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‘Abstract 

La_rge volumes of both solid and liquid wastes are 
generated by the potash indust_ry in Saskatchewan. The 
waste, consisting primarily of NaC|, is stored on thesurface 
near the plants in waste disposal basins which a_re 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 
s_ed_iments. Infiltration of bri_ne from the waste disposal 
basins into the underlying sediments and subsequent 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 ind_icate 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 ground- 
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 equilibriav. 
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 i_s 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.
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I Résume 

En Saskatchewan, |’ihdustrie de la potasse produit 
beaucoup de résidus solides et liquides. Ces résidus, du NaC| 
surtout, sont stockés 5 la surface prés des installations, dans 
des bassins spécialement construits ou dans des dépressions 
naturelles. Plusieurs mines éliminent également une partie 
de |'excés de la saumure par _i_njectio‘n dans un pu its profond. 

Les bassins reposent sur des sédiments du pléistocéne. 
L’infiltration de saumu_re dans ces sédiments représente un 
risque de pollution des eaux souterraines aux environs des 
mines. Si cette pollution parvient a se répandre, les eau_x de 
surface sero'n‘t égale_ment contaminées. 

Afin de déterminer les répercussions des bassins é 
résidus sur le régime des eaux souterraines et des eaux de 
surface, la Division de recherche en hydrologie, de la 

Direction générale des ea_ux intérieures, a réalisé de 1968 
2‘: 1975 une étude pres de |'une des mines de potasse, soit 
l’installation K2 de l’lnterna'tiona| Minerals and Chemical 
Corporation (Canada) Ltd. é_ Esterhazy, en Saskatchewan. 
Cette étude comportait la détermination des caractéristiques 
de l’environnement hydrogéologique et de |'en‘viron,nement 
hydrochimique ainsi que la surveillance des paraamétres de 
ces environnements. On a, de plus, étudjé de facon detail- 
lée les fluctuations spatio—temporel|es des paramétres 
chimiques des eaux‘ souterraines et construit uh modéle 
électrique analogique. 

Les résultats indiquent que le bassin a résidus se 

trouve au-dessus d’une couche 'aquifér‘e de vallée enfouie et 
5 nappe semi—captive. Toutefois, une modification 
importante du faciés du sol recouvrant cette vallée entre le 
bassin et le ruisseau Cutarm retarde de facon importante 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 p|u‘sie'u"rs centaines d'acres a l’est du 
bas"sin a saumure d’ice t’r'ente ans. Cependant, ces simula- 
tions ne tiennent pas compte de l’effet de la différence de 
densité entre la saumure et les eaux souterraines sur le trajet 
de la saumure, ni des effets de la saumure 
sur la perméabilité des sédiments. Le délai indique pourrait 
donc étre plutét un minimum qu'un maximum. Les 
résultats provisoires des simulations analogiques indiquent 
q-ue le confinement hydrodynamique exigera des injections 
masslves. Par a/illeurs, on a observé des variations tempore|- 
les significatives dans les caractéristiques chimiques des 
‘eaux souterraines. Les i_nVcertitude‘s relativement aux 
méthodes de conservation et d'ana|yse en laboratoi_re des 
échantillons d'eaux souterraines sont toutefois telles 
qu’e||es ont masqué les variations chimiques temporelles et 
rendu notablement imprécis les calculs des équilibres 
m_inéraux. Enfin, l’échant~i||onn_age continu du réseaude 
puits d'observation indique qu'au point d’échanti|lonnage 
aucune contamination de l’aqu_ifére ne s’est' produite. 
Toutefois, bien que le réseau de puits d’observation 
convienne a la surveillance de la réaction hydrodynamique de 
|’aquifére face aux apports naturels et anthropiques, il ne 
convient pas a la surveillance du déplacement des polluants 
dans cet environnement hydrogéologique. On devra recourir 
a 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 |’effet de la saumure sur la perméabilité des 
sédiments sur lesquels reposent les bassins 5 résidus.. ll est 
essentiel pour la gestion a long terme des résidus qu_e les 

processus en cause et la vitesse de déroulement de ces 
processus soie-nt l:$ie'n”co'n"nu‘s’.’
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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 ”pot_ash" 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 andvevaporating 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 (KCI) is the 
common commercial form of potash used as fertilizer. 

When pure, it contains 63.2 per cent K20 equivalent. 

Potash mineralization in Saskatchewan was first dis- 

covered in a core from the Norcanol Radville No. 1 well, 
drilled early in 1943 by lmperial Oil Ltd., near the town of 
Radville in southeastern Saskatchewan (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 
K20 over 11 ft (3.3 m) was recovered from the Verbata 
No. 2 well dri_|l,ed 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 commerciagl production 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 field 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 |.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, 
PHYSIOG RAPHY, AND CLIMATE 

The study area, which includes the l.M.C.C. K2 waste 
disposal basin, is located approximately 9 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 er al., 1960).vFlegional 
drainage in the area is through several northwest-southeast 
trending creeks. These creeks discharge into the Ou'Appe|le 
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 meltwater 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 Dflb or "Cold 
Forest” climafte-(Richards and Fung, 1969). Angnual pre- 
cipitation as measured at the Broadviews 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 STRATIGRAPI-lY 

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 
northvvestward through Manitoba, Saskatchewan, Alberta, 
and into\the Northwest Territories. The Upper Elk Point 
Subgroup \consists of a cyclical carbonate and evaporite 
sequence with thin clastic beds. The carbo_nates "are com- 
monly reefoid (Grayston at 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 bas_in 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 a_/., 1966; Holter, 1969; Christiansen, 1967, 1970, 1971b; 
van Everdingen, 1971). 

The Upper Elk Point Subgroup consists, in ascending 
order, of the Win_nipegosis-Keg River Formations, the 
Prairie Evaporite an_d Muskeg Formations, and the Dawson 
Bay Formation. The Winnipegosis-Keg River interval is 

composed of reef and non-reef 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 a/., 1966). Th_e Prairie Evaporite and Muskeg Formations 
overlie the Winnipegos'_i_s-Keg River carbonate sequence. 

« The formations range up to 1000 ft (305 m) thick, filling 
in the depre_ssions between the Winnipegosis and Keg River 
reefs and forming a cover up to 2050 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 northern 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 essentiallly of halite (NaC|), 
and only in the top 100 to 200 ft (30 to 60 rn) of the 
section near the centre of the basin located in Saskat- 
chewan, Manitoba, and North Dakota do potash beds i_nter- 
bedded with halite occur (Grayston et al., 1966; Holter, 
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1969). Sylvite (KCI) and carnallite (KCI MgC|2-6H2O_) are 
the most common potash minerals present. V 

Three main potash-bearing beds a_re 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 u_nnamed and contain little or no potas- 
sium mineralization (Holter, 1969). 

The Prairie Evaporite Formation is overlain by the 
Dawson Bay Formation. This formation attainsa maximum 
thickness of 240 ft (72 rn) 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-be_dded red and green dolomitic shales. 
This unit directly overlies the Prairie Evaporite Formation. 
The contact between the two formations is generally grada- 
tional ex_cept i_n 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 |.,M.C.C. Ltd. potash ore is being mined" from the 
Esterhazy Member. The Patience Lake Member 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 rn) 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 ore with low ca_rna||_ite content, milky halite crys- 
tals occur in a groundmass of clear waxy sylvite. Carnallite, 
where present, fills interstices between halite and sylvite 
crystals and also fills fractures in the ore bed. The in- 
soluble material consists of finely divided dolomite, an- 
hyd_rite, a_nd 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 ref_in_ing 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 direct_|y 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 K20 equivalent 
respectively. The ore that is present in Saskatchewan does 
not consist of the end members only, but is composed of a 

'm_ixture 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. in addition to a much lower K20 
equivalent than sylvite, carnallite ore has another disadvan- 
tage because it contains MgC|2, which is undesirable in the 
finished end product and ‘must be removed. This is readily 
achievedby selective so|ut_ion, but as a result, larger ‘volu- 

mes of waste brine are produced than du_ring 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 environnment, is the insolubles. The insolubles 
consist primarily of clays a_nd minor amounts of anhydrite, 
gypsum, quartz, and carbonate minerals (Streeton, 1967). 
Theclays 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 penecontemporaneou_s changes in the ore bed are 
the result of the effect. of surface water or groundwater 
flow (u"nder‘saturated brine) on existing deposits of eva- 

porites. These are 

1. erosion of the ore ‘bed during periods of exposure,-and 
subsequent deposition of halite ineroded.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 i'n'filt‘rating 

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 Hainal, 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 (Baa_r, 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 a_nd economic reasons and 
the waste salt thus obtained is transported with the ore to 
the surface.



Waste isposal 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 chemica_ls. All wastes from these 
various sources are discharged in a waste disposal basin. 
Figure 4 summarizes the origin and kind of wastes. 

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

Parameter Concentration 

Specific conductance (pmhos/cm) 264 000 
pH (units) 7.6 
Density (g/cm3) 1.19 
Ca (ppm) 

_ 

1 980 
Mg 7 940 
Na 88 500 
K . 39 500 
HCO3 120 
S04 2 100 
C1 200 00.0 
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 l.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 wastedisposal basin. _A chemi-. 
cal analysis of the brine in the waste disposal basin at 
l.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- 
lons of brine per ton of ore milled. The size of the individ- 
ual disposal lagoons ranges from 400 to 1000 acres (160- 
400' ha). 

In addition to the storage of waste in disposal lagoons 
most mines also 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 m3/min).



CHAPTER 4 

Problems Related to Waste isposal 

GENERAL 

ln Saskatchewan thepotash indu‘s't‘ry is not allowed to 
discharge brine at any time during the year into bodies of 
fresh water. 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, 
must retain the waste within the boundaries of the mine 
property (i.e. waste. 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 t_his time), or disposal of 
brine by deep-well injection. The biggest di_s_advantage of 
the present waste disposal method, if no other techniques 
such as deep-well injection are used to reduce the waste 
volume, 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, Furtherrnore, tests 
using class A evaporation 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 (Wart_ena, 

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- 
rience ‘have shown that evaporation from brine ponds 
approximately equa_ls the annual pr'ecipitation; therefore, 
evaporation is no longer regarded as a factor in the reduction 
of brine volume.

' 

One 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'experimenta| brine ponds, showed a considerable 
increase in evaporation rates, The main disadvantage of the 
method 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 built 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 speedsof 3.0-50 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 acceleerated 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 cm) 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, a_nd 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 
”ceme nted" waste salt forms a hard crust at the surface and 
wave action has litt_|e effect on the stability of t_his 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 s'atu'r'ated, 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, com_m.). In the 
first instance this will result 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, a_nd 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 aquifers 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 etal., 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 s‘tra’tig’ra'phy. 

The regional stratigraphy a_nd 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 Ba_lzer, 1970) and unpublished re- 

ports, Saskatchewan Water Resources Commission (Ano- 
nymous, 1964-1967), Saskatchewan Department of En- 
vironment (Anonymous,- 1968-1975), testhole informat_ion 
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 strat_igraphy 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 te_mpo_ra_ri|y., The Swan River 

. Group is overlain by the Ashiville 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’Appel|e 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'Appe|le valley between 
Esterhazy and Rocanvi||_e (Christiansen, 1972). The refer- 
ence section for this bed is located in lsd.— 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 Christlansen (1971a, 1972). Where the 
siliceous shale of the Odanah Member is s_ubjected to ero- 
sion by surface water, it forms distinct deposits of shale- 
pebble grave_l in the stream beds. The Odanah Member is 

absent in the vicinity of the |.M.C.C. K2 potash plant 
(Christiansen, 1971a); however, the presence of thick beds 
of shale-pebble gravel in the fill of glacial valleyscut 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—P|eistocene alluvial and/or 

g 

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 si|i_ceous shales are not restrticted 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. K-2 
potash plant several thick sections, up to 75 ft (25 m) 
thick, of silt a_n_d very fine grained sand were found. Micro- 
fauna collected 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'Appe|le 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 wel_l-sort_ed sand and gravel. The 
considerable variation infill and rapid facies changes are 
also indicated by several areas with flowing wells. The 
l.,M.C.C. K1 plant near Yarbo obtains all its water, 450-650 
lgpm (2000-2900 l/m), from these aquifers. No appreciable 
decline in the static level or increase in drawdown has 
occurred since these wells were first operated in 1962. 

Drift thickness in this area varies from less than 1 ft 

(0.3 "ml to 450 ft (135 m). The thin drift cover occurs 
in the bedrock upland area in the vicinity of the Qu’Appe||e 
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 l.M.C.C. 
K-2 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 (Christia_nsen, 1972). 

' Kaposvar, Cutarm and Deerhorn Creeks are south_easterly 
trending meltwater channels.



CHAPTER 6 

Stratigraphy of l.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 investigation was focused on a small area, approx- 
imately 6 square miles (15 km2) in size, in the vicinity of 
the disposal basin. A total of 9.6 testholes were drilled in 

this area (Plate 2-), 15 of which were drilled for and fu_nded 
by |.M.C.C. Ltd. The latter testholes are all located in sec. 
28, T. 19, R. 32, W 1 mer., and were drilled to determine 
the s‘u’ita'bi|ity of this area for future brine pond expa_nsi_on 
(Vonhof, 1970). Because of. yearly funding limitations the 
testdrilling program was conducted over the period 1969 
to 1973.

‘ 

The regional setting showed that the l.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 rn). Thje 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 nonexiste'n't, but the true position is 

found to be under the brine pond. Considerable difficulties 
were experienced in the defin_it_ion 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 overcome 
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 tem_perature 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 |.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 

10 

the brine pond. This valley, immediately west of the brine 
pond, is only 1000 (300 m) wide and approximately 250 ft 
(75 m) deep. There is a considerable difference in the fill 
between the two’ buried valleys. Details of this difference 
will be discussed in one of the following chapters. 

An evaluation of the fill ch,ara_ct,eristics 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 bri_ne 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 su_bsurface 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 val_|ey, 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 ta_king 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. If problems with mobility are expected in summer dril- 
ling programs, dri_lling can be done in the wi_nter, after 
freeze-up 

2. A reconnaissance testdrilling program should be con- 
ducted to obtain pre|im_inary inform_ation 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 bedrock sedi- 
m‘en‘ts and the relief, a fair idea of the preglacial type of 
erosion and, consequently, landform can be obtained. In 
case of badland topography, analogies with present-day 
exposed surfaces can be made and based on studies of 
valley width v'ers'us depth; in these 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 ofthe 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 bur_ied valleys i_n 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 

considered, the testhole density is insufficient for proper 
definition, and conclusions with respect to distribution of 
sediment and evolution of the Pleistocene 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 
long beforethe brine reaches this area. 

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

RIDING MOUNTAIN FORMATION 

The Riding Mou'nt'ai'n 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 
darn during its construction in the n0_rtheast part of the 
area. Subsequent slumping has obliterated these occur- 
rences. - 

The Riding Mountain Formation comprises prima_rily 
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 (SGY, 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 thecontacts shown in 
the cross sections should be considered as such. The thick- 
ness of these beds varies from 10 to 90 ft (33-27 m). In the 
eastern part of the area it appears that most of these beds 
have been removed by erosion. 

PLEISTOCE NE STRATIG RAPHY 

The Pleistocene drift deposits‘ comprise tills and fluvial 
sediments. Two tills a_re recognized in the area. According 
to Christiansen (1968a, 1971b, 1972), thetills in most of 
Saskatchewan can bedivided into the Saskatoon Group and 
the older Sutherland Group.- The tills in these groups can 
be differentiated an_d correlated on the basis of their total 
carbonate content. The tills in the Sutherland Group in- 
variably have a total carbonate content approxima_tely 30 
per cent less than the tills in the Saskatoon Group.The total 
carbonate content" in the tills of the Saskatoon Group varies 
from a mean content of 41.6 ml/g (ml CO2 gas evolved 
upon testing, per gram of sample) in the Sa_skatoo_n area 
(Christiansen, 1968b) to 41.3 ml/g in a section from Saska- 
toon to Echo Lake, Ou’Appelle Valley (Christiansen, 1972) 
to 52 ml/g near Crater 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 
rvForm'ations. 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 t_ills, 

240 sidehole cores from 17 testholes were analyzed by the 
Saskatchewan Research Council; 87 samples were from the 
upper t_i|l and 153 samples from the lower till. The mean 
tota_l carbonate content in the upper till is 31.5 ml/g with a 
standard deviation of i 3.1 ml/g, whereas the lower till has 
a mean value of 45.3 i 6.0 ml/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 (1968a, 
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 content 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 Christiagnsen (1972). However, 
a close examination of the carbonate profiles in the test.- 
holes (see for example cross section F-F’, I-I’, 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 Formation 
could be the result of post-depositiona_l weathering, or the 
source for the till in the Battleford Formation was mainly 
weat_hered Floral Formation. If the_total carbonate profiles 
in testholes with multiple till beds and thick till sections 
are examined (testholes 7, 1.8, 19, and 35), it appears that 
no tills of the Sutherland Group are present in the area. 
Only two samples nea_r the base of the till section, testholes 
9 and 2.1, showed total carbonate contents less than 30 ml/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 rn). The contact 
with the underlying Floral Formation more or less parallels ' 

the present surface. 

Flora_l 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, 
a_nd the patterns 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 mea_su_rem_ents 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 hori_zonta_l 
fractures is also present in the borrow pit sections. The 
signifi_cance 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 t_il| isopach map 
(Plate 5) and the cross section in Plate 3. Although the m_ap 
shows the combined till thickness of the tills of both the 
Battleford and Floral Formations, since the thickness of 
the Battleford Formation c_an 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 th_e 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 va_||ey 

under the central part of the brine pond where the Floral 
Formationithickens to 1.50 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 rn). 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. * 

Fluvial Deposits 

The fluvial deposits comprise silt, sand, polymict gravel, 
and gravel that consists mainly of siliceous shale pebbles. 
Generally, the individual beds are well sorted and the par- 
ticles suba_ngu_lar 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’, a_nd 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 underlie 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 (.7) 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 (4560 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 Cuta_rm Creek and the eastern part of the 
northwesterly trending valley in sections 26 and 27, T. 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 i_n distribut_ion and the thicknesslvaries 
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 
i_n the reach of buried valley near Cutarm Creek (cross 
sections |—l’ 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 
f_acie_s 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 BEDROCKTOPOGRAPHY AND 
DEPOSITIONAL HISTORY 

It is apparent, if the d_ist_ri_bution 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, 

W1 mer., is preglaci_a| in origin. Simi_|arly, 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 
se_ction 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 g|aciat_ion several 
events occurred which led to the formation of a newly cut 
valley. The new valley used part of the existing valley sys- 
te'm——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 Format_ion 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 relationships 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 vaI_ley 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. Ice 
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). 

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 egxplain 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 bed_rock 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 appea_rs~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. ‘ 

Subsequent 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 e_xjst_ing 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 ret_reat of the last glaciation or 
whether Cutarm Creek was already in existenc_e and re- 

activated as a meltwater channel during that time. 

SUMMA RY 
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 relationships 

' 

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 been severely‘ disrupted and modified by glacial thrust- 
ing. Part of the preglacial valley system appears to have 
been preserved in the area. 

The major disco’n‘tinu'ity 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 
con't‘i‘nuou‘s 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 cm) 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 wa_ter level in most of the observation wells 
is near or above surface, the sheds were insulated with 2 in.. 
(5 cm) 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 ne_xt 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 hydrological 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. - 

WE LL 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 
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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 dri|ler’s log. After this informa- 
tion is obtained, the testhole is abandoned and, if neces- 
sary, is plugged with bjentonite-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 |a_nding 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 dri|ler’s log is kept of 
the drilling character; the colour of the returning fluid (a 
qualitative measu_re 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 weighted. steel tape and then the 
packer is swedged. The well construct_ion 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 ma_xi_mum designed production capacity. This 
is achieved by reducing the skin effect, increasing the per- 
meability, and creating a natural "gravel” pack close tothe 
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 in the vicinity of the well; 

3. Stabilize the formation around the screened 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 t_ra_ns_mjssivity, 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 Leupold 
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 
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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 record 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 recording 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 desirable 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 actually 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 8 (June, 1975). The shed was com- 
pletely ripped off the foundation and the propane tank 
(500 ga_|) located behind the shed was rolled off its 

foundation blocks. 

2. A change in the waste disposal practice was initiated by 
l._M.C.C. du_ring the late su_m_mer of 1975, which resulted 
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 rnec,hanic_al failure of the clocks, which accounts 
for approximately 70 per cent of the total number of d_ays 
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 housing. In 

addition to ‘this inconvenience, a host of other problems 
caused loss of recording days. These were: 

1. severe corrosion 

2. deposition of brine films on moving pa_rts 
3. deposition of thin.sa|t crusts on moving parts
4 . crystallization of halite between the float and the inside 

of the casing, plugging of intake pipe by salt cryst__al_liza- 
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. ‘ 

A 

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 hyd_rograph records, h_eaters 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/h_r._ 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-lb (45_ kg) bottles, 
it was felt that 500 gal (2270 l) of propane per well would 
be sufficient. Figures 25 and 26 show the propane con- 
sumption for the winters 1971/1972 a_n_d 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 i_n an open area, 
‘whereas the other wells are much more sheltered from the 
wind by bushes. 

HYDRODYNAMIC RESPONSE OF WELLS AND 
CHANGES WITH TIME 

The hydrodynamic response of a finitediameter well to 
an insta_nt,aneou_s 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 at al. (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 aquifers is only a small fraction of their horizontal 
permea_bi|ity; 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 t_h_i_s 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 i_n 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‘ small. A hydro- 
dynamic response test is thus uniquely suited to measure 
the t_ransmissivity immediately 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 hyd_rodynamic response tests were 
conducted at different times on the various observation 
wells to determine whether a reduct_ion 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 equipmentthat 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 I. 

The inst_antaneous charge for the hydrodynamic re- 
sponse test was provided by a solid slug, a bailer, and various

17



volumes of water which could be added to the- well. The 
solid slug was used in conjunction with the equipment 
developed by the Sask_atchewa_n Research Cou_nci|, 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: 

Slug + 0.775 ft (23.6 cm) 
Baile_r - 0.590 ft (18.0 cm) 
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 
especially apparent when sequential tests were run over 
short time intervals (a few hours or less). The value ofthe 
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 observed on the tests with the solid slug). 
According to the criteria outlined by Bredehoeft et al. 

(1966) and Van der Kamp (1976), the aquifer—wel| system 
should be overdamped and the wells should not undergo 
force-free oscillation fol|owi_ng an instantaneous 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 o_n the same wells show 
that this type of oscillation is indeed.absent, and the con- 
tent_ion that the oscillations are inherent to the slug test 
method is in all likelihood t_rue~._ 
1'8 

To better define the effect of a particular type of charge 
on the magnitude of the transmissivity, another se_ries_ of 
hydrodynamic response tests was run on December 10 a_n_d 
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 l-, 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 transmhissivity va_|ues for the d_ifferent sizes of the 
charges, 

— the magnitude of the transmissivity in each volume class 
‘remains 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 'hydrody'na'mic 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 t_ra_nsmissivity 
are present around the screen section; however, the num- 

» ber of tests conducted with small volumes is insufficient to 
ascertain that conclusion. A much more detailed study 
would have to be conducted, with a large number of tests 
with different charges on several wells with different 
trans'missivities, to determine whether a relationship 
between volume (size of charge) and magnitude of the 
transmissivity indeed exists. It is GU.est_io,nable 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 
measurements are considered, then for most of the wells 
the transmissivity values vary with respect to the mean 
value of each group from :3 to $15 per cent. This type of 
variation is insignificant if it i_s compared to the natural’ 
variation in the transmissivity of the fluvial deposits. 

If sequential hy'd"rody‘namic 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 rneasu_rem_en,ts 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 
sa_me in all the tests-.
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2. The highest water level in well A is recorded during t_he 
"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 1_974, when this decline started 
earlier. 

4. Increases in the water levels coincide with the end of 
the "winter" period in 1971, 1973, 1974, a_nd 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 hydrodynamic 
equilibrium between recharge a_nd discharge. When the net 
water level in a well is rising, it indicates that the rate of 
recharge ‘to the aquifer exceeds the rate of discharge. Con- 
versely, a decline in the water level would signify 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 
layer. 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 the air temperature dropped to below 
-30°C, considerable crystallization of NaCl took place in 

the shallow portions of the brine pond. A si_m_i|a_r process 
could take place in the zone where the frost layer is formed 
every winter in the discharge areas, which would result in a 
progressive blocking of the discharge. Once the mean air- 

temperature reverses its dec_line 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 i_s not occurring. 

The increase in the water level at the end of the "win- 
ter” period, which more or less corresponds with t_he spring 
melt period, i_n 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 strongly suggest that 
the aquifer is confined 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 ofthe 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 thearea occupied by the brine pond, 
projection of st’r’atigraphi'c information collected around the 
brine pond does not indicate any major changes. lt is,there- 
fore reasonable to assume that the semi-confined condition 
is also present under the brine pond. According to 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 
maybe partly due to loading by water in the reservoir. 
Since the aquifer in this area is semi-confined, it would be 
reasonable to assume that at least some influence of the 
reservoir (brine pond) would be detectabl_e; however, the 
hydrographs of the observat_ion wells show othen/vise. 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 is-a 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 tur_n 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 
resu_|ted in destruction of transmissivity and a change from 
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a ‘semi.-confined toia locally confined _condition. If this 
conte_ntion is correct, it would explain the apparently 
contradictory behaviour of the semi-confined aquifer. 

As was pointed out in a previous chapter, e'v'apor'ation 
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 due 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 areas inaccessible for servicing during the winter 
months can be prevented by using propane heaters in the 
observation well housesland on-site fue_| storage. Fuel requi- 
rements are less than 500 gal of propane per house per 
season.

' 

The operating experience with the Leupold Stevens 
Type F recorder ‘with a weight-driven clock over a total of 
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approximately 11 900 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 hydrodynamic 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 meeasurements 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 m_ai,n'tena_noe cost of the long- 
term monitoring program can thus be realized. 

I A 

A comparison between the long-term f'|uc’t’uations 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. 

A_n extensive study of the barometric efficiency of the 
wells in, conjunction with the response of the water levels 
in the wells to input changes shows that the aquifer is sem_i- 
confined at best.



CHAPTER 8 

An Electric Analogysimulation 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 l<_ey hydrologic phenomena 
in the field (Meyboom, 1963) or by solving a mathematical 
model of the hydrogeological 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 replacing 
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 
U1-hQJl\J 

. the hydrogeological parameter distributions for K, 04, 

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 difference 
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 becom_e excessive. 

2. The hydraulic conductivity variation either within or 
between geologic formations can exceed four orders 
of magnitude in a_n electric a_na_log m_od_e|. 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, administrators, 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 v>(x,y,z). 
In the transient case, the output is Ap(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 gro'undw'ate’r flow "through a heterogeneous, 
anisotropic, saturated porous medium in three dimensions 
is 

5 
V as +a[K( )5:/):|+6 

5; [K(x,v.z)g;] W x.v.25—y 5—Z 

':K(x,y,lz)%zV)__:| .= 0 

45 = 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 
tec_|'_i_niques, which are described in the following sections. 

Transient Case 

The nonlinear pa_rtia| differential equation describing 
transient, three-dimensional flow through a heteroge_neous, 
anisotropic, saturated porous medium is 

5 
' 

as] 5 . 3;] _ K ,, _ +_ K ,, _ 
6x [ lxvzlfix 8yl[ lxvzlay 

+§_ l:K(x,y,z) §2]= 7 [alx.v.zl + n(.x-.v.z)fi] ‘5_¢ 

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 hyd_rogeologic flow parameters, 
K, oz, 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, oz, 

and porosity, n_, can be obtained indirectly fr_om pump tests 
and will be discussed later. Table. 3 summarizes the hydro- 
geologic flow parameters required for the steady stateand 
transient cases. 

HYDRAULIC CON DUCTIVITY DISTRIBUTION 

Several methods were employed to estimate the hydrau- 
lic conduct_ivi_ty distribution within the subsurface geologic 
units. Pump tests, hydrodynamic response tests, hydraulic 
conductivity estimates from grain size ana_|yses,- 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 82 82 6t 

empirically or experimentally justified relations. 
« 2 . . +Q(x'y’z't) ( ) 

2. The use of K—measurements from geologically similar 

_ ,_ ,_ , —. 2. 2 areas. 
where '7 = specific weight of water (M/ L T_ )

' 

M,‘ y Z) = compressibility of medium (L/MT2) Since there were insufficient data available on the tex_- 
- tural characteristics of the till at the study site, the hydrau- 

|'llXrY,Zl = porosity lic conductivity was based on values determined for geologi- 

_ _b_'_ f L/MT2 cally similar areas. Table 4 summarizes K-measurements of 
B _ comprew “W 0 water ( ) fractured and u_nfractured till from Saskatchewan and other 

t ___ time (T) geologically similar areas. Note that there is a distinct dif- 

_ 

ference in K-values between fractured and unfractured till. 

Q(X.Y.Z.tl = V0lUme 7319 Of Withdrawal 0|’ inleCfi0n Although the fracture density and orientation was mea- 
at 3.0V node (L3/T) 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 
Imperrn. head 

g 

flux _K at r_i 

Steady state v’(K(x’,Y,z)</5) =o X x X 

V’ (i<<x.Y.z)¢) = 
Transient _ M) X X X X X 

'Y(0l +n3)5— +Q
t
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exposed, no ‘information was obtained on the aperture of 
the fractures. Consequently, the permeabilityrof the tills 
in the Floral Formation could not be calculated. A ii/'alu‘e of 
K = 1 lgpd/ft“ (5.7 X 10’5 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 lgpd/ft’ (19 x 1072 cm/sec). 
These fluvial deposits are composed basically of sa_n_d and 
gravel. The average K-‘value of the sand was measured at 
200 lgpd/ft2 (1.1 -x 10'” cm/sec)-. The average K-value for 
the gravel was estimated and measured at 1000 lgpd/ft’ 
(5.7 x 10"“ 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 
tr'a‘nsmissibi'lity (T) and storage coefficient (3), where 

T = K.b , (3) 

and 
' 

s = bfy (0: + nfi) = bSs (4) 

where b = thicl<_n,ess of the geological formation (L) 
S5 = the specific storage (1/L) 

I 

The pump test data are included in Appendix II. 

The Theis and Jacob non-equilibrium methods are ap- 
proximate. solu_tio_n_s 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 andde Ridder 
(1970). ’ 

Three important assumptions in the theory of pump 
tests a_re 

1.. the aquifer is of infinite areal extent 

2-. the pumping well fully penetrates the aquifer 
3. there is no leakage from adjacent geologic units. 

At Esterhazy, none of these assumptions are satisfied, 
so there are 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 di_stance .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‘ Esterh_azy 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—va|ue because 
boundary effects can be readily d_etermin,ed 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 tr'ans'missibility of 
the aquifer. The limiting assumptions are the same as in the 
Theis and Jacob methods. Kruseman, and de Ridder (1970) 
d_escrib'e 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 (K5) are usually calculated by 
dividing transmissibilsity by the length of the well screen 
(BS). However, in this case of partially penetrating well 
screens, dividing T by the average satuirated thickness of 
the aquifer (ba) 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 Areass(after Bourne, 1976). 

Method‘ 

. Hydraulicrconductivity (Igpd/ft’) = 

'° 
. D h v Geologlcfil 

1, 3; ;: «Location Isource g. I“ E7 jg; 3 _,;..§ '3 fept range or average form ion 0 . o. H. -« to. e.» (ft) . 

at H S g as 0 5. § ra cg H‘;-2. N , 

5 E 2;» E g -$5 5“; E 
5; 5' S E as :32 1-» 5 0 ‘*9: £3 Mean K ‘ 

Horizontal K Vertical K 

Till X Allan Hills, Sask; Me_yboom.(l’966b) X 0-.50 0.025- 
6.75 

Till‘ X Grave1bourg,'Sask. Freeze (1964) X 75 _0.05 to 
' 

3.0 
Till X South Central Sask. 

_ 
Meyboom X 0-50 ' 0.125 to- 

V 12.5 
Tilllandvshale X . South Central Sask. Meyboom (1966a) » X 0-250 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 ‘(li970) 

' 

Shallow 04002 to 
0.02 

Till x Good Spirit Lake, ‘Freeze ('1'969_‘a) x 7.9x1o" 
Sask. to 3.0 

Till‘ X North Dakota Sloan (1972) X Shallow (0.012 to 
0.12 

Till X Southeastern, Clister (1973) X Shallow 0.17x10'3 
Manitoba to 0.17

‘ 

Till X Alberta-, Sask. & Grisak etal; (1975) -5-65 5.6xl"'0_3 
Manitoba 

Till-‘ X Eastern Manitoba Grisak & Cherry (1975) X X ~0-75 3x,l‘0"3
. 

Till- x Eastern Manitoba Grisak & Cherry (1975) x =0-715 9x1-0“ 
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- 
O./1’.25 

Bearpaw Shale X South Central Sask. Meyboom X 
_ 

300 0.009 
_

I Bearpaw Shale x South Sask. Peterson (1954) x 100 10"-10" 1o‘3-10” 
Reservoir



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

Theis method 
A rlacob method’ 

Observation Pumped Average T T 
well 

_ 

well lgpd/ft s Igpd/ft S 

A 13 15 000 2.9 X 10: 67 000 2.0 X 10:: c 12 000 1.3 X 104 40 000 0.9 X 104 
F 15 000 l.8X 10 89000 1.8X10_4 
G 11000 1.2X10“‘ 64000 1.2x 10 

13 A 18 0.00 2.6 X 10: 73 00.0 2.2 X 10:: c 15 000 2.7 X 104 62 000 2.4 X 104 
F 24 000 3.2 X 10 426 000* 6.4 X 10_4 G 13000 1_.9X10" 377 000* 6.0X 10 

c A 38 000 2.7 X 10" 188 000 2.5 X 10:: 
13 6000 3.3X 10*‘ 76 00.0 5.6X104 
F 19 000 2.1 X 10“‘ 22 000 3.3 X 104 c 3 000 5.3 X 10*‘ 347 000 5.7 X 10 

1) F 72 000 2.3 X 10"‘ 183 000 1.4 X 10: G 12000 0.9X10"‘ 213000 1.6X10 
F A 7 000 1.1 X 10“ 88 000 1.7 X 10:‘ 

B 45 000 3.1 X 10" 96 000 1.9 X 10‘4 
c 49 000 2.4 X 10*‘ 94 000 1.3 X 10‘4 
D 29 000 2.0 X 10“ 191000 1.6 X 10‘ 
c (vertical) 13 o_00 4.0 X 10" 36 00.0 0.37 

c. A 2 000 4.8 X 10*‘ 69 000 1.6 X 10‘: 
B 18 000 2-_.4 X 10*“ 172 000* 3.5 X 10‘ 
c 23 000 1.7 X 10‘ 259 000* 2.6 X10“ 
D . 10 000 1.4 X 10“‘ 126000 2.1X10"' 
F (vertical) 17 000 5.3 X 10" 36 000 0.7 

‘Not enough points to make a reliable prediction. 

the transmissibility was divided by the length of the well 
screien. Both values, Ka and K5, are reported in Table 6. The 
Tiheis recovery calculations are included in Appendix III. 

Hydraulic Conductivity Estimates from G_rain Size Distri- 
butions 

Hydraulic conductivity estimates derived from grain 
size distribution curves have been successfully applied to 
unconsolidated sands, ranging in diameter from _2.0 _rn_m_ to 
0.0625 mm (Masch and Denny, 1966). This technique 
involves the determination of the median grain size (MDSO) 
and the inclusive graphic standard deviation (0,) from grain 
size distribution curves. A set of type curves is then used to 
translate these two measurements, MD5o and 0,, into a_n 
esti_mate of the hydraulic conductivity K. 

Hydraulic conductivity values for approximateliy 60 
samples were determined by this method. The K-values 
ranged from 66 to 1000 lgpd/ft” (3.8 x 104 to 5.7 x 10" 
cm/sec), and averaged 200 lgpd/ft’ (1.1 x 10" 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 all 

observation wells using the method outlined by Cooper 
et a/. (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 size 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 reasonable K-values were 
obtained by dividing T by the average saturated thickness 
of the aquifer. 

TransmissibiI_ity Estimates from Well Logs 

A total transmissibility estimate for each testhole in the 
buried fluvial deposit ca_n 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. Hydraulic Conductivity Estimates from the Theis Recovery Method for Observation Wells A to G. 

Well Average T T 
screen aquifer KS = _ Ka = _ 

Pumping length thickness Q T bs ba 

well bs (ft) ba (ft) Igpm Igpd/ft Igpd/ftz Igpd/ftrz 

A 8 60 
A 

49.9 57 000 7 125 950 

13 10 180 8.3 55 000 -5 500 305 

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 2 715 173 

G 8 220 49.9 33 000 4 125 150 

Table 7.. Hydraulic Conductivity Values from Hydrodynamic Response Tests for Observation Wells A to G. 

T T Well screen K K 
Observation well cm: / sec Igpd/ ft length, ft Igpd/ft2 crn/ sec 

A 13.9 80 X 10’ 8 1000 3.8 X 10‘3 
B 2.5 14x10’ 10 140 8.0 X 10‘3 
c 2.3 13 X 10’ 8 162 9.2 X 10"’ 
D 1.9 11 X 10’ 10 1.10 6.3X10‘3 
13 9.7 56 X 10’ 8 700 4_.0 X 10‘? 
F 2.0 12 X 102 14 86 4.9 X 1o"‘3 
G 6-._6 38 X 102 8 475 2.7 X 10‘? 

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 

Ttotal = (btotal sand ' Ksand) + (btotal gravel ' Kgravel) (.5) 

Total transmissibility values, Ttotal, 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 10" 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 
timedrawdown 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 to 8.5 x 10"’ cm/sec (860-1500 igpd/rt’), 
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assuming that the average thickness of the aquife_r is 38 rn 
(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, or, in the region 
of flow. No direct measurements of n and or were made at‘ 
the si_te, however, an indirect measurement of these para- 
meters is the storage coefficient (S), where 

S = b.7 (oz + n8) (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), 35 = 2 x 10*‘ 1/ft.



Since the storage coefficient or specific storage was not 
measured during pump tests for the till, an estimate of 
7 x 104 was adopted (Domenico, 1970). 

ELECTRIC ANALOGVMODE 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 IV. 

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, at, 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 hydrogeological model study are 
in the estimation of the hydrogeologic parameter distribu- 
tions (K, or, 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- 
t_ions 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 observations wells D and 
F (Fig. '35). This shothole, which presently flows at 20 

lgpm 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 
actual velocity of fluid movement is v’ = Q/nA, where n is 
the porosity. Calculation of steady state brine travel times 
are therefore based on:

I 
_-K5h V: 

n6| 

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: 

t___ (6.23)|.n 

Kit 
8| 

where 

n = porosity (dimensionless) 
t = time (days)

K 

I 
= distance (feet) 

K = hydraulic conductivity (lgpd/ft’) 

%= hydraulic gradient (dimensionless)
I 

Total travel time for each flow line, from its source to 
its discharge point, is calculated by adding t_he 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 measures that have been 
suggested to prevent the brine from migrating to the surface 
waters of Cutarm Creek. Transient results were recorded 
only for the horizontal buried sand and gravel layer of the 
electric analog model. 

Steady State Results 

Fou_r steady state cases were investigated: 

(A) brine pond at present elevation of 1671 ft- 

lB) 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 s_how 
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 equipiotential 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 
measu‘r‘ement‘s which intersectthe ground surface do not 
all correspond to the ground elevation. There are 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- hydr‘a'ulic head measure- 
ments at the water table is part_icularly 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 
occurring 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 polluted by brine within 30 years for all brine 
pond elevations. From the facies change (about 5600 ft 

30 

east of the brine pond) [to Cutarm Creek, the-brine travel 
times increase significantly. Also, as the brine pond eleva- 
t_ion 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 poin_t X, the recharge-discharge 
boundary, and the position ofvthe 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 state 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 con_struction of the brine pond, but the position 
of the groundwater divide h_as 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 
locat_ions 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



T_able 8.- Injection Well Combinations and Their Injection Rates. 
Each I_nject_ion_ Rate was Simulated -for 5, 10, 20, and 
50 Years. 

Injection rate/ well 
Injection well combin,at_ion_s’ lgpm

5 
l0 

1, 11 15 
30 
so 

_5 
1 10 

111, IV, V, VI 30 
so 

.5 

1, 11, VII, VI_II 10 
. 30 

50
5 

VII, VIII 10 
15 
30 
50 

at the amount of water bei_ng t_,ransm_itted through the 
buried valley aquifer at various brine level elevations. The 
quantity of water flowing through the buried valley aquifer 
is calculated by 

5h O=KA__ 
5| 

where K = 330 lgpd/ft-2. 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 
88000 ft’ and 200000 ft’ respectively. The figures in 

Table 9 range from 370 to 565 lgpm, indicating that a 
minimum of 370 to 565‘ lgpm 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 i_nject_ion_ rate of 500 lgpm at well locations land 
II (Fig. 46) 'is necessary to reverse the hydraulic gradient in 
the western portion of the aquifer. This analysis supports 
the results in Table 9. 

Effect of Flowing Seismic Shothole 

The flo'wi'ng seismic shothole was simulated on the elec- 
tric analog model to examine its effect on the’ flow paths 
and pfollutant 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 F-F’ 
and I-I-H’ for Various Brine Level Elevations. 

Quantity flowing. 
Bflne Pond. Hydraulic through aquifer, 
elevation, grad-Vie-m Igpm 

feet above mean 
A 7 k 

—_r 
W .. . . 

sea level 
_ 

F-F’ H-H’ F-F’ H-H’ 

1661 0.023 0.008 465 - 370
I 

1666 0.025 0.010 505 460 
1671 0.028 0.011 565 505 

years, with the seismic shothole flowing ‘at 20 lgpm, are 
illustrated in Figures 49, 50, and 51. In orde_r to eVxa_mi_n_e 
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 unp|_ugged (see Table 10). There i_s very |i_tt|e 

difference in pollutant travel times for various brine pond 
elevations. 

When last checked (March 1976), brine—cont_a_m_ina_ted 
water had not reached the seismic shothole. Fresh water" 
was f|o'wi'ng from theshothole at 29 000 lgpd. 

As the brine pond elevation is increased, there is an in- 
crease in the (hydraulic gradient around the seismic s_hot_ho|e. 
This results in an increase in the discharge from the shot- 
hole.

' 

Although the effect of the flowingshothole 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 Brinefrom the Brine Pond to the Flowing 
Seismic Shothole with tlie7Seismi_c 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 condiytions 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 because of the presence of a major facies change 
in th_e 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 
west of the grciundvvater divide, it will flow through this 
section more quickly than through any other pa_rt of the 
buried valley aquifer because the hydraulic gradient is 

steepest here. This would result in fairly extensive pol|u- 
tion of this aquifer. 

The transient electric analog si_mu|_ation_s-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 p'erm’eabi|ity.. Initially, it will reduce the permeability 
significantly, whereas continued exposure of the.se‘dim'ent' 
to the brine will cause major mineralogical changes, which 
in turn may increase the permeability aga,in..,At this time, 
insufficient information is available on theeffect 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, but.also 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 parameter in e_stablishi_ng the 
hydraulic head in the brine pond, the difference in density 
between the water and the brine ‘was not considered in the 
analog si_mu|ati_o_ns. 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 gradients.’ 
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 environamenut caused by brine 
infiltration. This will be dis_cussed in more detail later. 

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



CHAPTER 9 

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

INTRODUCTION 

An integral part of any study in an area with a potentia_l 
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 medi_um 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 results for 
samples taken during a series of pump tests (1971) which 
subsequently froze during storage.’ '\" 

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 
effects was considered to be constant. Furthermore, 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 ofwater in filtered samples. Depending 
on the analytical technique that will be used for the deter- 
mination of the majorcations, 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 col|o'ids.~Fi|t'ering 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 a_n example of the analytical results 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 i_n 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/1) in Pump Discharge Water. 

Observation well A Observation well B 

Time Concentration Time Concentration 
(min) (mg/1) (min) (mall) 

I 14.6 3.5 13.8 
15 3.9 10 4.2 

100 3.6 35 3.1 
500 0.4 60 0.04 
1065 5.9 180 

_ 

4.3 
. 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, 
especially 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 wereiri 
various stages of freezing, from completely to partially 
frozen. It appeared that the observed variability in_ the ionic 
composition 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 could be 
considered correct, a more extensive study was conducted 

A 

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 const_ant temperature of 75°F 
i23.9°Cl 

2. Samples subjected to fluctuating daily temperature cycle 
from 40~75°F (4.4-23.9°cl 
(a) analyzed at 40°F (4.4°c) 
(bl analyzed at 75°F (23.9°c) 

'3. Samples subjected to shaking and f|uctua_t_i_ng daily tem- 
perature cycle from 40—75°F (4.4-23.9°C) 
(la) analyzed at 40°F (4.4°C) 
(bl analyzed at 75°F (23.9°c) 

Triplicate samples were taken for each class and analyzed 
in a field laboratory over a consec‘uti‘ve 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 werecalcium, 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 
large 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 heavy 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 samples 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 6day 
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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 materially 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 v‘alu’e”is 

almost always larger‘ 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 noticeable 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 igmmediate 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 
a_nd 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 thelsame popula- 
tion. In other words, the results are a measure ofthe 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: 

Flowing well 1 Flowing well 2 

Alkalinity 0.4-1 .1% 0.3-0.9% 
Calcium 1.6-5.4 0.8-2.1 
Total Hardness 0.2-2.5 0.4-1.8 

The values of the relative standard‘ deviation are in general 
smaller than those obtained by Carron and Aspila (1978) 
from round-robin quality c_ontro| studies. The -analytical 
methods used in thefield 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 results of water samples that have been frozen are 
unreliable«. Since not all the parameters 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 chloride 
are essentially not affected. Therefore the only data that 
can be salvaged from all the a_nalyses 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 freez_ing on acidified samples taken for 
heavy metal analysis was investigated further in the follow- 
ing ciontrolled experiment. The "sampling flow sheet" is 

shown in Figure 55. Heavy metal samples were acidified 
with one of three acids (HCI, HNO3, or H2504) 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% air space, were 
collected for t_reat_ment 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 difference in the analytical results_. For 
one experiment a complete series of samples consists of 
36 prepared samples. 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 
full 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 (u_p to 5%). 

Manganese 
(A) Unfrozen samples: no difference between full and 

"air space." samples 
(B) Frozen 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. Their trace dist_ri_bution, in the 
frozen samples is erratic. 

Lead and Cadmium 
Neithermetal was detected. 

. All samples were again analyzed approximately 2 weeks 
later, on January 10, 1973, to determine whether'a'n‘y 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 01' Frozen and Unfrozen Samples, Flowing Wells 1 and 2. 

Flowing well 1- 
Flowing well 2 

Unfrozen Frozen Unfrozen Frozen 

Immediate Calgary 
0 

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. (pmhos/cm) 1620 1544 

v 

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/I) 196 189 123 78.9 129 129 
, 103 87 

Total hardness (mg/1) 733 730 556 403 42-5 427 344 281 Na (mg/1) 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 
C1 (mg/I) 

‘ V 

13.8 13.3 14.0 r 60.9 54.0 61.5 
NOTE: All samples were collected at the same time. V I
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change occurred in the "air space" frozen samples. The 
second set of vagluesapproximates the values of the un- 
frozen samples. Further analyses of these samples for man- 
g'a’ne‘se did not show any more changes. No explanation c_an 
be given for this phenomenon. 

_ 
Another set of samples immediately frozen at the time 

of collection and kept frozen for 2% months was analyzed 
Ma_rch 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 

(Table13). 

Table 13. Lead Content in Frozen and Unfrozen Surface. Water 
Samples. 

Frozen 

No 25% 
Unfrozen air space air space 

Bragg Creek at 0.030 0.003 0.027 
Bragg Creek, 0.029 0.003 0019 
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. 

lt 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 a_re chloride, 
potassium, and sodium.

A 

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 fl_owing 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 concen_tra.- 

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 speci_es, 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 
a_ll_ows one to eliminate the risk of misinterpretation a_nd 

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 control 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 che,mica_| 
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 
th_e 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-contami_nated water from the observation wells prior 
to sampling. Water samples were taken from the screened 
interval of the wells by meansof 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 a_na— 

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 10.05 units (Langmuir, 1971). During this 
particular study, calibration with the pH = 7.00 buffer was 
not made with the bu_f-fer 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 e|ect_rodes 
(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 tr'ans'fer'red 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 sa_mple. The measured potentials were converted to 
E_h by adding the potential of the calomel reference elec- 
trode (cre):

A 

E°(c,e, = 0.2415 — [(0.00076l (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 pu_mps, 
special precautions must be taken to red_uce 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 KCl solution (1413 pmhos/cm @ 25°C). 
Water samples from the observation wells were filtered to 
remove particulate matter (greater than 2 pm) 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 c_entra_| 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 wit). 
0.01 N H2804 to the two end points 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: Eric- 
chrome Black T for total hardness; Calver II for calcium 
(Traversy, 1971). Total iron was determined by the 2,4,6,- 
tripyridyl-s-triazine (TVPTZ) 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 i1% - i2% 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_l conc. HN03 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 
sing|e—slot premix burner head, was installed at the central 
field laboratory to complement the wet analytical tech- 
niques. Wet techniques were used to determine Ca, Mg, 
and HCO3 concentrations; Ca, Mg, Na, K, Fe, Mn, S04 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. HN03 per '1 00 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 "Atomic Absorption Analytical Methods" 
supplied with the Jarrell-Ash spectrophotometer. Cl and 
S04 were determined by indirect AAS techniques (Dunk 
et a/., 1969). A detailed description of these ‘indirect AAS 
methods is presented in Appendix Vl. Careful Standard 
Addition techniques (Ba_refoot, written comm.) were 
adopted to detect and correct for matrix interference effects 
in the determination of both Ca and Mg (Angino and 
Bi,|_|i,ngs, 1_972). Appendix 'V|l 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 i0.1% of‘ total volume). Small disposable 
plastic pharmaceutical vials we're used to prepare samples 
for analysis. 

Laboratory Methods 

Samples sent to the Western-Laboratory in Calgary were 
analyzed for pH, speci_fic conductance, Ca, Mg, Fe, Mn, Na, 
K, HCO3, S04, Cl, and SiO2. Ca and Mg concentrations 
were determined by EDTA c_omplexometric 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; S04 was determined by barium chloride titration using 
Thorin as an indicator; Cl determinations were carried out 
by an automated thiocyanate method; and SiO2 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 milliequivalents per 
litre should be equal to the sum of the cations i_n 

milliequivalents per litre. Cornplete laboratory analyses 

which had a cation-anion difference (in rneq/I) 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 

Preservationof the chemical character of water sarnp'les 
during -storage prior to laboratory analysis is of prime con- 
cern, especially when dealing with groundwater samples. 
Groundwater can be highly enriched in CO2 (up to 10 to 
100 times atmospheric equilibratedsample concentrations), 
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and CO2 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, + H202 H2CO3 71 Hco; + HT 

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 a/., 1963; Davison, 1974, 1976)... Figures 61 and 62 
illustrate» the pH and pCO'2 changes occurring as a result of 
CO2 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 determine whether significant 
amounts of Ca or Mg carbonate had precipitated during 
storage. Appendix Vlll 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 c_alcite, 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 compl_ex_o- 
m"etric analysis of these samples would yield underestimates 
for Ca concentrations. Seker_ka 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 Fortraln IV 
version of the computer program WA_TEO (Truesdell and 
Jones, 1974; Plummer, 1972) and a revised version of the 
program WATEOF (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 

(Kharak_a and Barnes, 1973). 

For any given chemical reaction 

a_A + be: cc 4- dD + ne‘ 

where a, b, c, 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 1\lo. Sample bottle‘-‘ Filter ‘paper,'l" 0.45 mm Sample solutioni Total§ 

Dist_ribr_4_t1'on of Ca 
7 I 

FW1-1 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) 2.42 (97) 3.24 (130) 
FW2-1 1.37 (55) 0.03 (1.3) 0.97 (39) 2.37 ( 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 
FWI-1 0.05 (1.3) 0.05 (1.-1) 2.18 (53) 2.28 (55) 
FWI-2 0.07 (1.6) 0.03 (0.8) 2.34 (57) 2,44 (59) 
FWI-3 0.04 (0.9) 0.50 (1.1) 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) 
FW2-3 0.01 (0.3) 0.01 (0.2) 1-.07 (26) 1-.09 (27) 

NOTE§_ All concentrations expressed as rnillimoles per litre, within parentheses as parts per million. 
"‘Sample_so1ution rer_noved;‘bott_le rinsed with double-distilled H20 and precipitate‘ dissolved with cone. HNO3. 
1'Sample-solution filtered through 0.45 um;filter paper washed in conc. HNO3. 
-:l:Sample solution <0.45 um. 
§Samp1e bottle + filter paper + sample solution = total. 

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

=[C]° [Did [e‘]" 
[Ala [Bib

K 

K is termed the mass balance constant or ".equl|ibrium 
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, 

|ogK = A + BT + .C/T + D|ogT 

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

H" 1 1 
log K = log kl-I-r - 

?;_'(T 
— 
?r_> 

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’ expres- 
sions of this form used in WATEOF. The va'n’t Hoff rela- 
tion is a linear interpolation used to estimate the equili- 
brium constant when its value at 25°C and H1° are known. 

Solid Phase Equilibria. 

The degree of equilibrium of a pa_rticul_a_r solid mineral 
phase with an aqueous solution (i.e. AX“) ‘—> 

Afigqi) Xfaqy) 
can be expressed as a saturation index, denoted Sl (Wigley, 
1971): 

lAP 
Slmp = log - 

5P 

where mp denotes the particular mineral phase, lAP is the 
ion activity product in the solution (i.e. [A+ ]X [X' ]), and 
km is the equili_brium constant or "solubility product" of 
the particular mineral phase. An SI (saturation index) of 
0.0 indicates that the solution is exactly saturated with 
respect to the mineral phase, mp;- a posit_ive SI implies that 
the solution is supersaturated with respect to the mineral 
phase; a negative SI indicates undersaturation. WATEQF is 
capable of calcu|,ating 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 consti_tuent_s in 

the aquifer. Temperature, pH, and specific conductance 
were measured in the field at the time. of sampling using 
the techniques_outlined previously. The wa_ter 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 lon Analyses for November 1973 Groundwater Samples. 

—1og Spec. cond. 
Well No. Ca Mg Na K S04 HC03 C1 pH* pCO2 (umhos/cm) 

OWEs' 4.9 2.4 2.5 0.23 3.3 9.4 0.3 6.9 1.28 1360 
OWCS 5.1 2.0 3.8 0.23 4.0 9.5 0.5 7.0 1.38 1540 
OWGS 5.2 2.5 3.4 0.23 3.5 9.1 0.5 7.0 1.39 1500 
OWFd 5.1 2.9 11.2 0.26 7.1 11.8 1.4 7.1 1._-39 2280 
FWIS 4.8 2.8 3.7 0.23 4.6 9.5 ’ 0.4 6.9 1.28 1480 
OWDS 4.9 2.7 2.5 0.23 3.3 9.4 0.3 7.0 1.38 1540 
Uncertainty‘? -i’0.7 $0.6 30.4 10.04 $0.6 11:1 .2 i0.2 — — — 
OWBS 4.8‘ 2.9 3.4 0.23 3.9 9.4 0.5 6.8 1.18 1520 
OWCS 5.1 2.8 3.8 0.23 3.9 9.5 0.5 7.0 1.-38 1540 
OWAS 5.5 3.0 3.9 0.24 3.5 9.8 1.2 6.8 1.17 1790 
FW2d . 

3.4 1.0 20.4 0.18 10.8 6.6 1.7 7.5 2.04 2640 
A 

Uncertainty‘? $0.4 $0.6 12.1 ‘£0.01 $1.0 $0.7 $0.1 — — — 
FW3i 5.4 3.1 

_ 
5.8 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. 
1'Uncerta_inty expressed as 2-S of laboratory analyses for 197 3 and 1974 sampling periods. 
3 = 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/1, Mg = 2.0-3.0 mmoles/1., Na = 2.5-3.9 mmoles/1, 
K = 0.23-0.24 mmoles/l_, HCO3 = 9.1-9.8 mmoles/1, 504 
= 3.3-4.6 mmoles/1, and CI = 0.3-1.2 mmoles/1. 

Compared with the samples from the shallow wells, the 
samples co_llected from the two deep wells (OWF and FW2) 
contained much higher concentrations of Na, S04 and Cl. 
Water from FW2 had a lower concentration of Ca, Mg, and 
HCO3 than the shallow wells. The HC03 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- 
t_i_on of the water of this well is higher thanthat of the. 
shallow wells, but lower than that of the deep ones. Both 
Na and S04 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, using a modified version of WATEOF. The effects 
of ion pairing and complexjng 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- 
t_ion results. 

Almost all of the samples were saturated with respect 
to calcite (CaCO3l. dolomite (CaMg(CO3)2), silica gel 

40 

(Si02 — amorphous). All of the samples were undersatu- 
rated with respect to gypsum (CaS04). The samples taken 
from the wells in the deeper portions of the aquifer were 
nearer to gypsum satur'a'tion 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 ' *SIC SID VSIG SISILG 

OWE 0.0 +0.4 —-0.9 -0.10 
OWC 0.1 -0.1 -0.8 -0.07 
OWG 0.1 ‘0.2 "018 '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 
Uncertaintyl $0.10 £0.30 $0.10 — 
OWE -0.1 -05 -0.8 -0.10 
OWC 9.1 —-0.1 -0.8 -0.07 
OWA -0.1 -0.4 -0.9 -0.07 
FW2 0.1 -0.3 -0.7 -0.07 
FW3 0.1 0.0 -0.7 ' -0.10 

_' 1AP ‘Slmp — log K; 
Slmp = 0(-"5uncfe'rtaintY) ‘>sa'tu’ration 
Slmp > 0 -) supersaturation 
Slmp < 0 ‘> undersaturated 
C = calcite, CaCO3 
D = dolomite, CaMg(CO3)2 
G = gypsum, CaSO4 
SILG = silica gel, SiO,2 (amorphous) 

’rUncertainty based on analytical and storage variation in determi- 
nations of Ca, Mg, HCO3 and S04.



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, S04, 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—HCO3 type water in the shallow portion 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 
co_ncurren_t chemical reactions have been suggested to 
account for the chemical evolution of such grou_ndwaters 
(Rutherford, 1966; Cherry, 1972). These are: 
1. Sequential dissolution of calcite and dolomite under 

high pC02 conditions encountered in the soil zone 
du_ring groundwater recharge. This could generate a Ca- 
HCO3 dominated water with minor amounts of Mg. 

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

3. Dissolution of minor amounts of highly soluble sulphate 
minerals such as 9Yi3sum, epsomite (MgSO4 -7H2O), 
mirabilite (Na2S.O4 -10H2O), or thenardite (Na2SO4) to 
yield Mg,- Ca, Na, and S04 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 a_nd K on 

montmorillonite clays 
4. Dissolution of calcite and/or dolomite. 

The following example illustrates the computations in- 

volved. 

The water analysis for the sample from OWE is: 
CaA = 4.9 mmoles/I HCO3A. = 9.4 mmoles/l 
MgA = 2.4 mmoles/I SO4A 3.3 mmoles/I 
NaA = 2-.5 mmoles/I CIA 0.3 mmoles/I 
KA = 0.2 mmoles/I pH = 6.9 
‘Subscript A denotes water analysis. 

Step I Assume that all the chloride comes from halite (H) 
dissolution, 

NaC'(halite)<'—’ Nan 4' Cln 
CIA 2 CI“ 
... NaH = CIH 
i.e. 0.3 NaCl 3-’ 0.3 NaH + 0.3 cu” 

Step II 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: 
NBA + KA ‘ NEH = (Na + K)CE 
i.e. 2.5 NaA + 0.2 KA - 0.3 NaH = 2.4 (Na + K)cE 

Step II I Assume that all sulphate comes from gypsum (GYP) 
dissolution, 

CaSO4(gypsu_m) :2 CBGYP ‘l’ 504 GYP 
so4A + so..GY,, 
CBGYP = SO4A 

Le. C3304 2 CHGYP + SO4GYP 

Step IV Calcium and magnesium available from ca|cite/ 
dolomite (CAL/DOL) dissolution is equal to the 
tota_l calcium plus m,agne_s'ium before cation ex- 
change minus the calcium contributed by gypsum 
dissolution, ' 

(Ca + Mg)cAL/DOL = CaA + MgA + (Ca + Mg)CE 
' Cacsvp 

i.e. 4.9 CaA + 2.4 [i/lgA + 1.2 (Ca + Mg)cE 
_ caGYp = 5.2 (Ca + Mg)CAL/DOL 

StepV In order to maintain a near-neutral pH during 
calcite/dolomite dissolution, 

Zlca + M9lcAL/DoL = “C03 CAL/DOL 
i.e. 2 X 5.2 (C3 + 

Step Vl Compare l-lCO3CAL,D0,_ with HCO3A 
Le. = m,m_0leS/I. 

CO3A = 9.2 mmoles/I 
Within the uncertainties of the analyses the cal- 
culated equals for 

Sirnilar calcu|a_tion_s for the other sample localities in 
the aquifer yield HCO3cA,_,DoL values approximately 
equal to the HCO3A 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.

41



Table I7. Comparison of Calculated Bicarbonate (HC03CAL/D01‘) and Analyzed Bicarbonate (HCO3 A) Concentrations for November 1973 
Groundwater Samples. 

Sample location OWA owe owc own ' owe owc FW1 1-"w3 owe 1-*w2 

Hco3CA_L,D0L 13.0 10.3 11.1 11.1 10.4 11.5 10.6 
' 

10.5 
' 

12.4 6.0 

HCO3A 9.8 9.4 9.5 9.4. 9.4 9.1 9.5 10.8 - 11.8 6.6 
" NOTE: Concentrations expressed in millimoles per litre. 
HCO3cAL/D01‘ = 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 
mobi_|iz,at_ion 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 t_he till 
material is locally derived and the till composition reflects 
the underlying or nearby strata (Pawluk 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 seditments from various parts of the 
province showed the presence of sulphide minerals and 
their weathering productzgypsum. It would therefore be 
logical to assume 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 case 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 soi_ls has been do-. 
cumented by several authors, for example, Rozkowski 
(1967), Pawluk and Ba_yrock (1969), Maclean and Pawluk 
(1975), and Christiansen (1968b). 

As was pointed out before, the groundwater chemistry 
in OWA differs from that of t_h_e other shallow wells in that 
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the CI content is higher (Fig. 65). Because of the proxim_ity 
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 subsequ_ent sampling programs 
show much lower CI values, similar to the other shallow 
wells. It is therefore likely that the higher Cl value in the 
November 1973 sample is external in origin (ana|yt_ical 

error, bottle contamination, etc.). 

The linear trend apparent on the modified Piper plot 
of the major ion content of the groundwaters in the study 
area suggests that the mixing of groundwaters of differing 
composition i_n 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 —C| waters 
migrating from underlying formations may be mixing in 

the aquifer with younger dilute Ca—HCO3 waters produced 
by the sequential dissolution of calcite and do|omite.during 
vertical recharge through the overlying till. Meneley (1970) 
has observed a similar mi_xing of chem_ica||y distinct waters 
in the Tyner Valley buried aquifer system near Saskatoon, 
Saskatchewan. Here, younger Ca—Mg—HCO3 water,which is 
recharged through the overlying glacial till, appears to be 
mixing in the aquifer with older Na-S04 -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 wate_r chemistry of 
various groundwater flow systems which can be relate_d 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 che'mi‘stries in highly pumped aquifers 
(Fritz et a/., 1974):. To establish the significance of tem-



poral variations in the aqueous chemical constituents of the 
aquifer in this study, samples were collected da_ily 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 chemicalvariations. FW1 is 

set into the top 5 ft of the aquifer a_nd 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 HCO3 were determined in the 
field laboratory within ‘/5 hr of sampling. Determinations 
were done "in triplicate to achieve a maximum uncertainty 
of ‘£2170 for these methods. Details of the sampling and 
analytical techniques have been outlined previously. The 
results are presen_ted in Figures 67 and 68. Concurrent 
hydrographs and precipitation records are included with 
the chemical data for comparison. 

(a) F/owing Well 7 

Throughout the month of November, 1972, the pH, Eh, 
Ca, Mg, and HCO3 levels varied in the groundwater issuing 
from FW1. Levels of Ca, pH, and HCO3 gradually increased 
during the monitoring period, whereas Eh and Mg decreased 
during the same period (see 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 HCO3 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 
HCO3 in th_e_water ro_s_e 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 wa_ter retu_rned 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 HCO3 records. The pH declined until the 
latter part of June. (pH = 6.9) and then began to increase 
gradually (except for some minor perturbations) during the 
rest of the summer (up to pH = 7.25). Ca and HCO3 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- 

ment_s 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 pmhos/ 
cm to 1250 pmhos/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, SO4,a_nd Cl (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 measuremen’t‘s in natural environments is a 
debated topic, some workers feel that meaningful Eh, values 
can be obtained in certain well-pjoised 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~Augu'st. 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. 

([1) Flowing Well 2 
Daily measurements of pH, Eh, specific conductance, 

Ca, Mg, Fe, and HCO3 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 (7.55 1’: 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), gradua_ll_y 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 st_orm 
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-sumrper 
months are characterized by sparse ra,i_nfa_l| an_d high evapo- 
transpiratiuon. The fact that the changes in water chemistry 
of the deeper portion of theaquifer 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 m_ixin_g hypothesis 
discussed earlier. 

(cl Ferric Oxyhydroxide Stability 

lVlaximu'm and minimum field values of Eh were used to 
calculate the effect of Eh variations on the ferric—oxyhydro,x- 
ide stability relation_s,hips in the groundwaters under 
investigation.“Ferric—oxyhydroxide stability was calculated 
manually by the p0 method (Langmuir and Whittemore, _ 

1971) using measured Eh, pH, Fe, and S04 values for FW1 
an_d FW2». 

The p_O is given by 

p0 = (E‘° — Eh") / 1.9842 X 10*‘ T- log Fe“ — 3(|og 
KW + pH) - 

where E° = -1.226 x 10" + 4.147 X 10‘3 T- 5.111 x 
10-6 T2 volts, 

KW = solubility of water = [HT] [OH‘], and T=°& ~ 

‘At 7°C, E-° = 0.7482 volts and KW = 10'”-“. The calcu- 
lated p0 i_s compared with the logarithm of the solubility 
product denoted pK5p, for the reactions 

Fe(OH),3 (amorphous) 3 Fe“ + 30H‘; pKsp + -l—36.0* 
@ 7°C 

a-FeOOH (goethite) + H20 3: Fe“ + 30H"; pKsp = 
.+42.75* @7°c 
.. . 

_c«°P (T- 298.15) 
calculated from pK5p - pK-r + Hg” 

1 _1 
[298.15 T] 
If the calculated p0 falls within the range 36.0 -> 42.8, the 
concentration, of iron in the groundwater and the Eh are 
likely controlled by the ox_yhyd_rox_ide phase. Low p0 
values in this range suggest control by an amorphous oxy- 
hydroxide phase; higher p0 values suggest control by a 

more crystalline phase.- 

Table 18 lists the results of the pO‘ca|culation,s 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 FeTQT [F601-1+] 
F 

[Fe_SO4° 1 we“) pQ* 
_ 

Flowirig well 1 

107-73 -30 mV 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 -30 my 7.60 0.61 0.02 0.15 0.22 39.8 

10-8-74 +1-29 mV 7.47 0.59 0.02 0.15 0.21 37.3 

10-7-74 +20 my 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. 
Fer;-OT from "chemical analyses. 

[FeOH"’], [FeSO4° ] and [Fe2+) from WATEQF calculations for complete chemical analyses. 
*36.0 < pQ <4-2.5 implies control by a ferric oxyhydroxide phase.



this study. [FeOH+] , [FeSO4°],and[Fe“] were deter- 
mined using activity coefficients for the species from 
WATEOF and 

Fe“ + H20 1: Feol-1+ + Ht; Keq =10"-3° (Lang- 
muir and Whittemore, 1971) 

Fe“ + so4= 1: FeSO4°; Km =10’--2° (|zatt et a/., 
1969) 

All the p0 va_|ues for FW1 and FW2 were observed to 
fall within the ferric-oxyhydroxide stability" range (36.0 
< p0 < 42.8) despite the large variation in Eh (and pH) 
va_lues measured for these wells (Table 18). 

ERROR ANALYSIS 

Introduction 

Sampling errors, inadequate sample storage a_nd 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 distr_ibution of chemical 
species.'Samp|ing errors refer to those errors introduced 
either by the contamination of the sample at the time of 
sampling or the s_a_rn'p|i‘ng of an inhomogeneous population. 
Wells and springs that intersect more than one chemical 
type of water, piezometers and wells that 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 O2 and CO2, 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 
preservation techniques should also be chosen to comply 
with the analytical techniques used. "If, for example», the 
sa_mp|es are to be analyzed by atomic absorption spec- 
trosoopy 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 and AAS standards with a predetermined 
volume of reagent grade acid (either HCl or HNO3). 

Among the remaining sources of error’, analytical error 
is probably the most significant 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 lnaccuracy
2 

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. lnterlaboratory 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; Garron and Aspila, 1978). Tables 19 and 
20 summarize the results of these studies. 

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

SRWS No. 31* (12/70) 
Determination Mean 2 - S1‘ 

Ca 12.77 mg]! 1.68 
Mg 2.22 0.64 
Na 25.33 1.76 
K 0.79 0._28 
HCO3 34.74 2.48 
S04 29.70 2.94 
C1 27.10 2.74 
F 0.35 0.14 
SiO2 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. 
'('S = Standard deviation of sample popula_tion_. 

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 to the formation of interfering Fe- 
Mn-EDTA complexes (Traversy, 1971). Skougstad (1975)
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Table 20. lnland Waters lnterlaboratory Quality Control Study. 

(modified after Traversy and Wales, 1970) 

Hardness Laboratory Ca Na K 
No. Mean 2-S Mean 

7 _ 

2-S Mean 2-S Mean 2-8 

101 13.3 1.82 52.5 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 

s 103 13.2 0.77 52.2 0.68 11.4 . 0.14 6.4 0.14 
104 13.5 0.52 ' 50.5 0.90 11.4 0.43 5.9 0.16 
105 13.1 0.26 52.5 0.00 12.0 0.40 5.9 0.21 

NIOTE‘: Concentrations expressed. as mg/1. 
S = Standard deviation of sample population. 

(modified after Carton and Aspila, 1978) 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 
Analytical , 

parameter Mean 2-S Mean 2-S Mean 2-S Mean 2-S Mean 2-S 

Ca 43.53 
I 

3.92 39.73 2.84 16.26 1.44 . 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 1.42 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 77.3 5.30 
CI 14.2 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 32.3 7.42 20.5 3.66 

A total of 35 laboratories participated. 

observed a sim_i|ar discrepancy between Ca determ_ined by 
both EDTA titration and AAS techniques. 

Failure to detect and correct for various interferences 
which can accompany the AA_S determination of Ca, Mg, 
and K can also be a sou_rce 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 ex'pr'es's variability is 

the standard deviation (S). For a series of observations 
X1‘: X21 X31 ' ' '1 

s: [ z(x—3<)’ /n-1 1‘/2 

where >'< is the sample mean. The variance, 8’, is linearly 

additive. Thus, for a system with S12, S22, S32,. . . inde- 

pendent variances the total va_ri_ance ST’ is 

sT2=s,2+s,2+s32+... 
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In analysis of variance it is conventional to express variation 
in terms of a unitless coefficient of variation, V, 

1008

§ 

Since V2 is directly related to S2, 

VT’ '= v,2 + V,’ + V32 +,.. 

For a given groundwater sample lojcation, variations in the 
measured chemical constituents can be attributed to two 
broad independent sou_rces: (a) sampling. variation, V3 and 
(b) laboratory/storage variation, VL. The total variation 

(VT) of any i'ndivid'u‘al constituent can thus be expressed, 

VT’ = VL’ + vs’ 

Du_ring 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
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the sampling mean ()7) and the coefficient of total variation 
_ 

(V-I-*2) 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 sample 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 vari_at_ion 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 collected 
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 HCO3 and specific conductance 
had maximum laboratory variations of 11%. {he coeffi- 

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

Nov. 1972 and Summer 1973 
field analyses 

Summer and 1 974 
Water Quality Lab. 

Summer 1974 
field analyses 

Chemical — 2 _ 2
' 

constituents n X S VT n X S VT n X S ‘VT 

pH 92 7.11 0.11 2.4 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 5.0 10.5 37 187 14.5 60.1 
Magnesium (ppm) 78 77 6.25 65.9 30 72 6.50 81.5 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 0.07 759.5 
Iron (ppm) 77 5.8 0.35 36 34 5.7 0.-50 76.9 33 5.3 2.3 1883 
Bicarbonate (ppm) 85 625 13 4.3 27 571 12.0 4.4 36 592 37 39,1 
Sulphate (ppm) —— — — 
Chloride (ppm) — — — 

— — 37 403 26.5 43.2 
30 13.5 0.7 26.9 37 14.5 3.8 686.8 

n = number of observations. 
X = sample mean.

_ 

S = standard deviation of observation. 
V1-2= total coefficient of variation = ( )_X 

Table 22. Mean, Standard Deviation, Total Coefficient of Variation for Major Ions in Field Determination's: 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 I_1 X S VT2 I1 

)—(- S V-[*2 n )—( S VT2 

‘pH 84 7.63 0.06 0.62 34 7.36 0.07 0.9 — — — — 
Eh(mV) 67 -106 ' 14 174.4 33 +33 20.5 3859 — — — — 
Conductance (lumhos/cm) 86 2304 48 4.3 34 2230 89 15.9 36 2597 70 73 
Calcium (ppm) 79 106 1.75 2.7 34 110 2.1 3.6 36 135 

' 

3.5 6.7 
Magnesium v 74 34 1.7 25 32 30 2.7 81 35 26 3.8 213.6 
Sodium — ~— — — 33 483 10 4.3 36 455 12 7.0 
Potassium — — — — 34 10.6 1.2 128 36 7.3 0.11 2.3 
Maflganese _ _ _ _ 33 .126 .014 123 33 0.15 0.08 2844 
Iron 59 3.8 0.45 140.5 34 3.7 0.26 49.4 32 3.3 0.95 828.7 
Bicarbonate 79 403 5.25 1.7 27 382 12.5 10.7 35 407 11 7.3 
Sulphate — — — — — — 36 988 25 6.4 
Chloride _ _ _. _ 29 63.2 3.1 34.3 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 VT’ n g 
g 

s VT?
3 

Spec. Cond. 11 
' 

1548 111.3‘ 51.7 11 2685 81 9.14 
Ca (ppm) 11 186.9 21.6 133.0 11 130.9 7.9 36.8 
Mg 11 55.0 4.5 67.8 11 25.8 11.2 891.5 
Na ' 11 87.3 3.2 13.4 11- 434 30 44.6 
K 11 10 1.15 132.3 11 7.4 0.2 7.72 
Fe 9 5.88 0.76 167.4 7 3.6 1.9 2840 
Mn 8 0.24 0.01 4.95 9 0.2 0.29 13620 
HCO3 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 
C1 11 1-3.6 1.6 140.4 11 61.7 1.2 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 

Constituent VL2 V52 VT2 VL2 VS2 VT’ 

pH — — 2.4 — — 
i 

0.52 
Eh — —— 1725 — - 174.4 
S_pec. Cond. 1* 15 16 1* 1 

3.2 4.3 
Ca 4 13.1 17.1 ~'l' "" 2.7 
Mg 4 61.9 65.9 4 21 25 
Fe 4 32 36 4 136.__2 140.2 
HCO3 1 3.3 4.3 1 0.7 1.7 

‘Maximum laboratojry variability (spec. con_d., il%; Ca-,~ Mg, Fe ,~ i2%‘. HCO3 , i1%). 
'iLaboratory variation not determined (z 2%). 
VL =.coefficient of laboratory variation.

' 

V52 = coefficient of sampling variation. 
V1-2 = coefficient of total variation = VL2 + V52. 

c_ients of total variation, sampling variation, and laboratory 
variation were calculated from these daily samp|es.Samp|ing 
variation (temporal variations) accounted for most of the 
total variation in M9 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 HCO3 
observations from FW1 (Table 24)." The total variation of 
Ca and HCO3 observations from FW2 was ext_remely small 
and was entirely a result of laboratory variation (Table 24). 

Once a week du_ring the 1973 summer sampling period, 
bulk ‘water samples were collected from FW1 and FW_2, and 
su_bs_equent|’y 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 |aboratory.. Appendix IX lists the resu_|_ts of the 
chemical analyses of these split samples. Total variation, 

sampling variation, and laboratory variation‘ were computed 
for the Ca, Mg, Fe, and HCO3 determinations from the 
field laboratory (Table 25). This sampli_ng 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 
HCO3 for these samples (Table 25). This implies that the 
determinations don_e 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.lThus_, it isprobably 
mostrealistic to express each discrete measurement as a 

range of statistically probable values instead of a single 

value. The spread of two standard deviations (i2S) 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 a,na_|ytical/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 Analyses: Flowing Wells 1 and 2. 

Field iab Western lab
_ 

Constituents VL2 V52 V1-2 V1.2 Vs2* VT2 
Flowing well I 

Ca 4.0» 1.7 5.7 131.3 1.7 133.0 
Mg 4.0 7.5 11.5 

g 

60.3 7.5 
I 

67.8 
Na _ - _ — — 13.41’ 

K _ _ _ _ -— 132.3T 
Fe 8.2 4.2 8.2 163.2 4.2 167.4 
Mn _ - _ — — 4.951’ 

HCO3 1.0 1.1 2.1 97.3 1.1 98.4 
504 ._ _ _ — — 33.0T 
C1 _ _ _ — — l40.0T 
Spec. Cond. — — 14.7 - - 51-7'1" 

Flowing well 2 
Ca 4.0 7.6 11.6 29.2 7.6 3.6.8 

Mg 4.0 73 
_ 

77.0 
1 

818.5 73 891.5 
Na _ _ — — — 44.6T 
K _ 

_ _ — — — 7.721- 
Fe 4.0 688 692 2152 688 2840 
Mn _ _ — — — ’ 

126211- 
HCO3 1.0 6.1 7.1 81.4 6.1 87.5 
so. — — — — — 7.5+ 
Cl — — ' — — _ 3.7T 
Spec. C_ond. — — 13.4 — — 9.11“ 

‘Constant for any given sample concentration, i.e. reflects inhomogeneity of sample population. 
TNo field analyses done to allow separation of VL2 and V32. 

HCO3 were calculated for this particular study. These 
I 

Table 27- Summary Of Analytical/Storage Uncertainty in the 

results were used to establish the resulting uncertainties in wesvtm-' I‘ab°""°'y Detem-‘ina-fion °f Ca’ Mg’ Fe’ and ... . . H.d' h‘Sd:Fl‘Wlll'd2. the saturation induces calculated for calcite (SlC),do|omite CO3 "mist '5 ‘tu y owing e S an 

(SID), gypsum (SIG), magnesite (SIMAG),.and siderite 
_ _ _ 

_Flowing well 1 flowing well 2 
(SISID). SI CalCUlatlE()(-l11S:l;lI€l‘e carriesd out using th“; cor:n- Constituem xiuncertainty xjuncenajnty 
puter program WAT or the i2 range 0 a,- g, e, 

and HCO3 values reported by the Western Laboratory. Ca 18734291111"! 131 E14 ppm 
Analytical/storage uncertainties resulted in large uncer- M3 55 :83 ppm 26:15 ppm 
tainties in the calculation of SI and SI for both wells Fe 5'9 _1"5 ppm 3'6 _3'0 mm D SID HCO3 560i11O ppm 383 :70 ppm 
and also in SIMAG for flowing well 2 (Table 26). 

During this particular hydrogeochemical study, 
significant analytical/storage uncertainties were observed 
in the standard Western Laboratory determinations of Ca, 

Table 26. Saturation Index Uncertainty Arising from Analytical/ 
Storage Uncertainties of the Chemical Species: Flowing 
W 11 1 ‘d 2. e 5 an 

_ 
Mg, Fe, and HCO3 (Table 27). These uncertainties resulted 

Flowing weul Flowing well 2 in significant uncertainties in subsequent mineral equilibria 
calculations for the groundwater samples. The analytical/ 

SIC 0.42 i0.10 -0.01 ‘$0.10 storage uncertainties were also found to be many times 
SID 0.60f0.22 -0.50 $0.30 greater in magnitude than observed temporal variations of 
:II;AG these species in the groundwaters. This implies that the 

SIS“) 079 i030 038 ,_.0_3O results of the Western Laboratory chemical analyses could 
'* ~ not be used to illustrate temporal chemical variations 

affecting the groundwaters of this study. Chemical analyses 
S1 = saturation index = log IAP 

c=c,,1cite ‘F’ that were performed in replicate in the field laboratory 
Dfdoiomite reduced the analytical and storage uncertainties to a level G — gypsum 
MAG=mag,_,eSi,e . 

I 

that allowed temporal chemical variations in the ground- 
SID = siderite ' 

waters to be distinguished.
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SATURATION lNDEX CALCULATIONS 

In addition to the calculation of the saturation, indices 
for calcite, dolomite, and gypsum in the WATEQF ll 

program, similar calcu|_ations 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, 

log 
IAP 
Ksp 

SI 

The value of log IAP was obtained from the Wang printout 
and log Ksp (logarithm of solubility constant for a specific 
mi_nera_| 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 values obtained by the Wang program in 
comparison to the WATEQF ll 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 i_n t_he surface water and the ground- 
water is negligible.- 

Table 28. Range of Ionic Concentration in Surface and Groundwater 

Groundwater
1 

Surface water 

North of Plant 
Par'a.meter 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 
HC03 612-642 390-431 337-436 261-317 
S04 332-410 900-1000 77-194 130-940 
CI 25-14 60-64 3.5-10.5 180-2200 

7.53-7.70 7.91-8.30 8.08-8.56 pH 7.01-7.20 

50 

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 systema- 
tically low S04 .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 pla_nt shows 
exactly the opposite pattern with respect to the saturation 
index of calcite and dolomite. It was noted during sampling 
that these sa_mp|es contained considerable amounts of algae 
and other aquatic biota a_n_d it is therefore most likely that 
continuing respiration by the organisms du_ring storage and 
transport increased the CO2 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 l_aboratory 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 a_n 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—HCO.3 
water, whereas the deep portion of the aquifer is charac- 
terized by more concentrated Na-—‘SO4 water. This spatial 
variation ca_n be explained by: 

—ca|cite 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 chemically distinct groundwaters 
within the aquifer. Dilute Ca-—HCO.3 water could be 
entering the upper portion of the aquifer as recharge 
through the till and mixing with more concentrated 
Na—SO4 water entering the aqu_ifer at depth from 
deeper flow systems. 

During this study», temporal variations were ob_served 
to affect the chemist_ry 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, HCO3, Fe (?), and pH levels increased in 

the shallow well after this recharge event. These variations 
could result from the recharge of Ca—Mg—HCO3 water 
through fractures in the overlying till. Throughout the rest 
of the summer HCO3, Ca, Mg, and p_H levels in FW1 showed 
little variation. Vari_ations 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 meas_ured. 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 we_ll (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 si_m_u|t,aneou_s|y during the middle of the summer 
observation period. These variations appeared to be related’ 
to a mid-summer hydrostatic 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 con_centrati,on of most ions is such that the ana- 
lytical results should be disregarded. 

To guard against possible misinterpretation of hydro- 
geochemica_| data the a,_nalytica|/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 compa’r'a'tive study 
of field and laboratory analyses of surface water show 
that similar caution has to be ex_ercised i_n the interpretation 
of laboratory analyses. - 

In order to det_ermi_ne whether the laboratory analysis 
for a particular ionic species in a water sampleis adequate 
for monitoring -p’u"rposes, both the range of the temporal 
variation and the analytical/storage u_ncertainty of the 
species should be determined.
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GHAPTER 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 
example, the behaviour of the contaminant in the soil, 

water, and rock environment; ranges in geologic and hydro- 
logic condit_ions 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 anunconsolidated 
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 flow 
path of the brine. To assume therefore that the completion 
zone 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 usefulness 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 situatrion 
would require the installation of several observation wells 
and/or piezometers with completion zones at different 
depths in the aquifer. This mea_ns a considerable investment 
in new -structures, as well as high operating costs in terms 
of well maintenance, sampling, and chemical a_na_lyses. 

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 h_as 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 (spillage, 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 gbservation wells A — G. 

WELL A WELL 0 WELL 0 
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 
0003 590*~ 597 228 594 603 517* 572 1 576 623*‘ 577 612 
—s04 370* 396 370 370 450 394* 363 , 472 425* 376 505 
01 11.0 42 19 11 11 12 18 12 11 19 10 

WELL 0 WELL E w1:L'L 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 
1 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 

A 

9.1 9.1 9.4 
HC03 514* 602. 490* 579 594 721* 708 703 528* 573 604 
s04 436* 390 338* 279 380 691* 683 710 389* 355- 493 
01 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 
electroide 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 methods 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 subsu'r'fa'ce. 

Although the objective of similar installations n_ear brine 
ponds is to detect brine and monitor its rate of movement; 
the problem is analogous to that studied by Banner 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 completed». However, the spatial dis- 

tribution of the sampling points (i.e. completion intervals) 
in the hydrogeological environment is inadequate to mo- 
nitor contamination of theaquiferv. 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, maintenance and operation) 
and continuity of surveillance.



Conclusions 

Th_ick 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 ox-idized 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 i_nput 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 measurements 
in_ the other wells would be su_fficient__. 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 t_he 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 
(at) 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 
|atte_r 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 physic_o— 
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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 rather 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 i_n the vicinity of brine waste dis- 
posal basins becomea 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 
lgpm 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 a_nd studies con- 
ducted in the area show that 

—freezing of water’ samples, both acidified and non- 
acidified, introduces con_siderab|e uncertainty in t_he 
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- 
HCO3 type water, whereas the deep portion shows a 
more concentrated Na-—SO4 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.
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— to determine whether the laboratory analysis for a 
particular ion_ic 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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Figure 13. Oxidized fracturesiin till (Floral Formation).
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"Figure 17-. Observation well B: completion zone and record.
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OBSERVATION WELL C: COMPLETION ZONE AND RECORD 

Figure 18. Observation well C: completion zone and record.
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Figure 19. Observation well D:' completion zone and record. 

’I‘



TOPCASING 1669.91 FT (A.M._S.) 
_ _______ __T_ 

_ 

7'”,(17.8 cm) O.D. 
CAS|NG_ _ 

To§9A_sI_N_G '= DAT_uM _ 

.« 

_ _ _ _ 
> . 

-"‘\—{>' /’ 
_,» C CEMENT—<' 

"I? A 

// 

'§ / 57.12’ 

/ fl . (17.41 m) 

WELD 
es/3" (16.8 cm)-I74 4 ————— -_ 
CASING / T Q 2 / (61 cm) 

., 
A 

. 

.45’ 

am.$2&:AvgIsuzP:5xéLe%e:*+23.Taészm LANDWG M J \\ I// _ _ _ _— (1 3.7 cm) 

}/gl(|)E;:Cf)‘l3:»¢S:l/YFZGR/g‘(‘5l5JALIEEsLDSPAR LST non. ETC ) LEAD PACKER 1 — 0421" "1 -En) 
’ ' " ' " " BUSHING 

SAND As ABOVE. —— 

SAND As ABOVETWITH A FEW PEBBLES (<4 mm). 6 3."o(11g"/3(' 
(1 ;é1c’m) 

._Z_ STAINLESS S EL 
3 SCREEN -— 

s"ANp As ABOVE. E — 
9 — 9.23’ 

ll 
(2,83 m) 

sANo_ As ABOVE_WlTH A FEW sluclous SHALE E 
PEBBLES (<5 mm). |2_> J! M 

5 COUPLER , 0: 3;"7jgm‘ 

* 

2 '— T 
SAND As AsovE WITH A FEW slucuous 3 __ 
SHALE PEBBLES (<3 mm). !; 

. D __
3 

g.:\:‘|\/1%‘!-}fE;fgB_OVE wma APPROX. 12% 9 
. 

LU 
In 4” (1Q,2cr11) O.D. 

—"‘ 
41, 

L‘, 0-.015" (0.38 mm) __ ' 

uJ STAINLESS STEEL (125 "*0 
SAND As ABOVE WITH A FEW PEBBLES LL SCREEN ' 

(u_P TO 10 mm). . 

SAND, M. ea, WITHAPPROX. 20% c. an. SAND. 
SL. CALC., UNOX-., WELL SORTED, SUBANG.-SUBFI. 

COUPLER & PLUG , TTT;,LQ2,?ZZ§1L€m)- -_-_.. 
SAND As ABOVE WITH A FEW GRANULES. 

OBSERVATION WELL E: COMPLETION ZONE AND RECORD 

Figure 20. Observation well E: complegion zoneuand record.
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Figure 21. Observation well F: completion zone and iecord. 
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OBSERVATION WELL G: COMPLETION ZONE AND RECORD 

Figure 22. Observation well G: completion zone and record.
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Figure 23. Hyclrograph data recovery for each observation well and cause of record loss.- 
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Figure 24. Summary of record loss for each observ'ation well 
' over total recording period and source of record loss.
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Figure 25. Propane gas c‘onsum';Ition for each observation well: winter 1971-1972.
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Figure 26. Propane gas consumption for each ob'se‘rvation well: winter 1972’-"1973.
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Figure 27. Transmissivities of observation wells from slug tests at different times over period 1971-1974.
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Figure 28». Consecutive slug‘ tests withdifferent size slug in observation well A and dampedoscillation.
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APl5EN'D IX I 

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

The s|ug—testing apparatus consisted of two main parts: 
tools to quickly introduce or extract a quantity of water 
into or from the well being 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 arriount in a minirhum of time and with a miniriiurn 
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 the arrow. 
The arrow consisted of a 3/8-in. (9.5 m_m) 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 .6mm) brass plate. 
The arrow was norrnally held up inside the aluminum tube 
by the spring-|_oaded plunger of a_n 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 ret_ract_ed_. 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 desired 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 st_i|| 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 bailer consisting of a 3-ft (90 cm) length of 
3-in. (76 mm) copper pipe fitted at one end with at %—in. 

(27 mm) foot valve and at the other end with a lifting 

ring. The bailer was lo_wered into the well by means of a 

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

bailer to fill gently without e_xces_sive displa_ce_r_nent ofthe 
water surface. At the appropriate tim'e,i_the bailer was 
quickly withdrawn, lowering the water level in the well. 

The water level in the well was m,easu,red by means 
of a pressure 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 w_it_h 

full scale range of i 1 psid, was installed in an aluminum 
protective case. To prevent problems associated with com- 
pression of entrapped air 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 atmosphere via 2 mm i'nt'er'na| diameter nylon tubing 
taped to the connecting cable. The response time 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 p’r‘ovid'ed not 
only an indicating meter with expanded ra_nges but also 
controls for calibrating the transducer, a ca|‘ib,rated variab_|_e 
offset to suppress any desired percentage of thetransducer 
rangeand 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 indepe’nde'nt"of the transducer 
indicator. The transducer ind_icator and the recorder were 
powered by a Terado model 50-201 reedcontrolled con- 
stant—freque'ncy' s150—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 wasachieved. 
This gave an accuracy (combined hysteresis and non-line- 
arity) of it “/i% of the calibrated range. Then, with the 
recorder ru_nn,ing, 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 bel_ow 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-Hz currents caused noise in the 
recording system. This was eliminated by grounding the 
equipment to a short 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 f|ush—diaphragm strain-gauge transducers 
mounted in cases with radial holes at the height» of t_h_e 

diaphragms. 
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APPENDIX ll 
Pump=-Test ata for Observation Wells A to G
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PUMPING TEST DATA - DRAWDOWN TEST 
OBSERVATION WEl.L A -Nearest testho1e(s) IWB 1.1. 

I 

Elevation 1661'32 ft‘ Depth 45.5 ft.
‘ 

! 

TIME Pumping Well 13 C 1-‘ 6 
SINCE ‘sun? 6 

——3“ __Z._. I915 _L__ 305 1305 
091 PUMPING 

(Q) 
8.33 15.55 1.9.98 1.9.98 

minutes. days Dwdm 1- t/;-’ 1o"8 Dwdn, t/1-1 1o'7 Dwdn. ‘L (‘t/'1-1 1o"3; Dwdn. t/1‘: 1058‘ 

15 0.0152 0.006___ 1.92 ‘ 
‘ 

‘ 0.011. 0.3.3 0,021 

30 0.0208 0.0_11_5____ __2_.§_1_ __ ,__ __ 0_.0_3_9 1.22 0.057 
1.5 0.0312 0.0_1_5__ _1....23_ ___________ ____________ 0%: 1.83 0.09 
50 0.01.15 0.02 

_ 
5.53 

_ L 
0.0155 . 0.1135‘ _0-._08_8_____ __2v._.1._5____ __0._12_3 _ _ __________ 

75 0.052 0.023 7._03 0.02‘4_9____ 0.1618 0.11 3.-05 _0._15_ __ 
90 0.0525 0.0-21,75 8.h5 0.129 3.57 0.18 
105 0.0729 0.0301 9.86 0.11.8 1..28 0.202 
120 0.0833 10.03?” '_11.25__ ‘_ 

_____ 
0:1_5_5 

'_ ‘-4.89’- ‘-0.73 

‘_ —-135 0.0937 0.0375 _12_.5_8___ _ 0.01.98 o.,25§5_ _ 0._183 5.50 0.25
* 

‘ 

15.0 
_ _ -___0..._1_0_1.__ __0.01. __ 11.05 _' 

L__ _ __a _ o._20 5.11 0.27 
155. ._0.-111'» ._.o.9-4.35. -1539 1 __.-_ ...... .. 

'.____.1_§Q - . .0.-..1.2§.. _._.. . - .0.-047.-. 15.-.90 _... ..._- .. . 0-2.275 _._7-.3’! 0'; 31 - ..’_ 

195 _ _0i35 0.g1.’9 18. 31 0,071.7 0.368 _.___M_ _ 
__2;19 _ 0:115 

1 

_. _ 
0-011. 19-21 

_ 0 .. _. 9_..2s_z-. 6-59.. .911»; ”_-__ _. 

| 259. ..-.o-167 0-057 22-=.s.a...__ .__o.o91;3.. ...o-.1551» ._ .0-.ZJ_7__ ___9_-31. 0.-3.79 H..___.. 
E 

_270 _ 0.187 0.0_50 25.35 ___V ___ 0.301 1.10 0.1.02 _ 
__ 300 __ . 

0.208 
_ 

0.051. 28.15 _ 
‘ 

0.321 1.2-2 0.0-3 ____ _ 

| 

.-.3.5° °-25°... _. 
I 

...9_-91.15,..- . 33..-59 - .._-._._ .._-..__.__ 1°-35 __-__ 1-97. °.-..’''78 _ _ __ _._ 
-A 1.50 0.312 0.083 1.2.25 0.1.1 1.83 0.533 
‘i _500 0.1.17 0.1825 1.137 0.1.75 

‘V 

2.1.5 0.511 
_ __ 

. 750 0.520 
. __ _ _ 

' 900 0.525 0.21.07 1.701.
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PUMPING TEST DATA -’ DRAWDOWN TEST 
OBSERVATION WELL 1; Nearest tes.tho1e(s) IWB 1+3 

Elevvatibn 1659.13 ft. Depth 47.3 ft. 

TIME Pu1n1.1ing Well A C I-‘ G 
smca smzr §:;{;‘i’:§.’3ate -359-— __m__- 1935- 1935 
0F PUMPING ’ 

(Q) 1.2.9 16.6 1.9.9 1.9.9 

minutes days Dwdn. t’/;-’ (1(,''8 . Dwdn. /r’ 1o"7 Dwdn. t/rz 1058 Dwdn. /rz 104 
15 0.0142 0.05 __1_,9_19____* __ ________ __ ________ __________ 
30 0.0208 0.10 2.812 

' 

0.01 0.177 0.0015 0.556 0.0015 0.556 
1.5 0.0312 0.11. 4.225 _g.025 0_._2_66 _ _0.007 __.0.835 0.007 0.835 
60 0.01.16 0.18 5.631.. 0.031. 0.355 0_..01._7______ ____1_._1_1_3____ __9.g2___ _ ‘_1._1_1_3___ __ 
75 0.052 0.22 __7._g3 __ 

I 

0.026 1.388 0._03_1.5__ 1.388___ 
90 0.0625 0.21. __ 8.1.5 0.056 0.5319 0.038 1.669 0.05 1.669 

105 0.0729 0.265 .9.85§____* __________ ._ __ _.___ 0_._05 _____. ____1_._9_1._7___ 1.91.7 

__ 120 0.0833 0.295 11.26 
' 

0.077 __0.7_0_9_ 0.0_6_____ __2__._2g5___ _0_0_8 12.225__ 
___i3i____ ”__0._09_37____ __0_._3_2___ _1_2._67 __ ‘ _0._071 2.501. 0.096 2.501. 

150 _ ...0-.104..- __ 0-31» ._. 14.06. _ ___ . 0.081..___ _.2.17.7__ _0.1_11___._2.1z7-_ 
180 0.125 0.385 1_6_.9_0 ’ 0.11 1.061. _ 40.103 _3;3_38____ 0.11.1 3.338 

____2‘¥p. _ _. . °-..1.‘‘§.._.___ 0-43 1.?-7.1 _. .--.0.-125....-.’ ...1-2.4.... 0-v123.-.___ ___3.898__ -. 0117...... .3_-.593. 

29.0.... -. __°-.'+.5i§._ 22-579 0-137 _1.-1.2 0-.111. .1-/..6__. 9.12.5 ..-'.«-_-'»6 ._ 
I __2_7‘.’._- °:157.. °-“3.5.._ .25-35,. 0-15.... -1.-.5.9. _ °-.15. .-.._§.-.°.1._-..- _.9.eZ?-- ..5_-.91. _ . 

|.-_. .390... __ __0-208 0-515 28-1_6._..._.__ 0-1.79 _._5;.5_6.____ ,9.-_2'»5 _ -5.-.59 .__ 
1 330 _.0..229 __ 0.51. 30.98 H _ _____ _____ 

_ 

I 

__V _ 
__360_ ___A _ 

0.250 __ ‘_ _ U __ __ __ 0.21 6.68“ 0.29 _ 6_._6_8___ _ 
i _39°._ 0-270. 30-587 '26;-_61 ;-9.19_3_,__ ..._;-,3_q_ _. _...__ _-____-..-__. 
T 

1.50 0.312 0.63 1.2.25‘ ____ 0.21_. 2.66 0.251 8.31. 0.31.1. 
_ 

8.34 
i 

510 0...351. 0.665 
‘ 

21.7 . 88 _
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PUMPING TEST DATA. - DRANDOWN TEST 
OBSERVATIONTWELL C Nearest test=ho1e(s) IWB 49 

: 

Elevation 1659.56 ft. Depth 50.6 ft. 

P 'n Well A 
1 

B F: x G 

i 
SIN:éM§TART R:$g;5%‘) :3EE§::: 

T 

1°85 ::§§§§::::: 
_-355§—____ 

3 

00 PUMPING P”“p‘"%Q§“t° 09.9 
S 

8.33 
> 

49.9 49.9 

i 
minutes d’ays Dwdn. t/r2 10'8 I Dwdn. t/rz 1o"7 Dwdn. t/r'2 10-8; Dwdn. t/1'2 

T 
30 0.0208 0.0085 »0.5e7 

:' 4.5"" ""' ""[,731‘1"-‘ ‘7;_"¢32' 
’ 

i;,_'8;.;"' g"0"_;,51 
' ' " ‘ “' '* ‘‘‘‘‘W 

E 60 0.0016 0.035 ’__1,130___j _ 05004 —“W0.355 ___ 
': vs 0-052 0-05 -1-08 _.0;99.£:.._.__r».-9.3.... 3.;992.-.-._ _-9;:7.z_.....9-_°9.1._ 05" - 
I 

90 0.-06.20 --0.-.0.60_9__...-.-_1._7.0t» 0.01.." ;_r>._s319 0.0005 ._0.690 1.0.-.009.-.’ _:6-.._9£»_"_ 

'._19_s ..-.0..0.z2_2._ __._0.:._08_7.__ ...__1.._2§0.__ 0.01.3 0-62.0 . I 

j 

. .1.20._.-__. --..0100.3a._._. _._0-_»109.... 2-.212. - 0.01.7.5. _-._.-.0_-7.09 .- 0..-016....__j,._,_0..9;z’5..__. 0-028 0-925 

; 
..._.1_3.'5 0-0937 0-.'.1_2Z.5._ 93.92. - -...0.s7_9.8....._ _-.......___.-- .._.__ _~ 

l...-1.50..-_..... -2;_1._0_9- __ _9._-111..-- 2.3.020. 0.;0..2;3_.___-9;§_8s.- .0.._026 1.155 0.005 1.155 
' 130 0.125 ___0.17 M;_ _V3T4o§ o.o2g-___ 1.004 __ ____ , ¢____ 

{ 

210 0.105 ___p.193 "_;3,97e 0:039 ______1,24 __ Vp,g4g____m____1;5g____ “p.073 1.520 
'...3’e.°_-._. ._ 0-.197 _ __..0.-22.-. 0.550 0-00 _.1_-I-2. 0.06...___. __1...0ss__ ...0_-.0_9§..._.-. 0_._1.-.855- 

270 0.107 o.g5e 5.113 
‘ 

0.004 _91.59 _g;01g_____[__g.g§3____»_g,111”__“‘___g,0s3___. 
-»__g00V _ 0,203, _ 0.2e1_, _ 5.030 1 0.040: .1.77 .. 3 o.osa1.___.C .2.314__1 A.0.12am___.___2.31a. 

33o~ 0.229 I 0.0525" 1.95 ‘

1 

’ 

._ 
30° ._ __°.-._2.5°.-__. 0:325, 6-817 

1. .9-050---... ..3:_1.3.[._ [ 
”,’.'m_' Tn“ "— _T"""' 

._§9°__ __ .-°.-_27°.__ -__0-_-14?.-- .7-385 
‘ . - 

T 

0-116 
. 

3-009. - _ _.-_-_ I 
.;.-5+50..0...__ 0-_01.2 

T T 

0-305 8.-22.2..-."$.10-0_60__.-_-_._z.§@_._.. -0-130.--- 3-.4.72-.j _______ -.- ___ ___ 
510 - 0.345 0.42 9.a13— 

:TTé§0w; 
" - 

0.011 
' 

._0,aes__ _11.37zM 0.0835 
_ 

3.55 0.185 A.633
T 

0 750 0 0.520 
T 

0.092 4.43
- 

‘.900 oIeéS 
‘N V T”. 

0.105 5.32 
_ ' T '_ —'
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PUMPING TEST DATA - DRAWDOWN TEST 
ogsaavxnon wan, D Nearest t.estho1e~(s) IWB 56 

I 

Elevation 165h.é6 ft. Depth 33.8 ft. 

W 1 1- 0 
SI'NgIIiMETART :::§;:%.r)e1 7037‘ ‘ "7°‘35""' 
or PUMPINHG P””p‘"%Q’ft° 49.2 49.9 

minutes‘ days Dwdn. t/r’ 10-8~ Dwdn. t/rz 10-8 Dwdn. t/1'2 Dwdn. t/1'2 

15 0.0142 0.01 0.31.3 
A 

0.005 0.34 
30 

"T 0 

0.0203 0.02 '-—0.'5_002“" "0".017"m M030- ' ’_-W‘ ”_m.“— n_-——- 
as 0.0312 0.03 —~0.‘7_5z.* 

0- 
-__0._75 

—'
_ 

50 0-0415 0-043 1-00 __2;.0_1_3_5,_______3;-_09_______ _‘,__ _ _____ _,___,_.,____ __ _ _ , ,__,,._ -___._ 
75 0.052 0.06 1.255 

' 

0,_0_5__ ___1_._2_e _ _ __ ___ ___. __ 
90 0.0625 0.071 1.51 0.095 -1.51 __ ______ __ __ 

105 0-0729 0-08" 1-_7S‘ .9703. __ .._.1.-._7.§. -_... ._ _ _ _ _ - __ 
120 0-0333' 0-10 2-01 “,0.-09,_5_____ ,2,-,0_1_____ ,,.__-___,__ _ ,_______ -- _. _ __.____. ._..._____._ -. 

L 
135 __ 0.0937 0.112 

‘ ___2_._2_e____ __0_.1_1_ __2_._g_6_ _ ___ __
' 

150 .__o,1o4__ h_0.12_6__. ._2_.,s1.______ _o.12s 2_.s_1 __ ________ _ ____._ ._ 
180 

' 

0-125 To-15 3'-92 ____9.-_1$_‘2,_ __3,,..o2. .,__-_____ _ 0 - _---_ 
210______ “0._1.a_5_____ _ _0_..171'__ ___3_.._5.2___ .__0.170 3.52_ __ _ __ __ 

E 
240 0.157 0.192 ___§.03 _g.20a ___a_.03 ___ __ ___ __ _ ___ 

T 270 —_0.1a7 0.215 4.53 0.225 .t..'5a 
_ __- __________ __ 

'—3<5§_:.. _-_°L£9§--_ .f§'.0£!.;‘2:0.?0:0'_._'-.-'2-03 10:25 5.-03 - -- _ 
E 360 

0 

0.273 0.250 6.01. 0.29 
_ _.e.0z._- 

_ _ 
450 

"0 
-—T)'.'326 

_ 

0.3125 7.55 0.347 7.55 __ _ —'6o<>' " “ 

0-r4oi___”__' Q-_~'+_1z_.,0. .,1.o_-.o7. .. To-431.. _ _.i<2;97_,_ 0. _-_ _- - __ ___- _ 

. __ _
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PUMPING TEST DATA - DRAWDOWN TEST 
OBSERVATION WELL 

Elevation

E 

1669.91 ft. 

TIME 
SINCE START 
OF PUMPING 

Pumping Well 
Radius(r) 
Pumping rate 

(Q) 

B. 

‘3TI§" 
8033 

Nearest testho1e(s) 

"Depth 

IWB S9 

56.0 ft. 

-minutes days Dwdh, ‘/,2 10‘“t Dwdn . Dwdn. /r’ Ir’ 
240 O.I67 0.001 A1.2101 

39g__ 0.270 0.0185 
420 " _1}5-0-H“ 

2.00 

310 0-. 354 

0.291 
0. 312

' 

0. 333 

0.021 

-_ .1_.... . .- -_-—. 

. 

'._—‘-—.'.>-—.—..'—.' u"‘-—-.“‘’ '-.-"T..- _ -- 

27o 0.187 0.06Z3°T:"‘1f3SéT'‘Ti ' " " 

285 . 0.197 0.0065 
; 

1.434 
; 

T” T- 

300 
_ 

0. 208 _ 0.007 _“__10:_509 __ 

:'m _: 
T--T“ 

_ 

330- 
V 

0.229 0.01_ 1.661 
360 

'f—— 
0.250 J“m'0T01i3—. m’1.s12 

V 

540 0.375 0.034 
‘T.’ TTTT T‘ T 

7 570 0.395 0.039 2.868
9 

3 4» poo __ _ _ 0.417 0:091 __3,022 __ 

_ ..--- ._... _.._.—:.. ....--_...._..._-- _..__» - ._..
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PUMPING TEST DATA — DRAWDOWN TEST 
OBSERVATIONT WELL 1-‘ Nearest testho1e(s) _IWB 70 

Elevation 
' 

1655.51 £1. Depth 212.3 ft. 

. TIME‘ Pumging Well A_ B C D 

SINCE START. 
‘ gfifigtiriérlate 

1305 +1937‘ .3000 3035 
or‘ PUMPING 

(Q) 
1.9.9 

_ 

8.33 16.6 16..6 

minutes days 
K 

Dwdn. t/1-1 1o"8‘ Dwdn, t/r’ 10"7 Dwdn. t/1-'2 10-8 Dwdn. t/r2 IOT8 

15 0.0142 0.011 0.833 0.0015_____ ___1L3ti__ 
30 0.0208 0.0&"_—”1.”2‘2“ ‘T’ ____ “T ’ T T “Wu” "Tm" 

0.005 0.502 
45 0.0312 0062"" $1.83 

T ‘T 
0.0035 _0‘._83_5___-_ _ _____ __0.009 0.751. 

60 0.01.16 0.105 _2_.z.5_m- 
_ 

0.005. 
H 

1.113 __ _0._013 __ _ ____1_._00____ 
75 0.052 __ 0.135 3.05 0.0065 

‘ 

_ __1_.388 0.005 0.57 0_._9_18 _ 1._2_55 

90 0.0625 0.165_____ ____3_._67 0.0095 1.669 0.007 0.69 0.021. 1_.5,1 

.. ___1_9§_._;___. -.9-27.2.9 ____9£.8§_-..__‘L-.2_3_._ _..9-_.0.¥°_5-__ ..-.1_-9.é7.._. _-_..._____ -___...-._- 0.929 1-75 
12.9__.___._. ._.9.-_9§3fl.7____ __9_-521.-- .4.-§2___ _. ..0:Q1.3._-. --.2a2.2.5.._ -. .0.:0.1_1.. - _Q..2_Z_5_ Q-0.3.4 2-01--.. 

__13.5-._ - _. ".,'_9?_37.‘.___ __2;3.515.-_. .. -- 5.-.5_“_--__. 1--.°:9}5;... ..-_2.:§9‘!. _ -. °-039 2-25 
"150 0.1o4_ 

v _ 0.255____ 6.11 __ __ ____0.0_1_85____ . 2.777 0.017 1.15 0,045 2._5_1 __ 
__ 

13° ___°-125 ____"-3° __7;_3_‘*__, ,__0;92_2____ _§_-31}8 __ ____ ______ _____,_-_ 0.-054 3-9.2. 

.___21_°_._ _- °’-_1..4§-_.-__ ...°-325..- _--.8.-.56. .-.9-027... 3-898. .. 0-03 -_1._6;2,__ o_.963___ 31.52.. _ 
____2z.0_______- _w0_._._1_67 0.355 94.81 0.0305 .___g.t.6 0.036 1.._85__ __0._07_3___ {._._03_ __ 

_ A _0.18I7__ « 
0.37_1_H 1.10 0.032 5.01 0,043 _”2_..08___ 0.982 I,_._53 _ 

.. .300 _ __ _ .--.°~.?.°!3.___ -__9-.’*9§___._1_:2_2. _. 0-.0355. :5-56 
. 

0.-.951 .-Z.-.3}..- 0:99. 5:93.. _ 
360 _ 40.250 0..t._5 1.1.7 

_ 
o.0a25__ 

_ 
__6__.68 

_ __ . 
0.104 6.04 _ 

. .450 _ 0.3_12 
_ _ 

0.52 
_ 

1.83 
_ 

0_._052-5‘ 
- 8.34 0.08. 3.a7__ 0.125 __7_.55 _ 

i. 510. ._. .0-345-....- .9321-.. _-2_,.93 -. .. f.___- . .__-. _- __,.- -__ _-.... -__ 
§ 

600 
' 

0.417 0.583 _«_2V.z.5 0.062 11.137 0.10:. 6.63‘ 0.157 10.07 
750 0.520 0.127 5.78 , __ 

‘i 

900 0.625 0.15 6.94 _ _ _ _
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OBSERVATION WELL 

Elevation" 

PUMPING TEST DATA - DRANDOWN TEST
F 

1655.51 fCw 

Nearest'tesfho1e(s) IVE 70 

Depth 212.3 ft. 

TIME 
SINCE START 
or PUMPING 

Pumping Well 
Radius(r) 
Pumping rate 

(Q)

G 

&9.9 

minutes days Dwdn. t/,2 10'° DWdn‘,u Ir’ 

I5~ 0-9193. °:l5§.u-.- 
30 0 0203 0 235 0.885 ' 

45 0.0312 V0.20 _—"_1.3§ 
" -“_"—‘ ‘ 

60 0.0516’ 0.335 1.77"‘-"‘ ‘— '—‘ ”~ ~ _”~ 

75 0.052 0.50 "2.21 '_‘ "' '"‘m'“'—-" “‘f‘”‘ ‘ " """"""' 
90 0.0625 0.415 7.66 

. 

'_ ~ " M M:___ 
105 0.0729 0.45 3.10 

[ 

*—’ 

150 0.104 0.527 
_ 

4.43 
V

' 

‘"' 
180 "">0.125 0.57 i'-5.52“__m Hun‘ __-_".“__._""__ ‘-- 

... . .---0.-1--I-.5-n --vow.-61--——“ ‘-' V¥"' ""“‘*" ' ' "‘ 

240 0.167 0.647 7.11’ #"__ ::_"‘ 
-~" 

__ __ ; _____ __ .__ _ _ ——-357-“ "0.‘.§c73-_—_ m0_.'7'1'_ ‘0‘.'é'6_—” M * ‘ . ' N _’ 

360 0.230 0.76 10.64 
- -h‘- ‘ ‘H-V -- 

4S5""_~'- ‘ 6:§i2~-”“-y ”—0jé§“'" 'i3.29 7 
_ h_‘ _— _- — ._ - ‘_‘l - _‘ 

600 0.417 0.91 17.75 
" 

_ 

"'_'”'”’-” " "“"" ‘ " "’ """
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PUMPING TEST DATA DRAWDOWN TEST 
OBSERVATION weu. 0 Nearest te»st»ho1e(s) IWB 70 

I 

Elevation 1655.62 ft. Depth 57-0 ft-
I 

TIME Pumping Well A C D 
SINCE START §a‘“‘.‘5(‘3 ————I3m 

__..___3W5 ___.__—2_535 
08 PUMPING — “’"p‘"%Q‘)"“° 49.9 

1 

8. 16.6 16.6 
rninutcs days Dwdn. ‘/33 1o'8 ' 

Dwdn. t/r’ 10-8 Dwdn. t/r’ 10-8 Dwdn. .t/rz 
' 

15 0.0312 0.005 
' 

0.83 
___ ________ 

30 
— ‘W 

-0“.-04‘1“6“‘—— ‘-0.037 1.22 
H n ‘H “u ' - . n H 

'- 45"" 0.0312 0.07"” ‘ 1.83’ “‘"—— '—0.0033_" 0.754 

69 0-0"]-5 0-.105 2.-32.5 _- 9- 99§§. 1.13 .9:.9(B.5...__.. _ 9.-/9.5.. -__°.r.°°8. - - ._._.1_:_°.0.__- 
75 0-052 0-13 

b 

...3.-.95.... 9. 9.95 ...3§_8 Q;Q.0.9.___._ _._.9.-.5.7.___ ...°.-.011.__... ....'_1;2..5_5__._ 
90 0.0625 0.162 3.67 0.006 1 669 0.006 0.69___ __0__._01_7_5__ __1_.51___ 

105 0.0729 0.1-8§___ 4.28 0_._00_7_5 _9_4___7_ _0_,0o85___ ___0._81_ __0._0_2_1_ 1 .__7g 
_ 120 0.0833 0.21 4.89 0.011 _ 2_ 2.25. _0.0105___ - _,0,9,3____ _0.027_5__ __3_._9_1_'_ 

135 
_ 

0.0937 0.235 _ _ 5.50 _ 0.0125 _ ._5_0_4 _ _0_._o13 1.04 _g_.033 __2..26- 
_15o__ __,_o._1_0_4,_ ___p.26_____ 6.11_ _ 1 

0.01_6 _2_77_7 0.0175 ___ _____1._1_5__ ___0.o_3_85_______2_.51_____ 
130 0-125 0~30 __7-3’*.__ 0.-93.1 _.3.33 .0-.Q2.."_i____ _.,1_-.333.-- . 

.0.-.949.___.: _._§-.93.... 
_....2_}.°....____ _2.:l[i§_...__. .__-_9.-.§3.5._. --3.-.56 _-.°-025 3-893. 0-03.. __. _.1-52..-. ...0-0535-.-. .3.-.5'2.. _. 

.230 °'157 0-37 9-.§_1_.__.7_._9-19.3.9 ;.’f§__-__.. _°_-..°.3.3_5___.__ __1-_3.5_.__ __°-053 _ -/‘.203. 
27” 0.-197.....- .1. .°.-.3.9§.. 

1-10‘‘° 7. .0-032 5.-0.1. 0.-0453 ._2.-08-. -0-977 __. _-/~-.53 300-_._ -0.508: 0.424 1.22 0.036 5.56 
_ _0.052_ _____ _2._3__1____ 0.084 _ 5_.03__ _ 

______360 ___ _0._250.______ V 
0.4_67_ 1.47" 

_ 
0.o4_2 ___ 6_._6_8_ _ _ 0.065 2.78 0.099 6.04 

'

_ 450 
‘ 

0.312 
. 

0.526 
N 

1.83 0.053 4 
' 

0.0825 3.47 0.12 
_ .__7_._55 _ '-_'5-10. 0354" 

W’ * 
0.559 2.03 

_ 

V 

’ 

A____ “-600-—.. -’0.41"7“—‘_ 
0.603 

_ 

-2.45" 0.064 
- _ 

11W1_3—7’ 0.1O6'—-M.’ 4.63 '_0.'15'35—-M ”10."07 
+750". ''0'.5'20 

" " ' A ~ ' ’ ' 

0.128‘ 5.78 
. V - 

-900‘ 0.625 
2 

-0.150 6.94
_:
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PUMPING TEST DATA - DRAWDOWN TEST 
OBSERVATION, wam. 

E1eVation

G 

1655.62 ft. 

Nearest testho1e(s) 

Depth 

INB 70 

51.0 ft. 

TIME 
SINCE START 

i 
ovxpumpxwc 

Pumping Well F 
Radius{r) 
Pumping‘rate 

(Q) 

u-jué-j- 
_A3.3___ 

! 
minutes days Dwdn. F/:4 10-6 Dwdn. Ir” 

15 ._0.-..Q.3l.Z.- .._0_-.1.1. __ .._0-.6Q.-. .. 

_ 30 ems T___<:-_.1_77..» M -...°-.38- .- ____ _- 
as 0.0312 o_22 __;:3§_”_“_____ 

'-'— "~ 

so 
, 

0.0416 0.254 T 1.77 
' T‘ ‘T’ T T 

75 
«- 

0.052 0.287 
'* 

2.21 
-—-‘-----—— -—- ------r-—-----—- --—.-—---.--.. .- .. ..... .. 

90 o.oé2s _--3T§i;_. 2}6§"_‘— T_—- T. _“ "'''‘ 

105 0.0729 0.337 3-1o ‘ 

TTT _ 

rio m6.o833 0.36. 
T 

3..-:{2.””‘ 
'"”'__“” T‘ "T '-"T “M "T T ' T‘ N" ‘- 

T 
135_ 0.0937 0.38 3.99 

’ W" " ""_"""~ ’"—""" " ""‘"‘"‘ ” 

150 
T" 

0.104 0.40 
T _ 

4 
£3'.'' "" '*_T 

"130" 
’ ” ”“o{1i5 “" T" '° d}aa£" 5.31 "t’ '"_”"-T" T" '

i 

210 0.11.5 __ _.o_.t:sa "620 ___§'__ 
"T" M"_— N 

240‘ 0.167_ o.so- 7.11 __ 

-TTTT ‘.-_'_~‘_- nffim-‘ -T 

___3°_° M - T9.-_w§__- _ 0.‘."fi.S..S .8-86 
V 

‘M "T T’ "T 
360‘ 

_ 
0.530 

' 

o.59§' 10.64 __ 
' 

_ T" ‘T’ Tu" """"" “__‘—_°-' 

____.‘*f_5° __ _T_<:>.-T§_1.2T_-_ _- 0.'.6.;5.lf., 13-29 V. __fl__ __ 
T" "T " M "T 

_<>2<1._._T.-...<2;¢:17..._-_ _ T17-vs *

T "



APPENDIX Ill 

Theis Recovery Method Data Sheets for Observation 
Wells A to G



Page___ of __ 
THEIS RECOVERY METHOD DATA SHEET 

wen - A Pumping $tar.ted— 
' 

24/.3/71 - 16:45 

suevanon- 1661.32 5:. Pumping Stopped (Recovery S|a.vts)—25/3/71 - 1°=-3° 

Depth -'- l,6_55 ft_ Dlametev—€-Sntp Total Pumping Tlrne - 1055 mi“- 

kLength—we/ll_s_creen,- 8 ft" $ize-M415 Pumping R318 (0) " 49'” Imp"'3.a1'./min‘ 
nemarixbg Completion Zone: Pump Setting — 40 ft_ 

46.55 - 54.98 ft. Radius— 5 in, 

Date Time I t" 
‘ t/H Depth 

' 
‘ to Wale; 

25/3/71 10:30 1065.0 3. 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 M 
‘ 

1065.4 0.4 2,663.5 10.53 

1065.5 
_ 

0.5 , 2131.0 10.11 

1065.6 N 0.6 1776 .0 9.87 

1065.7 0.7 
_ 

1522.4 9.60” 
1065__.__8 0.8 1332.2 9.57 

1065.9 , 
0.9 

V 

1184.3 
‘ 

9.48 
1066.0 1.0 

’ 

1 

106_6.0f 9.41 
1066.5 

' 

1.5 
_ 6 

711.0 9.20 

1067.0 
‘ 

2.0 533.5 9.21 

_ 1067.5 2.5 
_ 

V. 427.0 9.18 

1068.0 
_ 

3.0 356.0 9 15 

1066.5 _ 

' 

3.5 305.3, 9.13 

1069.0 3 
. 4.0 7267.2” 9.12 

1069.5 4.5. , 237.7 9.11 

1070.0 5.0 . 214.0 9.10 

1070.5 _ 
35.5 194.6 9.09 

_ 1071.0 _, 6.0 173.5 
_ 

9.08, ,_ 

152
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THE_lS RECOVERY METHOD DATA SHEET 

Well - "A 

Elevation - 

Depth -46.55 ft. 

Lengih-well screen- 

Diameier- 53‘ ID 
.0|2,r/ 

Size - /.015‘ 

Pumping Started - 

Pumping Stopped (Recovery S1arls)— ; 

Iolal Pumping Time - 

Pumping Rate (0) - 
Remarks: Complelion Zone: Pump Setting - 40 ft_ 

46.55 — 54.98 ft. Radius_ 5 in_ 

Date Time I I" 
i/,, ‘Depth 

‘ to Watt-it 

25/3/71 1071.5 6.5 164.8 ' 9.07 

1072.0 7.0 153.1 9.06 

_10_72_.5» 7.5 143.0 9.06.
I 

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 9202 
1080.0 15.0 72.0 9.00 

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 8.6.0 

153
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Page of L 
THEIS RECOVERYMETHOD DATA SHEET 

Well - B 

EleVa1.i.on- 1659.13 ft. 

Depth- 48.95 ft. Diameter-6~S“1D 

Length—w,e,|_l scree_n— 10 ft.Siz-e— W007 

Pumping Slarted- 11/3/71 .. 

Pumping Slapped (Recovery S1arls)—12/'3/71 14:10 

Total Pumping Time — 121.5 _m1,_,s_ 

Pumping Rate __(Q) .. 8.33 Iit1'p.—ga1./min. 

17:25 

Remarks: com‘pIe’no'n Zonei Pump Setlin9—40 ft, _ 

48.95-59.35 ft. Radius - 4 in- 

Date Time » t .1" 5/" Depth 
» 

‘ to Water 

V1213/71 14:10 1245.0 0.0 410.85 

1245.1 0.1 W H 2212451.0_ 10.44 

1245.2 _0.2 6226.0 10.05 

1245.3 _ 0.3 4151.0 
. 

9.67 

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 1719.6 __ 8.44 

1245.8 0.8 
22 

“.1557.3 8.22 

¢1245.9 0.92_ 2 
_ 1384.3 7.98 

_, 1246.0 11.0 1246.0 7.74 
A 

_ 1246.5 ,_1.5 831.0 6.87 

_ _ 51247.0 2.0 H_.523.5, 6.28 
M 

1247.5 2.5.2. 499.0 5.87 

__ 1248.0 3.0 41629;2_’ 5.57 

1248.5 3.5 _ 356.7 5.37 

1249.0 4.0 _ 312.2 5.23 _Z, 

1249.5 4.5 277.7 5.14 _ 

1250.0 5.0 250.0 5.08 

1251.0 6.0 208.5 55.91
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Page __ of __ 

THEIS RECOVERY METHOD DATA SHEET 
Well - B 

Elevation - 

°°P‘h - 48.95 ft. 
Lenglh—wel| screen—‘10 ftosize-°-°°7 

_Diameter-6‘5“-ID 

Pumping Started — 

Pumping Stopped (Recovery Starts)- 

Total Pumping Time - 

Pgmping Rate (0) - 
Cémplet ion Zone: Pump Setting — 40 ft_ Remarks: 
48.95-59.35 ft. Radius - 4 in.“ 

Date "Time 1 1" V" D933”! 
5 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.. 

1255.00 10.0 125.5 <4.,9;oy 

14:22 1257.0 12.0 104.7 4_,__9_O H 
1258.0 13.0 96.7 4.89 

1260.0 15.0 84.0 4.89 

1265.0 20.0 63.2 4.69 

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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Page ol __ 
Tl-lEl‘S RECOVERY DATA SHEET 

Well - C 

Elevation — 1659.56 ft, 

Deplh.— 51.35 ft, Diameter-6-S“IP 
-'O\0 

Len_gth—well screen— 8 ft. _,SJ_»z,e_g- A12 

Pumping Slarled- 9/3/71 17:-30 

Pumping Slopped (fiecoveyy slartstao/3/71 14:05
’ 

Total Pumping Time -- 1235 mins. 

Pumping Rate (0) - 16.66 Imp.-gals./min. 
Remarks: Completion Zones Pump Seltlng- 40 f-t_ 

51.35 _- 59.80 ft. Radius - 4 in. 

Date Time 1 1" V" pep”-. 
‘ to Water 

10/3/71 14:04 1235.0 0.0 1_1 1 

23.11 

1235.1 0.1 
1' 

’ 

12351.0 21.86 

1235.2 
1 

0.2 6176.0 20.64 

1235.3 0.3 4117.7 19.52 

1235;4 0.4 3088.5 18.48 

1235.5 0.5 2471.01 '17.52 

1235.6 0.6 
1 

2059.3 16.64 

1235.7 No.7 , _ 1 1765.3 15.80 

1235.8 $9.8 1544.7 15.05 

1235.9 0.9 1 
1373.2 14.45 

71236.0 l1.0 123620 13.711 

,_ 71236.5 , 1.5 . 824.3 
_ 

11,13 

1237.0 
7 2.0 ._ 618.5 9.31 

1238.0 3.0 .412.7 7.18 

1239.0 4.0 309.7 6.12 

1240.0 5.0 1 248.0 5.58 

1241.0 ”6.0V 206.8 5.31 7 

' 

124210 l‘7.0 177.4 15.17 

1243.0 8.0 155.4 5.09 

1244.0 9.0 1138.2 5.05 

1245.0 10.0 
V 

9 

124.5 5.02



Well - C 

Elevation- 

Depth — 51.35 ft. Diameter-€'S‘|'I'P 
' -o\ 

e h—' I S ze- \ 

Remarks: 
7 en- 

10/3/71 1247.0 

1250.0 
1255.0 

1265.0 

1275.0- 

1285.0 

1295.0 
1315.0 

1335 .0 

3 3.0 

THEIS RECOVERY METHOD DATA SHEET 
Pumping Started- 

Pumping Stopped (Recovery Starts)- 

Total Pumping Time - 

Hat 0 - 
Completion Zone: 
51.35 - 59.80 ft. 

Pum in 

Radius - 

II 
t 

I‘/‘II 

103.9 

83.3 
62.7 

42.2 

31.9 

25

2 Page _ of __'__ 

Pump Setting- 40 ft_ 
4 in. 

Depth 
to Water 

A 9 

lo .96 

4.95 

4.91 

4.87 

lo 7 

4 85 
lo 82 

157
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THEIS RECOVERY METHOD DATA SHEET 
Well - n Pumpinfg Started - 15/3/71 17:20 

Elevalion— ]_654_44 ft_ Pu‘mping Stopped (Recovery Starts")-16/3/71 10:50 

Depth _ 49.57 ft, 0iameter-6-s"11v Total Pumping Time - 1110 mine. 

Len.9lh—we|l SC'e§n.- ,,1,0, ft-Size—0-D07 Pumping Rate (0) - 116.66 Imp.-gal./min. 
Remarks: Completion Zones. Pump $etUng- 40 ft_ 

40.57 - 51.00 ft. ....._,._.-_,_.,_ 4 in_ 

Date Time 1 
1"’ 

I 

1/" Depth 
‘ to Water 

16/3/71 » 10:50 1110.0 _, 
0.0 27.22 _ 

_1110.1_ ._ 
0.1 2 

26:00 

_ 1110.2 ’ 0.2 
7 _ 

5551.0 24.74 

_ 

1110.3 0.3 
_ 

_ 3701.0 2.3.60 

. 1110.14 0.4 
> 

2776.0 2-2.50 

1110.5 — 

_ 

0_..5_ , 
2221.0 21.4.4 H 

1110.6 
> 
9-6, .. _ 1851.0 20.44

A 

V 
1110.7 H _ _ 

0.7’ 1586.7 ___1_9,_52 

1110.8‘ 2 6 
0.8 1388.5 6 

18.65 

1110.0 . 
0.9 1234.3." ' '17.86 

1111.0 1.0 W ‘ 

1111.0 17.03 

_. 1111.55 1.5 
i V 

, 
741.0 13.37 

1112.0 6 
2.0 556.0 , 7 11.36 

1112.5 2.5 445.0 9.44 

1113.0 
H 

3.0 371.0 V 7.92 

1113.5 > 
3.5 313.1 

_ 
6.85 

1114.0 _1 
4.0 278.5 6.04 

1114.5 4.5 V 
247.7 5.42. 

1"1w1_5._‘0 .5 .-0 223 . 0 4 .95 

_- 1116.5 6.5 , 
171.8 

_ .__,.4.08 

1117.0 A 
27.0 159.6 M 3.91 

158
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THEIS RECOVERY METHOD DATA SHEET 
Well - D 

Elevation - 1654.44 ft. 

Depth— 40,57 ft_ oIame:er-6-s"I:\> 

Lengths-well screen- Size--0'00] 

pumfiing Started- 

Pumping Stopped (Recovery Starts)- 

Total Pumping Time - 

Pumping Rate (0) - 
Remarks: Completion Zones Pump Sett|ng- 40 f-t_ 

40.57 — 51.00 ft. Radius- 4 in. 

Date Time 1 1" 1/" Depth 
t to Water 

16/3/71 1118.0 8.0 139.7 3.70 

1119.0 9.0 124.3 
H

, 

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 W _ 

1150.0 40.0 28.7 /37.34 

1160.0 50.0 23.2’ 3.33 

1200.0 90.0 13.3 3.32 

1280.0 170.0 “7.53 3.29 

14:10 1330.0 220.0 6.1 3.29 
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Page_ oi __ 
THEIS RECOVERY METHOD DATA SHEET 

Well - E Pumping Started - 13/3/71 17:99 

>£levation— 166931 ft. Pumping Stopped (Recovery Staris)— 19/3/71 14:55 

Depth-‘ 57,77 ft_ Dlameier- (-5.1? Total Pumping Time - 1315 mins. 

Lengthfweil scgee,n- 8 ft. Size—o-o\‘5' Pumping Bale (0) - 49.98 Imp.-gal./min. 
Remarks: Completion Zone: Pump Selting— 40 ft. 

57.77 - 66.20 ft. Ra.,,.,s_ 5 in. 

Date Time 1 

H 

. 

1" 1/" Depth 
5 to Water 

1913/71 14:55 1315.0 0.0”“ _ A 
_ 5 , _ 

26.64 

1315.1 
7 

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 

A 

3288.5 17.24 

1315.5 0.5 2631.0 16.._8=3 

1315.6 0.6 219237 1 16.49 
1315.7 70.7’ 1879.6 16.27 

1315.87‘ , 0.8 1644.7 16.06 

1315.9 
H _ 0.9 1462.1 15-.88 

_ 1316.0 1.0 1316.0 _1,_5,.a_1_. 

' 

1316.5 1.5 877.7 15.66 
1317.0 

_ 
2.0 658.5 15.61 

_ 1317.5 2.5 527.0 15.60, 

_ _ 1318.0 . 439.3 15.59 

1319.0 4.0 329.7 15.58
7 

1320.0 5.0 264.0 15.57 
V _ 

1321.0 6.0 H 2-20.2 . 
15.56 

1322.0 7.0 188._9 
_ 

,, ,_15.55 

1323.0 8.0 
fl '. 165.4 15.54 

_ 1324.0 
_7 

..9..0 ".147.1 l5J4 

160
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THEIS RECOVERY METHOD DATA SHEET 
Well "' E 

Elevation - 

Depth- 57.77 ft", D,lameler—€‘5“1'P 

Pumping Slarled - 

Pumping Stopped (Recovery Starts)- 

Total Pumping Time 7 

Length—we|l scveen- Size-0-CV5 _Pu_mpjng Rate (0) - 
Remarks: Completion Zonex‘ Pump Setting- 40 ft, ' 

57.77 - 66.20 ft. R,,.,;.,,_ 5 in. 

Date Time I 1'' t/" Depth 
‘ to Water 

19/3/71 1325.0 10.0 132.5 15.53 

1327.0 12.0 110.6 15.52 

1330.0 88.7 15.51 
15:15 1335.0 20.0 66.7 15.50 

1340.0. 25.0 53.6 15.40 

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 

21:45 410.0 .15.17 

20/3/71 _01:00 
3 1920.0 605.0 3.2 15:10 

1°‘25 2340.0 1025.0 2.3 14.98 
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THEIS RECOVERY METHOD DATA SHEET 
Well a F Pumping 20/3/71 16:00 

Elevation- 1655_51 ft_ Pumping Stopped (Recovery Starts)-21/3/71 11:00 

Depth — 212.95 ft. Diameter-€<5"U> Total Pumping Time -. 1140 mus, 
Lengu~1—v9eJl_scveen— 14 ft. Sizc—.°%\§ Pumping Rate! (0,) - 49,.9_8 _1mp,_.-ga,1.,../min. 

Remarks: ' Completion Zone: Pump Setting — 100 ft_ 
' 212.95 '- 227.70 ft. Radius- 5 in, 

Dale Time 2 1" 1/“ Depth 
‘ to Water 

2113/71 11:00 
' 

_1140.0_ __A _. 0-00 68.1 
E 

1_140,-4;8 0.48 2376.0“ 48,00 

1 1141.0 1.04 
V 

__ 

1141.0 37.70 

1141.5 1.5 
H M 76__1,._0, 0 

030.30 
K 

1142.0 2.0 _ _521,._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._5o 

1144._.0_,,_., 
V 

4.0 
_ 

286.0 11.35, ,

' 

11!o,4j..5_. 4.5 .. _ 254.3 9.65 

1145.0 5.0 229.0 , _ 8.35 

1146.0 6.0 _191.o_ . 6.53 

‘ 
.1.1!o_7.,0,_.. 7.0 163.9 5.48 

_ , 1148.5 8.5 135.1 
. 

. .. 4.50 
1150.0 

i 
10.0 115.0 4.05 

1152.0_._, __1 12.0 96.0 3-80 
_.1~155.0_. 15.0 77.0_ _ . 3.70 

_ 1160.0 20.0 
7 _> V 

___,,5_8.0 3.63 

_ 1165.0 25.0 
7 n 

H. 46.6 3.61 
‘ 

1170.0 M .3Q.,0, 39.0 3.59 

1130.0 
. 

40.0 29.5 3.55 H 
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Well - 17 

Elevation - 

Len th—wel| screen- 
Remarks: 

21/3/71 

,_____v 

___T. 

TTHHS RECOVERY METHOD DATA SHEET 

Depth .. 212_ 95 ft_ Diameter-6'5hID 
.o 

S_ize- 
07

| 

1200.0 

1235.0 

1260 0 

1350.0 
'15oo.o 

1680.0 

Page Z_ o! _2__ 

Pumping Started — 

Pumping Stopped (Recovery Starts)-; 

Total Pumping Time - 

Pu’ in Rate 0 - 
Completion Zone: 

212.95 — 227.70 ft. 
Pump SettIng- 100 ft‘ 
Rad|us- 5 in. 

‘ 
‘/‘II 

20.0 3.5 

Depth 
to Water 

13.0 3.41: 

10.5 3.41 

6.4 3.32 

4.2 3.23 

3 18 
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164 

Page 0! L 
THE:I_*S’ RECOVERY ‘A01-ETHOQ DATA SHEETM 

Well .-: (; 

Elevalion- ft 

Depth .- 50. 65 ft D'lame!e_r-K-S“‘I',D 
011/ 

Pumping Started-6 22]3[71 
Pumping’. Stopped (Recovery Starts)- 23/3/71. 10:30 

Total Pumping Time .- 

.Pu.m.pIn.9 Rate (0) — 

16:05 

1105 mins . 

49.98 Imp.—ga1./inin. Lenglh—w>el.l screen- 3 ft- Size; /1015 
Pump settings; 40 Reniaiks: Completion Zone: 

7_5'>0.65 - 59.00 ft. Radius- 5 in. 

Date Time 1 1" 1/" Depth 
‘ to Want 

2343/71 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 

1105.4. 0.4 “_2763.5 10.89 

1105.5 0.5 2211.0 9.63 
_110S.6 0.6 1842.7 3:59 

1105.7 
i 
0.7,, 1579.6 7.83 

1105.8 10.8 1382.2 
i 

7.20 

1 
1105.9 _09 1228.8, 0, 6.60 

1106.0 
V _ 

1.0 11_0_6_.d 6.12 

_ 
1106.5.“ 1.5 737.7 4.75. 

1107.0 1.0 553.5 4.32 

1107.5 2.5 443.0 4.20
7 

1108.0 3.0 H 1 
369.3 14.1.3 

1108.5 3.51 316.7 4.08 

1109.0 4.0 277.2 4.07 
i 

1110.0 5.o_ 222.0 4.03 

1111.0 6.0 185.2 4.02
_ 

1112.0 7.0 158.9 3.99 

1113.0 
V 

8.0 139.1 3.98



Page _z_ of J_ 
THEIS RECOVERY METHOD DATA SHEET 

Well - G 

Elevation - 

Den"-~50.65 ft. mamemr-6s“Iv 

Pumping Started - 

Pumping Stopped (Recovery Starts)- 

Total Pumping Time - 

Length-w'ell sc.reen- Size-'0‘:/415‘ Pumping Rate (0) - 
Remarks: Completion Zone: Pump Setting - 40 ft_ 

50.65 — 59.00 ft. aadms- 5 in, 

Date Time t 1" >/" Depth 
“ 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 

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) 

TH E0 RY 

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 porous 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 fol|o'wi'ng mathematical derivation is modified from 
Karplus (1958), Skibit_z,ke (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 e_nough (Karplus, 1958). Figure 
IV-I 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 fi_ni_te 
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; 

a_ [K(X, Y, Z) + a_ |:K(x, y, z) ax ax By By 
3 .a¢ __ +5; [K(x,y,z)3;]— 0 

Finiteldifference equations for the first space deriva- 
tives of this equation are approximated between nodes as 
their potentialdifference divided by the distance between 
them (Karplus, 1958) 

(1) 
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' : __1___0.¢ 

' ¢ 
axu - o) AX 

I (28) 

Q2 1. (59 
‘ 

<1’; 
‘

. 

3X(o — 2) AX (zb) 

55¢ ~ 453 
‘ ¢o -- '- -—— (2 

3W3 — 0) AV C) 

M’ ~ ¢o “ ¢4 — — —-:- (2d) 
aV(o — 4) AV 

33 2 (2., 
3205 - 0) AZ 

92 2' £Q.__¢6. 
‘ 

V 
(2f) 

82“, _ 6,, AZ 

where the subscripts refer to the nodal points in Figure 
IV-1. 

The hydraulicuconductivity 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 
0 to 2, 3 to 0, 0 to 4, 5 to 0, and 0 to 6 are K°_2, K3_0, 
Ko_4, K5_°, and Ko_6, respectively. 

The second derivative of the space variable is obtained 
by subtracting the forward from the backward finite 

difference approximations: 

(232) = ?£ - at 

Substituting equations 2a and 2b, and inserting the 
corresponding average hydraulic conductivity values into
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(A) ELEMENTAL CUBE OF POROUS MEDIUM 
6

. 

(B) RESISTOR-CAPACITOR ANALOG TO A CUBE OF POROUS ME_D|UM_. 
Figure IV-1. Schematic representation of current flow in a three-dimensional analog of a cube of porous medium (modified after 

Patten, 1965). 

equation 4:
‘ 

‘P1 
' 

‘J50 _ ¢o " 452 
(3245 _ K1- 0 AX Ko— 2 AX 

(5) E 0 
‘ AX 

__K1—o(¢1‘¢ol+Ko—2(¢2’¢o)' 
(Ba) 8X2 0 AX2 AX? 

Similarly, the second space derivatives of y and z a_re: 

32 _ _ 
(%‘;>o=“3“2$’2 "’°’ «W 

82¢ K5. 9 " K0- 5 (‘D6 _ ¢o) 
(327 )0: A22 ’' A22 (Sc) 

Combining equations 6a, 6b, and 6c, assuming AX = 
V AY = A2 = a, and multiplying by a2, one obtains: 

K1—o(¢1"¢ol+Ko—2 (¢2'¢o)TK'3—o(¢3’ $0) 
+Ko—4(¢4'¢o)+K5-o(¢5'¢o)TKo—6 (7) 

(¢5'¢o)=0 

The equation for the nodal network, which is a_na|o- 
gous to the volume of porous medium (Fig. |V—1), is ob- 
tained by applying Kirchoff's current law. The total current 
entering the node 0 equals zero, therefore’: 

6 . 

2 l._0 =l1_o + |2_o + |3_o + |4_° + l5_° + |6_o = 0 
i 

‘l 

(8)
‘ 

Substituting Ohm’s law (I =' V/R) into equation 8-:

11 _.(v —v )+__ 
Ra ‘ ° Rb 

’ 

1 1 
(v —v)+_(v -v)+.._(v — 

2 0 RC 3 0 Rd 4 

1 1 vo)+R_e(v5—vo)+E(v6—v°)=o . (9) 

The formal analogy becomes apparent by comparing 
equations 7 and 9. The analogous quantit_ies are: 

Hydraulic Electric 
Potential, head in feet ¢—V Voltage, in volts 
Hydraulic conductivity, in 
Igpd/ft? K-1/R 
Length, in feet lw — lc 

Resistance, in ohms 
Model length, in feet 
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(ii) Transient 

The nonlinear partial: differential equation that de- 
scribes transient groundwater flow in three dimensions in 
a heterogeneous, anisotropic porous medium is: 

a 
' 

a¢> a at: a¢ _ K( , , 
_‘_ +__ 

, I 
_ __ 

axl: x‘yz)a'x] a’ylK(XyZ)av]+az 
. (10) 

[K (X._v.Zl =“r[°= (x.y,z) +n(x,v,z)B]:—f 

The first and second, space derivatives are exactly the 
same as in the steady state equation; therefore, su,b_st_itutin,g 
equations 2a, 2b, and 2c, rearranging; assuming AX = AY = 
A2 = a;- and multiplying by a2;3 equation 10 becomes: 

K1-.0 _ ¢o) + Ko_2 ((1)2 
" + K3_o (Q53 ' ¢0) + 

Ko—4 W4 ‘ ‘pol + Ks—o (‘(55 
‘ ¢ol T K0—6 We ' ¢ol ;’ 

a27 (ac + nofi) - 23¢ 

at (11) 

Again, the hydraulic conductivity betwee_n 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 0 equals the 
current flow from th_e node to t_h_e capacitor-: 

|1_o + l2_o + |3_° + I4_o + |5_O + I6;0 =—e (12) 

Substituting Ohm’s law into equation 12-:- 

_1_(v,—v°)+1_(v2—vo)+L(v3—vO)+_ 
Ra Rb RC‘ (13) 
1_(V4—Vo)+L(V5-V0)+L(V6~Vo)=—e 
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: 

‘‘ = Cfl (14) 
, 
at 

Combining equations 13 and 14: 

1 iv,-v,,)+L(v2—v,,)+L(iv3—v°)+ 
‘Ra Rb Re 

1 (v,,- v0)+1 (v5— v°)+1 (v6— v0): cg 
R—d Re Rf at 

(15) 
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The formal analogy becomes apparent by co,mpari_ng 
equations 11 and 15. Analogous quantities in the transient 
system are: 

Hydraulic Electric 

Potential, head i_n feet ((7 -V 
Hydraulic conductivity, in 
lgpd/ftz K-1/R 
Storage coefficient a2Ss- C 
Discharge, in lgpd qw — qe 
Volume (or mass), in Imp. 
gal. Ow - V09 
Time, in days tw - te 
Length, in feet lw - I 

Voltage, in volts 

Resistanc_e, in ohms 
Capacitance, in farads 
Current, in amperes 

Energy, in coulombs 
Time, in seconds 

e Length, in feet 

where S5 = ')/(010 + nofi). 

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 v_a_|ues of the electrical analog components 
are commercially available. 

The four scale factors SC1, SC2, S03, and S04 are de- 
fined as follows (Walton and Prickett, 1963): 

OW = SC1 Oe SC1= lmp.g’al./coulomb (16) 

¢ = scz v sc2= feet/volt (17) 

qw = SC3 qe SC3= lgpd/amp (18) 
td' = SC4 ts SC4= days/seic (19) 

Scale factors SC,, SC3, and SC4 are related by: 

sc3 x sc,, = so, 

In order to construct either a steady state or transient 
elect__ric analog model, it is necessary to obtain an expres- 
sion relating hydraulic conductivity to resistivity. Substi- 
tuting Ohm's a_nd Da_rcy’s laws into equation 18 yields: 

R (20) 
X scz AY-AZ-Kx 

R =§.°_3. (21) 
v scz AX'-AZ- Ky 

R 392 __9Z__ (22) ==T2t'Av-Ax-K, 
Equations 20, 21, and 22 can therefore be used to cal- 

culate values of resistors for both interior 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: 

SC2 . C=623AX-AY-AZ-SS-SC
1 

(23) 

where C is in farads and $5, the specific storage, in ft“. 

Therefore, in order to construct a steady state electric 
analog model in three dimensions, the values of the resistors 
are ca_|culated using equat_ions 20-, 21, a_nd 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 2 direction (Figs. IV-2 and lV—3).' 

To calculate the va_|ues of the resistors a_nd capacitors 
with equations 20, 21, 22, and 23, the following values are 
required: 

(a) the scalefactors 

(b) the nodal spacings —'AX, AY, and AZ; and 
(c) the hydrogeological parameters—K, oz, and n. 

In light of the earlier discussion on scaling factors, the 
following values were chosen: 

SC1 = 5.0X 10" lmp. gal./coulomb 
SC2 = 5.0 feet/volt 

SC3 = 5.0 X 107 lgpd/amp 

SC4 = 1.0 X 104 days/sec 

An analog model spacing of 11/Sin. = 300 ft for the X 
and Y directions was considered accurate enough to mini- 
mize errors due to discretizing a continuous medium (Fig. 
lV-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 
spa_ci_ngs 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, a, 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 lV-1 summarizes the measured para- 
meters—K, oz, and n—and also their calibrated values. Note 
that S, the specific storage, is used rather than or 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 

Igpd/rt’ S ’ 1/“ 1gpd/rt’ S ’ 1/“ 

1-111 1 7x10‘“ 1 7x10‘4 
Buried valley 
fluvial 330 2 x10''5 330 4.9x 10“ 
deposits 

In the geologic model, the major buried valley is not 
bounded on the west but extends for an unknown distance. 
It is apparent that by terminating the analog 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 carry 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. IV-5). Since there were 
about 450 nodal points, those points with similar voltages 
were attached by soldering tinned wire between 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. IV-6). 
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‘ 

Figure IV-2. The front of the stfidy sitje electric ar_1ba.lo‘g model. A topographicmap has been 
mounted on a 4 ft x 8 ftlsheet of hardboard. 

' Figure IV-3. The back of the electric a.;_1a._log model illustrating resistors in three dimensions 
and a capacitor attached to each nqdal point. 
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Figure IV-4. Distribution of nodes in the horizontal layers of the electrioanalog model.



17Ll 

ELEVATION 

ABOVE 

MEAN 

SEA 

LEVEL

J 

WATER TABLE NODES 
In 

E ‘ E 
‘L 

BRINEPOND x -1; 

Eu‘? 

1e5o-- \._ _._._°_ _._ / 8 _5m 
9 o o o o 0 ' ' ¢ 0 0 9 E‘.

‘ 

F5 
.

3O 

1550- I1 

1450 - 

1250 - 0

0 

HORIZONTAL SCALE 
1000 2000vFEET 

300 SOOMETRES 
16 TIMES VERTICAL EXAGGERATION ~ 

- 450 

» 400 

Figure IV-5. Distribution of nodes along cross section J11‘.



(ii) Transient ~ 

In the t_ransie,n_t 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 cal_|_ed 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 IV-7, consists of a power supply, a wave- 
form generator, a pulse generator, a_nd an oscilloscope. 

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 simultaneously, a nega_tive or positive 
sawtooth waveform is sent to the pulse generator. 

2. The pulse generator is set to trigger when the voltage 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—drawdow'n 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 pumping 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 
Oh_m’s law ‘into equation 18, which yields: 

qw =_V_SC3 (24) 
Ri 

where qw = pumping rate, in lgpd 
V = voltage, in volts 

RE = resistance in ohms 
S03? scale factor 3 in lgpd/amp 

Therefore, a known voltage drop (V), which is selected 
using the pulse generator, across a predetermined resistance 
(Ri) produces a current that is analogous to the injection or 
pumping rate (qw). 

CONSTRUCTION TECHNIQUES 

Two electric analog models, a prototype and a final, 
were const_ructed_. 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 solderedjto the appropriate node. The unattached 
end of the capa_citor served as a nodal point for the resis- 
tors. The tin plate proved satisfactory as an electrical 
grounding medium‘, however, the nodes were difficult to 
relate to topographic |oc_atio_ns 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. IV-2 and l'V-3). Holes 
(0.093 in. diameter) were drilled in a 11/zin. grid pattern. 
A topographic map of the area was glued onto the masonite 
and vectorboard push-in terminals (#T9.4) 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 i 5%) ranging from 
10 ohms to 1.0 x 107 ohms, and ceramic disc capacitors, 
ranging from 0.22 x 10"‘ to 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 no_de apart on the hardboard-. The resis- 
tance between these terminals was measured an_d recorded 
before each electric analog model run. Results show that 
the resistance between terr_ni_na,ls 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 1v-6, The steady state electric analog model response equipment 
showing a voltage generator‘ resting on a digital readout 
voltmeter. 

Figure. IV-7. The excitation-response apparatus for the transient ground- 
water case showing, from left to right, pulse generator, a 

waveform generator, :1 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 

a 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 exp're'ssed as mV. 
Ail concentrations are as ppm. 
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6L-l 

Day Temp . pH Eh Cond . Ca Na K Mn Fe HCO S04 C1 

4 6.0 7.10 + 20 ———- 153 72 -—- ---- —- 6.4 595 408 —-- 

5 5.8 7.00 + 20 1277 157 71 -—- ---- -- 5.7 618 397 -—- 

8 7.0 7.25 — 10 1352 157 68 -—- ---- —- 6.1 599 391 -—- 

9 7.0 7.15 - 25 1395 155 69 —-- ---- -- 6.0 628 395 —-- 
10 6.1 7.20 - 35 1458 158 70- —-- ---- —- 5.7 610 396 -—- 

13 5.8 7.30 1351 166 64 -—- ———— -- 6.4 634 388 -5- 
14 ,6.0 7.35 — 35 1285 162 66 —-- ---- -- 5.8 621 393 -—- 

15 6.0 7.40 - 10 1418 170 62 —-- ---- —- 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 —-- ---- -— 5.8 626 399 -—- 
18 6.0 7.30 - 35 1433 164 65 —-- ---- —- 5.9 618 402 -—- 

205 11.0 7.08 ———- 1347' -—- -—- -—- ---- -- -—- —-- —-- -—- 
207 9.0 7.00 ———- 1365 —-- —-- -—- ———— —- -—- —-- —-- -+- 
208 8.0 7.10 ———- 1400 160 -—- —-- ---- -- 5.5 617 -—- ——- 
209 11.0 7.34 ———- 1290 158 -—- -—- ---- -- 6.1 642 —-- —-- 
210 8.0 7.09 -—-- 1450 167 —-- -—- ---- -- 5.5 643 -4- -e- 
211 8.1 7.28 ———- 1372 162 -—- -—- ---- -- 5.7 625 -—- -—- 
212 10.0 7.10 ———- 1380 162 -—- -—- ---- -- 5.5 655 -—- -—- 
213 9.0 7.01 ———- 1406 -—- -—- —-- ———— —- 5.5 -—- —-- -—- 
214 10.1 7.09 --—- 1388 -—- —-- —-- ———— —— 5.7 —-- —-- —--



08l Day Eh Temp. pH ' Cond. Ca Na K Mn Fe HCO S04 C1 

215 
' 10.0 7.23 +--- .1373 164 --- --- ---- -- 5:6 647 --- --- 

. 216 10.0 7.00 -—-— 1386 166 90 --- ---- -- 5.5 644 --- --- 

217 14.9 7.05 -—-— 1375 193 81 --- ----- -- 5.1 ‘671 --— --- 
218;‘ 11.2 7.05‘ -—-— 1388 169 73 --- ---- -- ' 

5.7 653 --- --- 

219 10.1 7.00 -—-— 1359 --- --— --- ———— -- 5.7 632 --- --- 

220 10.0 7.08 -—-— 1351 --- -e- --- ———— -- 7.1 --— --- --- 

221 8.0 7.00; -—-— 1456 -+- --- --- ---- -- --— --- --- -—- 

222 8.9 7.17 -—-— 1362 156 103 --- ---- -- 7.2 624 --— --— 

223 9.0 7.04 -—-— 1414 --- -—e --- ---- -- 
_ 

5.7 --- --— -—- 

224 9.6 6.92 -—-— 1353 167 92 --- ---- -- 6.9 642 --- --— 

225A 9.2 
7 

6.98 -—-— - 1382 157 80 --- ---- -— 5.7 626 --- --- 

226 11.2 7.03 -100 1331 158 75‘ --- ---- —- 5.5 625 --- -—- 

227 11.0 6.95 - 20 1403 152 79 --- ---- -— 5.5 629 --- --- 

228 11.0 . 6.96 + 10 1316 159 81 --- ---- -- 6.0 619 --- --- 

229 9.0 7.13 + 16 1368 158 75 --- ---- -- 5.7 
' 

639 --- —+- 

230 11.0 ~ 7.01 + 34 ’1336 158 76 --- ---- -— 5.7 625 --- -4- 

231- 10.0 7.03 + 14 1328 154 76 --- ---- -— 5.8- 631 --- --- 

233 11.0 7.03 + 8 1398 151 80 --— ---- -- 5.6 626 --- --- 

234 9.1 6.95 — 4 1354 156 78 --- ———— -— 5.9 626 --- --- 

235 12.1 7.13 - 50 1310 150 82 --- ---- —— 5.9 617 --— ---



l8l 

F6 Day Temp . pH Eh Cond . Ca Mg Na K Mn HCO S04 Cl 

236 11.0 "6.96 - 3 1323 158 73 —-- ---- -- 5.6 621 -—- -—- 

237 » 10.0 7.05 9 + 6 1352 159 73 —-- ---- -- 5.7 623 —-- -—- 

238 10.2 7.05 -— 20 1310 158 73 -—- ---- -— 5.8 627 —-- —-- 

239 10.3 7.04 — 40 1354 151 79 —-- ---- -- 5.5 634 -—- —-- 

240 10.5 7.05 - 23 1320 156 76 —-- ---- -— 5.9 626 -—- -—- 

241 10.0 6.96 - 10 1330 155 76 —-- ------- 5.7 628 -—- -—- 

243 12.0 7.06 - 34 1290 156 76 -—- ---- -- 5.6 622 -—- -—- 

244 10.4 7.06 - 40 1250 160 73 -—- ---- -— 5.9 634 -—- -—- 

245 9.8 .7.06 - 40 1230 153 79 -—- ---- -- 5.8 648 -—- —-- 

246 9.0 7.10 — 35 1290 150‘ 82 —-- ---- -- 5.8 642 —-- -—- 

247 7.9 7.02 - 17 1300 155 78 -—- ---- -- 5.8 615 -—- -—- 

249 9.1 7.00 - 40 1230 158 79 -—- ---- -- 5.8 611 —-- -—- 

250 9.0 7.13 — 34 6 1300 1162 71 —-- ---- -- 5.8 611 -—- -—- 

251 9.5 .7.12 — 44 1290 161 75 —-- ———— —- 5.5 623 -—- -—- 

252 8.5 7.18 — 41 1310 157 78 —-- ---- -- 5.7 634 —-- —-- 

253 9.2 7.10 4- 35 1300 158 76 —-- ---- -- 5.2 642 —-- -—- 

254 10.0 7.10 - 50 1450 147 84 —-- —-- -—- 5.6 621 —-- -—- 

255 9.1 7.00 — 34 1395 153 80 —-- —-- —-- 5.7 628 —-- —-- 

257 10.1 7.13 - 34 1400 154 80 —-- ---- -- 5.7 628 - -—- —-- 

258 11.5 7.14 - 18 157 76 ---- -- 5.7 617 -—- —-- 1400



'Z8L Day Temp . pl-I. Eh Cond . Ca ' Mg Na K Mn Fe. HCO S0 4 Cl 

259 11.4 7.09 -— 30 1400 154 80 --- ———— —— 5.7 627 --- --- 
260 10.0 7.21 - 25 1380 156 79 --- ----- -— 5.8 626 --- --- 
261 10.1 7.00 - 33 1400 142 86 --- ---- -- 5.8 627 --- --- 
264 11.0 7.18 - 30 1390' 153 80 --- ---- —- 5.6 626 --- --- 
265 11.1. 7.18 - 35 1450 .155 78 --- ---- —— 5.6 623 --- --- 
266 10.3 7.11_ - 24 1390 154 79 --— ---- —- 5.5 629 --- --- 
267 9.9- 7.08 — 28 1380 159 75 --- ---- -- 5.5 623 --- --- 
268 10 2 7.10- - 13 .1380 152 79 --- ---- -- 5.7 636 --- --- 
269 10.0 7.08 - 39 1420 153 78 --- ---- -- 5.7 619 --- --- 
271 8.3 7.20 + '4 1470 156 76 --- ----- -5 --- 605 --- --- 
272 8.3 7.11 0 1370 153 80 --- ----- -— --- 612 --- --- 
273 8.9 7.13 + 5 1410 153 79 --- ---- -- --- 620 --- --- 
274 10.7 7.16 + 30 1410 155 78. --- ---- -- --- 627 -4- --- 
275 '8.1 7.03 .+ 65 1450 157 76 --- ---- -— --- 631 --- --- 
277‘ 8.4 7.05 + 14 1450 148 83 --- --- --- 5.7 639 --- --- 
278 8.4 7.12 — 19 1420 155 79 --- ---- —- 5.8 629 --- --- 
279 =9.0 7.16 4 30 1360 157 78 --— ---- -- 5.6 631 --- --- 
280 8.0 7.16 - 59 1390 154 79 --- ---- —- 5.5 620~ --- --- 

281 9.9 7.18 - 47 1400' 153 81‘ --- ---- -— 5.6 
A 

617 --- --- 
282 8.7 7.20 - 49» 1460 154 78 --- ---- —- 5.6 626 —;— ---



881 

Day Temp. -pH Eh Cond. Ca Mg - Na K Mn Fe HCO S04 01
I 

283 9.0 7.16 — 48‘ 1490 153 80 ——- ---- -- 5.6 608 --- --- 
284 9.7 7.101 - 59 1440 152 81 --- ---- —- 5.6 628 --- --- 
285 8.5 7.10 — 50 1396 155 80 ——- ---- —— 5.6 593 ——- -—- 
286 10.0 7.134 — 51 1400 157 80 --- ---- -— ——- 625 --- --- 
287 8.7 

V 

- 7.19 — 57 1400 155- 79 --- ---- -— --- 622 --- --- 
288 8.0 7.281 - 50 1440 153 81_ --- ---- -- --- 601 --- --- 
289 8.1 7.11 - 48 1400 153 80 ——- ---- -— --- 625 --- --- 
290 8.4 7.20 - 60 1390 154 79 ——- ---- -— --- 616 —~- --- 
291 8.4 7.05 - 56 1400 153 79 ——- ---- -- ——- 608 --- --- 
292 9.5 7.20 — 55 1397 154 78 --- —--=--- --- 612 --- --- 
571 7.5 7.10 +130 1180 154 ——- --- 11.4 --- 5.5 --- ——- -—- 
575 7.0 7.10 +132 1500 157 ——- 88 11.6 0.30 5.5 --- ——- ——- 
578 7.0 7.24 +122 1590 152 --- 93 10.4 0.25 5.5 

_ 

--- ——- --- 
584 8.0 7.30 +110 1220 152 72 105 12.2 0.27 5.9 --- --- --- 
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



1781 Day Temp. pH Eh Cond. Ca Mg Na K Mn Fe HCO S04 C1 

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 13804 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 A 5.6 565 
I --- 13.2 

612 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 93 710.8 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 89 100 510.4 0.28 5.6 592. --- 12.8 

635 7.1 6.74 +175 1280 152 88 ~ 100 10.3 0.287 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——EX,PLAN»ATl0N 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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98L 5Day 

12 
13 

1A 

15 

16 
17 
18 
205 
207 
208 
209 
210 
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212 
213 
214- 

215 
216 

217 
218 

~o\1oo1—=‘ 

I-' 
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\O a l\) 

pH 

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 

Eh 

-115 
-125 
- 70 
-110 
- 95 
-100 
-125 

Cond. 

2373 
2380 
2388 
2337 
2366 
2348 
"2367 

2348 
2296 
2394 
23I5 
"2417 

2318 
2331 
2358 
2480 
2307 
2355 
2434 
2317 

Fe 

4.9 
307 

3.3 
2.3 
3.0 
3.3 
3.3 

3.3 

SO 

1001 
998 
996 

1008 
1011 
1010 
1006



L81 

Eh Day Temp . pH Cond . Ca Mg Na K Mn Fe HCO S04 C1 

219 9.0 7.52 ---- 2299 106 40 --- --- --- 3.2 394 -—-- --‘ 

220 10.9 7.50 -—-- 2283 --- --- --- --- --- 2.5 ‘-“ "“ "' 
221 10.1 7.57 -—-- 2438 --- --- --- --- --- --- -*- ---‘ "' 
222 8.0_ 7.66 -—-- 2251 109 34 --- --- --- 2.9 406 ---‘ --- 

223 8.1 7.56 -—-- 2285 --- --- --- --- --- 2.8 --- -—-- --' 

224. 8.2 -—-- ---- 2243 110 36 --- --- --- --- 405 -—-- --- 

225 8.1 -—-- -—-- 2302 104 38 --- --- --- 3.3 404 -—-- --- 

226 11.1 7.70 - 20 2281 105 31 --- --- --- 5.6 409 -—-- --- 

227 10.0 7.50 - 20 2409 105 27 --- --- --- 3,5 410 -—-- --- 

228 9.3 7.62 - 8 2241 102 40 --- --- --- 5.3 410 -—-- --- 

229 9.9 7.63 - 8 2162 105 33 --- --- --- 5.3 416 ---4 --- 

230 9.6 7.54 - 18 2219 106 32 --- --- --- 5.4 386 -—-- --- 

231 9.0 7.66 - 40 2293 104 35 --- --- --- 5.1 407 -—-- --- 

233 10.0 7.61 - 53 2231 103 35 --- --- --- 5.5 410 -—-- --- 

234 10.0 7.59 - 59 2242 100 38 --- --- -f- 5.3 412 -—-- --- 

235 10.7 7.69 - 64 2132 99 38 --- --- --- --- 405 -—-- --- 

236 10.4 7.61 - 60 2164 103 35 --- --- --- --- 411 -—-- --- 

237 10.9 7.57 - 63 2193 103 34 --- --- --- --- 405 ---- --- 

238 10.8 7.52 — 70 2161 104 33 --- -—- --- --- 407 -—-- --- 

239 11.0 7.60 - 79 2193 101 36 --- —-- --- --~ 410 ---- ---



Eh 

» 4 
.. 349 

Day Temp. Cond. Ca Mg‘ Na K Mn Fe HCO S04 C1 

240 10.3 A 7.53 - 90 2200 100 38 --- --- --- --- 405 —--- --- 

241 8.7 7.67 - 73 2190 105 33 --- --- --- --- 412 --—- --- 

243 9.2 7.57 - 80 2180 103 35 --- --- --- --- 410 --—- --- 

244 9.0 7.60 - 84 2050 105 32 --- --- --- 4.9 412 --—- --- 

245 9.1 7.61 - 72 2090 104 34 --- --- --- 5.4 411 --—- --- 

246 10.0 7.66 - 81 2130 101 36 --- --- --- 5.4 431 —--- —-- 

/247 9.0 7.69 - 37 2100 100 35 --- --- --- 5.1 409 —--- --- 

9.0 7.69 - 88 2110 105 33 --- --- --- 5.5 403 —--- --- 
250\\\ 7849 7.63 - 82 2170. 106 32 --- --- --- 4.5 405 —--- --- 

251 9.0 7.67 — 79 2200 105 34 --- --- --- 4.4 401 —--- --- 

252 8.1 7.70 — 60 2200 . 102 36 --- --- --- 4.4 403 --—- --- 

253 8.8 7.54 - 48 2200 107 33 --- --- --- 3.3 412 --—- —-- 

254 9.9 7.60 - 40 2300 100 38 --- --- --- 3.3 404 --—- --- 

255 8.0 7.61 - 35 2390 106 33 --- ----- -- "4.4 405 —--- --- 

257 9.0 7.60 - 45 2330 105 33 --- ----- -- 3.3 406 --—- —-- 

258 9.1 7.65 - 40 2400 105 33 —-- —-- --- 3.4 391 --—- --- 

259 10.0 7.59 - 53 2320 106 33 --- --- --- 3.3 411 —--- --- 

260 9.5 7.63 - 58 2300 104 36 --- --- -—- 3.3 412 --—- --- 

261 12.0 7.60 - 45 2270 102 35 --- --- --- 3.3 393 —--- --- 

262 8.6 7.58 f 50 2280 106 33 --- --- --- 3.2 394 —--- ---



68L 

Day 1 camp . pl-1 Eh Cond . Ca Mg K Na Mn Fe HCO S04‘ C1 

264 8.3 7.51 - 40 2410 106 32 -—- -—- -—- 3.2 403 ---— --- 

265 10.9 7.61 - 39 2380‘ 107 32 -—- -—- -—- 3.3 397 ---— --- 

266 10.0 7.59 - 39 2390 107 33 -—- -—- -—- 3.3 399 ---— --- 

267 10.1 7.58 - 44 2380' 109 31 -—- -—- -—- 3.2 401 ---— -—- 

268 9.7 7.60 — 42 
' 

2400 105 32 _-— -—- -—- 3.4 398» ---— --- 

269 10.4.‘ 7.53 - 49 2300 106 34 -—- --- -—- 3.9 393 ---— --- 

271 7.9 7.60 , 
- 43 2320 105 34 -—- -—- -—- -—- 398 ---— --- 

272 7.7 7.59 — 45 2400 107 32 -—- -—- -—- -—- 392 ---— -—- 

273 11.0 7.62 — 30 2420 106 .33 -—- -—- -—- -—- 
A 

398 ---— --- 

274 8.0 7.58 — 40 2400 107 32 -—- -—- -—- -—- 398 ---— --- 

275 8.0 7.61 — 53 2300 106 34 -—- --- -—- -—- 386 ---— -—- 

277 7.9 7.55 - 56 2320- 105 34 -—- -—- -—- 3.3 400 ---— --- 

278 8.0 7.60 - 80 2380 105 34 -—- -—- -—- 3.3 395 ---— --- 

279 8.4 7.57 - 76 2250 105 33 -—- -—- -—- 3.5 404 ---— --- 

280 8.8 7.51 - 90 2380 106 34 -—- -—- -—- 3.4 406 ---— --- 

281 8.9 7.54 - 95 2400 107 34 -—- -—- -—- 3.5 392 ---— -—- 

282‘ 9.0 7.54- - 98 2200 110 34 -—- -—- -—- 3.3 404 ---— --- 

283 8.1 7.58 — 98 2380 107 33 -—- -—- -—- 3.4 393 ---— --- 

284 7.4 7.67 - 99 2395 104 35 -—- -—- -—- 3.3 394 ---— -—- 

285 7.7 7.57 - 91 ‘2300 107 34 -—- -—- -—- 3.3 398 ---— ---



06l Day 
. 

Temp. pH Eh Cond. Ca Mg Na K Mn Fe HCO S04 Cl 

286 9.0 7.59 - 93 2400 110 32 —-- —-- —-- —-- 390 -—7- -—- 
287 8.9 7.60 - 90 2400 108 33 —-- —-- —-- —-- 390 -—-- -—- 
288 8.0 7.60 - 98 2350 109 33 —-- —-- —-- —-- 389 -—--. -4- 
289 8.0 7.62 - 90 2400 109 31 —-- —-- —-- —-- 384 -—-- -—- 
290 8.8 — 7.60 - 98 2390 107 32. —-- —-- —-- —-- 397 -—-- —-- 
291 9.4 7.61 - 81 2394 106 33 —-- —-- —-- —-- 395. -—-- -—- 
292 9.7 7.66 - 90 2395 107 33= —-- —-- —-- —-- 398 -—-- —-- 
571 7.0 7.18 + 70 2200 110 —-- —-- 9.3 —-- 3.4 —-- —--- —-- 
57s 8.0 7.35 '+110- 2460 112 —-- 490 10.1 0.17 3.3 —-- -—--. —-- 
578 7.5 7.45 + 71 2200 108 33 523 10.8 0.15 3.7 —-- -—-- —-- 
585 7.0 7.40 + 20 2460 104 32 488 10.5 0.11 3.9 —-- -—-- —-- 
590 7.5 7.24 + 30 2460 105 30 500 9.5 0.16 3.0 —-- -—-- —-- 
s92 7.0 7.60 + 30 2500 113 24 500 9.8 0.15 4.6 —-- -—-- 63 
596‘ 7.0 7.70? + 60 2230 110 27 495 9.8 0.17 4.8 375 »--—-- 64 
598 7.5 7.30 + 10 2900 105 32- 495 9.4 0.13 4.8 372 4--—- 64 
600 6.8 7.50 + 80 2380 109 29 458 9.5 0.17 3.6 375 -—-- 64 
603 8.0 7.24. + 75 12210 1103 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» —-- -—-- 61 
606 .6.9 7.21 + 49 119 21 480 10.1 0.17 4.4. 381 -—-- 61 2250



L61 

Temp. C1 Day pH Eh Cond. Ca Mg Na K Mn Fe HCO. S04 

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 

A 
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 --—- 53 
612 7.5 7.50 + 59 »2030* 120 41 533 8.6 0.09 3.5 379 --—- 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 3+ 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 

4 

3.4 371 -—-- 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 43.4 381 --—- 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—EXPLANATl0N OF TABLE 

Day =' no. of days since beginning of monitoring period,
' 

i.e., 1 = Ngovembegr 1, 1972. 
Temp. = °C. 
pH is in terms of pH units. 
Eh is expressed as mV. 
All concentrations are as ppm.



86L 

Day Temp. pH Eh Cond. Ca Mg Na K Mn Fe HC03 S04 C1 

584 8.0 7.87 -125 1120 124 77 93 11.2 0.57 28 --- --—- --- 
590 10.0 47.60 

. 
- 10 1400 158 68 83 11.7 0.37 9 --- --—- 12 

592 10.0 7.90 - 80 1500 167 62 85 12.3 0.47 21 --- --—- 12 
596 8.5 7.80 -150 1430 162 70 80 12.8 0.62 20 620 —--- 15 
598 10.0 7.20 6 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 11.6 0.56 21 621 —--- 12 
604 10.5 6.95 — 47 1320 162 66 78 10.5 0.56 20 612 —--- 13- 
605 8.2 6.94 -151 1390 155 69 78 11.1 0.51 26 --- --—- 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 6623 --—- 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 --—- .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 

V 

82 93 11.3 0.56 33 614 —--- 14



176l 

Day Temp. pH Eh Cond. Ca Mg Na K Mn Fe HCO 804 C1 

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 
A 

202 
' 

92 95. 11.3 0.65 32 676 -——— .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 F 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 CI and S04 in Aqueous 
Solutions by Atomic Absorption Spectroscopy



APPENDIX VI 

Indirect Determination of Cl and $04 in Aqueous Solutions 
by Atomic Absorption Spectroscopy 

During this study Cl and S04 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 pg/ml by the addition of a known 
amount of excess Ag. The preparation vials were allowed to 
sit in a dark cool place overnightto allow AgC|s to settle. 
An aliquot of supernatant solution was decanted and Ag 
was analyzed in the range 1-5 pg/ml by flame AAS on a 
Jarrell-Ash Dial Atom II Spectrophotometer. Reproduc- 
ibility was found to be i 1% for the range 1-20 /.1g/ml CI, 
using a lean air-acetylene flame. Higher Cl concentrations 
were determined by dilution down to this range. The AAS 
results for CI 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 pg/ml by 
the addition of a predetermined excess of Ba to precipitate 
BaSO4(s). Excess Ba was determined by flame AAS in the 
range 10-100 fig/ml. The $04 determinations lacked suffi- 
cient reproducibi_lity 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 o'xide—air flame, but this 
was unavailable during this study. Also, the finely divided, 
precipitate did not settle sufficiently duri_ng overnight 
storage. Centrifugation would likely have eliminated this 
latter problem. Unfortunately, a centrifuge unit was not 
available in the field laboratory.
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Spectroscopy Determination of Ca, Mg, and K 
(R. R. Barefoot)



APPENDIX VII 

EXAMPLE 

Standard Addition Method for Ca Determination by AAS-. 

~~ $0.5 ppm 
Ca

1 

1 ml ddH2O
+ 

ml Sample 

Sample 
ADDITION —1 

AAS=1.0 ppm 
Ca 

If I: No standard addition is necessary. 
If ll: La addition has removed interference problems. The 

true. Ca (Ca...) in the sample is Ca.r =ex X dilution. 
lf Ill: La addition has not removed interference and a cor- 

rection be app|ied”'t'o_calcu_late the true 
Ca-(CaTr) in the sample. 

198 

1 ml 
2000ppm 

La + 1 ml 
Sample 

La+O.4 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.rn, Ca increase in the AAS determination. 
Instead, the increase was y ppm Ca. The correction factor 
is expressed as f ,= ,0.4 in this case. Therefore, the true con- 

V. .

- 

centration of Ca in the sample can ‘be calculated: 

CaT, = x X‘ f X dilution.
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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 t_o d,eterm_in'e the magnitude of the loss of Ca or Mg in 
unpreserved groundwater samples duri_ng 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-pm Millipore filter, acidified with a pre- 

dete_rmi_ned quantity of reagent grade HN03 and saved 
for subsequent Ca and Mg a_n,a_|yses.

' 

The filter paper for‘ each sample was placed in a dilute 
HN03 solution a_nd washed for a period of 2 weeks. At the 
end of the washing period the filter paper was removed, 
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C. Davison) 

the solution was diluted to 10.0 ml with double distilled 
H20 and saved for atomic absorption spectroscopy anal- 
ysis. 

The inside of the polyethylene sample bottle was 
coated with clear amorphous-looking precipitate; 0.6 ml 
conc. HNO3 was pipetted into the sample ‘bottle and 
diluted to approximately 10 ml with double-distilled.H2O. 
The bottles were capped and shaken vigorously for about 
10 min, or u_nti_l no precipitate was visible on the walls of 
the bottle. Doub|e—distilled H20 was added to bring the 
volume up to 100 ml and the sample was saved for a_na_lysis._ 

All Ca and Mg analyses were done by AAS, using a 

Perk,_in—E|mer 360 spectrophotometer, and standard addi- 
tion techniques were u_sed to eliminate interference effects. 
Standards were prepared from reagent grade chemicalsand 
checked against U.S. Geological Survey standard reference 
values. Samples and standards were normalized with a pre- 
determined quantity of HN03 to avoid viscosity and matrix 

, 

interferences.
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APPENDIX IX 

Field 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) ‘ 

7 — Sample population mean. 
S — Standard deviation. 

— Coefficient of total variation of sample 
population. 

Spec. Cond.— Specific Conductance (in pmhos/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 HCO3 Cond. 
V 

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 V‘ 104 38 3.3 404 2302 

233 151 80 5.6 626 1392 226 105 31 5.6 409 2281 
240 156 76 5.9 626 1320 233 103 35 5.5 410 2231 
246 150 82 5.8 642 1290 240 ” 100 38 — 405 2-200 

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 3.3 397 238.0 

286 157 80 — 625 1400 279 105 33 3.5 404 2250 
292. 154. 78 — 612 1397 286 110 32 — 390 2400 
X 154.2 79.1 5.66 627.4 1377 292 107 33 — 398 2395 
S 3.7 2.7 0.16 9.14 52.8 X 104.4 35.1 4.14 404 2288 

V} 5.7 11.5 8.2 2.1 14.7 S 3.6 3.1 1.10 
’ 

10.8 84 
V; 11.6 77.0 692.00 7.1 13.44



_

, 

\,..: 

~—~....._—,__._. 

..,_. 

,-T 

.-—-..»..‘.u, 

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 5.4 0.24 599 400 15 1640 

' 240 172 60 80 9.3 5.6 0.24 552 36.0 13 1750 
246 204 53 90 10.0 7.7 0.24 604 400 14 1450 
254 196 S7 92 13.0 5.9 — 606 395 10 1540 
265 211 51 82 10.0 5.8 0.25 611 380 15 1560 
279 148 52 82 10.0 5.6 0.24 471 332 15 1343 
286 177 4.6 88 11.0 5.0 0.23 489 369 14 156.6 
292 193 62 84 9.5 5.9 0.24 580 380 13 1432 
X 186.9 55.0 87.3 10.0 5.9 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’T 133.0 67.8 13.4 132.3 167.4 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 HCO3 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 3.2 0.10 376 950 62 2605 
292 128 27 478 7.4 3.3 0.24 388 1000 60 2619 

)—( 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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BEDROCK GEOLOGY _ I 

STRATIG RAPHY 
- _ AQU I FERS 

—— Riding Mountain Formation: _ D D, 
266-1566 feet thick, grey, noncalcareous, silty‘ clay. Includes. 5 

" GROUNDWATER CHEMISTRY 
Oda"eh Member 

. .. . . 

-I >. The quality of groundwater is determined by the total dissolved solids (TDS) and by the type of 
0450 feet tmck; gray and "gm gray’ "°"9a'°are°”s’ ha“! .S'"°e°us Shae mterbedded Wm‘ mm 7:‘ 3 chemical constituents present in the water. Water having aTDS greaterthan 1500 parts per million (ppm) 
gray noncalcareous clay commonly brecciated and mylonitic > 2000 

I I 
' X I 3:1 

is co_nsIdered undesirable for human consumption; water having a TDS greater than 5000 ppm is 
I_I_I > I considered unfit for stock watering. The chemical type of water is determined by the chemical elements 

Vermmon River Formation: — E I 
:2 present In the water in their ionic form. For example, if the dominant ions present are sodium and 

_ . 

37 0 E _ sulphate, the water Is referred to as the sodium-sulphate type. Hard water is of the calcium, magnesium- 
150-4OO feet thick; dark gray, calcareous silt and clay. _ II [E J 

bicarbonate or sulphate type. Chemical analyses of groundwater are reported by Rutherford (1966), and 
_ 38 39 <>< 

0 additional water analyses from selected wells are available from the Geology Division, Saskatchewan 

F I F t. _ 
40 7 U, E Research Council. Most groundwater in the area isfitfor human consumption, and all groundwater with a 

ave orma Ion. W ‘ W 41 8 42 E _ few exceptions is fit for stock. The best quality groundwater available at any site can be estimated from an 
50-100 feet thick; dark gray, calcareous shale with abundant calcareous foraminifera and thin beds of 42;" ;_G <1: 5 eIeCtFICI099edIeS1II0Ie- 

clayey limestone. - ;f 3’; ;-, ¥ 43 22 o 
,‘ -:7 7: I‘ : ,:’_ 45 

' l—t ‘. \ 
e 

I 

I" A 

9 ~ BASE OF GROUNDWATER EXPLORATION

~ 

Ashville Group: _ 
4 f h‘ - ' ' “ ' ” ‘k‘ 5 _ . . . . . _ 

Fg0m:eitC,tLIck, 
gray, noncalcareous clayey silt and silty clay. Includes the Fish Scale Beds and VI ing The base of grolundxfivaterexpliorattion gefinesthefdfipth bey0?CéVlI|:'llCh It Isfigenerally cgrzjsidehred tg/be 

2 uneconomic 0 exp ore or groun wa er ecause o t e cost 0 ri ing 0 e require ept an or 

_ 
1500 because the water at that depth is considered to be too highly mineralized for the intended use. Aquifers 

Swan River Group: 15oo containing waterwhich has a TDS of more than 5000 ppm are not considered as potential aquifers at this 
. _ _ /T 

time. If economic methods of desalinization of groundwater are developed in the future, many such 
200'500 fee‘ IIIICKS fine 10 003739 Sand. I003")! Cemented? SI" and CIEIYJ I053“)! CaIb°"a°e°U3- co_ 

aquifers would become potential aquifers for municipal and industrial purposes. Test drilling for 

1 
E ‘ 4 groundwater should be continued to the base of exploration as defined by the cross sections. All 

< ' 
<D_ testholes should be electric logged to identify potential aquifers and to permit the quality of each water 

5 3 bearing zone to be estimated before the well is constructed. 

E ’ - 5. STRUCTURE 5 E 
E — g ODANAH MEMBER 
E 

T ; The Odanah Member is composed of 0-150 feet of hard, siliceous, fractured shale interbedded with 

G I 

,1’, § brecciated and mylonitic clay. Water is obtained from fractures in the shale. Wells in this fractured 
enera - l._l.Jl 

formation are_capable of yielding only small quantities of water (0-10,000 gallons_ per_ day,_gpd). 

The structural interpretation is based on electric log interpretation, a structure contour map on top 
' 

l.I.l 
NUIIIe'0I-I5 SPIITIQS dISChaI9e Walef fI'0ITI We I‘0FITIatI0FI along the QU APDeIIe Va"eY and IIS IIIbI-ItaI'Ie5- 

of the Lower Colorado Group, and the composite seismic map of Sawatzky (1967). The gravity faults are 
schematic. Forfurtherdetails on the nature, origin, and age of such collapse structures, see Christiansen 1000 _ 
(1967). 

" * 100° DRIFT 
Dlsturbed Bedrock ' 

_" 
Glacial sandnaquifers occur immediately below the present land surface, between tills, and between 

Bedrock above 1500 to 1600 feet is deformed West of Hazel Cliffe (‘[18, R33) and east of 
' t' end b.ed'°e'‘.- '30 aqwfere are the p"”°'pa' e°”'."ee °f 9'°”."dWate' '” the Me"""e map area: The 

Tantallon (T.18, R.32). The deformation is expressed as thrust moraine and highly folded and faulted 
K 

$21’:-'/’i‘;'d_'gtr %q”r'1f:' °°‘;‘Léfi’Vt;ete“|’|e‘i" 0e§"'°°k ‘”Ttf:‘e Hatfiegd a’;de':°°a”r‘."':3edV$"'e3’§) fgetthoef 

bedrock. ln testholes SRC Esterhazy (NE9-26-18_-.2-W2), 6 feet of till was encountered after penetrating — fine toe cogs: SL312/da and vpe”: gem I|e<-:-tegoin atrheeetssg a eliéaeertéqusirecrfildr beorglap Iasble oofupieldin U to 

663 feet: of breCgiate|d’kS"°k§n§ideda andl mylonggj beirock claly and Shel?‘ S3”-th tof ::eIQu€ptp?I|1|e 
_ 

1 000 000 gpd Less extensive sand aqpuifers occur immegiately below the presgnt surface, and bgetwpeen 
a ey, recciate , sic ensi e , an my onitic roc was a so encoun ere in es 0 es, u e 

.v I 
. 

- 
_ . . . . . . 

regional structure (cross section CC‘) is unaffected. In this area the deformation presumably took place _ 
“"5" we"5 '0 these eq”'fe"5 5h°“'d be eepame °f V'e'd"‘9 Sma" ‘° 'me"”ed'ate quantmes °f Water- 

along bedding faults without changing the regional structure. _ 
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PLATE 9. HYDROGRAPHS OF OBSERVATION WELLS A TO G AND STILL WELL IN BRINE POND: 1974
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PLATE 10. HYDROGRAPHS OF OBSERVATION WELLS A TO G AND STILL WELL IN BRINE POND: 1975 
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