0.12 | 755
si0 |7 0.35 || 0.559 | 2.03 , | ' N
Te00 | 0.417 0.603 | 2.45 0.064 | 11.137 0.106 | 4.63 || 0.1535 | 10.07
750 0.s20 T T ' 0.128 5.78 ol .
900 0.625 0.150 6.94 _
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PUMPING TEST DATA - DRAWDOWN TEST

OBSERVATION. WELL -G Nearest testhole(s) IVB 70

Elevation 1655.62 ft. _ Depth 51.0 ft.

e Pumping Well F
suce s || e H
OF PUMPING 0 oo ||

! minutes days Dwdn. t_/r‘2 1070 | Dwdn. [ Eyr2 A‘ Dwdn. t/‘-rz 1 bwdn. t/r»z
A5 _1..0.0312 _ }|__0.,1Y _ [ 0.60 _ | _.__ . ._.__ R | - U - -
| 0.0416 0177 | o0.88 4 N |

45 0.0312 0.22 | 133 T

60 | o.0416 . 0.256 | 1.77 ) - B

75 | o0.052 o287 | 2.21 || L R | D |

% . | 0.0625 || 0.313 | 2.66 T ‘ | -

105 1 00720 | 0337 | 320 T | —

120 " 0.0833 0.36 | 3.5 A R I
S o135 0.0937 0.38 3.99 || I | . it

150 | 0.104 0.40 | 64.43 | N .

800 T T Toaaes T TTowsss | sa32 Y T T ) I |

210 0.145 |l 0464 | 620 Il | e

240" 0.167 0.50 7.11 | B ——— | e [ e e ] e e
0 [ o208 | o555 | 886 | | R

%0 | o0.250 I o9 wo.es | ]} T h T T

_ a0 {ooat2 floowess 329 |l b T

600 | o7 || 0728 | 1775 | [ |




APPENDIX 11l

Theis Recovery Method Data Sheets for Observation
Wells Ato G |
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THEIS RECOVERY METHOD DATA SHEET

Well - A

Elevation -

1661.32 ft.

Depth = 46.55 ft. Dlameter- €S

D

; . coM
Length-well screen- 8 ft. Size- AIS

Pumping Started - '

Pumping Stopped (Recovery Starts)-25/3/71 - 10:30

Total Pumping Time -

24/3/71y -

1065 min.

16:45

Pumping Rate (Q) ~ 49.9§ Imp,.-gal./min,

Completion Zone:

Pump Setting- 40 f¢t.

Remarks:
46.55 - 54,98 ft. Radius - 5 in.
Date Time t t" t/" Dgpkh
: t to Water
25/3/71 10:30 1065.0 _ 0.0 19,30 ft,
[ ';065.1 0.1 10651.0 14.77
1065.2 0.2 5326,0 | 12.20
1065.3 0.3 3551.0 11.14
1065.4 0.4 2663.5 10.53
1065.5 0.5 2131.0 10.11
1065.6 0.6 1776.0 9.87
1065.7 0.7 1522.4 9,69 _
1065.8 0.8 1332.2 9.57
1065.9 0.9 1184.3 9.48
1066.0 1.0 1066.0 9.41
1066.5 1.5 711.0 9.28
1067.0 2.0 533.5 9.21
1067.5 2.5 427.0 9.18
1068.0 3.0 356,0 9,15
1068. 5 3.5 305.3 9,13
1069.0 4.0 267.2 9.12
1069.5 4.5 237.7 9.12
1070.0 5.0 214.0 9.10
1070.5 5.5 194.6 9.09
) 1071.0 6.0 178.5 | 9.08
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THEIS RECOVERY METHOD DATA SHEET

Well - A

Elevation -

Depth - 46.55 ft.

Length~-well screen-

Dlameter- 6.5 1D

i .oln/
Size- /.0'S

Pumping Started -

Pumping Stopped (Recovery Starts)-

Total Pumping Time -

Pumping Rate (Q) -

Remarks: Completion Zone: Pump Setting- 40 ft.
46.55 — 54.98 ft. | Radius - 5 in.

Date Time 1 " Yo Depth

t to Water

25/3/71 1071.5 6.5 164.8 ' 9.07

1072.0 7.0 153.1 . 9.06

1072.5 7.5 143.0 9.06

10:38 _ 1073.0. 8.0 134.1 9.06

1073.5 8.5 126.3 9.05

1074.0 9.0 119.3 9.04

1074.5 9.5 113.1 9.03

1075.0 10.0 107.5 9.03

1077.0 _12.0 89.7 9.02

1080.0 15.0 72.0 5.00

1085.0 20.0 54.2 8.96

1095.0 30.0 36.5 8.93

1105.0 40.0 27.6 8.89

11:30 1125.0 60.0 18.7 - 8.83

13:45 1260.0 195.0 6.5 8.60

163
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THEIS RECOVERY METHOD DATA SHEET

Well = B
Elevation - 1659.13 ft.

Depth - 48.95 ft. Diameter-&S“lD

Length—well screen- 10 ft.Size-9-007

Pumping Started - 11/3/71 -

Pumping Stopped (Recovery Starts)-12/3/71 14:10

Jotal Pumping Time - 1245 mins.

Pumping Rate (Q) - 8.33 Imp.-gal./min.

17:25

Remarks:

Com‘ple't‘io'n Zonei

Pump Setting-40 ft.

48.95-59.35 ft. | Radius - 4 in.

Date Time t ks ;/" Depth

: t to Water
112/3/71 14:10 1245.0 0.0 10.85
1245.1 0.1 | 1251.0 10.44
1245.2 0.2 6226,0 10.05
1245.3 0.3 4151,0  5.67
1245.4. 0.4 3113.5 9.33
) 1245.5 0.5 2491.0 9.02

1245.6 0.6 2076,0 _8.73.
) 1245.7 0.7 1779.6 8.44
1245.8 0.8 _1557.3 £.22
11245.9 0.9 | 1383 7.98
B 1246.0 1.0 1246.0 7.74
) 1246.5 1.5 831.0 6.87
e 1247.0 2.0 _623.5 6.28
— 1247.5 2.5 .. 499.0 5.87
B 1248.0 3.0 416.0 5.57
12%&,5 3.5 . 356.7 5.37

1249.0 4.0 . 312.2 5,23

1249.5 4.5 277.7 5.14
1250.0 5.0 250.0 5.08
1251.0 6.0 208,5 _5.01
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THEIS RECOVERY METHOD DATA SHEET

Well - B

Elevation -

Depth - 4,8 95 f¢t,

Length-well screen-10 ft.Size-0007

_Diameler-G'S 1D

Pumping Started -

Pumping Stopped {Recovery Starts)-

Total Pumping Time -

Pumping Rate (Q) -

Completion Zone:

Pump Setting- 40 ft.

Remarks:
48.95-59.35 ft. Radius - 4 in.

Date ‘Time t " >/" Depth
t to Water

12/3/71 1252.0 7.0 178.6 4.95
1253.0 8.0 156.6 4.92
1254.0 9,0 139.3 4,90 .
1255.0 10.0 '125.5 4.90

14:22 1257.0 12.0 104.7 4,90

B 1258,0 13.0 96.7 4,89

1260.0 15.0 84.0 4.89

1265.0 20.0 63.2 4.89

1270.0 25.0 50.8 4.89

14:40 1275.0 30.0 42.5 4.89
1280.0 35.5 36.6 4.89

1290.0 45.0 28.7 4.89

15:15 1305.0 60.0 21.7 4,86
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THEIS RECOVERY METHOD DATA SHEET

Well - ¢

Elevation - 1659.56 ft,

Deplh.— 51.35 ft. Diameter—&S“IP

+O\0,
Length—well screen- B ft. Size- Alz

Pumping Started - 9/3/71 17:30

Pumping Stopped (Recovery Starts)20/3/71 14:05 »

Total Pumping Time - 1235 mins.

Pumping Rate (Q) - 16.66 Imp.-gals./min.

Remarks: Completion Zone: Pump Setting- 40 ft.
51.35 - 59.80 ft. Radius - 4 in.
Date Time t t" Y Depth
t to Water
10/3/71 14:04 1235.0 0.0 23.11
1235.1 0.1 12351.0 21.86
1235.2 0.2 6176.0 20.64
1235.3 0.3 417.7 | 19.52
1235.4 0.4 3088.5 18.48
1235.5 0.5 2471.0_ 17.52
1235.6 0.6 2059.3 16.64
1235.7 0.7 | 1765.3 15.80
1235.8 0.8 1544.7 15.05
1235.9 0.9 1373.2 14.45
12360 1.0 1236.0 13.71
_ 1236.5 1.5 824.3 |  11.313
1237.0 _2.0 . 618.5 9.31
1238.0 3.0 L 412.7 7.18
1239.0 4.0 309.7 6.12
1240.0 5.0 248.0 5.58
1241.0 6.0 206.8 5.31
1242,0 7.0 177.4 . 5.17
1243.0 8.0 155.4 . 5.09
1244.0 9.0 138.2 5.05
1245.0 10.0 124.5 5.02
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THEIS RECOVERY METHOD DATA SHEET

Well - C

Elevation -

Depth — 51.35 ft. Diameter-65 TD

Length—well screen-

-o\o
Size- /0\2

Pumping Started -

Pumping Stopped (Recovery Starts)~

Total Pumping Time -

Pumping Rate (Q) -

Remarks:

Completion Zone:

Puimp Setting - 40 ft.

51.35 - 59.80 ft. Radlus - 4 in.
Date Time t t" l/" Depth
7t to Water

10/3/71 1247.0 12.0 103.9 4.98
1250.0 15.0 83.3 4.96

1255.0 20.0 62.7 4,95

1265.0 30.0 42.2 4.91

1275.0. 40.0 31.9 4.87

1285.0 50.0 25.7 4.87

1295.0 6.0 21.6 4,85

1315.0 80.0 16,4 4.82

1335.0 100.0 13,3 4,80

1353.0 118.0 11.5 4.80

167
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THEIS RECOVERY METHOD DATA SHEET
Well - D Pumping Started - 15/3/71 17:20
Elevation - 1654.44 ft. Pumping Stopped (Recovery Starts)-16/3/71 10:50
Depth - 40.57 ft. Diameter-€5 1> | Total Pumping Time - 1110 mins.
Length—well screen~ 10 ft.Size-0-007 Pumping Rate (Q) - .16.66 Imp.-gal./min.
Remarks: Completion Zone:s Pump Setting - 40 ft.
40.57 = 51.00 ft. Radius - 4 in.
Date Time t 1! ' Yo Depth
t to Water
16/3/71 10:50 1110.0 0.0 27.22 '
1110.1 0.1 11101.0 25;06
, 1110.2 0.2 5551.0 24.74
_ 1110.3 0.3 __3701.0 23.60
. |-1110.4 0.4 2776.0 22.50
1110.5 0.5 2221.0 21.44
1110.6 _0.6 1851.0 20.44
) 1110.7 0.7 1586.7 | _ 19.52
1110.8 0.8 1388.5 18.65
1110,9 0.9 1234,3 " 17.86
1111,0 1.0 1111.0 17.08
N 1111.5 1.5 741.0 13.37
1112.0 2.0 556.0 11.36
1112.5 2.5 445,0 9.44
1113 .0 3.0 371.0 7.92
1113.5 3.5 318.1 6.85
1114.0 4.0 278.5 6.04
1114.5 4.5 247.7 5.42
1115.0 5.0 223.0 4.95
_ 1116.5 6.5 171.8 | .4.08
1117.0 2.0 159.6 3.91




2 2
Page ___of __

THEIS RECOVERY METHOD DATA SHEET

Well - D

Elevation - 1654.,44 ft.

Depth — 40.57 ft. Diameter-€.5" 1D

Length—well screen-

Size~0-C0 7

Pumﬁing Started ~

Pumping Stopped (Recovery Starts)-

Total Pumping Time -~

Pumping Rate (Q) -

Remarks: Completion Zone:s Pump Setting - 40 ft.
40.57 = 51.00 ft. Radius - 4 in.
Date Time t " b/" Depth
t to Water
16/3/71 1118.0 8.0 139.7 3.70
1112.0 9.0 124.3 _3.57
1120.0 10.0 112.0 3.49
1122.0 12.0 93.5 3.42
1125.0 15.0 75.0 3.40
1127.5 17.5 64.4 3,40
1130.0 20.0 56.5 3.37
A 1135.0 25.0 45.4 3.35
1140.0 30.0 38.0 3.36
1150.0 40,0 28,7 3.34
1160.0 50.0 23.2 3.33
.1200.0 90.0 13.3 3.32
1280.0 17,0 77,53 3.29
14:10 1330.0 220.0 6.1 3,29
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THEIS RECOVERY METHOD DATA SHEET

Well - E

Elevation - 1469.0] fr.

Depth~ 57,77 ft. Dlameter-§.5 ID

Length—well screen- B ft. Size-o0.0\%

Pumping Started - 18/3/71

Pumping Stopped (Recovery Starts)- 19/3/71 14:55

17:00

Total Pumping Time - 1315 mins.

Pumping Rate {Q) = 49.98 Imp.-gal./min.

Pump Setting- 40 ft.

Remarks: Completion Zone:
57.77 - 66.20 f¢t. Radius - 5 in.
Date Time t t" D/" Depth
t to Water

19/3/71 14:55 1315.0 oo 1 . _26.64

1315.1 0.1 - .13151.0 22.50

1315.2 0.2 6576.0 19.52

1315.3 0.3 4384.3 17.94

1315.4- 0.4 3288.5 17.24

1315.5 0.5 2631.0 16.83

1315.6 0.6 _2192.7 16.49

1315.7 0.7 1879.6 16.27

1315.8 _0.8 1644.7 16.06

1315.9 0.9 1462.1 15.88

i 1316.0 1.0 1316.0 15.81

' 1316.5 1.5 877.7 15.66

1317.0 2.0 658.5 15.61

_1317.5 2.5 527.0 _15.60

L 1318.0 3.0 439.3 15.59
1319.0 4.0 329.7 15.58 _

1320.0 5.0 264.0 15.57

1321.0 6.0 _220.2 15,56

1322.0 7.0 188.9 _15.55

1323.0 8.0 _165.4 15.54

. 1324.0 9.0 t147,1 15.54
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THEIS RECOVERY METHOD DATA SHEET

Well - E

Elevation -

Depth - 57.77 ft. Diameter-€-5 ID

Pumping Started -

Pumping Stopped (Recovery Starts)-

Total Pumping Time -

Length~well screen~ Size-0.015 | Pumping Rate (Q) -
Remarks: Completion Zoners Pump Setting - 40 ft.
57.77 - 66.20 ft. | Radius - 5 in.
Date Time t ! Yo Depth
t to Water

19/3/71 1325.0 10.0 132.5 15.53

| 1327.0 12.0 110.6 15.52

1330.0 15.0 88.7 15.51

15:15 1335.0 20.0 66.7 15.50

1340.0. 25.0 53.6 15.48

1365.0 50.0 27.3 15.43

1390.0 75.0 18.5 15.40

1420.0 105.0 '13.5 15.36

1470.0 155.0 9.5 15.31

1615.0 300.0 5.4 15.22

21:45 1725.0 410.0 4.2 15.17

20/3/71 01:00 1920.0 605.0 3.2 15:10

10:25 2340.0 1025.0 2.3 14.98
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THEIS RECOVERY METHOD DATA SHEET

Well = §
Elevation - 1655.51 ft.

Depth - 212.95 ft,Diameter-€3 I D

Pumping Started = 20/3/71

16:00

Pumping Stopped (Recovery Starts)-21/3/71 11:00

TJotal Pumping Time -

Pumping Rate (Q) -

1140 mins.

; *007
Length—well screen- 14 ft. Size- A\S
Remarks: )

Completion Zone:

Pump Setting- 100 ft.

212.95 = 227.70 ft. | Radius - 5 in.
Date Time t t" t/" Depth
t to Water
'21/3/711 11:00 1140.0 0.00 68.1
' 1140.48 0.48 2376.0_ 48.00
) 1141.0 1.0 1141.0 37.70
1141.5 1.5 761.0 30:30
“ 1142:0 2.0 571.0 24,30
1142,5 2.5 457.0 19.79
1143.0 3.0 381.0 16.27
1143.5 .. . 3.5 326.7 '13._50
| 1144.0 4.0 286.0 11.35.
_1144.5 4.5 254.3 9.65
1145.0 5.0 _229.0 8.35
1146.0 6.0 _191.0 . 6.53
| 1147.0 7.0 163.9 5.48
: _1148.5 8.5 135.1 . 4.50
1150.0 10.0 115.0 4.05
1152.0._ . 12.0 96.0 _3.80
_1155.0 15.0 77.0 3.70
__1160.0 20.0 58,0 3.63
_ 1165.0 25.0 46,6 3.61
* 1170.0 39.0 39,0 3.59
1180.0 .. 40.0 29.5 3.55




. . Pagez_ of _2_.
! THEIS RECOVERY METHOD DATA SHEET
t Well - p Pumping Started -
t Elevation - Pumping Stopped (Recovery Starts)-:
| Depth - 2]12.95 ft_Diameler-g'S“ID Total Pumping Time -
| .ooy )
| Lenglth—-well screen- Size- /oi5| Pumping Rate (0) -
} Remarks: Completion Zones Pump Setting- 100 ft.
; 212.95 - 227.70 ft. | Radius - 5 in.
t Date Time - t " t Depth
: t to Water
21/3/71 1200.0 60.0 20.0 3.51
' 1235.0 95.0 13.0 3.44
) B 1260.0 120.0 10.5 3.41
1350.0 210.0 6.4 3.32
' 1500.0 360.0 4.2 3.23
20:00 1680.0 540.0 3.1 3.18
22/3/71 0:15 1935.0 795.0 2.4 3.13
‘ - 8:15 2415.0 1275.0 1.9 3.12
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Page 1 of 2_

THEIS RECOVERY METHOD DATA SHEET

Well = G

Elevation - 1655 62 ft.

Depth - 50.65 ft

Dlametqr-és“‘[‘p

oln/

Pumping Started - 22/3/71  16:05

Pumping Stopped (Recovery Starts)- 23/3/71 10:30

Total Pumping Time =~

Pumping Rate (Q) -

1105 mins.

49,98 Imp.-gal./min,

Length—well screen~ 8 ft. Size- .o!S

Pump Setting = 40 ft.

Rémarks: Completion Zone:
7_5’»0.6'5 - 59.00 ft. } Radius - 5 in.

Date Time t t" l/" Depth

t to Water
23/3/71 10:30 1105.0 0.0 23,39
1105.1 _ 0.1 11051.0 17.93
1105.2 0.2 5526.0 14.46
1105.3 0.3 3684,3 13.10

110524 - 0.4  2763.5 10.89

1105.5 0.5 2211.0 9.63
1105.6 0.6 1842.7 8.69
1105.7 0.7 1579.6 7.83
1105.8 _ 0.8 1382.2 7.20
1105.9 0.9 1228.8 6.60
1106.0 1,0 1106.0 6.12
. 1106.5. 1.5 737.7 _4.75
1107.0 2.0 553.5 4,32

1107.5 2.5 443.0 4.20
1108.0 3,0 369.3 4,13
1108.5 3.5 : 316.7 4.08
1109.0 4.0 277.2 4,07
1110.0 5.0 222,0 4.03

1111.0 6.0 185.2 4.02_
1112.0 7.0 158.9 3.99
1113.0 4 8.0 139.1 3,98




Page 2 _of 2 _

THEIS RECOVERY METHOD DATA SHEET

Well - G

Elevation -

Depth - 50.65 ft.

Diameler—éS“I’P

Pumping Started -

Pumping Stopped {Recovery Starts)-

Total Pumping Time -

Length—well screen- Siz,e-.m:/é\s Pumping Rate (Q) -
Remarks: Completion Zone: Pump Setting- 40 f¢t,
50.65 - 59.00 ft. Radius - 5 in.
Date Time t " Y Depth
t to Water
23/3/71 10:39 1114.0 9.0 123.8 3.97
1115.0 10.0 111.5 3.96
1117.0 12.0 93.1 3.95
- 1120.0 15.0 74.7 3.93
1125.0 20.0 56.2 3,90
1130.0 25.0 45,2 3.88
1135.0 30.0 37.8 3.85
1145.0 40.0 28,6 3.81
1165.0 60.0 19.4 3.73
1180.0 75.0 15.7 3.69
1195.0 90.0 13.3 3.66
1255.0 150.0 8.4 3.56
1305.0 200.0 6.5 3,50
1375.0 270.0 5,1 3.43
1445.0 340.0 4.2 3.40
1465.0 360.0 4.1 3.38.
1555.0 450.0 3.5 3.33
1780.0 675.0 2.6 3.23
22:45 1840.0 735.0 2.5 3.23
24/3/71 8:25 2420.0 1315.0 1.8 3.11
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APPENDIX IV

Electric Analog Modeling (R. A. Bourne and J. A. Vonhof)

THEORY

Two systems are analogous if there is a one-to-one
correspondence between the characteristic equations that
govern each system (i.e. every element in the investigated
system must be present in the analog system). In the elec-
trical analogy to groundwater flow, the flow of water
through a porotis medium is analogous to the flow of
electricity through a resistor-capacitor (R-C) network. The
resistors simulate resistance to flow of water, while capaci-
tors represent the storage of water.

The analogy may be established either by a physical
approach or a more conventional mathematical treatment.
The following mathematical derivation is modified from
Karplus (1958), Skibitzke (1961), Walton and Prickett
(1963), and Patten (1965).

The first step in the mathematical approach is the re-
placement of the continuous porous medium by a dis-
cretized coordinate grid. Errors in the potential field are
negligible if the distances between the nodes in the co-
ordinate grid are small enough (Karplus, 1958). Figure
IV-l illustrates one cell of the coordinate grid with the
appropriate hydraulic heads and distances.

The second step involves approximating the 2nd-order
partial differential equation of groundwater flow by finite
difference expressions. Since we are dealing with two equa-
tions, the steady state and transient, it is best at this point
to carry out the remainder of the presentation separately.

(i) Steady State

As stated previously, the nonlinear, heterogeneous,
anisotropic, partial differential equation that describes
three-dimensional steady state groundwater flow is:

9 [K(X, v, 2) %] + 9 |:K(x, Y, z) ?2]

0 ox 0 dy
X Y ' (1)

) 307
+5; [K(x, y,z)a—z]— 0

Finite difference equations for the first sbace deriva-
tives of this equation are approximated between nodes as
their potential difference divided by the distance between
them (Karplus, 1958)
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. -8
o = : (2a)
¥ -0 ~
-2  BX -
a¢ ~ ¢3 - ¢0
o9 ~ 93~ %9 (2
93— o) AY K
a¢ ~ ¢O N ¢4
ov ~ Yo Vs (2d)
%(0- a) Ay
¥ L %% (2e)
925 o) Az
9 ~ %% (2f)
920 - 5) Az |

where the subscripts refer to the nodal points in Figure
1V-1.

The hydraulic'co_nductivity between any two nodes is
assumed to be an average of the two nodal values. For
example, between nodes 1 and 0, the hydraulic conductiv-
ity is:

(3)

Similarly, the average hydraulic conductivities for nodes
0t02 3100,0to4,51t00, and 0 to 6 are Ky_,, Kz_o,
Ko-4. Kg-g, and Kq_g, respectively.

The second derivative of the space variable is obtained

by subtracting the forward from the backward finite
difference approximations:

(9_22) _ 09 _ ¢ -
ax2Jo Xp-g Xy , “

AX

Substituting equations 2a and 2b, and inserting the
corresponding average hydraulic eonductivity values into
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(A) ELEMENTAL CUBE OF POROUS MEDIUM

6

(B) RESISTOR-CAPACITOR ANALOG TO A CUBE OF
POROUS MEDIUM.

Figire IV-1.  Schematic representation of current flow in a three-dimensional analog of a cube of porous medium (modified after

Patten, 1965).

equation 4:

61~ ¢p _ b0~ ¢,
<62¢ ) _ I<1 -0 AX KO— 2 AX (5)
X2/, BX

(6a)

(az¢) Ki-o(®- 6 Koz (@2~ %)
X2 ), = AXZ + AXZ

Similarly, the second space derivatives of y and z are:

az¢ K3 o (¢3 - ¢O) KO a4 (¢4 = d)o)
—_ __3- il 6b
(aYz )o - AY? + AYz ( )

32¢ Ks_ 0 (¢5 - ¢0) KO— 6 (¢6 - ¢0) 6
(W)f RZT tT Az (6!

Combining equations 6a, 6b, and 6¢c, assuming AX =

" AY = AZ = a, and multiplying by a2, one obtains:

Ki-o (8- %) +Ko_5(¢;-8p) +K3_¢ (#3~ ¢0)
+Ko—4(¢4'¢o)+K5—o(¢5‘¢oH’Ko—6 (7)
(¢5—¢0)=0

The equation for the nodal network, which is analo-
gous to the volume of porous medium (Fig. 1V-1), is ob-
tained by applying Kirchoff’s current law. The total current
entering the node 0 equals zero, therefore:

5 _
2 lo=ly_gFlooFlag+lag+lsotlso=0

(8)

Substituting Ohm’s law (I = V/R) into equation 8:

1

1
—(V,-V,) + —
Ra ' % Rb

' 1 1
(Vo= Vo) +— (V= Vo) +— (V, -
2 0 Re 3 0 Rd 4

1 1
Vol +— (Vg = Vol + o (Vg Vo) =0 . (9)

The formal analogy becomes apparent by comparing
equations 7 and 9. The analogous quantities are:

Hydraulic Electric
Potential, head in feet $-V Voltage, in volts
Hydraulic conductivity, in

Igpd/ft2 K- 1/R
Length, in feetl, - |

Resistance, in ohms

c Model length, in feet
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(ii) Transient

The nonlinear partial- differential eguation that de-
scribes transient groundwater flow in three dimensions in
a heterogeneous, anisotropic porous medium is:

) 3 ) a¢} 09

— | Klx,y,2) = | +— | K(x,v,2) — |+ =

8xl: v Z)ax] ay[ LA vl =
_ {10)

[K(x,_v.Z)%]=7|:°=(x.y,1)+n(x,v,2)B]a_¢

ax _ ot

The first and second space derivatives are exactly the
same as in the steady state equation; therefore, substituting
equations 2a, 2b, and 2¢, rearranging; assuming AX = AY =
AZ = a; and multiplying by a?; equation 10 becomes:

K1;.0 (¢1 - ¢0) + Ko-z (¢2 - ¢0) + K3_0 (¢3 - ¢0) +

Ko-a (84~ 9o} T Kg_g (65 - Do) + Ko_g (96~ o) =

a2y (ag + ngf) - 99

ot (11)

Again, the hydraulic conductivity between any two
nodes is assumed to be an average of the two nodal values.

The equation for the nodal network (Fig: IV-1) is ob-
tained by applying Kirchoff’s current law. This time, how-
ever, the total current entering the node O eguals the
current flow from the node to the capacitor:

[P o PUP o PP o PP +lg_g tlg_g=-€ (12)

Substituting Ohm’s law into equation 12:

_1_(V1 - V°)+1_(V2- V0)+1_(V3- Vgl T

Ra Rb Rc (13)
1 (Vg- Vo) +1 (Vg- V) +1 (Vg- Vo)=-¢
Rd Re Rf

The rate at which the capacitor will store energy is
proportional to the rate of change with time of the applied
voltage:

~e=Cav (14)

. ot
Combining equations 13 and 14:

1 V= Vol +1 (Vo= Vgl +1 (V5= Vo) +

Ra Rb Rc
1 (Va- Vol +1 (Vg- Vgl +1 (Vg-Vg)=CaV
Rd Re Rf ot

(15)
170

The formal analogy becomes apparent by comparing
equations 11 and 15. Analogous quantities in the transient
system are:

Hydraul("c Electric

Potential, head in feet ¢ -V
Hydraulic conductivity, in
Igpd/ft2 K-1/R

Storage coefficient a2S.-C
Discharge, in Igpd q,, - q,
Volume {or mass), in Imp.
gal.Q, - Q,

Time, in days t,, -~ t,
Length, in feet | - I,

Voltage, in volts

Resistance, in chms
Capacitance, in farads
Current, in amperes

Energy, in coulombs
Time, in seconds
Length, in feet

where S, = 7 (ag + ngf).

SCALING

The analogous quantities are made equivalent through
the use of proportionality constants or scaling factors.
These scaling factors are arbitrary, but must be selected so
that the range of values of the electrical analog components
are commercially available.

The four scale factors SC,, SC,, SC3, and SC, are de-
fined as follows (Walton and Prickett, 1963):

Q, = SC, Q, SC, = Imp. gal./coulomb (16)
¢ =SC,V SC,= feet/volt (17)
q, = SC3q, SC3= Igpd/amp (18)
t, = SC,t, SC,= days/sec (19)

Scale factors SC,, SC4, and SC, are related by:
SC, X SC, = SC,

In order to construct either a steady state or transient
electric analog model; it is necessary to obtain an expres-
sion relating hydraulic conductivity to resistivity. Substi-
tuting Ohm’s and Darcy’s laws into equation 18 yields:

R 25C _ OX (20)
xT8C, AY-AZ-K,
g o, OV (21)
vy ~8C, AX-bZ-K,
A7
R s, ¢ (22)

278C, AY DX+ K,

Equations 20, 21, and 22 can therefore be used to cal-
culate values of resistors for both interioy and boundary
nodes of the electric analog model.
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- The values of the capacitors for interior and boundary
nodes for transient solutions are derived by using equations
16 and 17 plus the definitions of the storage and capacitance

coefficients:

SC,

C=6.23AX+AY +AZ-S,_ -
sc,

(23)

where C is in farads and S, the specific storage, in ft™ 1.

Therefore, in order to construct a steady state electric
analog model in three dimensions, the values of the resistors
are calculated using equations 20, 21, and 22.

DESIGN

The electric analog model of the study site was con-
structed using approximately 2000 resistors and 550 capa-
citors. The model is three dimensional, in that it has two
R-C (resistor-capacitor) layers interconnected by resistors
in the Z direction (Figs. IV-2 and IV-3).

To calculate the values of the resistors and capacitors
with equations 20, 21, 22, and 23, the following values are
required:

(a) the scale factors
(b) the nodal spacings ~AX, AY, and AZ; and

(c) the hydrogeological parameters—K, ¢, and n.

In light of the earlier discussion on scaling factors, the
following values were chosen:

SC, =5.0 X 10" Imp. gal./coulomb
SC,=5.0 feet/volt

SC; =5.0X 107 Igpd/amp

SC, = 1.0 X 104 days/sec

An analog model spacing of 1%in. = 300 ft for the X
and Y directions was considered accurate enough to mini-
mize errors due to discretizing a continuous medium (Fig.
1V-4). The southeast area of the geologic model was not
considered hydrologically important because of the thick
section of till, therefore, a nodal spacing for AX and AY of
3 in. = 600 ft was used. Techniques for joining areas with
different scales are discussed in Karplus (1958). Nodal
spacings for Z vary considerably over the map area because
of the change in thickness in the geologic units.

The values of the hydrogeologic parameters—K, «, and
n—have been discussed in detail in the preceding sections.

However, calibration of the electric analog model to known
hydraulic head measurements and pump tests in the field
required a change in the specific storage of the buried
valley aquifer. Table 1V-1 summarizes the measured para-
meters—K, «, and n—and also their calibrated values. Note
that S, the specific storage, is Used rather than a and n.

Table IV-1. Measured and Calibrated Hydrogeologic Parameters for
the Till and Buried Valley Aquifer.

Measured Calibrated

Average K, 1 Average K 1
epajec2 S Ut L S UMt
Till 1 7x107% 1 Tx10°4
Buried valley
fluvial 330 2x107° 330 49x10°?
deposits

In the geologic model, the major buried valley is not
bounded on the west but éxtends for an unknown distance.
It is apparent that by terminatihg the analeg model on the
west (Fig. IV-4), errors will occur in the potential distribu-
tion in the region of interest. To avoid this problem a
termination strip was used (Karplus, 1958). The termina-
tion strip extends the western portion of the -buried valley
aquifer approximately 9000 ft so that errors in the poten-
tial distribution in the area around the brine pond are
negligible.

ELECTRICAL EQUIPMENT

Once the R-C network has been constructed, the steady
state and transient analog models require different electri-
cal generating and measuring equipment to carrfy out a
simulation.

(i) Steady State

The steady state case requires (a) simulation of the
water table, and (b) measurement of the resulting voltage
at every nodal point in the analog model.

The water table is simulated by applying a voltage to
each of the water table nodes (Fig. |V-5). Since there were
about 450 nodal points, those points with similar voltages
were attached by soidering tinned wire bétween nodes.
This simplification results in a slightly unrealistic water
table and slight errors in the resulting potential distribution.

Voltages are applied with a voltage generator and
measured with a digital voltmeter {(Fig. 1V-6).
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" Figure IV-2.  The front of the study site electric analog model. A topographic map has been
mounted on a 4 ft x 8 ft sheet of hardboard.

’ Figure IV-3.  The back of the electric analog model illustrating resistors in three dimensions
and a capacitor attached to each nodal point.
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Figure IV-4.  Distribution of nodes in the horizontal layers of the electric.analog model.
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(ii) Transient -

In the transient case, we are interested in measuring
changes in voltage as a response to simulated pumping or
injection of water. This requires a current-generating de-
vice, and voltage versus time plots for every nodal point in
the model. This equipment is called the excitation-response
apparatus. It requires that the water table simulator, used
in the steady state case, be detached.

Excitation-response apparatus forces electrical energy,
in the form of current, into the analog model and measures
the response or energy levels throughout the energy-dissi-
pative, resistor-capacitor network. The excitation-response
apparatus, Figure 1V-7, consists of a power supply, a wave-
form generator, a pulse generator, and an oscillascope.

The following sequence of events occurs during the
transient testing of an electric analog model:

1. The waveform generator sends a positive pulse to the
oscilloscope, and simulitaneously, a negative or positive
sawtooth waveform is sent to the pulse generator.

2. The pulse generator is set to trigger when the voitage of
the input sawtooth from the waveform generator ex-
ceeds a preselected level, thereby producing a rectangular
pulse of desired duration and amplitude. The duration
and amplitude of the pulse are analogous to the volume
of water pumped or injected into the model.

3. Model response to the rectangular pulse from the pulse

generator is monitored on the oscilloscope as a time-

voltage curve, analogous to a time-drawdown graph for
an observation well. To construct distance versus change
in hydraulic head maps for time, t, a sufficient number
of nodal points must be monitored.

Either pi.umping or injection of water can be simulated
using the above apparatus by producing either a negative
(pumping) or positive (injection) current pulse output from
the pulse generator.

Since the excitation-response apparatus produces only
pulses of voltage, current is calculated by substituting

Ay =V SC5 (24)
Ri

where q,, = pumping rate, in Igpd
V' = voltage, in volts

R; = resistance in ohms

SC,= scale factor 3 in igpd/amp

Therefore, a known voltage drop (V}, which is selected
using the pulse generator, across a predetermined resistance
(R;) produces a current that is analogous to the injection or
pumping rate (q,, ).

CONSTRUCTION TECHNIQUES

Two electric ‘analog models, a prototype and a final,
were constructed. The prototype model was constructed
using 24-gauge tin plate as a mounting medium or base. A
square grid was drawn on the tin plate and ceramic capa-
citors were soldered to the appropriate node. The unattached
end of the capacitor served as a nodal point for the resis-
tors. The tin plate proved satisfactory as an electrical
grounding medium, howeveér, the nodes were difficult to
relate to topographic locations so this model was not an
effective display and communication tool.

The base of the final model consisted of 1/8-in. temper-
ed masonite or hardboard (Figs. 1V-2 and 1V-3). Holes
(0.093 in. diameter) were drilled in a 1%in. grid pattern.
A topographic map of the area was glued onto the masonite
and vectorboard push-in terminals (#T79.4) were inserted in
the holes to serve as nodal junctions or terminals. The hard-
board was mounted onto a wooden frame for construction
and display purposes. Tinned copper wire (16 gauge) was
placed the full length on the back of the model between
alternate rows of nodes to provide a common ground.

Fixed carbon resistors (tolerance * 5%) ranging from
10 ohms to 1.0 x 107 ohms, and ceramic disc capacitors,
ranging from 0.22 x 107® 10 1.0 x 10" '! farads were
fastened and soldered to the terminals.

In general, leakage of electricity is the main source of
error. To determine the extent of leakage from the termi-
nals through the masonite, three terminals were inserted
and soldered one node apart on the hardboard. The resis-
tance between these terminals was measured and recorded
before each electric analog model run. Results show that
the resistance between terminals is 10'° ohms. This re-
sistance is 3 orders of magnitude larger than the highest
value resistor in the electric analog model, therefore dem-
onstrating that leakage would be insignificant.

Other points to consider when constructing an electric
analog model are:

1. The total capacitance of the model should be kept as low
as possible because the larger the total capacitance of the
model, the greater the chance for leakage from the capa-
citors to ground.
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Figure IV-6.  The steady state electric analog model response equipment
showing a voltage generator resting on a digital readout
voltmeter.

Figure IV-7.  The excitation-tesponse apparatus for the transient ground-
water case showing, from left to right, pulse generator, a
waveform generator, a power supply, and an oscilloscope.

2 The total resistance of the model should be kept low so 3. Spring clips and mechanical fasteners, although time
that the current drawn by the model is small. saving, do not give a reliable electrical contact. Soldering
is the best electrical connecting device.
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APPENDIX V

Summary Field Analyses Hydrochemical Sampling
Program 1972-1974

FLOWING WELL 1—-EXPLANATION OF TABLE
- Day = no. of days since beginning of monitoring period,
i.e., 1 = November 1, 1972.
Temp. = °C.
pH is in terms of pH units.
Eh is expressed as mV.

All concentrations are as ppm.
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Day Temp. pH Eh Cond. Ca Na K Mn Fe HCO, SO 4 Cl
4 6.0 7.100  + 20 ———- 153 72 —em mme e 6.4 595 408 ——-

5 5.8 7.00  +20 1277 157 71 == eme —em 5.7 618 397 ---

8 7.0 7.25 - 10 1352 157 68 === —em = 6.1 599 391 ---

9 7.0 7.15 - 25 1395 155 69 ===  ———m —m- 6.0 628 395 ——-
10 6.1 7.20 - 35 1458 158 70  ——=  ——m ——- 5.7 610 396 -—-
13 5.8 7.30 - 35 1351 166 64 ——=  —mm —ee 6.4 634 388 ——
14 6.0 7.35 - 35 1285 162 66 ===  ——— ——- 5.8 621 393 --—-
15 6.0 7.40 - 10 1418 170 62 === = —me 5.5 628 394 -—-
16 6.2 7.35 - 30 1425 165 65 ===  ——= ——- 6.0 622 395 -
17 5.8 7.40 - 20 1432 164 65 === —m= - 5.8 626 399 -
18 6.0 7.30 - 35 1433 164 65 === =mm = 5.9 618 402 -—-
205  11.0 7.08 ——— 1347 I —— e e -
207 9.0 7.00  --—= 1365 VRO VUV SO NIV
208 8.0 7.10  -=-= 1400 160 === —mm mmm —ee 5.5 617 === ——-
209 11.0 7.34  ———= 1290 158 === =——=  mmm mee 6.1 642 —m-  ——-
210 8.0 7.09  ———= 1450 167 mem mem emm ee 5.5 643 === ——-
211 8.1 7.28  -——= 1372 162 ===  mm= mmm e 5.7 625 === ——-
212 10.0 7.10  ---- 1380 162 === mem e —e- 5.5 655 —-= ==
213 9.0 7.0l -—— 1406 U . 5.5  mm= mme ——m
214 10.1 7.09  --—- 1388 e e e e 5.7  mmm mmm mee



o8l

Day

Eh

Temp. pH ~ Cond. Ca Na K Mn Fe HCO 804 Cl

215  10.0 7.23  —=—— 1373 164 === == —mm e 506 647 === -
. 216 10.0 7.00  ---—— 1386 166 90  mm=  mmm e 5.5 644 mmm  —m=
217 14.9 7.05  ~==- 1375 193 81 === wmm ee 5.1 671 ——= -—-
218 11.2 7.05  --—- 1388 169 73 mmm e e 5.7 653 == e
219 10.1 7.00 -—-- 1359 —— == -—=  m== == 5.7 632 --=  ---
220 10.0 7.08 === 1351 —— mm e e - 7.1 == e e
221 8.0 7.00. ---— 1456 el m—— mmm mmm e
222 8.9  7.17  --— 1362 156 103 === =——— —-- 7.2 624 mmm e
223 9.0 7,06  ==—= 1414 m== mmm memm mem e 37 == e s
224 9.6 6,92  ———- 1353 167 92 ——=  —mm - 6.9 642 ——- ~—-
225 9.2 © 6.98 --— ° 1382 157 80 ===  —m— ——m 5.7 626 ——— ——-
226 11.2 7.03  -100 1331 158 75  —-=  ——m = 5.5 625 e—m  ——-
227 11.0 6.95 - 20 1403 152 79 mem wem e 5.5 629 —==  —m-
228  11.0 . 6.96 + 10 1316 17 JEE ) N — 6.0 619 —=m ==
229 9.0 7.13  +16 1368 158 75  mm=  mmm e 5.7 639 ——= ——-
230 11.0 - 7.01  + 34 1336 158 76 =m=  ——= —e- 5.7 625 ——=  —om
231" 10.0 7.03  + 14 1328 156 76 mm= m—m e 5.8 631 ——- ——-
233 11.0 7.03  + 8 1398 151 80 ===  —m= - 5.6 626 ———= ——
234 9.1 6.95 - 4 1354 /1 S 7 J R — 5.9 626 --= —--
235  12.1 7.13 - 50 1310 150 82  emm  =mm mee 5.9 617 ===  ——-
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Na K Mn Fe

Day Temp. pH Eh Cond. Ca Mg HCO, SO 4 C1

236 11.0  6.96 - 3 1323 158 73 mmm e e N 7 S —
237 - 10.0 7.05 - + 6 1352 159 73 —m= e e 5.7 623 === ==m
238 10.2 7.05 - 20 1310 158 73 —m=  —em —m- 5.8 627 ===  ——-
239 10.3 7.04 - 40 1354 151 79 === mem ee- R T X —
240 10.5 7.05 =~ 23 1320 156 76 === === ——- 5.9 626 —== ——-
241 10.0 6.96 - 10 1330 155 76 ===  ==me=— 5,7 628 =m=  ==-
243 12,0 7.06 - 34 1290 156 76  =—= === =—- 5.6 622 ——=  =--
264 10.4 7.06 - 40 1250 160 73 mm= emm e 5.9 634 ——- ==
245 9.8  7.06 - 40 1230 153 79 == mm= = 5.8 648 ——=  —=m
246 9.0 7.10 - 35 1290 150 82 === =e= - 5.8 642 ——— ——
247 7.9 7.02 - 17 1300 /1. T 7 D — 5.8 615 o= =--
249 9.1 7.00 - 40 1230 158 79 === —em e 5.8 6ll  ~—-  ==-
250 9.0 7.13 - 34 1300 162 71 mmm = e 5.8 61l —== =—-
251 9.5 7.12 - 44 1290 161 75  mm= mmm e 5.5 623 === =—-
252 8.5  7.18 - 41 1310 157 78 mmm e - 5.7 634 ——=  ——-
253 9.2 7.10 - 35 1300 158 76 === —em e 5.2 642 === ==
254  10.0 7.10 - 50 1450 147 84  —mm  mem mm= 5.6 621 === -mm
255 9.1  7.00 - 34 1395 153 80 ===  mmm === 5.7 628 === ===
257 10.1 7.13 - 34 1400 154 80  =e= == —me 5.7 628 === =
258  11.5 7.14 - 18 157 76 === === = 5.7 617 === ——=

1400



281

Day Temp., pH Eh Cond. Ca’ Mg Na K Mn Fe HCO, SO 4 Cc1
259 11.4 7.09 - 30 1400 154 80 === emm ——m 5.7 627 o =m= e
260  10.0 7.21 - 25 1380 156 79 —m=  —mm —m- 5.8 626 —m=  —m-
261 10.1 7.00 - 33 1400 142 86  ——=  —mm —e- 5.8 627 =mm  —mm
264 11.0 7.18 - 30 1390 153 80 === == -~ 5.6 626 =mm  =mm
265  11.1 7.18 - 35 1450 155 78 === mmm oo 5.6 623 === —-m
266 10.3 7.11 - 24 1390 1546 79 === —mm e 5.5 629  cmm  mem
267 9.9 7.08 - 28 1380 159 75 === —em —mm 5.5 623 —e- ——-
268 10 2 7.10 0 - 13 1380 152 79 —em e - 5.7 636 === =m-
269  10.0 7.08 -39 1420 153 78 === === —mm 5.7 619 === —m-
271 8.3 7.20  + 4 1470 156 76 === mmm —mm T/ TR —
272 8.3 7.11 0 1370 ks — S 1 R —
273 8.9 7.13  + 5 1410 153 79 === mmm - S 1 S —
276 10.7 7.16  + 30 1410 155 78 === mem —em Y A ——
275 8.1 7.03  + 65 1450 157 76 em= —mm e S - » SR
277 8.4 7.05  + 14 1450 148 83  mm=  mme —e- 5.7 639 —=— -
278 8.4 7.12 - 19 1420 155 79 == e e 5.8 629 —-m e
279 9.0 7.16 - 30 1360 157 78 == mmm e 70 ) R —
280 8.0 7.16 - 59 1390 154 79 —em —mm e 5.5 620 === —m-m
281 9.9 7.18 - 47 1400 153 81  =em e o 5.6 617 ===  ——-
282 8.7  7.20 - 49 1460 154 78 mem e e 5.6 626 —m- ——-



€8l

Day Temp. pH Eh Cond. Ca Mg - Na K Mn Fe HCO, SO 4 Cl _
283 9.0 7.16 - 48 1490 153 80 == ——m —mm 5.6 608 ——= ——-
284 9.7 7.10 - 59 1440 152 8l  eew me omm 5.6 628 ===  —=m
285 8.5 7.10 - 50 1396 155 80 @ m==  mmm e 5.6 593 ===  ——m
286  10.0 7.13 - 51 1400 157 80 ==  ——m ——o —— 625 —e=  —em
287 8.7  7.19 - 57 1400 155 79 === mme - - 622 - -
288 8.0 7.28 =~ 50 1440 153 8l == e e N -1} R —
289 8.1 7.11 - 48 1400 153 80 === mee —ee V1 e —
290 8.4 7.20 - 60 1390 156 79 emm eme —eo ) 1 J e —
291 8.4 7.05 = 56 1400 153 79 mem mmm mee R -1 1 S —
292 9.5 7.20 - 55 1397 154 78  —me eem mem R S —
571 7.5 7.10  +130 1180 154 === === 11,4 === 5,5 === mme eee
575 7.0 7.10 +132 1500 157 - 88 11.6 0,30 5.5 === ===  —--
578 7.0 7.24 4122 1590 Iy J— 93 10.4 0.25 5.5 === == ee-
584 8.0 7.30  +110 1220 152 72 105 12.2 0.27 5.9  ——= —e-  ——-
590 7.0 7.20 +130 1390 150 70 93 10.6 0.24 5.7 === -== 14,0
592 6.0 7.35  +100 1520 157 63 96 11.8 0.28 6.3 === ===  14.0
596 6.8 7.30 + 70 1100 155 76 85 12.0 0.32 5.8 565 =-- 15.0
598 7.0 6.85 + 50 1440 148 65 85 10.4 0.34 5.8 566 =-- 13,8
600 6.5 6.85  +140 1310 151 70 93 11.1 0.28 5.7 578 === 13,6
603 6.5 6.70  +105 1310 153 69 93 10.5 0.28 5.3 566 ==~ 14.4



8l

Day Temp. pH Eh Cond. Ca Mg Na K Mn Fe HCO SO4 Cl

604 6.5 6.71 +117 1380 154 66 93 10.4 0.25 5.5 532 ~--= 13.6°
605 6.7 7.05 +137 1310 148 64 87 10.6 0.29 5.5 -~——=  -— 13.2
606 7.2 6.80 +132 1310 156 61 75 10.7 0.28 6.8 569 --- 13.0
607 6.1 6.92 +138 1350 151 64 95 11.0 0.45 5.3 558 === 13.0
610 5.8 6.60 +171 1380 157 71 90 9.6 0.32 4.3 569 =--- 12.6
611 6.3 7.10 +145 1340 157 70 90 10.2 0.31 - 5.6 565 —-—- 13.2
012 6.2 6.89 +143 1320 154 73 93 9.2 0.20 5.1 584 --- 13.0
613 6.9 6.78 +161 1250 142 73 90 10.3 0.25 5.8 572 --- 13.0
614 5.9 6.80 +170 1360 170 70 95 10.3 0.25 5.7 581 --- 13.2
624 6.5 6.90 +100 1200 153 68 113 10.7 0.27 5.8 564 === 14.0
625 6.8 6.90 +144 1260 154 67 105 10.7 0.24 5.3 565 === 13.2
626 6.6 6.85 +170 1300 157 80 90 10.2 0.24 6.1 564 --- 13.6
627 6.2 6.83 +150 1330 160 80 90 10.0 0.26 6.1 560 === 13.6
628 6.9 6.80 +142 1310 156 77 93 10.8 0.25 6.0 577 ~--- 13.2
631 6.4 6.51 +142 1260 150 73 80 10.7 0.25 5.9 591 --- 13.4
632 6.6 6.81 +145 1300 153 74 70 11.2 0.27 5.8 578 --- 13.8
634 6.5 6.92 +155 1260 165 89 100 ~10.4 0.28 5.6 592 --- 12.8
635 7.1 6.74 +175 1280 152 88 . 100 10.3 0.28 5.1 576 === 12.8
637 6.3 6.80 +145 1240 154 78 100 11.4 0.25 4.7 565 === 12.8
638 6.5 6.83 +179 1230 153 --- --- 11.0 0.24 5.3 571 === 13.4
639 6.3 6.93 +135 1240 158 76 95 10.9 0.28 6.1 572 === 13.4
640 6.4 6.74 +165 1210 149 72 95 14.0 0.25 6.8 593 === 13.4
641 6.3 6.80 +165 1280 152 69 95 10.6 0.28 5.5 573 === 15.0
642 6.9 6.86 +144 1220 153 69 88 10.5 0.29 6.1 576 --- 15.0



FLOWING WELL 2-EXPLANATION OF TABLE
Day = no. of days since beginning of monitoring period,
i.e., 1 = November 1, 1972.
Temp. = °C.
pH is in terms. of pH units.
Eh is expressed as mV.

All concentrations are as ppnt.
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Day

pH

Eh

Cond.

Fe

S0

12
13
14
15
16
17
18
205
207
208
209
210
211
212
213

214

215
216
217
218

O ~N o

O & o W ® W ® O
N O O O W o W o o

=
O
[S]

7.85
7.90
7.85
7.85
8.00
7.90
7.90
7.90
7.62
7.56
7.61
7.68
7.70
7.64
7.57
7.58
7.85
7.60
7.60
7.63

-115
-125
- 70
-110
- 95
-100
-125

2373
2380
2388
2337
2366
2348

2367

2348
2296
2394
2315

2417

2318
2331
2358
2480
2307
2355
2434
2317

4.9
3.7

3.3
2.3
3.0
3.3
3.3

3.3

1001
998
996

1008

1011

1010
1006
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Eh

Day Temp. pH Cond. Ca Mg Na K Mn Fe HCO SOA Cl

219 9.0 7.52 —_——— 2299 106 40 e 3.2 394 ———— —-——
220 10.9 7.50 ———— 2283 —-—— ~—— e - ——— 2.5 —— —— ——
221 10.1  7.57  --—- 2438 U PG
222 8.0 7.66  --—- 2251 1 T S - B 1, S —
223 8.1  7.56  --—= 2285 U TN S —
226 8.2 meem mmm 2243 110 36 === == me= =mm 405 mme= ——m
225 8.1  =mem  emee 2302 T I U S, VS —
226 11.1 7.70 - 20 2281 105 31 ——— m—— - 5.6 409 ———— —-—
227 10.0 7.50 - 20 2409 105 27 ——— m—— ——— 3,5 410 ———— ——
228 9.3 7.62 - 8 2241 R T N N B ¥, S —
229 9.9 7.63 - 8 2162 105 33 omm = === 5.3 416 === ——-
230 9.6 7.54 - 18 2219 T 7 S Y S 1.V S —
231 9.0 7.66 - 40 2293 104 35  —me === === 5.1 407 =e—m -
233 10.0  7.61 - 53 2231 103 35  moe mem mm= 5.5 410 ——==  ——
234 10.0  7.59 = 59 2242 100 38  com === === 5.3 412  mme=  ——-
235 10.7  7.69 - 64 2132 99 38  eo= == mo=  me= 405 mmem mem
236 10.4  7.61 - 60 2164 103 35 cmm = mem mem 411 e mm
237 10,9  7.57 - 63 2193 T T Y, S —
238 10.8  7.52 - 70 2161 00 Y WY, S —
239 11.0 7.60 - 79 2193 101 36 ——— e e —_— 410 ———— ——




249

Eh

Day Temp. pH Cond. Ca Mg Na K Mn Fe HCO SO4 Cl
240 10.3 7.53 - 90 2200 100 38 ——— mm— - -—— 405 mme= e
241 8.7 7.67 - 73 2190 105 33 ——— e —e— - 412  ewmm -
243 9.2 7.57 - 80 2180 103 35 —— ——= - - I
244 9.0 7.60 - 84 2050 105 32 ——— m— - 4.9 412 —=-= -
245 9.1 7.61 - 72 2090 104 34 — - ——— 5.4 411  eme= m—-
246 10.0 7.60 - 81 2130 101 36 —— m— ——— 5.4 431  —mee e
247 9.0 7.69 - 37 2100 100 35 —_—— mm— - 5.1 409 === -
9.0 7.69 - 88 2110 105 33 —— mm— ——— 5.5 403 === ==

250\\\ 8.9 7.63 - 82 2170. 106 32 ——— - ——— 4,5 405 eme= -
251 9.0 7.67 - 79 2200 105 34 —— m—— ——— 4.4 O R
252 8.1 7.70 - 60 2200 . 102 36 e 4.4 403 =me= —ee
253 8.8 7.54 - 48 2200 107 33 e 3.3 A
254 9.9 7.60 - 40 2300 100 38 —_— = e 3.3 404 —=e= e
255 8.0 7.61 - 35 2390 106 33 — m——— - 4.4 405 =mem -ee
257 9.0 7.60 - 45 2330 105 33 ——— m——— e 3.3 406 === e
258 9.1 7.65 - 40 2400 105 33 —— - e 3.4 39 == mee
259 10.0 7.59 - 53 2320 106 33 m——— e e 3.3 411 —eem e—-
260 9.5 7.63 - 58 2300 104 36 ——— e e 3.3 412 mem= e
261 12.0 7.60 - 45 2270 102 35 —_—— e e 3.3 393  emmm -
262 8.6 7.58 - 50 2280 106 33 ——— m—— ——— 3.2 394  eome- e




681

Nay semp. pH Eh Cond. Ca Mg K Na Mn Fe HC’O3 S0, Cl

264 8.3 7.51 - 40 2410 106 32 === === === 3.2 403 =em=  —=e
265  10.9 7.61 - 39 2380 107 32 == === === 3,3 397 o —m—= -
266 10.0 7.59 - 39 2390 107 33 === === === 3.3 399 e=em  -—-
267  10.1 7.58 - 44 2380 109 31 ——= === === 3,2 401 =—mmm  ——-
268 9,7 7.60 - 42 2400 105 32  —== === -—— 3.4 398 ==m= —--
269  10.4  7.53 - 49 2300 106 34 === —== === 3,9 393 —-e=  ——-
271 7.9 7.60 . - 43 2320 105 34 == ——= === mem 398 m=mm -
272 7.7 7.59 - 45 2400 107 32 =e= mem mem mmm 302 meem e
273 11.0  7.62 ~ - 30 2420 106 33 === === =m=  me— 308  —mom  —e-
274 8.0 7.58 - 40 2400 107 32 === == —== === 398 =mem ——-
275 8.0 7.61 - 53 2300 106 34 mem === mem | em= 386 —mm- =m-
277 7.9 7.55 - 56 2320 105 34 === =m= === 3,3 400 —===  =—-
278 8.0 7.60 - 80 2380 105 34 === === === 3,3 395 —mm=  —--
279 8.4 7.57 - 76 2250 105 33 === === === 3,5 404 e==e=  ——-
280 8.8 7.51 - 90 2380 106 34 mm= === === 3.4 406  —mmm -
281 8.9 7.54 - 95 2400 107 34 === === === 3,5 392 eme= -
282 9.0 7.54° - 98 2200 110 34 e mmm - 3.3 404 —m—m ——-
283 8.1 7.58 - 98 2380 107 33 === === === 3,4 393 —-=m  —--
284 7.4 7.67 =99 2395 106 35 === === === 3,3 394 eme= -
285 7.7 7.57 - 91 2300 107 34 === === === 3,3 398 === -



061

Day  Temp. pH Eh Cond. Ca Mg Na K Mn Fe HCO S0, Cl
286 9.0 7.59 = 93 2400 110 32 e mmm mee e 390 —e==  ——-
287 8.9 7.60 - 90 2400 108 33 eem eem mee oo 390 == ——
288 8.0 7.60 - 98 2350 109 K I 389 —mem ——-
289 8.0 7.62 - 90 2400 109 K} e 384 e —ee
290 8.8  7.60 -98 2390 107 K — 397 meee ——-
291 9.4 7.61 - 81 2394 106 K T T — 395 emmmm ——e
292 9.7 7.66 - 90 2395 107 33 e e eem o 398  —mmm —ee
571 7.0 7.18 4+ 70 2200 110 === === 9,3 -—- K T —
575 8.0 7.35 4110 2460 112 —--- 490 10.1 0.17 3.3 ===  eeee oe-
578 7.5 7.45 4+ 71 2200 108 33 523 10.8 0.15 3.7 === —eme oo
585 7.0 7.40 4+ 20 2460 104 32 488 10.5 0.11 3.9  =-=  ——em ——o
590 7.5 7.2  + 30 2460 105 30 500 9.5 0.16 3.0  —==  —mm= ——m
592 7.0 7.60  + 30 2500 113 26 500 9.8 0.15 4.6 ===  ———o 63
596 7.0 7.700 + 60 2230 110 27 - 495 9.8 0.17 4.8 375 ——m= 64
598 7.5 7.30  + 10 2900 105 32 495 9.4 0.13 4.8 372 e=--- 64
600 6.8 7.50 + 80 2380 109 29 458 9.5 0.17 3.6 375 ———- 64
603 8.0 7.26  + 75 2210 110 27 458 9.5 0.13 3.4 379 ——— 64
604 7.5 7.23 - 7 2350 113 33 458 9,8 0.14 4.1 367 -——-= 58
605 7.5 7.26  + 37 2150 107 28 470 10.2 0.11 3.8  —-= oo 61
606 6.9 7.21 4+ 49 119 21 480 10.1 0.17 4.4 381 -—-——- 61

2250
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Temp;

Cl

Day pH Eh Cond. Ca Mg Na K Mn Fe HCO 804

607 6.8 7.61 + 99 2260 110 27 470 10.0 0.17 3.4 346 —=—- 66
610 7.2 7.15 + 59 2210 115 29 485 11.3 0.16 2.5 379 —-—- 50
611 6.8 7.45 ———= 2310 112 29 485 9.1 0.10 3.6 399 —m-- 53
612 7.5 7.50 + 59 2030 120 41 533 8.6 0.09 3.5 379 e--- 61
613 6.8 7.22 + 71 2030 112 29 513 10.3 0.12 5.0 381  -=-- 61
614 7.4 7.18 + 88 2220 110 37 478 8.5 0.10 3.9 386 --—- 64
624 7.0 7.40 + 32 2200 109 24 470 8.8 0.10 3.7 431 ~-—- 57
625 7.2 7.29 +108 2190 114 23 480 9.1 0.10 3.4 kYA — 60
626 7.1 7.10 +118 2100 110 30 475 11.8 0.09 3.6 370 ==-- 63
627 7.3 7.24 +148 2010 110 30 460 8.7 0.09 3.7 358 ~=-- 65
628 8.1 7.43 + 59 2200 116 32 460 11.5 0.10 3.4 381 ---- 64
631 7.1 7.15 + 92 2020 107 34 475 10.0 0.10 3.3 392 —--- 63
632 7.0 7.41 +102 2180 110 47 458 9.3 0.10 3.3 381  —=-- 64
634 6.9 7.48 + 61 2230 117, 25 508 12.7 0.12 3.5 393 ---- 65
635 7.1 7.32 +132 2020 100 37 500 8.8 0.13 3.5 376 ---- 65
637 7.2 7.38 +100 2080 107 28 508 9.5 0.11 3.5 372 === 68
638 7.1 7.43 +119 2030 112 26 480 11.4 0.10 3.3 375 == 58
639 6.8 7.51 +118 2190 106 28 470 15.2 0.13 3.9 376 ———- 88
640 6.8 7.33 +138 2200 106 27 470 16.8 0.10 3.6 382 —=-- 64
641 6.5 7.42 + 99 2190 105 27 470 19.5 0.14 3.6 373 ———- 67
642 6.0 7.49 + 10 2160 109 31 460 10.0 0.14 3.8 377 ——-- 67
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OBSERVATION WELL G—EXPLANATION OF TABLE

Day = no. of days since beginning of monitoring period,
i.e., 1 = November 1, 1972,

Temp. = °C.

pH is in terms of pH units.

Eh is expressed as mV,

All concentrations are as ppm.
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Day Temp. pH Eh Cond. Ca Mg Na K Mn Fe HCO3 SO4 Cl
584 8.0 7.87 -125 1120 124 77 93 11.2 0.57 28 ——— mm—— eee
590 10.0 7.60 . - 10 1400 158 68 83 11.7 0.37 9 e ———— 12
592 10.0 7.90 - 80 1500 167 62 85 12.3 0.47 21 ——=  —m—- 12
596 8.5 7.80 -150 1430 162 70 80 12.8 0.62 20 620 —=-- 15
598 10.0 7.20 - 70 1410 153 71 80 11.5 0.62 18 615  —=—- 14
600 8.5 7.28 - 70 1380 156 73 85 10.8 0.55 22 615  ——-- 13
603 9.0 7.25 -100 1330 158 75 83 11l.6 0.56 21 621 ---—- 12
604 10.5 6.95 - 47 1320 162 66 78 10.5 0.56 20 612 —=m- 13-
605 8.2 6.94 =151 1390 155 69 78 11.1 0.51 26 —_—— e 13
606 7.5 6.92 -100 1380 160 63 80 12.5 0.50 21 622 ---- 14
607 7.2 7.35 -118 1390 164 74 83 11.8 0.90 20 570 ==-- 14
610 7.5 7.13 -120 1390 170 72 83 11.0 0.59 24 623 ——-- 12
611 7.9 7;11 -139 1340 166 72 80 9.4 0.60 24 622 ———- 12
612 8.2 7.22 - 88 1250 172 80 85 9.1 0.60 22 614 —=-- 12
613 8.1 7.17 -145 - 1380 165 82 84 10.7 0,54 29 621 ~—-- 12
614 7.2 7.19. - 94 1350 183 79 88 10.3 0.54 31 623 ——-- 12
619 8.5 7.25 -120 1380 151 74 88 10.4 0.65 32 628 —=-- 14
624 8.5 7.30 -200 1350 161 71 100 10.7 0.55 27 611 ~=m- 10
625 7.5 7.20 - 63 1300 178 71 105 12.3 0.47 26 621 —=-- 14
626 8.2 7.02 -195 1300 168 82 93 11.3 0.56 33 614 ——-- 14
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Day Temp. pH Eh Cond. Ca Mg Na K Mn Fe HCO SO4 Cl
627 7.9 7.21 - 80 1230 166 80 85 10.7 0.56 30 592  ==-- 13
628 7.9 7.25 -103 1340 164 80 93 12.3 0.53 24 625  ——-- 15
631 7.8 6.91 -181 1320 163 78 70 11.1 0.57 31 644  ——-- 13
632 7.9 7.13 -187 1320 155 82 75 14.4 0.54 32 626 ——=- 13
634 7.8 7.25 -171 1300 202 92 95 11.3 0.65 32 676  me—— 12
635 7.9 7.13 -158 1300 156 84 95 11.2 0.57 31 620 —=—- 11
637 7.0 7.36 . -110 1320 160 82 95 14.3 0.57 31 627 ———- 17
638 8.1 7.22 - 95 1230 158 82 83 13.1 0.60 30 620 ---- ‘12
639 7.5 7.28 - 99 1310 158 77 93 11.4 0.60 37 604  —-—- 13
640 7.1 7.12 -120 1300 155 72 80 10.8 0.58 38 633 —— 13
641 7.2 7.23 - 63 1350 164 72 80 11.3 0.57 34 631 = 15
642 7.5 7.28 -129 1350 161 75 83 10.5 0.50 32 630 ———- 15



APPENDIX VI

| " Indirect Determination of Cl and SO, in Aqueous
Solutions by Atomic Absorption Spectroscopy




APPENDIX VI

Indirect Determination of Cl and S0, in Aqueous Solutions
by Atomic Absorption Spectroscopy

During this study Cl and SO4 were determined in
aqueous solutions in the field laboratory using indirect AAS
{atomic. absorption spectroscopy) techniques (Dunk, etal.,
1967; Barefoot, 1974, pers. comm.). Chloride was deter-
mined in the range 1-20 ug/ml by the addition of a known
amount of excess Ag. The preparation vials were allowed to
sit in a dark cool place overnight to allow AgCl, to settle.
An aliquot of supernatant solution was decanted and Ag
was analyzed in the range 1-5 ug/ml by flame AAS on a
Jarrell-Ash Dial Atom Il Spectrophotometer. Reproduc-
ibility was found to be £ 1% for the range 1-20 ug/ml Cl,
using a lean air-acetylene flame. Higher Cl concentrations
were determined by dilution down to this range. The AAS
results for Cl were comparable with those obtained by the
Western Laboratory for the same samples using the auto-
mated thiocyanate method.

196

Sulphate was determined in the range 10-1000 ug/mt by
the addition of a predetermined excess of Ba to precipitate
BaSOj (). Excess Ba was determined by flame AAS in the
range 10-100 ug/ml. The SO4 detefminations lacked suffi-
cient reproducibility in this study' to be included in the
chemical analysis of the aqueous samples. Sensitivity was
poor for Ba determinations using the Jarrell-Ash Ba hollow
cathode source and acetylene-air flame. Ba sensitivity is
increased by the use of a nitrous oxide-air flame, but this
was unavailable during this study. Also, the finely divided.
precipitate did not settle sufficiently during overnight
storage. Centrifugation would likely have eliminated this
latter problem. Unfortunately, a centrifuge unit was not
available in the field laboratory.




APPENDIX VII

Standard Addition Method to Detect and Correct for
. Interference Effects in Flame Atomic Absorption
| Spectroscopy Determination of Ca, Mg, and K
(R. R. Barefoot)




APPENDIX VI

EXAMPLE

Standard Addition Method for Ca Determination by AAS.

#05 ppm
Ca

1

1 ml ddH,0
+

ml Sample

Sample
ADDITION -1

AAS=1.0ppm
Ca

If I: No standard addition is necessary.

If 1l: La addition has removed interference problems. The
true Ca (Cay) in the sample is Ca; = x X dilution.

if 111: La addition has not removed interference and a cor-

rection factor must be applied to calculate the trie
Ca.{Ca,) in the sample.

198

1 mi
2000 ppm
La + 1 ml

Sample

La+04 Ca

1

1 ml
2000 ppm

+

ml. Sample

Correction Factor

After La addition, an addition of 0.4 ppm. Ca did not
give a 0.4 p.p.n. Ca increase in the AAS determination.
Instead, the increase was y ppm Ca. The correction factor
is e'xﬁresséd as f = 0.4in this case. Therefore, the true con-

\2 . -
centration of Ca in the sample ¢an be calculated:

Ca;, =x X £ X dilution.
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Calcium and Magnesium Analyses of Unpreserved Stored
Groundwater Samples (C. C. Davison)



APPENDIX VIII

Calcium and Magnesium Analyses of Unpreserved Stored

Groundwater Samples (C.

Chemical analyses were done on the precipitate, sus-
pended and dissolved fractions in a number of water sam-
ples to determine the magnitude of the loss of Ca or Mg in
unpreserved groundwater samples during storage.

PROCEDURE

Groundwater samples were collected from flowing wells
1 and 2. The samples were stored unpreserved in tightly
capped 100-ml polyethylene bottles for 3 months at
ambient air temperature. At the end of this period the
samples were shaken vigorously and uncapped: For each
sample, the supernatant solution was passed through a
prerinsed 0.45-um Millipore filter, acidified with a pre-
determined quantity of reagent grade HNO; and saved
for subsequent Ca and Mg analyses. '

The filter paper for each sample was placed in a dilute

HNOj; solution and washed for a period of 2 weeks. At the
end of the washing period the filter paper was removed,

200

C. Davison)

the solution was diluted to 100 ml with double distilied
H,0 and saved for atomic absorption spectroscopy anal-
ysis.

The inside of the polyethylene sample bottle was
coated with clear amorphous-looking precipitate; 0.6 mi
conc. HNO; was pipetted into the sample bottle and
diluted to approximately 10 ml with double-distilled H,O.
The bottles were capped and shaken vigorously for about
10 min, or until no precipitate was visible on the walls of
the bottle. Double-distilied H,O was added to bring the
volume up to 100 ml and the sample was saved for analysis.

All Ca and Mg analyses were done by AAS, using a
Perkin-Elmer 360 spectrophotometer, and standard addi-
tion techniques were used to eliminate interference effects.
Standards were prepared from reagent grade chemicals and
checked against U.S. Geological Survey standard reference
values. Samples and standards were normalized with a pre-
determined quantity of HNO; to avoid viscosity and matrix

_interferences.
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Field Laboratory and Western Laboratory Analyses of
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APPENDIX IX

Fieid Laboratory and Western Laboratory Analyses of
Split Groundwater Samples, Summer 1973

EXPLANATION OF TABLE

Day — Number of days since the beginning of water
quality monitoring programme (i.e., 0 —
November 1, 1972) :

X — Sample population mean.
S — Standard deviation.
V?I. — Coefficient of total variation of sample

population.
Spec. Cond.— Specific Conductance (in umhos/cm)

All concentrations expressed in ppm.

Split Samples — Flowing Well 1 — Field Laboratory Analyses (1973)

Split Samples — Flowing Well 2 — Field Laboratory Analyses (1973)

Spec. Spec.

Day Ca Mg Fe HCO;  Cond. Day Ca Mg Fe HCO3;  Cond.
225 157 80 5.7 642 1382 219 - 106 40 3.2 394 2299
226 158 75 5.5 626 1331 225 ! 104 38 33 404 2302
233 151 80 5.6 626 1392 226 105 31 5.6 409 2281
240 156 76 59 626 1320 233 103 35 5.5 410 2231
246 150 82 5.8 642 1290 240 : 100 38 - 405 2200
254 147 84 5.6 621 1450 246 101 36 5.4 431 2130
265 155 78 5.6 623 1450 254 100 38 3.3 404 - 2300
279 157 78 5.6 631 1360 265 107 32 3.3 397 2380
286 157 80 - 625 1400 279 105 33 35 404 2250
292 154 78 - 612 1397 286 110 32 - 390 2400
X 154.2 79.1 566 6274 1377 292 107 33 - 398 2395
S 37 2.7 0.16 9.14 52.8 X 104.4 35.1 4.14 404 2288
V?r 5.7 11.5 8.2 2.1 14.7 S 3.6 3.1 1.10 108 84

g - V?r 11.6 77.0  692.00 7:1 13.44
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Split Samples — Flowing Well 1 — Water Quality Laboratory (1973)

Spec.
Day Ca Mg Na K Fe Mn HCO3 S04 Cl Cond.
219 152 57 97 9.4 - - 491 410 14 1520
225 202 56 84 9.0 - - - 400 13 1604
226 199 57 91 9.0 6.0 0.24 597 400 - 1620
233 202 54 90 9.9 54 0.24 599 400 15 1640
1240 172 60 80 9.3 5.6 0.24 552 360 13 1750
246 204 53 90 10.0 7.7 0.24 604 400 14 1450
254 196 57 92 13.0 59 - 606 395 10 1540
265 211 51 82 10.0 5.8 0.25 611 380 15 1560
279 148 52 82 10.0 56 0.24 471 332 15 1343
286 177 46 88 11.0 5.0 0.23 489 369 14 1566
292 193 62 84 9.5 5.9 0.24 580 380 13 1432
X 186.9 55.0 87.3 10.0 59 0.24 559.9 384 .4 13.6 1548
S 21.6 4.5 3.2 1.2 0.76 0.01 555 22.1 1.6 111.3
V?r 133.0 67.8 134 132.3 167.4 4.95 98.4 33.0 140.4 51.7
Split Samples — Flowing Well 2 — Water Quality Laboratory (1973)
Spec.
Day Ca Mg Na K Fe Mn HCO; S04 Cl Cond.
219 112 26 454 7.5 - - 347 960 63 2720
225 131 24 395 7.0 - - 384 950 62 2777
226 130 24 389 7.0 3.6 0.11 390 950 61 2760
233 133 21 470 7.5 3.8 0.51 388 920 62 2790
240 132 24 460 7.4 4.7 0.10 - 900 61 2790
246 134 27 470 7.4 6.5 0.10 398 970 62 2620
254 129 57 464 7.6 3.3 0.11 396 970 64 2610
265 139 21 456 7.3 3.2 0.11 399 960 60 2630
279 128 19 480 7.4 0.11 0.95 356 960 62 - 2615
286 144 13 470 7.6 32 0.10 376 950 62 2605
292 128 27 478 74 3.3 0.24 388 1000 60 2619
X 130.9 25.8 454.0 7.4 3.6 0.25 383.0 954.0 61.7 2685
S 7.9 11.2 30.0 0.20 1.9 0.29 36.0 26.0 1.2 81
V% 36.8 891.5 44.6 7.72 2840 13621 87.5 7.5 3.7 9.1
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