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A Hydrogeological Study
of the Three Hills Area, Alberta

ABSTRACT

A program of groundwater exploration, reconnaissance, and research was carried
out in the Three Hills area in 1965 and 1966. The area of study covers 204 square
miles of the rolling grass lands of the Central Alberta Plains, 50 miles east of the
Rocky Mountain Foothills. Information concerning the geology and groundwater was
obtained from geological reports, oil-company records, a water-well survey, and fif-
teen drilled and tested bore holes, providing an average density of points of various
observations of approximately 1.5 per square mile.

The freshwater-bearing rocks consist of cross-bedded, interbedded, and lenticular,
Upper Cretaceous argillaceous siltstones and sandstones of river channel and flood-
plain origin, overlain by a veneer of lacustrine and glacial clays and sands ranging
from O to 110 feet in thickness. The strata dip westward at 15 ft/mi and hydrogeo-
logic phenomena indicate the sporadic existence of east-west oriented minor faults.

A supply of potable groundwater of 45 gpm from two sites has been located for
the Town of Three Hills, with an additional 65 gpm indicated but requiring further
testing. The average, renewing potential of groundwater in the area is estimated to
be between 20 and 60 gpm per square mile. The total dissolved solids content in the
groundwaters ranges from approximately 400 ppm to over 10,000 ppm, the majority
being in the range of 1000 to 2000 ppm. The most common type of water is sodium
bicarbonate-sulfate. Water-storing and transmitting properties of the rocks are poor,
generally permitting the development of only 0 to 5 gpm capacity wells. Development
of wells with capacities of 5 to 50 gpm is possible only in isolated and irregularly
distributed areas a few square miles in extent at most, while single wells with a
sustained production of over 50 gpm can probably not be established.

Due to the heterogeneity of the rock formations, pumping-test data can not be
interpreted by known standard methods. However, a combination of type-curve solu-
tions and geological interpretation made possible the estimation of long-term safe
yields of proposed permanent production wells. The transmissibility calculated from
the early parts of the time-drawdown curves is believed to represent the aquifer into
which the well is drilled, while values having transmissibility dimensions may be ob-
tained from late portions of the pumping test, and are used for safe-yield calculations.
Such a value is called “equivalent transmissibility”, T,, and is thought to be charac-
teristic of the average water-transmitting properties of the entire rock volume traversed
by the front of the cone of depression up to the time the field-data curve is used for
calculation. On continued pumping, the successive values of T, are expected to de-
crease approaching the average value of the basin transmissibility, thus that calculated
from regional flow-system analyses.
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In order to facilitate the analysis of regional groundwater flow a two-dimensional
electric model has been designed, constructed, and applied. With the use of conduct-
ing paper and a multi-electrode arrangement, the distribution and intensity of the
natural, hydraulic recharge and discharge become solutions rather than a priori imposed
constraints of the flow problem. In a homogeneous geologic environment flow lines
converge toward regions of steeply sloping water table regardless of whether these
oceur in areas of recharge or discharge. Abrupt changes of chemical quality of ground-
water have been explained by the analysis of the electric cross sections.

The depth of intensive flow in the Three Hills area has been found to be a
function of the topography. A correlation between rock permeability and flow intensity
is suggested by assuming that a differential internal chemical and physical weathering
is brought about by different intensities of groundwater flow. The possibility of reduc-
tion in the bentonites’ swelling properties by exchanging portions of their sodium ions
with the groundwater-transported calcium ions is postulated.

The area of study is divided into two, approximately equal parts: (1) an area of
downward groundwater flow; and (2) an area of upward groundwater flow. The
natural basin (dynamic reserves) is estimated to be 1.35 inches per year, or 9 per
cent of the precipitation. The average velocity of groundwater flow is approximately
0.1 feet per day, and the average rock permeability in the basins is 4.5. 1072 gpd/ftz,
or 3.10. 1073 darcys.

INTRODUCTION

This report describes the results of an investigation for groundwater
supplies in the Three Hills area of south-central Alberta. The area is
located in the central Alberta Plains, near the western extremity of the
Canadian Prairies. It is bounded by longitudes 113° and 113° 24" west,
and latitudes 51° 37 and 51° 48’ north, comprising most of range 22, and
the whole of ranges 23 and 24 west of the fourth meridian, in townships
31 and 32 (Fig. 1). It covers 204 square miles, being situated within a
triangular area with three major municipalities (Red Deer, Calgary, and
Drumbheller) situated at the points. The principal settlement within the area
is Three Hills, a farming community, which together with the contiguous
Prairie Bible Institute has a population of 2,500.

Purpose of Investigation

The purpose of the study was threefold: (1) to locate additional
supplies of groundwater for the town of Three Hills; (2) to produce an
evaluation of the groundwater resources in the Three Hills area; and (3)
to search for new ways of widening the scope of groundwater investiga-
tions, and to advance the knowledge of the hydrogeologic aspects of
continental sediments in Alberta.

The finding of new reserves of groundwater had been necessitated by
the progressively increasing water use of the town, combined with grad-
ually declining pumping levels at the existing supply wells, and by the fact
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FIGURE 1. Location of the Three Hills area.

that the costs of obtaining water from surface sources would have been

prohibitive to the town under the prevailing technical and economic cir-
cumstances.

An areal evaluation of the groundwater resources, chiefly consisting
of estimates regarding the general distribution of groundwater and its
rates of movement and replenishment, is desirable from the point of view
of further economic development of the area. Expansion of municipal and
private water-withdrawal facilities and future exploration can be made
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more efficient if they are based on a comprehensive, albeit general, knowl-
edge of the water resources in the area. Also, the general picture obtained
for the Three Hills area is intended as a major step towards the completion
of an integrated study of the groundwater hydrology of central Alberta,
initiated by the writer in 1962.

The third goal of the study was to determine from the results of a
detailed drilling and testing program the hydrologic properties associated
with typically lensing, detrital strata of the Three Hills area. These or
similar strata, long considered to be relatively poor sources of potable
groundwater, underlie much of the Alberta Plains, and it was hoped that
the detailed investigation of these rocks at Three Hills would lead to the
formulation of techniques and principles generally applicable to ground-
water investigations elsewhere in central Alberta.

Scope of the Imvestigation

The Three Hills investigation can be divided into four major phases:
(1) compilation and preliminary evaluation of existing information ob-
tained from various sources; (2) procurement of information specifically
for the present purposes; (3) development and application of an electrical
analog model; and (4) analysis and evaluation of the results.

The type of information referred to under (1) consists of geological
reports, lithologic samples and electric logs of deep oil and gas wells, core
descriptions and electric logs of shallow structure test holes; and drillers’
logs of seismic shot holes. Information oriented specifically to the require-
ments of the present program comprise the results of a survey of district
farm wells including water-level measurements and chemical analyses of
well waters; the drilling, sampling, and bail testing of 15 test holes; the
results of three major pump tests each of one week duration, and a pump
test of one of the town’s old wells for four days; records of water levels
and discharge for the town’s supply wells since 1954; monthly water-level
measurements in seven observation wells for certain periods between 1962
and 1966; stream-stage records for Ghostpine Creek and Threehills
Creek at four gauging stations between 1962 and 1966; and meteorolo-
gical information for the area of study. An electrical analog model has been
developed and used for the purpose of analyzing the regional flow of
groundwater in the area.

Previous Work

A water-well survey was carried out by Stalker (1953) in a portion
of central Alberta including the present study area. His report contains
valuable information on the regional availability of groundwater for farm
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supplies and also some interesting remarks and suggestions regarding the
regional occurrence of groundwater. Stalker (1956, 1961) has also mapped
the surficial geology and the bedrock valleys in that general area.

Among other authors who have studied various aspects of the local
geology are Sanderson (1931), Allen and Sanderson (1945), Sternberg
(1947), Ower (1960), and Campbell (1962, 1965). With the exception
of Stalker’s (1953) publication, little or no attention has been paid to the
hydrologic aspects of the local geologic formations and to the groundwater
resources of the area.

History of Groundwater Investigations in the Three Hills Area

The only systematic investigation of the area’s groundwater resources
prior to the present program was conducted by Stalker (1953). From a
survey of farm wells, with an average density of approximately 0.6 wells
per square mile, he gave a summarized description of groundwater avail-
ability against a geologic background for each township. This information
was provided in terms of reported depths and yields, water quality, and
expected construction costs of farm wells.

The only area with a somewhat concentrated withdrawal of ground-
water is a narrow strip of land approximately 2.5 mi long between the
SE Y of Sec. 27, Tp. 31, R. 24, W. 4th Mer., and Three Hills. It stretches
along the main water line and water has been produced there since 1948
for the town. In this area seven holes were drilled in 1947, three of which
were completed as water wells. Another well was drilled in 1955, and one
more production well resulted from the drilling of three test holes in 1960.
In 1964 the average combined production of the five wells then in use
was 122,500 gpd (85 gpm)*, or approximately 49 gpd per capita.

Although this amount of water satisfied the needs of the town, far-
sighted municipal officials decided in 1964 upon a major exploration pro-
gram in order to obtain a comprehensive picture of the area’s groundwater
potential, as well as to increase the actual production. During the summer
of 1965 the Research Council of Alberta carried out a systematic well
survey in the area, which was followed by a test-drilling program in the
winter of 1965-66. Out of the 15 test holes and observation wells drilled
during this program, four may be completed immediately as production
wells with a combined yield of 160,000 gpd (110 gpm) for 20 years. In ad-
dition, specific areas with good groundwater potential, although with poor
water quality locally, have been indicated. Presently (April, 1967), town

*Imperial gallons are used throughout this Bulletin.
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officials plan the completion of two of the test holes as permanent produc-
tion wells. The two new wells are expected to increase the town’s water-
supply potential by 65,000 gpd (45 gpm), or by approximately 50 per cent
of its present potential.
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GEOGRAPHY

Town of Three Hills

The main part of Three Hills is located in the northeast quarter of
Sec. 36, Tp. 31, R. 24, W. 4th Mer., at an altitude of 2,939 feet, at longitude
113° 15’ 30" west and latitude 51° 42’ 30” north. Subdivisions of the settle-
ment, including the constitutionally independent Prairie Bible Institute,
are situated in adjacent quarter sections. The total population was 2,500
in January, 1967. The main livelihood of the people is farming, commerce,
and services. Former coal mines in the district have been closed.

Topography

The topography of the general area is dominated by the broad valleys
of Threehills ad Ghostpine Creeks, in the wide, flat bottoms of which,
narrow, well-defined stream channels meander. The valleys run nearly
parallel to each other from northwest to southeast across the west and
east thirds of the area (Fig. 2). This parallelism prevails also between
other streams situated to the west and east, beyond the boundaries of the
study area. Pronounced northwest-southeast striking ridges form the water
divides between these valleys. One of the most prominent of these elevated
areas comprises the “Three Hills”, approximately three miles due north
of the town of the same name. This is the region of maximum topographic
elevation within the area of study, reaching to approximately 3,180 feet;
the lowest altitude of approximately 2,500 feet is found in the south and
east where Ghostpine Creek leaves the area. The high and regular hill
ranges are subdivided by deeply incised tributaries of both main streams.
The general direction of these tributaries is east-west, and they all have
well-defined, minor gullies striking at right angles to them. This distinct
drainage pattern gives the area a broadly undulating, dynamic appear-
ance.

A general feature of the valleys is that their west-facing flanks are
slightly steeper than their east-facing flanks, the slopes, measured between
the major divides and valley bottoms, averaging approximately 90 ft/mi
(0.017 ft/ft) and 82 ft/mi (0.0155 ft/ft), respectively. Extensive level
areas are found locally on the flood plains of the main streams, and on
some of the high plateaus between major tributaries. In addition to the
locally subvertical stream banks, slopes as steep as 400 ft/mi (0.08 ft/ft)
are found on some of the major hills.
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FIGURE 2. Map showing surface drainage and locations of steam-gauge stations.

An important topographic feature, the deeply incised valley of the
Red Deer River, the flanks of which drop over 500 ft/mi in places, lies
a few miles east of the eastern boundary of the study area (Fig. 2).

Drainage

The area is well drained by the highly developed network of tribu-
taries. No impounded bodies of stagnant surface water are known to occur
in the area. The numerous short, steep, and straight gullies, which are
dry except during and immediately after rain, quickly collect and convey
snow melt and rain water to the two major drainage ways of the area:
Ghostpine and Threehills Creeks. Beyond their confluence, a few miles
south of the area, the waters of both streams enter the Red Deer River.

The efficiency of the drainage system results in variable discharge in
both major creeks. Major summer storms cause flash floods. The estimated
maximum value of discharge on both Ghostpine and Threehills Creeks is
3,000 cfs, whereas their flows often reduce to nil for parts of the summers
(personal communication from Mr. R. K. Deeprose, Water Resources Di-
vision, Department of Agriculture, Government of Alberta). The average
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yearly discharge of each of the two main creeks is estimated at 7,000
acre-feet. The streams are frozen to the bottom during the winters, except
at places where water may collect in deep, natural hollows in the stream
beds or at dams made by man or beavers. The fact that during the long
periods of frost and drought there is no perceptible flow in the streams
strongly suggests that contribution from groundwater to river discharge
(base flow) is negligible.

Climate and Vegetation

According to Koeppen’s system of classification, the climate in the
Three Hills area is designated by Dfb, i.e. a cold, humid, continental
region. The meaning of the Koeppen letter-symbols may be summarized
as follows: “D” — microthermal climate, average temperature of coldest
month below 26.6°F (-3°C), average temperature of warmest month
above 50°F (10°C), region characterized by frozen ground and snow cover
of several months’ duration each year; “f” — no dry season; “b” — cool
summer, average temperature of warmest month under 71.6°F (22°C).
Further details of the climate may be found in table 1.

Originally the Three Hills area had a typical prairie grassland vege-
tation. The native vegetation can hardly be recognized now due to the
changes brought about by extensive crop farming. A growth of several
species of rushes (Juncus), sedges (Scirpus), and cattails (Typha), as well
as alkali-tolerant, poorly developed pasture grass are found on the flood-
plains of the major streams. Patches of spruce, poplar, willow, and flower-
ing shrubs are localized around farms and stream trenches; otherwise the
area is treeless. Major crops grown are wheat, rye, and barley.

System of Numbering, Location, and Elevation of Observations Points

Owing to the variety of the sources from which information has been
obtained, a master system of observation points had to be adopted. In this
report reference is made to any individual observation point by “Three
Hills Well No.”. This system includes public and private water-supply
wells, springs, seismic shot holes, structure test-holes, and oil and gas
wells (Fig. 3).



TABLE 1. SUMMARY OF CLIMATOLOGICAL INFORMATION FOR THE THREE HILLS AREA

Monthly and Annual Averages of Temperature for Three Hills, 13 km (8 miles)
south of Trochu. (Based on 30-year record between 1931 and 1960).

Jan. Feb. Mar, Apr. May June July Aug. Sept. Oct. Nov. Dec. Year
F° 5.7 9.4 20.7 38.5 50.4 56.5 62.5 59.0 50.4 39.1 23.2 13.1 35{
Mean Cc® —-146 -—125 —6.3 3.6 10.2 13.6 16.9 15.0 10.2 39 —49 -105 2.
Mean F° 17.8 22.1 32.7 52.5 65.9 70.8 78.5 74.9 65.6 54.2 35.4 24.8 49.6
maximum c® =79 —55 404 114 18.8 21.6 25.8 23.8 18.7 12.3 1.9 —4.0 9.8
Mean F° —64 33 8.6 24.5 349 42.1 46.4 43.1 35.1 24.0 10.9 14 24.8
minimum C° —214 —-196 —13.0 —42 1.6 5.6 8.0 6.2 17 —44 =117 —170 —40
Extreme Monthly Temperatures for Trochu-Equity, 5 km (3 miles) south of
Trochu, between 1955 and 1963.

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

F° 48 54 66 82 89 92 96 96 91 84 87 55

Maximum {0 8.8 12.2 188 217 31.7 33.3 35.5 355 328 28.8 194 12.7

F° =30 33 —26 1 15 33 36 35 15 -2 =22 —40

Minimum C° —-347 -—-350 —322 —172 —94 0.5 2.2 16 -—-94 —189 —30 —40

or1
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Monthly and Annual Averages of Precipitation for Three Hills.
(Based on 30 years of records between 1921 and 1950).

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Year

inch 0.34 0.50 0.62 0.85 1.63 3.02 2.16 191 1.25 0.86 0.58 038 14.35
mm 8.6 12.7 15.7 21.6 414 76.7 54.9 48.5 38.6 21.8 142 9.6 364
Extreme Lengths of the Frost-Free Period, and of the Period between Last
Killing Frost in the Spring and the First Killing Frost in the Fall,
for Trochu-Equity, between 1955 and 1963.
Shortest Longest
Year Period Length in days Year Period Length in days
Frost-free 1955 May 31-Sept. 9 100 1958 May 2-Sept. 21 141
Between
killing frost 1955 May 7-Sept. 10 125 1963 May 4-Oct. 19 157

Dates of Last Frost and Killing Frost in Spring, and of First Frost and Killing
Frost in Fall, for Trochu-Equity, between 1955 and 1963.

Last, in Spring First, in Fall

Frost earliest May 2 September 3
32°F (0°C) latest May 31 October 9
Killing frost earliest April 26 September 8
28°F (—2.2°C) latest May 23 October 19

VHUV STIIH FAUHL ‘AD0TOTDIOHAXH

1T
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FIGURE 4. System and terminology of the land survey units in Alberta.

Locations of observation points are given either as the smallest land-
survey unit of the area within which the point is known to be situated, or
with reference to the corner of a land-survey unit. According to the system
of land survey in the Province of Alberta, a “Township” (Tp.) is an area
of 6 miles square, containing 36 sections, each 1 mile square (Fig. 4). A
“Section” (Sec.) is divided into 16 “Legal Subdivisions” (Lsd.). The location
of a well is often not known beyond the “quarter section” (%) level.

Townships are numbered northward from the International Boundary
with the United States (forty-ninth parallel). Ranges are numbered west-
ward from each principal meridian (Mer.). The fourth meridian is 110° 00/
longitude west of Greenwich; fifth meridian at 114° 00’; and sixth mer-

idian at 118° 00'.

Topographic elevations are expressed in feet above mean sea level.
Elevations for the observation points have either been surveyed or esti-
mated from a base-map with 25-foot contours.
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GEOLOGY

Scope and Techniques

The geological investigations in the Three Hills area have been con-
fined to providing the necessary information for: (1) the assessment of
the general resources of groundwater (distribution and balance of ground
water, locations and depths of high permeability formations, chemical
quality); (2) the evaluation of geologic control on groundwater at sites
of prospective production wells; and (3) obtaining an insight into those
physical and chemical properties of the Upper Cretaceous, Tertiary, Qua-
ternary strata which fundamentally affect the type and nature of ground-
water distribution and flow. Information available in the form of reports
and raw data has been used to establish the geological background in
general. This was supplemented by the results of test drilling conducted
specifically to obtain details for the shallow, freshwater-bearing Upper
Cretaceous and younger rocks. This drilling was carried out by two “22-W
Bucyrus-Erie” cable tool drilling rigs. The depths of the test holes varied
between 130 and 735 feet. Drill cuttings, taken at 5-foot intervals, were
washed, dried, and described at the test site. The lithologic logs are pre-
sented in Appendix C. A more detailed account of the applied sampling
technique is given in a previous report on a similar project (Téth, 1966,
p. 19).

Stratigraphy and Lithology

The area of study is located on the broad east flank of the Alberta
Syncline, a region underlain by gently dipping strata of late Cretaceous
and Tertiary ages. The thickness of strata to the Precambrian crystalline
basement here is approximately 10,000 feet (McCrossan and Glaister,
1964 ).

The lowest geologic unit considered in this report is the combined
Lea Park Formation — Colorado Group of late Cretaceous age (Fig. 5).
This combination, for present purposes, is justified by the similarity of
the lithologies of both formations, with the result that they may be con-
sidered uniform with respect to permeability and porosity. The group con-
sists mainly of dark marine shales with some fine-grained, thin siltstone
and sandstone beds and lenses, with a total thickness of approximately
2,000 feet. The depth below land surface to the top of the Lea Park For-
mation varies between 2,400 and 2,700 feet, corresponding to elevations
above mean sea level of approximately 380 and 210 feet, respectively.
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Nomen=- . Thick-
Age claz’i: Formation n;:s Description
Recent Alluvium Unconsolidated glacial, lacustrine and
Pleisto- | Drift Glacial 0-110 | fluvial clays, silts, sands, gravels,
cene deposits and boulders.
_ Poorly sorted continental, argillaceous,
Paleocene Paskapoo | 0-150 bentonitic, crossbedded, lenticular,
slightly indurated siltstones, and
sandstones; coal; volcanic tuff; clay
1000- ironstone.
Edmonton 1500
Bed-
_.1—'_'_-r 300- Dark grey marine shale with thin
Cretaceous rock Bearpaw 500 bentonite and sandstone beds; iron-
stone nodules.
Alternating marine and continental,
Belly 700- |crossbedded, lenticular sandstones,
River 900 | siltstones; coal; ironstone.
Lea Park Light to dark grey, silty marine shales,
2000 ironstone concretions, thin sandstone
Colorado beds.

FIGURE 5. Generalized stratigraphic section of the Upper Cretaceous and younger
deposits in the Three Hills area.
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The Lea Park-Colorado unit is overlain by a thick succession of pre-
dominantly continental deposits comprising grey, greenish-grey bentonitic
siltstones and sandstones, dark grey, carbonaceous claystones, and coals of
the Belly River, Bearpaw, Edmonton, and Paskapoo Formations, in ascend-
ing order. Intercalated among the coarser-grained, continental strata of
the Belly River Formation are beds of dark marine shale and silty shale
of brackish environment. However, a distinct marine formation in this
succession is the Bearpaw Formation, consisting of dark shale which be-
comes silty and sandy upward, grading into the Edmonton Formation. The
thickness of the Bearpaw Formation varies from 300 to 500 feet in the
area.

The total thickness of this series, with the Bearpaw Formation includ-
ed, is between 2,500 and 3,000 feet. The sandstones and siltstones are
cross bedded, laminated, lenticular, and interbedded with shaley layers.
Clay nodules, ironstone bands, marls, chert, and abundant coal also are
common in these beds. The sandstones form an intricately interwoven
network of old stream beds, whereas the shales presumably were inter-
fluve sediments deposited in marshy, deltaic floodplains marginal to the
late Cretaceous sea.

The important cementing material in the sandstones and siltstones is
montmorillonite, with variable amounts of kaolinite in certain zones. These
clay minerals have been derived from volcanic ash deposited simultan-
eously with non-volcanic detritus in late Cretaceous and early Tertiary
times. Volcanic activity gave rise to the only significantly widespread
stratigraphic marker bed in the Upper Cretaceous succession, a hard, sili-
ceous, volcanic ash bed associated with a band of brownish-weathering,
mauve-colored shale (Kneehills Tuff). Lithologic logs constructed from
cores and cable-tool drill-cuttings, and plotted along sections G, —
G,” and G, —G,” (Fig. 7) show the position and attitude of the Kneehills
Tuff zone, as well as the lithologic character of the Upper Cretaceous con-
tinental deposits. More detailed lithologic descriptions of individual test
holes are given in Appendix C. Mineable deposits of brown coal are com-
mon in the Upper Cretaceous and Paleocene rocks.
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FIGURE 6. Contour map of the Kneehills Tuff Member.

Structure contours constructed for the top of the Kneehills Tuff Mem-
ber (Fig. 6) indicate a simple flexured structure, with a general westward
dip of 15 ft/mi in the Upper Cretaceous rocks. The topographic surface,
on the other hand, drops to the east, in general, resulting in a rapid decrease
of the depth to the top of the Kneehills Tuff from west to east across the
area.

Faults are not known to occur in the area. The hypothesis is advanced
here, however, that local, east-west faulting may be responsible, at least
partly, for the structure observed on the top of the Kneehills Tuff. Highly
mineralized, shallow groundwater (Three Hills Well No. 148, with 11,960
ppm total dissolved solids), and steep, southward sloping, local hydraulic
gradients (Fig. 10) are associated with the synclinal structure west of the
town (Fig. 6). These phenomena could well be caused by the retarding
effect of low-permeability, east-striking fault planes on the southward mov-
ing groundwater. Also, it is possible that the flowing well conditions found
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in Secs. 21-22, Tp. 32, R. 23, W. 4th Mer. and Sec. 8, Tp. 31, R. 23, W.
4th Mer. (Fig. 10) are generated by east-striking local faults. The direction
and apparent size of the postulated faults are in good agreement with those

of a demonstrated hydraulic barrier approximately 30 miles due east of
Three Hills (Téth, 1966, p. 24).

The term “drift”, as used in this report, refers to the poorly consoli-
dated deposits of clay, silt, sand, and gravel, or any mixture of these, over-
lying the bedrock. The material of the drift is composed mainly of Pleis-
tocene till, outwash, lacustrine and morainic deposits, with minor amounts
of Recent alluvium. The main lithologic component of the drift is clay,
with relatively little sand. Claystone, siltstone, and sandstone derived from
the bedrock and reworked by the ice are common and locally predominant
in the drift, particularly in those parts close to the bedrock surface. Well-
sorted gravels are not known to occur in the study area. In addition to
material derived from local bedrock, the drift usually contains fragments
of igneous and metamorphic rocks as well as limestones and transported
sandstones.

The known thickness of drift within the study area varies between 0
and 110 feet. It is thinnest or absent on the top of the hills and attains the
greatest thickness under the floors of Ghostpine and Threehills Creeks. The
drift thickness at any location is the difference in elevation of the land
surface and bedrock surface (Fig. 8).

The relief on the consolidated, poorly cemented Upper Cretaceous and
Tertiary rocks, commonly referred to as “bedrock”, closely reflects the
present topograhic surface (Fig. 8), having been modified only slightly
by Pleistocene glaciation. Both the two major valleys and the tributaries
existed before deposition of the veneer of drift, which, being thickest in
the valleys, has only served to locally de-accentuate the pre-Pleistocene

topography.

Summary

For the purposes of this investigation, it is assumed that the rocks
underlying the Three Hills area may be grouped into three comparatively
uniform lithologic (and hydrologic) units. The lowest unit is the combined
Lea Park-Colorado unit, consisting of approximately 2,000 feet of marine
shales with presumably uniformly low porosity and permeability. The
secand unit consists of the overlying predominantly nonmarine, inter-
bedded sandstones, siltstones, and shales with a total thickness of approxi-
mately 2,000 feet (Belly River to Paskapoo Formations). These rocks,
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although highly bentonitic and locally quite lenticular, show moderate
porosities and permeabilities and provide the best potential for
groundwater supplies in the Three Hills and adjacent areas. The third unit
comprises the thin veneer of unconsolidated Pleistocene and Recent sedi-
ments which, owing to its erratic distribution and high clay content, has
little potential as a source of groundwater.

The bedrock formations dip approximately 15 ft/mi to the west. The
presence of moderate structure is evidenced by the contours of the top of
the only reliable marker bed, the Kneehills Tuff. The possibility of local
faulting within a depth of 200 feet is suggested by certain groundwater
phenomena namely steep, local pctential gradients, associated with flow-
ing wells, and highly mineralized groundwater, the groundwater movement
presumably being slowed down or blocked by the fault planes.
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DISTRIBUTION AND NATURAL MOVEMENT OF GROUNDWATER

The Groundwater Regime and the Hydrogeologic Environment

Concepts

The groundwater regime is that aspect of a given geographic region
which pertains to groundwater and related phenomena. It comprises the
phenomena and the combined processes of distribution, chemistry, and
motion of groundwater. Quantitatively, it is described by the amount in
storage, rate of volume discharge, velocity and direction of movement,
chemical quality, and temperature of groundwater at discrete locations,
and by changes in these properties in time and space.

The groundwater regime is simultaneously controlled by three other
aspects of the region, namely topography, geology, and climate. Together,
these three aspects constitute the hydrogeologic environment of an area,
or briefly, the environment for the groundwater regime. Owing to the fact
that the environment and the groundwater regime have a unique and
quantitative cause-and-effect relationship, a knowledge of the environ-
ment affords the construction of a realistic model of the groundwater
regime, provided that the functional relation between the environment
and regime is known. The three components of the environment may be
stated in terms of: topographic relief (e.g. length and steepness of slopes;
size and shape of depressions and prominences; distribution of valleys and
ridges ), physical and chemical properties of the rocks (e.g. type, magni-
tude, and distribution of porosity and permeability; degree of anisotropy;
soluble mineral content), and climatic characteristics (e.g. amount, type,
and seasonal apportionment of precipitation, potential evapotranspiration).
Depending on the details to which the environment is known, a more or
less accurate picture of the groundwater regime may be produced.
However, even if only a qualitative analysis of the environment is feasible,
information on the groundwater regime, useful for both practical and
scientific purposes, may be procured (Popov, 1965; Sharov, 1965).

A general procedure for deducing the groudwater regime of a given
area from the environment may be outlined as follows:

(1) information available on the actual environment is compiled
for the purposes of a working hypothesis, and a model envi-
ronment is constructed mathematically, electrically, mechan-
ically, or by some other means;
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(2) fluid present in the environment is represented and intro-
duced into the model in the form of digits, electrical current,
or some type of fluid;

(3) properties of the model fluid (controlled by the model
environment) characterizing the fluid movement are calcu-
lated and measured;

(4) the degree of ‘correctness of the obtained flow distribution
is established by comparing the model solution with actual
field data. It is important to realize that the validity of the
model solution cannot be demonstrated with any greater
degree of accuracy than that permitted by the actual field
data.

Hydrogeologic Environment of the Three Hills Area

The three components of the hydrogeologic environment in the Three
Hills area may be characterized as follows:

(1) topography (Figs. 2, 3, and 7):

(a) the land surface has a pronounced relief which is dominated
by the valleys of three major subsequent streams and numer-
ous minor tributaries, all having undulating flanks;

(b) the ratio of the slopes of the thalwegs to those of the valley
flanks is generally low;

(c) the main tributaries strike at near right angles to the main
stream valleys;

(d) the main streams and ridges are nearly parallel to each
other;

(e) the Red Deer River valley is several hundred feet deeper and
lower than the other valleys;

(2) geology (Figs. 5, 7, 9, and Appendix B):

(a) the permeability of the rocks, at least to a depth of approxi-
mately 400 feet, is generally high enough to permit pumping
at rates up to 100 gpm, and to maintain sustained yields up
to 30 gpm;

(b) permeability and transmissibility of the rocks vary abruptly;
values of high permeability are restricted to channel sands,
sandstone lenses, drift-bedrock contact, and coal seams;

(c) below the top of the Lea Park-Colorado unit the permeability
is generally lower than in the overlying formations;
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(d) the top soil and drift cover is sufficiently permeable for
infiltration;

(e) the thick succession of Paleozoic and younger sediments is
underlain at considerable depths by an impervious crystalline
basement;

(3) climate (Table 1):

(a) there is enough precipitation to maintain the water table
near the land surface (Fig. 10);

(b) the ground is frozen for a period of at least 5 months, from
November through March.
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Occurrence of Groundwater

The term “occurrence of groundwater” is used in this report to mean
the physical presence of water in the rock pores, without giving consider-
ation to the economy of its withdrawal for water-supply purposes.

Verbal reports and field observations indicate that water generally
occurs to within 10 feet of the land surface. Figure 11 shows that water
in economic quantities may be obtained to depths of 400 feet in the area.
The occurrence of groundwater in economic quantities does not appear to
be related to any regionally significant geologic feature; instead, it seems
to be localized to limited regions of high permeability (Fig. 7).

Direct evidence is lacking regarding the distribution of water in areas
where it cannot be obtained in economic quantities, i.e. between producing
localities, and below the deepest known producing zones. However, from
the following considerations it may be inferred that water does occur at
such places:

(1) well yields from producing zones are sustained, which
phenomenon is possible only if recharge takes place through
surrounding, nonproductive zones;

(2) the fact that fresh water occurs under nonproductive zones
indicates that this water is refreshed by meteoric water
percolating through lateral and overlying nonproductive
zones;

(3) distribution of gas (see logs of Wells Nos. 144, 145, Appendix
C) proves the existence of open pore space below the maxi-
mum depths of known freshwater producing zones;

(4) recovering water levels (Fig. 12, Well No. 144) during
drilling of test holes, and the fact that water, in amounts
sufficient for drilling by the cable-tool method, collects from
low permeability formations, supply strong evidence for
mobile water being present at depths below economic yield;

(5) virgin fluid pressures obtained from drillstem tests in oil
wells indicate that the fluid-potential distribution is influ-
enced by the overlying topography to depths of several
thousands of feet, suggesting hydraulic continuity between
deep seated formation fluids and the land surface (B.
Hitchon, pers. comm.).
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FICURE 12. Relation between non-pumping water levels and well depth in Three
Hills Well No. 144.

Movement of Groundwater

Model Environment for the Groundwater Regime

On the basis of the information presented above, a rather simple
model for the hydrogeologic environment may be formulated. It consists
of a hydraulically continuous medium with the lower boundary being an
extended horizontal, or nearly horizontal, impermeable stratum located at
some depth, whereas the upper boundary is a close, somewhat subdued
replica of the land surface. In the course of previous investigations it has
been established that in this type of environment the natural flow of
groundwater does not cross the vertical, imaginary planes coinciding with
major valleys and water divides (Téth, 1963, p. 4808; Freeze, 1966, p.
177). These planes, therefore, represent lateral, impermeable boundaries
of natural flow regions. The permeability varies within the medium but,
depending on the scale of investigation, certain areas and groups of forma-
tions may be regarded homogeneous. Groundwater flow in this environ-
ment is generated by the differences in fluid potential at the land surface,
and its distribution is modified by the permeability distribution in the
geologic formations.
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Although general solutions for groudwater flow-distribution in simi-
lar environments are available (op. cit.), an attempt has been made to
obtain solutions specifically for the Three Hills area. For this purpose an
electric analog was designed and constructed (Appendix A).

Conclusions Regarding Regional Groundwater Flow

Certain conclusions may be derived from an analysis of the models of
fluid-potential distribution (Appendix A, Fig. 13) regarding the geometry,
intensity, direction, and direct or indirect manifestations of groundwater
movement in the Three Hills area.

(1) Topographic control

The natural movement of groundwater is controlled by the local
topography to depths corresponding to at least the top of the Lea Park-
Colorado unit. As a result, no lateral flow occurs under the three major
surface-water divides: Kneehills ridge, Three Hills ridge, and Red Deer
ridge (Fig. 3). Also, flow does not cross the vertical plane under the Red
Deer River. Under natural conditions and above the Lea Park-Colorado
unit, therefore, each basin has its own groundwater regime, with the direc-
tion of movement, balance and chemical quality of groundwater being
determined by the hydrogeologic environment of the individual basin.
Because the hydrogeologic environments in the three basins are similar in
every respect, except for topographic and geologic details which are small
compared to the extents of the basins, the groundwater regime will also
be uniform over the entire area, with minor local differences only.

(2) Direction of movement

Groundwater in each basin moves in two, oppositely directed regional
flow systems from the major surface-water divides towards the main
valleys, and in several intermediate and local flow systems, superimposed
on the regional systems, from local topographic highs to local lows. Flow
velocities generally decrease with depth, although lateral variations in
velocity are locally more important than vertical changes.

(3) Recharge and discharge areas

Inasmuch as the ratio of the lengths of downward-flow sections to the
lengths of upward-flow sections along the upper boundary of the model
may be considered to be proportional to the ratio of the areas of downward
flow to the areas of upward flow in the three dimensional actual basin, the
Three Hills area is divided according to a 1:1 (50 per cent to 50 per cent)
ratio into areas of hydraulic recharge and hydraulic discharge.
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Areas of downward flow are characterized in the field by a decrease
in fluid potential (lowering of water levels) with increasing well depth,
whereas, depending on the local slope of the land surface, water levels
may drop, remain constant, or rise with increasing depth in areas of
upward flow (Téth, 1966, p. 33 and Fig. 13. op. cit.).

In areas where flow is directed upward, the fluid potential may in-
crease to such a degree that water levels rise above the land surface in
bore holes. On the potential cross section shown in figure 13b, deduced
from the electrical model, this phenomenon may be expected between
miles 6.75 and 8.75, with the center of this theoretical flowing well area
being shifted approximately 1 mile to the east of the channel of Threehills
Creek. Drilling of seismic shot holes, approximately % mi south of the
cross section, reveals that flowing conditions exist over a large area (Fig.
10). The known extremities of this area are at miles 6 and 8 of the cross
section (Figs. 10 and 13). Another area of flowing wells occurs in the
northwest corner of the map-area, the position of which in the natural
systems of groundwater flow is similar to that of the one mentioned above.

Based on this and other agreements (discussed in the section on
chemistry) between features of the flow model and actual observations,
it is concluded that the 1:1 ratio of discharge and recharge “areas” indicated
by the model represents the actual field situation with good approxima-
tion. This ratio, however, may change from basin to basin as their slope
characteristics vary. Due to the relative steepness of the high divide on
the east flank of the Threehills basin, for example, the areas of downward
flow are reduced, resulting in a recharge to discharge area ratio of 2:3
(40% to 60% ). On the other hand, the broad, relatively flat water divide
contrasting the steep-sided flanks of the deeply incised valley of the Red
Deer River, results in a 2.2:1 (69% to 31% ) ratio, indicating widely spread
areas of downward flow with flow converging in the discharge areas.

(4) Contribution to base flow

From the pattern of flow distribution in the electric cross section, it
is seen that the channel proper of a creek is not a preferred place for
regional groundwater discharge; instead, groundwater approaches the land
surface over an area of approximately 50 per cent of the drainage basin.
This type of flow distribution means that groundwater contribution to the
area’s streams is small compared to the total amount of groundwater dis-
charge. Thus, the streams receive base flow from the total groundwater
discharge in proportion to the ratio of their channel area to the area of
upward-moving groundwater.
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This conclusion, concerning base flow, is corroborated by the high
degree of correlation between the stages of Threehills and Ghostpine
Creeks and the amounts of local precipitation (Figs. 14a, b). From the
hydrographs it is seen that stream stages rise in response to each rain
within a few hours and drop to their pre-storm level within two or three
days, i.e. as soon as channel storage in the basin is depleted. The lack of
permanent rise in the river stages after major storms, plus the fact that
these streams dry or freeze up completely during periods of drought of
several weeks duration and in the winter, indicate that in the Three Hills
area subsurface flow does not contribute any significant quantities of water
to stream flow.

In addition to the above observations, the amount of stream flow in
the contiguous basins of Kneehills Creek and Rosebud River was found
to be 0.5 per cent of the precipitation (Canada, Water Resources Branch,
1965, p. 8). These basins have hydrogeologic environments similar to the
Ghostpine and Threehills basins. Since these creeks have similar flow
characteristics as well, it is certain also that the major part of the dis-
charges of Ghostpine and Threehills Creeks is derived from precipitation,
indicating again the subdued importance of groundwater contribution.

(5) Influence of Red Deer River Valley

Cross sections derived from the electrical model indicate that the
subsurface draining effect of the deep valley of the Red Deer River is
strong, resulting in a marked decrease in fluid potential with depth under
the areas of downward flow between Ghostpine Creek and the Red Deer
River (Fig. 13a). A similar effect in the actual flow distribution is indi-
cated by (1) the necessity of drilling wells up to 400 feet in depth to
secure a sufficient height of the water column in domestic wells (Fig. 11);
(2) the low nonpumping water levels (Fig. 10); and (3) the westward
shift of the groundwater divide at depth, which is particularly noticeable
in the southeast corner of the map-area (Fig. 10). The low water levels
and the consequent necessity of deep wells, which may be inferred from
and explained by the electrical cross section, were attributed by Stalker
(1953, p. 15) to draining by the Red Deer River.

(6) Influence on porosity and permeability

According to the results of test drilling and well surveys, economically
significant quantities of water are generally restricted to depths of 300 feet
or less from the surface, except in the Red Deer basin, where production
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wells deeper than 300 feet have been completed. Since there is no corre-
lation between bedrock lithology and the present land surface, the devel-
opment of a relatively shallow region of increased permeability appears
to be related to topography. Thus, based on the demonstrable influence of
land forms on the distribution of groundwater flow-systems, the hypothesis
is advanced here, that if rock types and chemical conditions are suitable,
a type of internal erosion takes place within the rock framework resulting
in an increase in the original permeability in areas of relatively intense
groundwater flow-systems.

The basic assumptions in the suggested process are that the rocks
contain fine particles that can be transported by moving groundwater, and
that chemical reactions between groundwater and the rocks result in per-
meability-increasing volumetric changes of some of the rock-forming
minerals. In the Three Hills area both the mechanical and the chemical
processes may be operative. The cement materials in the siltstones and
sandstones of the Upper Cretaceous-Tertiary bedrock consist mainly of
soft, unconsolidated clays, mainly montmorillonite and kaolinite. Con-
ceivably, moving groundwater may rearrange the colloidal particles by
dislodging and shifting them from places of high velocity flow to low
velocity embayments and to the leeward side of protruding grains in the
intricate system of rock interstices. This mechanical process would result
in a decrease in the degree of tortuosity and in a reduction of the length
of the passageways, both effects tending to augment permeability. Con-
currently with this process, an exchange of cations may occur between the
Ca-Mg type shallow recharge waters and Na-bearing montmorillonite,
producing Na-type groundwater and Ca-type montmorillonite. Both
the dry volume of Ca montmorillonites and their swelling on wetting
is less than those of Na montmorillonites. For this reason this type of cation
exchange also would increase the cross-sectional area of the passageways.
The suggested increase in permeability would allow increased rates of
groundwater flow in regions where it is already active, thereby progres-
sively accentuating the original differences in flow intensity and also the
generated differences in permeability along preferred depth intervals of
the basin,

Obviously, this process will result in a flow distribution that is differ-
ent from the configuration of flow lines obtained by the electrical analog.
Yet, as a qualitative conclusion, it is suggested that the differentiation in
flow intensity will be such that the intensity increases where it is initially
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high in a homogeneous medium, and it decreases in regions from which
water is diverted towards high permeability zones.

The above-average depth of economically significant water supplies
in the Red Deer basin also supports the hypothesis on the permeability-
-increasing effect of active flow systems, in which, according to the elec-
trical model high intensity, deeply penetrating systems, and steep grad-
ients are associated with the deeply incised valley. Also in favor of the
above hypothesis is the fact that economically significant water quantities
are known to occur only at shallow depths (less than 150 ft) in areas
where gradients of the fluid potential are low (Well Nos. 144 and 150,
Fig. 7), and at greater depths (to 300 or 400 ft) where deeper penetra-
tion of intense flow can be expected, for instance under topographic highs,
and midline areas (Fig. 7).

(7) Depth of active flow

According to the potential distribution derived from the electrical
model, most of the land surface is underlain by local flow systems. If this
observation is combined with those of the preceding discussion, according
to which shallow, active flow is restricted to a depth of less than 300 feet,
then the conclusion is that most groundwater circulation occurs within 300
feet from the land surface in local flow systems. Water-level fluctuations in
shallow observation wells (less than 300 feet), therefore, must be indicative
of the dynamics of shallow, local systems. It is this conclusion, upon which
estimates of groundwater balance, flow rates, and average hydraulic con-
ductivity of the rocks in the Three Hills area are based.

(8) Influence of possible faults

Configuration of water levels at three different localities, high min-
eralization of groundwater at one of these localities, and structural contours
on the Kneehills Tuff indicate the possibility of local, east-west faulting
in the Three Hills area. The direction and type of the suggested faults are
consistent with a hydraulic barrier demonstrated in the Olds area (Téth,
1966, p. 24 and 45). The apparently low-permeability planes of the postu-
lated faults will impede both natural and induced movement of water
across them.
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Groundwater Balance

Theoretical Background

“The quantity of flow through an undeveloped basin under natural
conditions . . .” was defined as the “natural basin yield” by Freeze (1966,
p. 185). It is the lower limit of the “basin safe yield”, since water with-
drawal will divert a portion of that water toward points of artificial dis-
charge which would not enter the systems of saturated flow under natural
conditions. A corresponding concept in Russian literature is the “dynamic
reserves of groundwater”.

A similar concept was developed and called “artesian water circula-
tion” by Szebényi (1965) in an attempt to determine the “quantity of
water crossing a unit surface of the artesian aquifer boundaries in unit
length of time under the influence of natural potential gradients™ ( quota-
tion translated by author), from fluctuations of water levels in observation
wells during periods of frost in the Hungarian Plains,

A relation between the saturated flow of groundwater and the fluc-
tuations of the water table during periods of frost, in general, and between
saturated flow in local flow systems, specifically, and phreatic fluctuation
during periods of frost was pointed out by Téth (1962, p. 4383; 1966a,
p. 264).

Concepts based on conclusions of these works and on the limited
amount of information available from precipitation records, observation
wells, and the electrical model suggest that it is possible to estimate the
order of magnitude of the average natural basin yield in the Three Hills

area. In the following paragraphs the principles of the calculations are
summarized.

The natural yield (Qy, :) of any flow system (i) during a given time
interval (t) equals the amount of water passing through and at right angles
to its cross section at the boundary between the area of downward flow
and area of upward flow. This quantity is equal to the product of the
average specific yield of the rocks (Sy) multiplied by the average drop
of water levels (¥, ;) taken over the surface of the flow system’s area of
downward flow (A, ;) during the time interval t, or the average rise of
water levels (£, .) over the surface of the flow system’s area of upward
flow (A, .) for t, provided that the water-level fluctuations are due solely
to the exchange of water between the system’s areas of downward flow
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and upward flow. This condition is closely approximated during periods of
ground frost, when recharge by precipitation and discharge by evaporation
are negligible. The natural yield of the flow system i for the time inter-
val t, therefore, may be expressed as:

Ql,t = SY'El_t'Al,d = SY'fu,t'Al,u (13)
or, as:
qi cazgi't =§y fa, ; and qy, u gl't =§y‘Fu.t (1b)
i, d i, u

as the depths of the recharged or discharged water over the areas of
downward flow, or upward flow, respectively, during a length of time t.
For a flow system whose areas of upward flow and downward flow are
equal, equation la may be written as:

< - A
Q¢ = Sy.F. o (1c)

P

where A, is the total land area of the flow system, and ¥, is the average
change of water level in either the downward flow or upward flow areas.

If the seasonal changes of the hydraulic gradients in the flow system
are small compared to the average gradient, the total yield of the system
(Qi,r) during the time of a complete phreatic cycle (T) is:

A, T

> (1d)

T = =
QI,T = Ql,l'—_t— = SY'tt'

In a drainage basin containing only one flow system, the above equations
will represent the natural basin yield. In a basin containing several flow
systems, however, the basin yield will be:

n
Qr =1E1Q1 r+ Qe+ ... Qur (1le)

Ideally, Qr is the consequence of a dynamic equilibrium determined
by the existing hydraulic gradients, specific yield, and permeability of the
rocks, and is recharged in areas of downward flow by a certain portion of
the total precipitation. It is discharged hydraulically in the areas of
upward flow during a phreatic cycle. The local needs of evapotranspira-
tion then may be considered to be supplied from an additional portion of
the precipitation in both the areas of downward flow and upward flow.
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If, however, this need should be satisfied from part of Qr in the area
of upward flow, then a quantity corresponding to this need must be re-
jected from the precipitation there. Thus, whether the local natural water
use in the area of upward flow is obtained from the regional flow of
groundwater or from local precipitation, a quantity of Qr seems to be
recoverable without adversely effecting the moisture supplies for crops
or causing a permanent depletion of stored groundwater.

Strictly speaking, Qr is available for artificial withdrawal in the area
of upward flow only. Lowering the water levels by pumping in areas of
downward flow, however, will promote the recharge from rainwater. For
this reason it is believed that a minimum, or safe rate of water production
per unit surficial area is possible by distributing Qr over the entire surface
of a flow system according to:

Q1, T, safe = QA,;I‘ == qi2'T (28.)

or for the entire drainage basin:

G sote = 2 =0 (2b)

Considering Q,: as defined above, and estimating the cross-sectional
area of the flow system between the areas of downward flow and upward
flow, velocities of groundwater flow and average permeabilities of the
rocks may be calculated. If the ratio of areas of downward flow to areas of
upward flow in a drainage basin containing numerous flow systems is
similar to that ratio of an individual flow system, then the above method
of calculating velocities and permeabilities in the flow system should be
valid for the entire basin. The following calculations for the Three Hills
area are based upon the above considerations.

Practical Calculations

(1) Groundwater coefficient of precipitation (K;)

From monthly measurements in seven widely scattered observation
wells in both recharge and discharge areas (Fig. 3), the average change
of water levels for two five month-long periods of ground frost was found
to be (Fig. 15):

Ft=5months = 0.47 feet

This fluctuation, with an assumed specific yield of 0.1 for the local rocks,
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represents an average depth of water exchange for a period of 5 months of

qi—s = Sy fi = 0.1.047 = 0.56 in./5 months

or

gqr = QX I Q" T =135 in./year.
a

The groundwater coefficient of precipitation will then be:

1.35

K, = ~ 1433

100%

K, = 9%
where p is the amount of annual precipitation.

(2) Natural basin yield

Since, according to the electrical model the average ratio of the areas of
downward flow to the areas of upward flow is approximately one, and
since in the water-level fluctuations both types of areas are equally repre-
sented, it follows that the 9 per cent must be equivalent to the quantity
of water moving annually from areas of downward flow to areas of upward
flow in the Three Hills area. This further means that an average depth of
water of

gr = 1.35 in./year ~ 72 acre-feet/sq mi/year
~ 38 gpm/sq mi ~ 65 1/min/km?*

replenishes the zone of saturated flow in the areas of downward flow
during the specified time intervals.

(3) Areal, or safe rate of production

According to equation 2b, if the natural basin yield, Qr, is to be with-
drawn over both areas of recharge and discharge, the evenly distributed,
safe production rate is:

qrsate = %r = 19 gpm/sq mi ~ 33 1/min/km?

(4) Flow velocity

The same amount of water that enters the flow systems at the areas
of downward flow, at a rate of 38 gpm/sq mi, will have to be transmitted
to the areas of upward flow across a 1 mile-wide vertical cross-sectional
area, the “mid-line” area of the flow system, which can be assumed to be
approximately 300 feet deep [point (7) on page 00]. The contraction of
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FIGURE 16. Diagram illustrating the calculation of flow velocity.

the cross-sectional area of the “typical” flow system (Fig. 16) from 1 sq
mi at the intake to A, = 5280 . 300 ft? at the mid-line requires an increase
in the flow rate by a factor of 17.6, resulting in an average discharge of

Q. = 658 gpm = 10.5 ft*/min

through a section 1 mile wide by 300 feet deep of the mid-line regions.
The rate of volume discharge per unit cross-sectional area is then:
5280 . 300 ft m?

— — . 3 — 291.10°
Q@ = g = 956107 ot = 201107

which, when divided by the assumed specific yield of 0.1 for the local
rocks, yields for actual flow velocity at the mid-line regions:

Ve = = _ 956.10° ft/day — 291.10" m/day

Sy
or, approximately

ve ~ 0.1 ft/day ~ 3 cm/day.
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(5) Average field permeability of the rocks
Measurements of the slopes of the water levels in figure 10 along 13
cross sections yield an average gradient of

I = 0.0212 ft/ft.

With the previously obtained figures for A, and Q., the equation
Q = PAI

yields a value for the average permeability of

Q.

C

P = = 4.5.107 gpd/ft* ~ 3.10® darcy.

Discussion of the Practical Results

Due to various uncertainties involved in the above calculations, the
results at best can be regarded correct within the order of magnitude.
However, in an area for which no information whatsoever is available for
the water balance, even the first, rudimentary estimates may be of value
in future development of the water resources.

If it is accepted that approximately 0.5 per cent of the total precipi-
tation runs off from the area as stream flow, and that no groundwater
moves out of the drainage basins, then 99.5 per cent of precipitation is
available for evapotranspiration. Of this amount, 90.5 per cent must evap-
orate and transpire without participating in the groundwater circulation,
whereas 9 per cent of precipitation completes the subsurface portion of
the hydrologic cycle. The high rate of evapotranspiration obtained from
stream-flow measurements is in good qualitative agreement with the results
obtained from the Thornthwaite method, which show that the Three Hills
area is characterized by a year-round deficit of precipitation compared to
the potential evapotranspiration.

Owing to a scarcity of published data, the range of values expected
for average basin yields is uncertain. It was calculated to be 9 per cent
of the precipitation in the present case. Estimates of X, for several places
in the United States range between 5 and 18 per cent (Farvolden et al, 1963,
p. 104), whereas for a small drainage basin in Alberta it was calculated by
Farvolden (op. cit.) to be 2 per cent. The writer feels that groundwater
flow has been underestimated in the latter case because only that part of
the groundwater flow was taken into consideration which discharged at
a spring, the spring being accepted as the only point sink of the basin.
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Another indication that the estimated average basin yield in the Three
Hills area is of the correct order of magnitude is found in the values for
flow velocity (3 cm/day) and permeability (3. 107 darcy), calculated us-
ing the average basin yield figure of 9 per cent. The flow velocity and perm-
eability values so derived are in good agreement with the range of values
suggested by Todd (1959, p. 53) for rocks of the type that underlie the
Three Hills area.

Summary

The hydrogeologic environment of the Three Hills area is character-
1zed by rolling topography with prominent water divides and broad, flat
floodplains, underlain by fine grained, argillaceous, continental clastic sed-
imentary rocks, with sufficient precipitation to keep the water table near
the land surface. In this environment groundwater forms a hydraulically
continuous body moving from areas of higher head to areas of lower
head, coinciding with topographic uplands and depressions, respectively.
Movement of the groundwater under the presently prevailing natural dis-
tribution of fluid potential occurs in groundwater flow systems of different
orders. Flow is active in the shallow, local systems and sluggish in deeper
systems. The areal average depth of the active flow is approximately 300
feet. Permeability of the rocks to this depth seems to be higher than below
it. This is attributed to the mutually reinforcing interaction between the
intense flow of groundwater and its permeability-increasing effect by
physical and chemical weathering inside the granular framework of the
rocks at shallow depths. The depth within which these processes take place
is a function of the topographic relief.

Generally, 50 per cent of the Three Hills area is underlain by areas
of downward flow, and 50 per cent by areas of upward flow of ground-
water. This ratio of 1:1 varies from basin to basin according to the local
topography. It is 2:3, 1.13:1, and 2.2:1 for the Threehills, Ghostpine, and
Red Deer basins, respectively.

The natural basin yield, which is the amount of water exchanged
between areas of downward flow and areas of upward flow during a
specified time interval is approximately 9 per cent of the precipitation,
or 135 in/year ~ 38 gpm/sq mi. Since groundwater contribution
to stream discharge is negligible, 9 per cent of precipitation is regarded to
be the minimum amount of water that may be withdrawn in each square
mile of upward flow area without depleting groundwater storage. Distri-
buted over the entire area, the safe natural yield is approximately 10

gpm/sq mi.
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The average lateral velocity of groundwater flow in the upper 300-
foot zone underlying the Three Hills area is estimated to be approximately
0.1 feet/day. Calculated with a value of 0.1 for porosity (specific yield),
the average lateral permeability of the rocks within the above-mentioned
zone is 4.5.107 gpd/ft? ~ 3.107 darcy.

Although it is realized that these results are preliminary and gross
estimates of the groundwater conditions in the Three Hills area, there
are indications that their general order of magnitude is correct.
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GROUNDWATER CHEMISTRY

Areal Distribution of Chemical Constituents

Figures 17 through 23 present the areal distribution of the total dis-
solved solids (TDS) content and the most important chemical constitu-
ents of groundwater in the Three Hills area by means of contour maps.
The maps have been eonstructed on the basis of well-water analyses.
Owing to the limited number and wide spacing of the sampled wells,
changes in chemical quality, possibly occurring within short distances (2
miles on the average) and in the vertical direction, could be observed in
a few places only. In certain parts of the area, no water samples could be
secured over several square miles due to an absence of water wells.

The maps are self-explanatory, and those aspects of groundwater
chemistry which are important from a practical or water-supply point of
view will be discussed only briefly.

The areas for good potable water are outlined by the 1500 ppm con-
tour line on the map of the total dissolved solids (Fig. 17). An ex-
tended area of low total solids (less than 1500 ppm) covers the ridges
and valley slopes east of and parallel to Ghostpine Creek. The TDS con-
tent increases slightly but rather uniformly west of this creek as far as
the relatively high plateaus in the centre of the map-area. On the plateaus,
particularly in the north half of the map-area, water quality is poor, reach-
ing values of 5000 ppm. This area of high mineralization has the shape of
an equilateral triangle with the town located approximately in the middle
of its northwest-southeast oriented side. Two other areas of low total
solids are situated on the west slopes of and within three miles of Three
Hills ridge and along Threehills Creek valley, and on the adjacent hills
south of the town. Along the west boundary of the map-area, the total
dissolved solids content is generally above 1500 ppm.

For the purposes of human and stock consumption, SO, is the least
desirable major anion in water because of the laxative nature of the main
SO, compounds, namely Na,SO, (Glauber salts) and MgSO, (Epsom
salts). For this reason it is important to note that the areas of low total
dissolved solids are also areas of relatively low SO, (less than 50 per
cent of total anions), thus becoming strongly preferable for the develop-
ment of water supplies. The areas of high total solids, on the other hand,
are also high in SO,™, which correlation renders these areas unsuitable
for development of public water supplies.
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The SO, content of the water is given as per cent SO, of the total
anions, calculated as equivalents per million (epm). The remaining anions,
consist largely of HCO, and some CO;~, although CI" is present in var-
ious quantities (Fig. 21). The Cl" content varies from 0 to 60 ppm and its
distribution appears to be related to those of the TDS and SO,~. Due to
the general low amounts, however, Cl” does not impair the use of ground-
water for human consumption in the Three Hills area.

Among the cations, Na* is by far the most important. Together with
minor amounts of K* it constitutes over 90 per cent of the total cations
over approximately 60 per cent of the area. The balance is made up of
Ca* and Mg", which, except in a few isolated places, rarely exceeds 30
per cent (Fig. 18). The areas of relatively high Ca™ + Mg™ content more or
less coincide with the areas where SO, constitutes 50 per cent or more of
the anions. This is particularly true in the eastern part of the area, where,
within the region of low total solids, SO, is below 50 per cent and Na’
+ K* more than 90 per cent without exception. In the western half of
the area, the correlation is less definite, although there, too, the broad
relation between high Na* + K* and low SO, is unmistakable. The ratio
of Ca* to Mg™ is variable over the area. A denser grid of observation
would be needed to establish a reliable pattern of distribution, neverthe-
less, a distinct north to south lineation of the distribution of this ratio
seems to exist (Fig. 19).

Little can be added to the distribution patterns of fluoride and iron
(Figs. 22 and 23) except to point out that, owing to the possibility of iron
being taken into solution from pumps and casings, the distribution pattern
presented in figure 23 may not represent the natural ion content of ground-
water in the Three Hills area.

Chemical Types of Groundwater in the Three Hills Area

The central part of the Piper diagram (Fig. 24) shows the chemical
types of groundwater in the area of study. Groups of points have been
isolated by arbitrary boundaries, thereby defining four chemical facies of
groundwater.

Although the employed principle of establishing hydrochemical facies
is the same as that used by other authors (Back, 1960), the quality ranges
have been chosen for the present purposes so as to contain those points
which concentrate around apparent centers. It seems that in this way a
grouping has been provided on the basis of which the chemistry of the
local groundwaters may be conveniently investigated.
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The designations, ranges, and average compositions of the four groups
are given in table 2, and the areal distribution of water types is shown in
figure 5.



Table 2. Summary of the Hydrochemical Facies of Groundwaters in the Three Hills Area

és

Number and designation Range of Number of Group averages of main constituents
. . . water Unit
of Hydrochemical facies constituents samples Na* -+ K* | Ca* | Mg" | HCO,” + €O, 50,~ cl- | TDS (ppm)
I Na: 90 to 100% 16 epm 13.31 0.13 0.11 13.22 1.00 0.62 871
sodium bicarbonate  HCO, + CO,: 75 to 100% % o7 1 1 %0 7 4
' I Na: 80 to 100% epm 2540 | 0.75 | 0.86 14.69 1159 | 0.36
sodium 53 1679
bicarbonate-sulfate HCO, + CO,: 40 to T4% % 93 2 3 57 42 1
111 04
Na: 30 to 69% 0 epm 19.63 1041 | 9.88 9.61 30.48 0.38 o711
sodium-calcium HCO. 4+ CO: 10 to 30% 1 % 48 28 | 28 26 73 1
sulfate-bicarbonate 3 3 ’
v Na: 70 to 100% epm 42.14 2.63 3.19 14.06 34.41 0.43 3974
sodium ' 38 % 87 6 7 30 69 1
sulfate-bicarbonate HCO, + CO,: 10 to 39% 0

2 NILLAITING VIYILTV JO TIONNOD HOUVASIY
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Interpretation of Groundwater Chemistry

General Principles

The basic principles and the specific factors determining the evolution
of the chemical types of groundwater moving through both single aquifers
and whole drainage basins have been studied by various authors, e.g.
Chebotarev (1955), Back (1960), and Schoeller (1962). Observations and
interpretation of groundwater chemistry in hydrogeologic environments
similar to that of the Three Hills area have been made by several workers
in Alberta: Meyboom (1960, p. 57), LeBreton and Jones (1963, p. 207-
245), and T6th (1966, p. 49; 1966b). Relevant details may be found in
these studies. For the present purposes only two of the most important
and well established conclusions regarding the evolution of groundwater
chemistry are reiterated: (1) the concentration of dissolved mineral matter
is directly proportional to the length of the flow path and to the under-
ground residence time of the water; (2) the chemical type of groundwater
at each point in the flow system is a function of the chemical composition
of the rocks at that point and of the antecedent water quality.

Interpretation of the groundwater chemistry in the Three Hills area
is made difficult by various factors. One of these is that in most parts of
the area the distances between adjacent observation points exceed the full
lengths of local flow systems, thereby precluding the possibility of estab-
lishing the areally characteristic, basic types of chemical changes along
completed and simple trajectories. Another point of difficulty arises from
the relatively complex chemical and mineral composition of the local
rocks. As a result of this complexity, the chemical changes in water quality
due to rock composition possibly obscure the changes due to length of
flow path and travel time. It is therefore very difficult to separate and
determine the relative importance of factors controlling the chemical
evolution of the water. However, from the concept of groundwater flow
systems and their inferred distribution in the Three Hills area, a compre-
hensive interpretation of the groundwater chemistry can be obtained,
albeit on an areal rather than local scale,

Some characteristic relations, namely those between the contents of
major anions and the total dissolved solids, are shown in the scatter dia-
grams of figure 26. Here, it is seen that above a TDS content of approxi-
mately 1000 ppm, the average amount of HCO,” + CO, ions remains
nearly constant, The interpretation of this phenomenon is that the HCO,"
ions, which are far more important than CO,™ ions in the sampled waters,
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form immediately after fresh rainwater infiltrates into the ground, ie. in
the soil zone and in zone of plant roots where the supply of free CO,
derived from the atmosphere, decaying vegetation, and live processes of
plants is copious. As the waters percolate to greater depths, where no free
CO, is commonly available, a further addition of HCO,™ ions is not possible,
resulting in a “fossilized” quantity of HCO, ions for the rest of that water’s
underground journey, i.e. for the remainder of the flow system in question.
According to figure 26, however, both the relative and absolute amounts
of the SO,~ + CI ions — SO, being usually more important — have a
definite tendency to increase with increasing total solids content, indicating
that sulfates and chlorides are being added to the water as long as the water
resides underground.

These relations combined with observations concerning the cation
facies will be of assistance in the following interpretation of the different
chemical types.

Chemical Types of Groundwater in the Three Hills Area

Type 1. (Figs. 24, 25, and Table 2)

Type I water commonly occurs in areas of downward flow, and in
short (few hundred yards to less than a mile), active flow systems on the
water divide east of Ghostpine Creek (Fig. 13). The rocks in these areas
are commonly devoid of gypsum and are high in sodium due to the
nearness of the Kneehills Tuff Member. The other area of occurrence of
type I water is in the steep-walled, bowl-shaped depression on and ad-
jacent to the southwest slopes of the Three Hills ridge. Within a distance
of approximately three miles of the ridge crest, the quality of water
alternates between types I and 11, probably as a result of the high to med-
ium intensity local and intermediate systems with alternating areas of down-
ward and upward flow. For unknown reasons the rocks do not seem to
contain much gypsum on this side of the ridge.

Type I water is, therefore, interpreted as the “young” waters of areas
of downward flow, or of a short, active flow system in regions where the
main cation is Na" and the supply of SO, is limited.

Type II. (Figs. 24, 25, and Table 2)

This is the most common type of water in the Three Hills area. It
occurs generally along the bottom of Ghostpine Creek valley; in Three-
hills Creek valley south of its intersection with the east-west road, three
miles west of the town; on the steep hills east of Three Hills ridge, i.e. on
the west flank of the Ghostpine valley; and at various places in the bottoms
of tributary valleys.
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The moderately high sulfate content together with the associated,
moderately high mineralization suggests two possibilities for the origin of
this facies: (1) areas of downward flow with a good supply of soluble
sulfate, which in the Three Hills area only gypsum, a near-surface alter-
ation product of glacial and bedrock deposits, can be, or (2) mid-line or
upward flow areas of moderately long systems. The relative predominaﬁce
of sodium over calcium suggests, however, that flow systems containing
type II waters do not originate in gypsiferous rocks. Thus, the water must
have travelled moderate distances to collect the sulfate, whereas the main
cation remains sodium supplied by the clays in the bedrock.

The conclusion is that type II waters develop mostly from type I in
intermediate, and moderately intense flow systems (e.g. on the east flank
of Ghostpine Creek; Threehills Creek, south of the above mentioned inter-
section; and local gullies) and are found in mid-line and upward flow
areas of such systems, or, that they occur in intense, short flow systems
moving through rocks containing readily soluble sulfate compounds. This
latter is considered to be the case throughout the approximately three-
mile wide zone west of Ghostpine Creek, where the steep drop of the land
surface from the plateaus east of Three Hills ridge generates active local
flow systems (Fig. 13). The proximity of the plateaus, known to contain
gypsum in the near-surface strata, may be the reason for the water be-
coming type II before having reached the mid-line or upward flow areas.
Type III. (Figs. 24, 25, and Table 2)

The few known occurrences of this tvpe of water are concentrated in
the triangular high plateau northeast of the town and in adjacent major
tributaries. Two further occurrences do not warrant discussion owing to
the paucity of data.

The plateau is underlain by fine-grained rocks containing abundant
carbonaceous material (coal, carbonaceous shale), fragments of gastropod
and pelecypod shells, and gypsum crystals (Well No. 147, Appendix C)
within 50 feet of the land surface. This material constitutes a ready source
of calcium, magnesium, and sulfate to the recharging fresh rainwater.

Type III water is, therefore, thought to occur in flow systems
originating in rocks containing large amounts of readily soluble calcium,
magnesium, and sulfate. The total solids content will increase in each
individual case proportionally with the length of time the water spends
underground.
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Type IV. (Figs. 24, 25, and Table 2)

The main areas of occurrence of type IV water are: the triangular
plateau east of Three Hills ridge; the area north of Three Hills ridge;
a two-mile wide strip along the north half of the western boundary of the
map-area; and some slopes and tributary bottoms along the south half of
the western border of the area.

The production of type IV water is possible along two basically inde-
pendent lines. First, when water spends a long time underground due
to either great length or sluggish motion of the flow system, or both, it
will partly or wholly exchange its calcium and magnesium for the sodium
of the clays (mainly montmorillonite), thereby changing its original cal-
cium or sodium-calcium content to sodium. At the same time it will dis-
solve other soluble matter, increasing its mineral content above that of
the original type III water. The direction of this process is represented by
the arrow parallel to the equal anion lines in figure 24. The second possible
way of development does not involve exchanges of cations but a direct
increase in the concentration of mineral matter along a long flow path, by a
gradual evolution through types I and II. The process is represented by
the arrow parallel to the equal cation lines in figure 24.

The first process postulated is believed to be largely responsible for
the poor quality of water in the region northeast of the town of Three
Hills. In addition to geologic conditions presumed associated with type
III water in this area, groundwater movement itself is sluggish owing to
the low hydraulic gradients, particularly in the area between miles 12.5
and 14.5 (Fig. 13).

A good example of the second way in which type IV water may be
formed presents itself in an area northwest of Three Hills. A well-defined,
north-south oriented boundary approximately 3% mi west of Three Hills
ridge separates this area from the bowl-shaped depression characterized
by types I and II water (Fig. 25). This boundary of chemical facies coin-
cides exactly with the dividing line between the local and intermediate
flow systems originating on the west slopes of Three Hills ridge, and the
regional system with area of downward flow on the top of the ridge.
Although the geologic conditions that cause the high mineralization and
sulfate content on the east slopes of the ridge are apparently absent on
the crest and west side, the great length and sluggishness of the westward
moving regional system transforms the recharging type I water into highly
mineralized, type IV water in the areas of upward flow. Also, the abrupt
change in the total dissolved solids content between the two sides of this
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boundary, with intermediate values of 1000 and 2500 ppm virtually lack-
ing, is adequately explained by the difference in hydrodynamic conditions
in flow areas.

Suitability of Groundwater for Human Consumption

Standards of water quality for human consumption are generally
flexible all over the world and are adjusted to the quality of waters locally
available. Table 3 gives the upper limits of the more important chemical
constituents in drinking water recommended by Alberta Public Health
Units. On the basis of these standards, groundwater is deemed unsuitable
for human consumption over a large portion of the Three Hills area due
to high total dissolved solids content. These areas occupy mainly the ridges
and plateaus of the divide areas between Ghostpine and Threehills Creeks
(Fig. 17), with particularly poor water north and northeast of the town.
Water is also highly mineralized along the west margins of the map area.
The single constituent responsible for the poor water quality is sulfate,
mainly in the form of Na,SO, (Glauber salts) and MgSO, (Epsom salts),
both of which have laxative qualities. All other constituents are generally
below the accepted limits.

Table 3. Chemical Quality Standards of the Alberta Public Health Units

ppm
Total solids 1600 to 2000
Sulfates 400 for municipal supply
800 for private supply
Chlorides 435
Sodium 700
Nitrates 10
Iron 0.3

The areas of good quality water are outlined by the 1500 ppm con-
tour of the total dissolved solids content. Water is particularly good on
the eastern flank of the Ghostpine basin and on its eastern water divide.
Water quality is excellent in the bowl-shaped depression southwest of Three
Hills ridge and good in Threehills Creek valley south of town.
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The most common types of water in the Three Hills area are sodium
bicarbonate-sulfate and sodium sulfate-bicarbonate. Due to the generally
low amounts of calcium and magnesium, waters are soft except in regions
characterized by type IV waters and in some areas with type III waters
(Fig. 25) where they are hard. Due to the high concentrations of sodium,
the water generally tastes flat,

Regarding both the chemical type and the areal extent of potable
water, Ghostpine Creek basin is definitely superior to that of Threehills
Creek. A limited area, the bowl-shaped depression southwest of Three
Hills ridge, seems to contain good quality water in Threehills Creek basin.
Groundwater quality is marginal or unsuitable for human consumption
over most other parts of the Three Hills area.

The suitability of groundwater in the Three Hills area for purposes
other than human consumption, such as irrigation, brewery, boilers, stock
and so on, is not discussed. Using the basic information presented on water
quality and its distribution, however, experts in these fields will be able
to tackle individual requirements.
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EXPLORATION AND EVALUATION OF GROUNDWATER
RESOURCES

Planning and Exploration

The present exploration program was aimed at locating areas within
the economic reach of the Town of Three Hills which contained adequate
quantities of potable water, and at assessing the groundwater potential in
an area of slightly less than six townships (204 sq mi) in the vicinity of
Three Hills. The dual purpose required a dual approach in the exploration
and testing program, namely detailed investigations and relatively closely
spaced drilling in areas with prospects for immediate development of
groundwater on the one hand, and a more general areal or reconnaissance
approach involving field observations, theoretical considerations, and a
few strategically located test holes on the other.

The locations for the first few test holes were decided upon after the
preliminary evaluation of existing information on water levels, water
quality, well depths, production rates, geology, and so forth, compiled
from previous reports and supplemented by a survey carried out by the
Research Council of Alberta. Further test sites were located with due
consideration given to newly obtained data as work progressed.

Test drilling started in areas of inferred upward flow of groundwater,
in order to secure a favorable combination of high water levels with large
well depths. Subsequent drilling was carried out in areas where these fea-
tures were expected to coincide with extensions of the newly discovered,
promising aquifers.

The location and elevation of each test hole was surveyed, and drill-
ing was carried out by two truck-mounted “22-W Bucyrus-Erie” cable-tool
drilling rigs. Lithologic samples were taken at 5-foot intervals and pro-
cessed at the test sites in order to keep the developing picture up to date
and make plans accordingly. One or more bail tests, consisting of accurate
water-level measurements during a two-hour period of bailing at 20 gpm
and a subsequent 2-hour recovery, were conducted in each test hole, or
at each major aquifer. Major pump tests, preceded by trial pump tests,
were carried out at appropriate pumping rates in each of the wells which
had been selected on the basis of the bail tests as prospective permanent
production wells for immediate use by the town (Table 4). Water samples
for chemical analysis were taken regularly from each test hole and at
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different stages of the pump tests. Non-pumping water levels were
measured before and after each day’s drilling in order to determine the
variation of fluid potential with depth.

The above outlined methods and techniques have been successful in
other hydrogeologically similar parts of central Alberta. Since their de-
tailed description is available elsewhere (Téth, 1966, p. 70-88), the present
discussion is limited to a summary of the interpretation and results of the
testing, and to the recommendations for development and further explor-
ation of the area’s groundwater resources.

Production Tests and Their Interpretation

Bail Tests and Selection of the Test Sites

Figure 27 shows the time-drawdown and recovery curves obtained in
the test holes during bail tests. Both the drawdown and the recovery
portion of the curves have been utilized to calculate the transmissibility
(T) of the formations in the test holes. According to the Jacob, or straight
line method (Todd, 1959, p. 94):

where T = coefficient of transmissibility in gpd/ft; Q = rate of water
withdrawal in gpm; and s = difference in drawdown in feet per log
cycle.

On the basis of the transmissibilities calculated from bail-test results,
available drawdown, distance from the town’s existing water lines, and
water quality, test sites Nos. 144 and 153 have been selected as the best
localities for the drilling of wells for immediate additions to the town’s
water-supply system (Fig. 2). Additional considerations in this decision
are: (1) if on the basis of further and more accurate production tests these
sites are tied into the town’s water system, then test hole No. 150, also with
a good potential and good quality water, would be within a mile of the
supply line; therefore, this well represents an ever-ready possibility for
a subsequent relatively inexpensive expansion of the supply system; (2)
if the town should require even further supplies of water in the future,
a well at site 149 may be a good prospect. The pipe lines collecting the
water from the proposed wells would run more or less parallel to the strike
of the main aquifers, allowing future development of several wells be-
tween the existing ones with a minimum of expense.
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In addition to the pump tests at sites Nos. 144 and 153, a test was
conducted at site No. 151, although both its distance from the town and
the poor quality of the water precluded the possibility of completing a
supply well at this site. It was felt, however, that for the general area,
exceptionally high transmissibilities found from the bail tests might allow
the development of large quantities of water suitable for some industrial
purposes with less demanding quality requirements. Also, the very pres-
ence of an area underlain by saturated rocks of high permeability is an
important indication of possible occurrences of large quantities of ground-
water in storage. Recognition of these factors was considered to be of
sufficient value both for the general knowledge of the hydrogeologic prop-
erties of the central Alberta Upper Cretaceous rocks and for the over-all
water resources of the Three Hills area to have warranted a major pump
test at site No. 151.

Finally, a four-day pump test was conducted on Well No. 7. A former
town supply-well, this well had been out of use for several years because
its reduced production did not justify operating and maintenance ex-
penses. The purpose of this test was to establish the well’s potential value *
as a standby for the town.

FIGURE 28. Pump test on Three Hills Well No. 153a.
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Each pump test at sites Nos. 144, 151, and 153 (Table 4) was carried
out in test wells drilled 25 feet from the original test holes (Fig. 28) to
depths several tens of feet below the major aquifers. These test wells are
referred to as Well Nos. 144a, 151a, and 153a, respectively. Casing of
105 in. outside diameter was tightly driven to the top of the aquifers in
these holes, and the holes were left open against the water-bearing strata.
Thus, in case of satisfactory results, the supply wells would be partially
completed. In this way the same expenditures would cover part of the
testing and part of the development programs.

Some technical details of the production tests and certain aspects of
the interpretation are discussed below.

Pump Tests

Pump test 1, Three Hills Well No. 153a

Time of start and finish of pumping: March 7, 9:00 a.m., March 13,
9:50 p.m. Duration of pumping: 156.8 hrs. Depth of well: 135 feet. Dia-
meter of well: from 0 to 25 feet — 13 in.; from 25 to 65 feet — 10 in,
from 65 to 135 feet — 8% in. Casing: from 0 to 67.2 feet — 10%; in. O.D
open hole from 67.2 feet to bottom. Pump set at 100 feet. Non-pumping
water level: 15 feet. Maximum depth to water during pump test: 62.5
feet. Maximum drawdown reached during test: 47.5 feet. Average pump-
ing rate: 67 gpm. Depth to the top of the first important water occurrence
in the bedrock: 100 feet. Water levels observed in pumping well and
seven observation wells, one of which was equipped with automatic water-
level recorder.

The detailed water-level measurements of this test are included with
Appendix D.

Apart from the pumped well and well No. 153, measurable draw-
downs attributable to the test pumping could only be observed in wells
Nos. 153b and 153c which, however, were intermittently pumped by their
owners. Quantitative interpretation of the test, therefore, is based on the
time-drawdown curves obtained in the pumped well and at the observa-
tion well with the automatic water-level recorder (Fig. 29). Transmissi-
bility values have been calculated by the straight line method for the
pumped well, and by Theis’ method for the observation well. However,
the interpretation of the pump-test data did not consist of a simple appli-
cation of the above-mentioned methods, or some other published tech-
nique, because no available, and geologically realistic theoretical model
would yield time-drawdown relations such as those observed during the
pump test.
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For the initial 100 minutes of pumping, the Theis plot of the draw-
down values follows the nonleaky artesian type curve, and water levels
fall on a straight line on Jacob’s semi-logarithmic plot. After the initial
period, however, the rate of drawdown increases relative to that required
by the straight line or artesian type curve. After a period of deviation from
the theoretical, not attributable to a finite number of discharge boundaries
or to any other clearcut cause, the time-drawdown curves, for a second
time, follow the artesian type curve and the straight line, in the observation
and pumping wells, respectively. Values of transmissibility calculated
from the two curves are in fair agreement for both portions of good fit.
The average of the two curves obtained for the first 100 minutes is
T = 3030 gpm/day foot, and for the period after the first day of pumping
T. = 1301 gpm/day foot.

The same phenomenon was observed and reported in detail by the
author for pump tests in other parts of central Alberta (Té6th, 1966). The
explanation was summarized in the following statement (ibid. p 78):
“The general conclusion from the analysis of the time-drawdown curves
is that the wells are located in formations of relatively high permeability
which are adjacent to areas of lower-permeability material, and that the
line of contact does not follow a simple pattern”. The applicability of this
conclusion to pump tests conducted at site 153 in the Three Hills area is
corroborated by the following, independent observations of geology and
hydraulics:

(1) the presence of a lithologically continuous, channel-shaped
body of medium- to coarse-grained, relatively clean sand-
stone, established from drill cuttings;

(2) the relative uniformity of the transmissibilities of different
points in this sandstone, exceeding by at least an order of
magnitude the transmissibilities measured in adjacent rocks
— this is based on bail tests results (Fig. 9);

(3) the irregular nature of the cone of depression inferred from
water level observations in surrounding wells, during the
pump test at site 153 (Appendix D).

On the strength of these observations, the above explanation of the
Olds situation is thus accepted to be valid for the Three Hills area. The
transmissibility value calculated from the early parts of the time-drawdown
curves is thought to represent the actual T of the aquifer at the test site.
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That portion of the time-drawdown curves during which the rate of
drawdown is higher than theoretically expected (i.e. the transition period
from the early to the late stabilized portions) is attributed to the cone of
depression reaching the producing but relatively low permeability rocks
along the sandstone channel, and its points of intersection migrating away
from the pumping well and along the irregular boundaries of contact as
pumping continues. After the cone of depression has extended over an
area which is large compared to the dimensions of the high permeability
rocks in the pumped well’s immediate surroundings, the time-rate of draw-
down will be determined by the average permeability of all the rocks sampl-
ed by the cone, including the sandy, silty, and shaly phases of the rocks.
This new, large volume of water-bearing and transmitting rock will act as a
large aquifer contributing at different rates from its different areas to
the pumping well. Non-homogeneities which were important on a local
scale become insignificant, and the rate of time-drawdown will conform
again to that expected theoretically in a homogeneous, infinite aquifer,
as long, at least, as other major (formational or group) boundaries are not
intersected by the continuously expanding cone of depression. A theoreti-
cal, “equivalent aquifer” with specified physical characteristics can be
postulated, the transmissibility of which would be the same as that re-
sulting from the cone of depression sampling a large volume of hetero-
geneous rocks, and which can be calculated from the late part of the field-
data curve. This “equivalent transmissibility”, T., which in a previous
report was called “apparent transmissibility”, is used in estimating safe
yield.

With available drawdown H — 72 feet (well loss experienced during
the test subtracted) and equivalent transmissibility T. = 1300 gpd/ft,
the equation

_ T.H
Qo = 2110
gives Q,, ~ 45 gpm for well yield for 20 years, and Q,,s ~ 30 gpm, for
safe yield, if a safety factor of 0.7 is applied.
Pump test 2, Three Hills Well No. 151a

Time of start and finish of pumping: March 22, 10:00 a.m., March
24, 10:00 a.m. Duration of pumping: 48 hrs. Depth of well: 130 feet.
Diameter of well: from 0 to 79 feet — 12 in.; from 79 to 130 feet — 8 in.
Casing: from 0 to 79 feet — 10% in. O.D.; open hole from 79 feet to bottom.
Pump set at 80 feet. Non-pumping water level: 34.37 feet. Maximum depth
to water during pumping test: 50.68 feet. Maximum drawdown reached
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during test: 16.31 ft. Average pumping rate: 188 gpm. Depth to the top
of the first important water occurrence (in the bedrock): 50 feet. Water
levels observed in pumping well and one observation well equipped with
automatic water-level recorder.

The detailed water-level measurements of this test are included with
Appendix E*.
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FIGURE 30. Time-drawdown curves for Three Hills Well Nos. 151
and 151a during Pump Test 2.

2Appendix E not included with published report. Copies are available on request.
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Figure 30 shows the time-drawdown curves obtained in the pumped
well and observation well. The pumping rate gradually increases from
150 gpm to 180 gpm during the first 12 minutes of pumping, the curve
becoming straight (Fig. 31, Well No. 151a) after approximately 40 minutes
of pumping. Water levels deviate upward from this straight line when the
water level is drawn down to approximately 50 feet (a drawdown of 16
feet). Since the top of the aquifer is at a depth of 50 feet, the upward
deviation of observed water levels may indicate the confined aquifer be-
coming a water table one, and may reflect the effect of gravity drainage.
If the aquifer is treated as a confined one — the water level is not per-
mitted to drop below its upper boundary (50 feet) — and if the water
level is read at the beginning of the second straight limb; i.e. at 40 minutes
and at approximately 48.5 feet, H becomes 1.5 feet. The yield of the
aquifer for 20 years at this site will then be that rate which causes the
water level to drop from 48.5 feet to 50 feet over 6.5 log cycles. With
41,400 gpd/ft for transmissibility (Fig. 30a):

= 36 gpm,
or, with a safety factor of approximately 0.7:

ons = 25 gpm.

Unfortunately, water level measurements obtained in the observation
well could not quantitatively aid in the interpretation because known the-
oretical curves could not be matched adequately to the field data curve
(Fig. 30b). However, the observed curve does indicate a lower rate of
drawdown than that expected in a confined aquifer without any source
of recharge.

From the available information, the type, location, and extent of
this extra source of recharge could not be determined, and the purpose
of this test would not have warranted further investigations. At present,
the conclusion regarding test site 151 is as follows: the safe yield for 20
years of a single production well, under confined aquifer conditions,
is estimated at 25 gpm. If the water levels are allowed to drop below the
top of the aquifer, larger yields may be obtained. The most important
aspect of this test site is the faet that the possible existence of high perm-
eability formations in high bentonitic, nonmarine Upper Cretaceous strata
has been demonstrated.
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With respect to development of this aquifer, a well field consisting of
several low yield production wells appears to be the best solution at this
time. However, further testing is necessary before full-scale development
may be considered.

It must be pointed out that, as the water quality in the aquifer is
poor (approximately 2700 ppm total dissolved solids), the water is un-
suitable for public supply.

Pump test 3, Three Hills Well No. 144a

Time of start and finish of pumping: April 14, 8:00 am., April 21,
8:00 a.m. Duration of pumping: 168 hrs. Depth of well: 202 feet. Diameter
of well 614 in.; size of casing 7 in. O.D. from 0 to 95 feet; open hole from
95 feet to bottom. Pump set at 100 feet. Non-pumping water level: 54.29
feet. Maximum depth to water during pumping test: 93.09 feet. Maximum
drawdown reached during test: 38.8 feet. Average pumping rate: 51.2
gpm. Depth to the top of the first important water occurrence: 93 feet.
Water levels observed in pumping well and one observation well equipped
with automatic water-level recorder.

The detailed water-level measurements of this test are included with
Appendix D.

Figure 31 shows the time-drawdown curves obtained in the pumped
well and observation well. Once again it is noted that the field data
curves match the artesian type curve or follow a straight line for the
observation well and pumped well, respectively, during the early and the
late portions of the test, and the matching portions are linked by gradually
changing transitional sections. The technique of interpretation is basically
the same as that described in connection with test 1. Differences in details
are caused by locally different geologic conditions, which have to be
taken into account in each individual case and cannot be schematized.

The same approach used in the interpretation of test 1 yields the
following results for site 144: formation transmissibility: T = 4650 gpd/ft;
equivalent transmissibility: T, — 920 gpd/ft; safe yield for 20 years:
Qz0s = 15 gpm.

Pump test 4, Three Hills Well No. 7

The time-drawdown and recovery curves obtained during the four-day
pumping test (at 7.5 gpm) of Three Hills Well No. 7, a former town supply
well, are given in figure 32. From both the drawdown and recovery curves,
the straight line method yields Q,,s = 1.5 gpm for safe yield of this well.
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FIGURE 32. Time-drawdown curve for Three Hills Well No. 7 during
Pump Test 4.

Thus, the well may be pumped up to 5 gpm for 8 or 8 hours a day if it
is not pumped during the remaining time. Due to a low available draw-
down (24 feet) combined with low transmissibility (475 gpd/ft), it can-
not produce even occasionally at rates over 10 gpm. This implies that the

well is of little use for emergency purposes.



TABLE 4. SUMMARY OF PRODUCTION TESTS CONDUCTED DURING THE THREE HILLS TEST PROGRAM

Depth . . Transmissibility .
Three Duration Rate Depth to . Maximum Yield
Hills lgate otf :EOIe of of water nonpumping é\vm‘lixz)ble drawdown (gpd/ft) for R K
Well anf tt}'lt’e a £ tm;: production withdrawal level at "Z}v t)wn during test of the 20 years emarks
No. ol tes (()feeet) period (gpm)  time of test ee (feet) formation equivalent (gpm)
144 December 7 414 120 min 20 54 40 7.01 4061 77
19865; bail
144 March 29 200 120 min 20 52.50 43 22.48 3855 79 Large well loss probably
1966; bail due to partial cementing
off of the aquifer
144a  March 30 202 120 min 20 52.82 42 7.58 5080 100
1966; bail
144a  April 14 - 202 (7x24) hrs  51.2 54 38 38.80 ~4650 ~920 15t020 T shown is the average
April 21 for the pumped and ob-
1966; pump served wells
145 December 15 495 150 min 20 17 174 107.63 76 6 No additional drawdown
1965; bail could be observed after
80 min of bailing. Inter-
pretation uncertain
146 December 21 200 120 min 10 62 63 48.03 287 8
1965; bail
147 January 18 435 120 min 10 161 210 17.05 800 80
1966; bail
148 January 13 300 60 min 10 51 29 129.34 120 2
1966; bail
149 February 7 330 120 min 20 124 66 4.19 3760 118
1966; bail
150 February 8 305 120 min 20 23 40 3.90 4390 83
1966; bail
151 February 17 325 120 min 20 32 46 1.17 40610 885
1966; bail
151a  March 22 - 130 (2x24) hrs ~ 188 34.37 18 16.31 41400 36 If partial dewatering of
March 24 aquifer is allowed yield
1966; pump becomes higher
152 February 21 360 120 min 10 17 71 48.84 310 10
1966; bail -
153 February 25 150 130 min 20 15 a, 64 12.11 2624 a, 80 90 ft for available draw-
1966; bail b,90 b, 112 down seems more correct
1532 March 3 135 180 min 67 15 85 26.05 3000 121 This was a preliminary
1966; pump pump test
1532  March 7 - 135 (6x24 4+ 12) 67 15 85 47.50 ~3030 ~1300 ~(42) T shown is the average
March 13 hrs 45 for the pumped and ob-
1966; pump +50 min served wells
154 March 1 152 120 min 20 89 23 4.01 4800 52
1966; bail
.
154  March 4 310 120 min 20 89 23 3.00 4800 52 3 Independent develop-
1966 bail 97 179 700 57 © ment of the two aquifers
? 3 is advisable
155 March 17 365 120 min 20 30 65 13.17 1613 I 4 IItogether Independent develop-
1966; bail 196 ~800 - 800 50 ment of the two aquifers
I + II separately is advisable
99
7 April 26 - (4x24) hrs 7.5 5790 24 29.44 475 475 2
(Town April 30
Well 1966; pump

No. 3)
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Recommendations for Town’s Water Supply

On the basis of geological considerations, flow-system evaluations and
the results of bailing and pumping tests, the following recommendations
are given with respect to additional development of water supplies for the
Town of Three Hills.

The following test sites merit consideration as locations for the devel-
opment of permanent supply wells for the town: Nos. 144, 149, 150, and
153 (Fig. 3). Test holes Nos. 144a and 153a have been pump-tested and
bail-tested. From the production tests and from a comparison of geologic
conditions at the test sites, the 20-year safe yields, at continuous pumping,
of properly completed and developed supply wells are estimated as
follows:

Test site No. Safe yield (gpm) Basis of estimate
144 15 pump test
149 35 inference
150 30 inference
153 30 pump test

The major chemical constituents of groundwater at these test sites are
listed below (in ppm).

Test site No. Na®*+K* Hardness CO,” + HCO,~ SO,~ Totalsolids

144 652 32 995 576 1832
149 422 21 663 336 1156
150 302 162 664 234 1080
153 516 36 868 351 1624

Since a single well will not contribute a major part of the town’s
water supply and also have acceptable water quality, combined use of
several wells is recommended. If the location of the nearest point of the
town’s existing pipe line is considered, the development and joint use of
Wells Nos. 144, 153, and 150 seems most preferable. According to the
above estimated safe yields, the combined production of these wells should
be 75 gpm, sufficient to supply approximately 2000 new water users at
the present (1967) rate of consumption,

If need should arise, a well at site No. 149 may be added to the
supply system. Development of a well there, however, should be preceded
by further drilling and careful pump testing between sites Nos. 5 and
149 in order to test the inferred presence and high productivity of a channel
sandstone aquifer’.

1While this report was being edited during the fall of 1967, the town had two test
holes drilled at sites determined by the writer, between former sites 5 and 149. The
predicted sandstone channel was found to exist, and preliminary production tests
indicated favorable prospects for the development of permanent production wells,
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The spread of the cone of influence around prospective Wells
Nos. 144a and 153a may affect nearby farm wells. Insufficient field data
were collected to determine the shape and magnitude of the pumping
cone. Experience in other areas suggests that some drawdown (a few
feet) is expected to develop within a radius of approximately % of a mile
around Well 144a. Regarding test site 153, observations of water levels
during pumping indicate that the main direction of the expansion of the
cone of influence is south and southwest. Wells within a wedge shaped
sector with the apex at test site 153 and sides oriented southeast and south-
west (Fig. 9) will definitely be seriously (several tens of feet) affected
by continuous pumping of site 153.

The average rate of present consumption of water by the town is
approximately 90 gpm. With a maximum additional development of 75
gpm at sites Nos. 144, 150, and 153, the total may be increased to 165
gpm. Considering that the areal rate of safe production is estimated to be
at least 19 gpm per square mile, a maximum area of 165 =~ 19 ~ 9 sq mi
should be reserved for the town’s water supply purposes. It is recom-
mended, therefore, that withdrawal of groundwater for purposes of the
town’s supply and normal farm use be permitted only within the area
outlined in figure 9.

Areal Availability of Groundwater in the Three Hills Area

From observed fluctuations of water levels and flow-system analysis,
it has been estimated that groundwater is renewed annually at an average
rate of approximately 20 gpm/sq mi in the Three Hills area. Theoretically,
this is the amount of water that may be withdrawn at the expense of
natural discharge without drawing on the non-renewing portion of the
groundwater reserves. In the absence of detailed knowledge of the.dis-
tribution and magnitude of the specific yield in the rocks, an estimate of
the non-renewable reserves would be purely speculative. Until more de-
tailed information becomes available, all that can be said is that on the
average a minimum yield of water of 20 gpm/sq mi may be withdrawn
from the upper 300 feet of strata in the Three Hills area without depletion
of water stored in the rocks. The upper limit cannot be calculated at this
time. However, if it is considered that owing to the high rate of evapora-
tion, 90 per cent of the precipitation cannot even enter the groundwater
regime, and that permeabilities are relatively low even in the most perm-
eable regions of the local rocks, it may be inferred that the upper limit
of water yield will not exceed the minimum rate by an order of magnitude:
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it will be less than 200 gpm. Thus, it is suggested that a safe estimate of
the average, permanent groundwater yield that can be developed in the
Three Hills area is between 20 and 60 gpm/sq mi.

The amounts and possible rates of withdrawal of mineable, potable
water in the Three Hills area are low due to the fine-grained and benton-
itic nature, low permeability, and shallow depth of the rocks containing
them. It seems, therefore, that the development of major perennial sources
of potable groundwater is limited by the renewing portion of the local
groundwater reserves.

Although the possible withdrawal of 20 to 60 gpm/sq mi of ground-
water has been postulated, the locations which are potentially capable of
producing that quantity at economic pumping rates are unevenly distri-
buted within the area. In general, the valley of Ghostpine Creek, primarily
its east flank, seems to be the best area for consistent, major developments
of groundwater. Also, the quality of water is best here. In Threehills Creek
valley prospects are best in the area recommended for the town’s supply.
The bowl-shaped depression west of Three Hills ridge, although not tested,
may present good prospects with its active flow systems and good quality
water.

The general area at test site No. 151 seems to be underlain by high
permeability, shallow formations, permitting the development of large
amounts of groundwater at rates probably in excess of 100 gpm/sq mi.
The necessity for a field of several shallow wells to produce large quanti-
ties of water at this location and the poor quality of water, however, may
be a deterrent to development there. High permeability -strata containing
inferior quality water were also located at site No. 154.

For further groundwater exploration in this general area the following
steps are recommended: (1) detailed investigations in the bowl-shaped
area west of Three Hills ridge; (2) detailed investigations in the area
surrounding site No. 151; (3) detailed reconnaissance along the east flank
of Ghostpine Creek valley; (4) detailed investigations surrounding site
No. 154 (Fig. 11).
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SUMMARY
Town Supply

In accordance with the first purpose of the present study (see
Introduction ), supplies of groundwater suitable for use by the Town of
Three Hills have been either located or indicated at several sites. The
estimated and recommended safe yields for a period of 20 years of con-
tinuous pumping at sites Nos. 144 and 153 arg 15 gpm and 30 gpm,
respectively. Permanent production wells have been partially completed
at these sites as part of the test program. Although testing is still required
for the final evaluation of the groundwater potential at sites Nos. 149 and
150, it is estimated that a well at each site, capable of producing 35 gpm
and 30 gpm, respectively, may be developed. Thus, four sites with a total
potential of 110 gpm of groundwater have been located with 45 gpm
being immediately available for the town and 65 gpm still requiring some
final testing. If the present rate of water consumption is considered, the
newly discovered sources of water should satisfy the requirements of an
additional population of over 2000.

The total dissolved solids content of the water at these sites ranges
between 1000 ppm and 1800 ppm. The hydrochemical facies at each of the
mentioned sites is sodium bicarbonate-sulfate, being characterized by a
sodium + potassium content of 80 to 100 per cent of the total cations and
a bicarbonate + carbonate content of 40 to 74 per cent of the total anions.
The balance of the anions is made up almost entirely of sulfate.

Interference between the proposed wells and existing wells in that
area is expected. The areal extent and magnitude of the interference
cannot be estimated precisely from the available information. It may,
however, be several tens of feet to the south of site No. 153 and up to
a few feet within 34 mile around site No. 144.

In case full development of all the above-mentioned sites is planned,
an area of over 9 square miles should be reserved for withdrawal of water
by the town and normal farm use. The area is outlined in figure 9.

Areal Reserves

The average long-term safe yield of groundwater in the Three Hills
area is estimated to be between 20 and 60 gpm/sq mi. Owing to the
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limited rate of natural recharge and the generally low permeability of the
water-bearing formations, the upper limit is not expected to increase sig-
nificantly, even where the permeabilities of local aquifers are high. Even
if hydrogeologic conditions leading to the above restriction are not
taken into account, the very favorable local permeabilities found in cer-
tain regions (e.g. site No. 151) may result in over-optimfstic estimates
regarding sustained safe yield of wells in the continental geologic environ-
ment of the Three Hills and similar areas.

The quality of water in the area of study varies from good (less than
1000 ppm total dissolved solids) to unsuitable (over 2500 ppm). The
most common type of water is sodium bicarbonate-sulfate, although sodium
bicarbonate-type water also occurs over relatively large areas.

Small supplies of groundwater (0 to 5 gpm) can be developed in
practically any part of the study area. Medium supplies (5 to 50 gpm)
occur in irregularly distributed pockets, and their location and testing
may require considerable search and expenditure. Large, permanent sup-
plies (over 50 gpm) are not known to occur in the area, and the prospects
for such amounts of water are believed to be very poor.

Research Aspects
Safe Yield Estimates

The peculiar behavior of the time-drawdown curves observed in pump
tests of wells in Upper Cretaceous continental strata in other parts of
central Alberta was reconfirmed in the course of the present study. The
phenomenon consists of the time-drawdown curve being composed of two
or more segments, each of which matches certain portions of theoretical
curves derived for non leaky confined aquifers of infinite areal extent.
The successive limbs are linked by sections of gradual transition, and
they cannot be attributed to the effects of well-defined barrier bound-
aries. The present interpretation of this phenomenon is that the time rate
of drawdown along the first limb is determined by the actual transmissi-
bility of the aquifer into which the well is drilled, whilst subsequent time
rates of drawdown are governed by the average, diminishing permeabili-
ties of the continuously increasing rock volumes reached by the expanding
cone of influence.

Values calculated with transmissibility formulas from later segments
of field-data curves are called here “equivalent transmissibility” (T,)
values, and are used in safe yield calculations, since they represent time
rates of drawdown which would occur in a truly confined aquifer of in-
finite areal extent having a transmissibility of T.. Calculated T, values are
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expected to decrease as the duration of pumping increases, approaching a
value which is determined by the permeability and thickness of the whole
rock complex contributing water to the well; i.e. to the value determining
the basin safe yield (see later paragraphs). The final value of T, may be
obtained by means of long pumping tests (7 days ~ 4 log cycles, or more)
only, and safe yield estimates based on short pumping tests (few hours or
even a day) may be, therefore, quite misleading. Details of safe yield
calculations, based on thé above observations are found on page 00 (pump
test 1).

Electric Model

An electric analog model has been designed, constructed, and ap-
plied to modeling fluid-potential distribution along vertical cross sections
in three drainage basins of the Three Hills area (Appendix A).

An analysis of the electrical models of the basins shows that the lines
of force converge toward areas where, by analogy, the water table has a
steep slope, whether these areas are near water divides (recharge areas)
or valley bottoms (discharge areas). A steep and high water divide with
gently sloping, broad valley flanks (Fig. 13, Basin 1) constricts the re-
charge end of the flow systems, resulting in the area of downward flow
being smaller than the area of upward flow. An inverse situation, namely
broad, flat uplands with a narrow, deeply incised valley makes the dis-
charge end of the flow pattern converge, restricting the areas of upward
flow to the immediate vicinity of the stream channel. On the average,
approximately 50 per cent of the area of study is underlain by areas of
downward flow, and 50 per cent by areas of upward flow. However, this
distribution may change considerably from basin to basin depending on
the topographic configuration of the water table; thus, the relative extent
of the area of downward flow varies between 40 per cent (Basin 1) and
70 per cent (Basin 3) in the Three Hills area.

With the aid of the electrical cross sections, abrupt changes in ground-
water quality west of Three Hills ridge have been plausibly explained. In
this region the boundary between areas of slightly mineralized sodium
bicarbonate-type waters and areas of highly concentrated sodium sulfate-
type waters coincides with the boundary between the shallow, short, in-
tensive flow systems, and the long, retarded system as obtained from the
model.

Depth of Intensive Flow

Test drilling and well surveys indicate that the depth of near-surface
economic water occurrences in the Three Hills area is a function of the
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topography rather than geology. Since the only known active physical
process which penetrates from the surface to depths of several hundred
feet, and which is closely related to topography, is groundwater flow, it
is suggested that an increase in permeability is associated with the zone of
relatively intense movement of groundwater in the area of study. This
zone is approximately 300 feet deep, except near the Red Deer River,
where, probably due to more deeply penetrating flow, it may be 400 feet,
The presumed increase in permeability is tentatively attributed to an
internal mechanical rearrangement of fine and colloid-size grains in the
rock framework, and to a chemical transformation (cation exchange) of
the swelling sodium montmorillonite content of the rocks into calcium
bentonite which has lower swelling properties.

Natural Basin Yield, Areal Production,
Flow Velocity, and Rock Permeability

If observations of water-level changes during periods of ground frost
are valid and the 1:1 ratio of recharge areas to discharge areas obtained
from the electrical model is accepted, a natural basin yield of 9 per cent
of the precipitation can be calculated. This value corresponds to a depth
of water of 1.35 in./year or approximately 38 gpm/sq mi. Groundwater
is hydraulically discharged at the above rate in the areas of upward flow.
The safe, areal production rate of water available for human purposes,
the withdrawal of which will not effect stored reserves, is taken to be half
of the natural basin yield, i.e. approximately 19 gpm.

With 300 feet for the average depth of the zone of intensive flow and
with a porosity of 10 per cent, an average velocity of groundwater flow
of 0.1 ft/day or 3 cm/ day is obtained for the mid-line areas of the flow
systems, If this value is combined with the natural hydraulic gradients
estimated from the water-level map (Fig. 10), the average permeability
of the rocks in the Three Hills area is calculated to be 4.5. 1072 gpd/ft* or
3.10% darcys, a value characteristic of poor aquifers.

Although these results are tentative, being based on incomplete data
together with theoretical considerations, they do accord reasonably well
with what little similar data has been published. Development and refine-
ment of the theories and techniques upon which these results are based
would contribute to the efficiency of locating water supplies in Alberta,
to the precision associated with estimating the balance and the reserves
of groundwater over extended areas, and to the elucidation of various
questions of scientific interest in the realm of hydrogeology.
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APPENDIX A,

ELECTRIC ANALOG MODEL OF REGIONAL
GROUNDWATER FLOW

The dual purpose of the design of an electric analog is: (1) to in-
vestigate the feasibility of constructing two-dimensional electric models
of natural fluid-potential distributions in drainage basins with arbitrary
geometry, without the imposed constraint of any a priori determined point
of the basin surface being a point of input or output (recharge or dis-
charge, respectively); and (2) to obtain an idea of the types, distribution,
and intensity of groundwater flow systems in the Three Hills area. This
information would be used in estimating natural yield and related basin
parameters.

For information regarding the. physical nature and mathematically
derived, theoretical distribution of fluid potential in natural drainage
basins, the reader is referred to previous studies by Hubbert (1940, 1957},
Téth (1963), and Freeze and Witherspoon (1966).

Modeling fluid-potential distribution by electrical analogy is possible
because of the physical and mathematical similarities between the laws
governing electric currents and the movement of fluids in permeable,
regionally extensive media.

The behavior of electric currents is described by Ohm’s Law, which
in vector form is (Hubbert, 1957, p. 32):

> —>
{= —8, grad V (1)

>
where i = current density; 8, = electric conductivity; and V — electric
potential.

On the other hand, Darcy’s Law states:

—>
= —5gad ¢ 2)

where q = specific volume discharge of the moving fluid;

_ Nd°pg

8 = = hydraulic conductivity;
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N = a shape factor; d = characteristic particle size; p = fluid density; p =
viscosity; g = acceleration due to gravity; Nd* = k = intrinsic permea-
bility; and ¢ = fluid potential. In an isotropic medium & is a scalar

, > - >

quantity, and the flow lines q and the lines of force E = —grad ¢ are
S5

parallel. If the solid is anisotropic, & is a tensor, and the directions of q and

?will generally be different. From the comparison of Ohm’s and Darcy’s
Laws, it is clear that V and ¢ are physically equivalent qualities of the
electric and hydraulic force fields, and that in regions of corresponding
boundary conditions their distributions will be similar. This recognition
forms the basis of modeling fluid flow through permeable media by electric
analogy.

For a homogeneous, incompressible fluid, the fluid potential is cal-
culated by:

P—Po
P

:gz+

(3)

where z = elevation above a standard datum; p = fluid pressure; and
po = atmospheric pressure. At the water table, where p = p,, the fluid
potential is: ¢, = gz, z. being the elevation of the water table above
the standard datum. The hydraulic head, b, is the elevation above datum
to which the fluid rises from a given point of the flow region. Since h and
the fluid potential are related by ¢ = hg, it follows that the fluid-potential
distribution in a flow region is equally well characterized by the distribu-
tion of h, which is a physically measureable quantity. It is equal to the
elevation above datum of the non-pumping water level in a well open to
the rocks at one point. Furthermore, the hydraulic head at points of the
water table is equal to z,. This means that knowing the topograhic ele-
vation of the water table at each point is mathematically equivalent to
knowing the fluid-potential distribution along the upper boundary of the
region of saturated flow.

The electrical analog of a hydraulic flow field, therefore, must con-
sist of an electrically conducting medium with the following properties:
a geometry which is similar to that of the hydraulic flow field; an electric
potential distribution on the upper surface, which is proportional to the
elevation of the water table; and boundary conditions with respect to the
electric potential which are similar to those of the hydraulic flow field
with respect to the fluid potential.
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In addition to these criteria, if conditions of a natural drainage basin
are to be imitated, then any point of the water table should be allowed
to function both as a point of recharge and discharge. The actual aspect
should depend only on the integrated effect which all other points have on
the potential value at the point in question, i.e. it should be the result
of the configuration of the potential at the water table.

There are various ways by which two- and three-dimensional analogs
may be constructed (Karplus, 1958). None of the analog types known to
the author, however, allow the experimenter to produce arbitrarily variable
potential values at a large number of points (e.g. 100) without the direc-
tion of the current being predetermined at each point.

A short summary of the design of an electric analog capable of repro-
ducing two-dimensional fields of force and of satisfying each of the above
mentioned criterion is given below.

The main components of the electric analog are (Fig. 33b): (1)
direct current power supply; (2) potential divider; (3) voltmeter; and
(4) electrical conducting paper, or “field map”. A schematic circuit dia-
gram is given in figure 33a. The electrical conducting paper is cut to the
shape of the cross section of the drainage basin to be modeled. The top
of the model cross section represents the configuration of the water table
along the cross section of the actual drainage basin. At characteristic points
along this upper boundary, pins are inserted into the conducting paper. In
order to establish an even distribution of potential along the top, and to
provide good contacts between the electrode pins and the paper, a silver-
paint strip of approximately 2 mm in width is applied along the upper
edge of the conducting paper. The electric potential at each electrode is
set by means of a coupled pair of potentiometers of the potential divider,
and is adjusted to a value proportional to the topographic elevation of the
water table at that point. Differences in electric potentials between any
two points of the potential field are measured with a voltmeter, and
lines of equal potential are mapped by moving the probe on the paper
between points where the value of the measured potential does not
change. The customary (but not mandatory) procedure is to measure
potential differences with respect to the lowest value in the field and to
trace equipotential lines with the aid of a zero-centre galvanometer.

The obtained lines of equal electric potential represent the lines of
force in the field of fluid potential. The lines of flow are parallel to these
lines only if the permeable solid is isotropic. If, however, the areal dis-
tribution of 8, as a tensor, is known, the flow vector may be calculated in
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FIGURE 33. Schematic circuit diagram and photograph of electric analog model.
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each point of the region from the measured field of force by Darcy’s
equation. The real problem in actual cases is that the field distribution of
8 is unknown and not that it cannot be taken into account.

In applying the above outlined electric analog to the Three Hills
area, the following assumptions were made (for details see discussion on
the hydrogeologic environment): (1) the flow region is hydraulically con-
tinuous with a subhorizontal and impermeable lower boundary, whereas
its upper boundary is a close replica of the land surface; (2) no ground-
water flow crosses the vertical planes under Kneehills ridge and the Red
Deer River within 6000 feet of the surface; (3) the hydraulic conductivity
is a scalar and is constant.

The first step in modeling the fluid-potential distribution along an
east-west vertical cross section across the Three Hills area by means of
the outlined electric analog was to determine the nature and position of
the boundaries of major groundwater drainage basins, provided these do
exist. To this end, a model of a 25-mile long and approximately 6000-foot
deep vertical cross section was prepared, reaching well beyond the boun-
daries of the actual area of study (Figs. 2 and 3), namely from Kneehills
ridge (mile 0) to the Red Deer River (mile 25). The obtained distribution
of fluid potential is shown in figure 13a. The main conclusion from this
result is that the effect of the potential differences associated with the
area’s major surface-water basins is sufficient to generate vertical potential
gradients reaching to the bottom of the 6000-foot deep flow region, thereby
dividing the cross sectional area into closed groundwater basins, across
the lateral boundaries of which the potential gradient is zero. These
groundwater basins may be regarded as the vertical downward extensions
of the corresponding surface-water basins. The basins are designated by
numbers as follows: No. 1: Threehills basin, extending between the Knee-
hills and Three Hills ridges, from mile 0 to 11.6; No. 2: Ghostpine basin,
extending from Three Hills ridge to the ridge between Ghostpine Creek and
the Red Deer River (for short: Red Deer ridge), from mile 11.6 to 21.1;
and No. 3: the Red Deer basin, between miles 21.1 and 25 at the Red Deer
River.

Probable anisotropy of the geologic formations will result in the flow
vectors intersecting the equipotential lines at angles different from 90
degrees in regions where the lines of force are not parallel with the prin-
cipal directions of the rock-permeability vector. This would result in an
increase in the density of flow vectors at shallow depths relative to that
of the force vectors, but would leave the distribution, size, and shape of
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the areas of downward flow and upward flow unchanged. For these rea-
sons, unless the presence of an areally continuous and high-permeability
formation, reaching and outcropping beyond the lateral boundaries of the
investigated cross section, invalidates the picture obtained from the electric
analog, each major surface-water basin in the Three Hills area has an
associated groundwater basin with an individual balance of groundwater,
which reaches to the depth of the first areally extensive formation of signi-
ficantly low permeability above a depth of 6000 feet.

Such a regionally extensive formation of significantly low permeability
is comprised of the Lea Park-Colorado shale units at an approximate depth
of 3000 feet below land surface. Due to the apparent lack of regionally
extensive layers of relatively high permeability, and to the demonstrated
ability of the groundwater basins to penetrate to at least 6000 feet under
the prevailing topographic conditions in a homogeneous environment, the
certainty of no interbasin flow occurring above the top of the Lea Park
Shale, i.e. within a depth of 3000 feet from the land surface, is even in-
creased. Therefore, it seems justified to consider each groundwater basin
under natural conditions in the Three Hills area as an individual entity.

In order to investigate the fluid-potential distribution in greater
detail, the individual basins have been reconstructed on a larger scale, as
a second step in the analog analysis. As a theoretical impermeable bottom
for these basins, the top of the relatively low permeability Lea Park-
Colorado unit has been accepted. The lateral boundaries have been deter-

o¢
=0or ¢

on
= const., if n is the direction perpendicular to the lateral boundary. The

models for Basins 1 and 2 have been constructed this way. (Fig. 13b, c).

mined from the general cross section along lines where

Throughout the experiment an exaggeration of the vertical scale of
1:2 was employed. The electrical scale varied between 1 mV to 1 foot and
1 mV to 5 feet of topographic elevation. The type of conducting paper used
was Teledeltos L48, with a rated resistance between 1500 and 4000 ohms
“per square” of random samples.

For unknown reasons the numerical values of the potentials along the
east end of Basin 1 cross section and the west end of Basin 2 cross section,
i.e. under Three Hills ridge do not match. Since, however, the discrepancy
is small (approximately 40 feet) compared to the total depth of the cross
section (3000 feet), and because the rate of vertical potential change is
nearly equal in both cases, no attempt was made to eliminate this dis-
crepancy.
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APPENDIX B.

SCHEDULE OF WATER WELLS IN THE
THREE HILLS AREA

Abbreviations Used

: surveyed elevation

: map elevation

: drilled well, driller’s report

: dug well; domestic water supply

: stock water supply; lithologic samples or cores
: seismic shot hole

: public water supply; pump test (water levels and flow rate

measured )

: industrial water supply
: test hole (stratigraphic, water, coal, etc.)

: oil and gas well; observation well for water level

measurements

: estimated (by driller, owner) without controlled test

: approximately

: poor, fair, good supply (relative terms, useful for general

information only)

: production records

: mechanical logs (electric logs, radioactive logs, ete.)
: lithological logs

: chemical analysis

: Research Council cardex file

: Research Council test program

: Oil and Gas Conservation Board

: oil and gas well records

: Stalker (1953) report



88

RESEARCH COUNCIL OF ALBERTA BULLETIN 24

Original LOCATION Elevation WATER
These rame of Distance abova Kisee 10 Yield Quality
e obiervation from Lsd., West  mean sea —— Tet  Availebla for Tamp.
Ne. point ref. point  comer, of fevel Depth Elev. rote  drowdown 20 years 08 Fe
" Type of abservation eet)  or1/4 Sec. To. R Mer.  (feet) (feat)  (feat) (gpm)  (feat) (opm} (ppm) Main ions c*
1 ‘Western Water Wells 4 36 3 24 4 2876m 7 2869
Th No. 1*
2 Wastarn Water Wells 1 35 3 24 4 2874
“Th No. 2* 30 24 20 4 3%
3 ‘Waestemn Woter Wells 1 kH k) 24 4 2874m & 2868 20 37 3
*Th No, 3"
4 Westam Woter Wells 1 26 31 24 4 2815m
“Th No. 4" " 204 20 s H
5 Westem Water Wells  1900W NE 2 3 24 4 2745.7%
“Wall No. 1% cor. 10 273% 2 2 2 2 Na-, HCO3,504
] Western Water Wells 2000w SE 27 31 24 4 2764.3% 22 2742 46 970 No- 4C03,504
*Well No. 2" 800N cor,
7 Western Water Walls P8ON SE 27 »n 24 4 2778m 40.5 2738 tast in
“Well No. 3" 145% cor. (1947) 1966
57.9
(196} 2720 7.5 24 2 1396 Na-, HCO3,504
[] Waestem Water Wells 1 kI3 31 24 4 2845.2s 7 272 % 24 el 1756 Na-, HCO3,504
“Well No. 4"
9 Beagrie 6 % 3t 24 4 2885m
“Th Ne. 1" " "
10 Beagrie Vo35 3 24 4 2865m o
“Th Ne. 2"
i Beagrie n 26 31 24 4 2820m
*Th No, 3" 0 1994 Na-,HCO3,504
12 ] 12 3 22 4 2790m 150 2640 3 35
I 80 . bod
15
3 b [
7 G
8 115 ® 24 4 28%m 40 2850 e 2-3
nz n .. 2-3
9 800N SE 0 X 23 4 1875w 4 82 18 2 1612 (Mg+Ca), Na- 50.6°F
250W 504,HCOy 10.3°C
20 H00E W 1 2 22 4 2817m 200 617 <15 G 748 No-, HCO;,CC:’ 4°F
400N .4 6.1°C
21 150€ NW 236 3 22 4 2814m 786 Ng-,HCO3 42.6°F
1505 5.9°C
22 2300N sw 2 » 22 4 2933m G 890 No-, HCOy 42.5°F
odequate 5.8°C
23 2900N SWoo14 2 22 4 29%m 270 2659 55 G 732 No-,HCO3 43.6%F
150€ adequate 6.4°C
24 2B00E sw 23 2 22 4 2755m 3 1484 Na-,HCO3,504 40.5°F
700N 4.7°C
25 spring 2100W SE 23 % 2 4  2700m [ 242 No=,504,HCO, Q.8
1200N o2 6.5°C
2 500N sW 3 x 22 4 2820m ~120 270 G 822 Na-,HCO3 43.8%
2 300E odequate 6.5°C
27 21005 NE 16 k-3 22 4 2874m ~120 754 G No-, HCOy 42.4%F
300w odequate 5.7°C
28 Well No. 1 ~1500€ Sw 28 2 2 4  8Bm 900 Ne,HCO3
300N 8314
28b Well No. 2 " = & e 12 4932 Na, {CatMg)-
HCO3,504
3688 Na, (Ca+Mg)-
HCO3, 504
4952 Na, (Ca+Mg)-
HCO3,504
180 2673 7l 774 No-, HCOy:CO3 .0
6.1°C
Bc  Well No. 3 ¥ - 5816 Na, (Ca+Mg)-
HCO3,504
5674 -
nd SE 29 32 22 4 2850m 289 Na, {Ca+Mg)
HCOg, S04
Fad 700W SE 4 X 23 4 014m ~150 ~2864 4532 Na-, 504, HCO3 42.5°F
200N 5.8°C
1! 2300N sw o8 23 4 1 ~80 ~2099 4 5220 Na, (Ca+Mg)-
2508 504,HCO3
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GEOLOGY OF AQUIFERS WELL INFORMATION
Depth  Elevation Thickness
to top of of top of of Transmissi~
Lithology of oquifers  oquifers  oquifers I:ilily2 Dapth Driller,
(feet) aquifers eer) (feet) (feer) (gpa/ft) Type (Faet) Use Year Source Availoble Remarks
81 fine=med. 5d. 74 2802 5 Dy o4 Th Www; RCA. L
2795 - 94 2782 ~7 1947
59 <l; coal 55 2819 4 Or e3 Th Www; RCA. £ LP
2815 coal 76 279 3 378 1947
38 med. 5. 43 2831 8 189 Or 95 Th WWW; RCA. | LP With increasing waell depth water
8% 1947 rises
44 sd,cl,gr.cls. 27 2788 9 Dr 7 Th WWW; RCA. f 1P
2769 . 46 2769 49 293 1947
38 fineyel. Wd. 28 ang 5 197 Dr 10t P WWw; RCA. f,1 L,P,Ch,Pr
2708 st . with B 2708 » 1947
hd. loyen
68 sh.osx 68 2696 47 Or 122 14 www; RCA. | L, Ch,Pr
2696 1947
a2 sft. ss. 82 2696 2 475 Dr 152 L4 www, RCA, {1 LP?Ch 4~days pump test: use of this well
26% s u; coal 136 2642 16+ 1947 for town supply discontinued
in 1962 (7)
sfr. 8. nz 2748 27 3380 Or 180 ? www; RCA. | L,P,Ch,Pe
1955
70 coal 124 2761 4 Or 260 Th Beagrie RCA. L Tested production is less than 14 gpm
2815 st s 215 2670 ] 1960
75 8. 125 2740 19 O 191 Th Beagria RCA, f L
2790 8. 160 2705 15 1960
50 3. 25 2725 75 Or 175 P Beagrie RCA. f L
2770 {water} 149 2671 L 1960
28 185 2605 5 Dr 200 D 1958 RCA, f,t
2762
50 5. 80 20 or 205 [ Beagrie RCA. L
5. 190 5 1955
Dr 450 Scort RCA. f
1929
e 133 1929 RCA. ¢
5. 80 0 Dr b2 Beogrie RCA. L
1955
55 . 55 2835 5 o 200 o 1. Green RCA. § L
2835 e amn .6 1962
50 .(?) 40 2815 20 Oy 80 '] L. Kinselle RCA. .t L<h
2825 1961
Dr 220 D,$ RCA. + Ch
160(?) 2654 20 Dr 265 D T. Beagrie RCA, 1 Ch
265 2545 1958
Br 360 D,s before 1935 RCA. t Ch
"black sand ™ 25 2614 Dr 20 D,$S 1928 RCA. ¢t Ch
8. 8 2687 Dr 90 D,$S D. Schmidt RCA. ¢ Ch
1960
5. RCA, ¢t
or 200 0.$ T. Scont RCA. t ch “Bean* like partitles in woler when
pump st close 1o bottom;
HaS odour
o 312 0,5 7. Scont RCA. 1 ch
1946
O 240 D,$ 19457 RCA. ¢ Cch Woler Analysis: March, 1955
Water Analysis: November, 1959
240 2593 13 2522 o,s Beagrie RCA. F,t Ch Woter Anclysis: October, 1958
1958
Water sample token after 1 | 2 hours
of pumping
Water Analysis: March, 1959
" M 252 ” w0 ¥. Graan RCA. £t LCh Woter Analysis: April, 1965
1962 HgS odour
225 Water Analysis: May, 1959
Water Analysis: November, 1959
Dr 214 D RCA. | Ch
Or ~200 D 159 RCA. + Ch Close to this wall water was obtained
from 1510 20 ft  deep dug wells by
fiest settlers
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Original LOCATION Elevotion WATER
Tt an  Dilance above Rises to Yield Quality
w ﬁ point Lsd., West  moun sea Test  Availoble for Temp.
N: caf. point  cornar, of level Depth Elev. rate drowdown 20 years 08 F*
* Typaofcbservation  (feet) or1/4 Sec. To. R Mer.  (faer) (feet)  (feer) (gpm)  {feer) (gpm) {opem) Main fons (<]
£ 3000N W17 2 23 4 29%m [
400€ 424 Na,(CotMg)-, S04  43.2°F
6.2°C
n 1505 NW 20 2 23 4  2880m 15 2865 25
008 ] 3520 No, (CatMg)-
$04,HCO3
£ 2005 NW 20 2 23 4 2880m Na, (CatMg}-
550E 504,HCO;
E 800N SE 0 2 23 4 2870m Na, (Mgt Ca)- 40.8°F
450W 504, HCO3 4.9°C
34 500 W4 R 4 29w 20 2959 G 1806 (CovMg), Na- 39°F
500N e 20 50,4, HCO, 3.8°C
7 300E SWo3 2 23 4 295m
400N » 2916 2530 Na,(Mg+Co)-
504,HCO3
E 400E W3 X 23 4 295m 10 2944 e F2 1620 (Mg*Ca), Na- AT
400N S04, HCO3 9%
» 2300N SE 9 =™ 23 4 28%m 92 2806 G 3818 No,(MgiCa)-
300W 504,HCO3
4 1500€ sWwoole om0 4 e ~ 145 - 2810 G in 1964 Ma-,504,HCO3
300N adequate 2766 42.8°F
in 1965 No,Mg-,SO4,HCO3  6.0°C
3920
“ 2100N SE 20 2 23 4 208Im 80 2801 adequote 2504 Na-,504HCO3 42.6°F
300w 5.8°C
@ 10008 Nw 33 2 23 4 2850
15005 a 2807 2 U7 No,(CatMg)-
504, HCO3
2 } 000E NW 33 m 23 4 2848 2 2816 adequate 3080 No,(CatMy)-
17008 $04,HCO;
A 30005 NW 34 32 23 4 279m 20 2777 adequate 2330 Na-,504,HCO3 42.0°F
200€ 5.5°C
45 1500w SE 27 ® 23 4 2770m ~50 -2720 adequate 1888 No-,HCOy,504 42.4°%F
12008 5.7°C
“ 1200N Swo2 2 23 4 295 inadequate 5424 Na,(Mg+Co)
300€ 504, HCO3
ar 3000N SE 3 R 23 4 280im ~no 2691 G 273 No,(Mg+Ca)
300w 10-20 504, HCO3
@ 5005 NW 3% 31 23 4 27%m 97 2702 adequate 1582 No-,HCO3,50, 42.6%F
2008 5.8°C
49 200% SE 12 2 23 4 27%65m 85 2680 s adequote 2228 No-,HCO3,504 42.8°F
0N 6.0%C
50 800€ sWwoo6 2 2 4 279 0 2669 adeguate 1768 Mo, HCO3,50,4 42.4°F
200N 5.6%C
1 12008 NW 5 R 22 4 268Im 1 2680 odequate 32 Ne- 40°F
250F (HCO3+CO3), 504 4.40C
52 5006 SWo7 ®» 2 4 245 75 2670 adequote 1442 Na- 40.6°F
200N (HCO3+COY), SO4 4.8°C
53 7008 NW 17 R 2 4 725w & 2660 1432 No-,HCO3,504 38.4F
2008 3.5°C
54 2300W SE 30 - 2 4  2763m adequate 1506 No~,HCO3,50,
300N
55 2200N Swo ® 2 4 27%m 15 Ne-, 7.5
400€ (HCO7+COy), 504 3.0
5% 5005 NW 33 R 2 4 2867m 35 ~28%2 213 Ne-,504 HCO3
300
57 300W NE 34 2 22 4  284Im ' 1730 No-,50,4,HCOy
1508
58 4005 NW 26 X 22 4 2850m 2420 No-,HCO3,504 42.6°F
1508 5.9°C
5 4005 NW 25 2 2 4 276 ~25 ~2742 G 2286 No-,504,HCO3 44.4%F
300E 6.8°C
60 3005 NE 24 m 22 4 2740m ~86 2654 inodequate at 90' 226 Na-,50,,HCO3 40.0°F
1200W odequate 4.40C
61 24006 NW 9 R 2 4 2010m 125 2685 H
1505
& 75N SE 5 ®» 2 4 2Wm 212 %88 (Na+K)-
(HCO3%C03), 504
& 900N Swoo25 31 2 4 2797m
4008 150 2647 10 2392 MNo-,HCO3,50, 43.4°F
&4 10008 NE 22 31 2 4 28i0m ~80 ~2730 o 930 No-,HCO3
200W
85 1400€ Swo27 31 2 4 m ~62 ~2682 cdequete N8 Ne-,
200N (HCO3+CO3), 50,
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GEOLOGY OF AQUIFERS WELL INFORMATION
Bedrock Depth  Elevation Thickness
depth to top of  of tap of of Trammissi~
Elevation  Lithology of  aquifers  squifers oquifes  bility Depth Oriller,
oo aguifers ( Gee)  Gee)  (gpd/D)  Type  (we)  Use  Year Source Aveilable Remarks
54 2882 Dr 30 D Schmidt RCA. 1t Ch
165 27 1959
3d. 40 2840 Dr 25 D T. Graen RCA. t Ch
8. 100 2780 1962
Dr 80 D RCA. ¢ Ch
Or 40-70 s 1935 RCA. 1 Ch
o 25 D 1910 RCA. 1 Ch
7 2947 23 Dr n D T. Grean RCA. ¢ Ch
45 2909 1964
. 2 14 s RCA. t Ch
or 120 [} F. Peterson RCA. 1 Ch Reportedly the worer cose 1o wi
1947 201 from the surface a the time
of drilling, and dropped to present
90 ft ofter seismic work
Or 160 D5 before 1928 RCA. 1 Ch
D ) 0.5 F. Peterson RCA. ¢ (=]
1949
45 2805 o s 1956 RCA. + o
85 2765
Dr &1 s RCA. 1 Ch
Dr & s Dovis RCA. 1 Ch
1962
Dr 130 D,s 1925 RCA. ¢t Ch Qceasional HyS odour
woal Dr 173 Scott RCA, 1 Ch
1940
Dr 160 D 915 RCA. v Ch Occasional Ha$ odour
Or nz D 1908 RCA. t Ch Wells on this ¢lat ore very good in
quality and quantity sccording to
well owner
g 2645 O 125 o A. Dovis RCA. t Ch
1963
e v 97 D Scott RCA. 1 Ch
1935
o 60 14 before 1940 RCA. 1 Ch
o 95 D,§ RCA. t Ch
> 125 D RCA. t Ch
Dr 100 ] 1920 RCA. ¢+ Ch Occosional Hy$ odour
>3 RCA. + Ch
O 85 D 1905 RCA. t Ch Continuous Ha$ odour
120 2 Or 154 [+] RCA. ¢t Ch Quicksand ot 80 to 90
Dr 160 o 916 RCA. 1 Ch
Dr 100 D 1934 RCA. t Ch
Dr s [+ deepened 1953 RCA. 1 Ch
130 2680 Dr 150 D 1917 RCA. 1 Ch
150 2660
O 55 bl before 1930 RCA. 1+ Ch
%0 2707 O 165 D T. Beogrie RCA. t Ch
160 2637 1961
Dv 180 D Peterson RCA. 1 (=]
1940
or ) o Y. Beagrie RCA. 1 =3

1949
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igi LOCATION WATER
et S Howin — - -
istance above es o ol wality
Hill corervation from Lsd., West  meon 1w —————  fut Awilebls for —_— Temp.
ell poi ref. polat  cornar, of level Depth  Elev. rote drowdown 20 yeors 08 o
No.  Typeof chservotion  (eet)  or I/4 Sec. Tp. R Mer. {fest) Weet)  (eet) (opm) (feet) (gom) (pom) Main ions c*
™ GON  SW 28 31 2 4  2644m
250 6 268 12 54 168 No-,HCO3,50, 41.0%F
s.0°C
& 10005 NW 16 31 2 4 26%m ~55  ~2s7m Na-, HCO3, 504 414
1000E s.2°C
@ 100N SW 16 31 22 4 2610m 2 2588 No-, HCO3, 50,
23006
& 16505 NW O3 2 4 27Mim G 776 Na-,(HCOCO3)  44.2°F
1508 s.7°C
7 250N SE 13 31 2 4 2MSe 200 2545 35 1 80 Na- 2.4
2500 (HCO3+COy), €I s.7°C
n 00 W6 3 2 4 272m ~215  ~2511 barely 1578 No-,Cl,HCOy
1 100N odwquate
n 20 SE 3 W 2 4 263m [ 2496 3 82  Na-,(HCO3COy)
00w
7 25005 NW 4 31 22 4 2685m ~70  ~2618 ovar 3 1654 Na-,HCO3,504 4.6
17006 s.0°C
7 00N SW 5 31 22 4 2815m 100 715 6 2116 No-,5O,,HCO3
300¢
75 BN Ssw 24 3 22 4 28%m 1748 No-,HCO3,50,
100
7% loow  SE 18 3 22 4 27%m <5 1832 Na-,HCO3,504
1200N
7 240N SE 19 N 2 4 27%Bm ~65  ~2688 ~4 1420 Na,Mg- 2.0%
250w HCO4,504 5.5°C
” 505 NE 3 3 2 4 22m 3 186 Na- 41,6%
200w (HCO4+C03), 504  5.3°C
7 3000w  SE 15 31 22 4 26%4m 3 i 996 No- 41.4%
100N (HCOy+C03),50,  5.2°C
80 JGON  SW 0 3 22 4 277m 12 1828 Na-,HCO3,50, “0.6°F
2006 4.8
8 24006 NW 24 3 23 4 25m ~210  ~2645 G 1802 Na-,HCO4,50, Q.0
2508 V 6.5°C
® WON  SW 7 3 2 4 203 ~50 o~ 5 0 [ 275%  No-,50,HCO4
1006
8 250N SW 6 31 22 4 297m ~168 ~2814 inadaquate 2846 No,5O4,HCO 2.8
300 G s.0°C
8 2000 Sw L 31 23 4 29%0m 70 2910 F 3898 (CotMg), No- v
1006 $04,HCO3 s.3C
85 2506 NW 12 3 20 4 287 &0 213 H 1704 Na-, a8
18005 (HCO3CO3), 504  6.5°C
8 16005 NW 14 3 20 4 298m 50 29% over 2 684 (Mg+Ca),Na, 2.6%
800E HCO3, 504 5.8°C
a7 15005 NE 2 N 2 4 289m ) 2751 over 3 1918 No, (Mgi¥Ca), 0.6°F
150w 504,HCO3 4.8%C
88 3008 NE 9 31 23 4 290m 130 28% 2000 Na-,504,HCO,
150w
o WON  SW 29 31 23 4 2988m 5 320 Ne-,50,,HCOy 2.2
1006 _s.8%C
% 23005 NW 22 31 23 4 20%m ~82  ~2750 F 2968 No,Mg, 43.0F
1506 504,{HCO3+CO7)  6.1°C
9 ToooN  SW 5 31 23 4 27lom 2 2668 &
7008
” 3005 NE 1 3 24 4 2704m inodequate
100w L2 284 inadequate 122 No-,HCO3,50,
odequate
93a 5005 NE 2 30 24 4 2949m
2100w
Y 5005 NE 2 2 24 4 294m ~20  ~2929 ~40 No, Mg, 2.0%F
230w (HCO3#CO3),504  5.5°C
N ON  Sw 6 31 24 4 3106m %0 3016 [ Na, Mg,
500€ (HCO4+€03),504
95 7008 NE 8 31 24 4 20%m 50 2048 over21/2 138 No,Mg, 2.0
200W (HCO41€O3),504  5.5°C
96 5006 SWo 15 31 24 4 2885m 30 2855 E1) <212 1546 Na,Mg, 41.4%F
1200N 504,(HCOgC0y)  5.2°C
97 or 153¢ 18008 NE M4 3 24 4 273 " 2719 & = 122 Ne-,
1500w 504, (HCO3+CO3)
) 800E SW 30 31 23 4 2888m 144 7 5 1094 Na,Mg, 0.2°F
700N HCD3,50, 4.5%C
% 2400w NE 24 3 24 4 282m ovw 1986 41.6F

Na, (Mg+Co)-
2008 (HCO3+COy), S04 5.3C
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GEOLOGY OF AQUIFERS WELL INFORMATION
Bedrock Depth  Elevation Thicknes
depth, to top of of top of of Tronsmiasi=
Elevotion  Lithology of  oquifers oquifess  oquifers  bility Depth Driller,
(reat) oquifers {foet)  (feet)  (feer) pd/ih Type  ffeet) Use Year Sowrce Availoble Remarks
quickiand, coal 0 2614 Dr 94 [ 1. Green RCA. ¢t ch
~60  ~2584 1963
Dr 80 D bufore 1945 RCA. ¢t ch
Or 7 [ Dovis RCA. ¢ Ch
1959
Or 208 o before 1936 RCA. ¢ ch Conl at 103 ft
F=U L1 3 [ 280 o RCA. ¢ Ch
[ 250 D Russel RCA. 1 ch
~1957
Or 200 [ Gibson RCA. ¢+ ch
1945
aoal 7 ~1g ~28r8 o 142 0 Peterson RCA. ¢t ch
1941
or ne [ 1910 RCA. Ch 100 i south of well reported seismic
shothole with water level 6 1t balow
swrface
Dr RCA. ¢ Ch
w2l Dr 149 [ Duvis RCA. 1 ch
1961
D 120 [ 1916 RCA. ¢ [
or 14 D Beagris RCA. ¢+ Ch
1956
o 185 [ bafore 1930 RCA. ¢+ ch
6 217 O 160 D 914 RCA. ¢+ ch
Or 254 D 1924 RCA. ¢ -3
~80  ~2754 Or 100 o before 1945 RCA. ¢ Ch
Dy 200 o 1944 RCA. 1 ch
~100 ~2830 or 125 0 RCA. 1 Ch Temparary depletion after pumping of
200 gallons of water
~% ~2823 o 108 [ 1945 RCA. ¢t Ch Quicksand ot approx. 50 ft; woter
below sand
o ~60 D 1906 RCA. ¢ Ch
w2 Dr 220 0 1935 RCA. 1 Ch
o 230 o 1946 RCA. 1t <) S odour first noticed in 1959;
deepened in dfiappeared in 1963
1963
~2R  ~27% Dr 252 o Braconnier RCA. 1 Ch Lost circulation of drilling mud
1958 01252 ft .
~12 ~2690 or 142 o 1920 RCA. ¢ Ch
05 2608 O 120 [ 1. Beagrie RCA. + Ch Ownar raperts quickiand from surfoce
1939 to 30 ft; hord “rock” from 30 ft 1o
37 it; water below rock
~d40  ~2664 o 40 o
~90  ~2614 Dr %0 o RCA. t ch
~165  ~2539 Dr 165 ]
or 60 o RCA. ¢ Ch
@ me D 30 1. Beogrie RCA. ¢ ch
1963
[ [ ~1920 RCA. 1 ch
[ 80 D RCA. ! Ch
caal? © w5 D 100 o ~1945 RCA. ¢ ch
“soopstone™ 80 2650 Dr 165 ° RCA. + ch,0
Or 1765 D RCA. 1+ Ch
coal s I or 135 [ RCA. Ch



Original LOCATION ) WATER
Three name of Elevation " -
Hills obsarvali Distonce bo Rises to Yield Quolity
w' N > ,‘°" from Ld., Wast Test  Avalloble for Temp.
N: poin raf. point  comaer, of Teval Depth Elev. rote drawdown 20 yeors 08§ Fe
© Typeof cbservation  (feet) o /4 Sec  Tp. R Mer.  (fae) Geet) (e} (gpm)  (feet) (gpm) (ppm) Main fons c
100 13005 NE 21 A 24 4 282m 55 2777 <3 1638 No, (Mg+Ca)-
300w 504, HCO3
101 13008 NE 21 AN 24 4 2824m 35 2789 10 2008 Na, {Mg+Ca)- 41,8°F
700W $04,HCO3 5.4°C
102 1800W SE 20 3 24 4 2899m
1000N over 3 2912 Na, (CotMg)- 41.4°F
50,,HCO3 5.2
103 15006 Swo 29 31 24 4 2917m ~45 2872 153 over 4 1080 No=, RCO, 50
600N
104 S00E SWo6 - 24 4 2086m ~68  ~2820 ~1 2690 Na-,SO4,HCO3 42.8%F
150N 6.0°C
a5 2 400€ W 3 x 24 4 2834m 30 2804 15 PG 2848 Na-,50,, HCO3
300N
106 10005 NE 2 2 24 4 2882m 3 2852 8 over 1 4484 (Mg+Ca), Na, 40.6°F
300W adequote 504, (RCO3+CO3) 4.7
oy 2 5008 W14 » 24 4 2917m 65 2852 7
400N 65 2852 s
97 2820 5 134 adequate 848 Na~-, HCO3#+CO3 40.6°F
47c
108 4005 NE 9 2 24 4 2092m ~19 2813 over 7.5 2181 Na,504,HCO,
400W
oy 1 000W SE 15 k-3 24 4 2885m
500N 80 2805 55 3 550 (CatMp), Na~
(HCO4+COS0,
10 100N w16 m 24 4 2780m flowing ~ >2780 flow ot 1870 Na,(MgtCa), 40.6%F
5006 ~1/2 504, HCO, 4.7C
m B00S NW 16 x 24 4 2855m ~20 ~2835 ovar 5 2948 Na-=, SO‘,NCO3 41.2°F
700E 5.0
12 300N SE 7 R 24 4 2850m 20 2830 7 under 4 2674 Na(Ca*Mg),
300W 50,,HCO3
13 300w SE 26 x 24 4 2990m 154 283% kL G Nao, Mg,
200N over 10 504, HCO3
114 12008 NE 26 r 24 4 2968m 123 2845 aver 2.5 3122 No-,504,HCO3 42.8°F
300W 5.9°C
15 1400 Nw 35 k3 24 4 3010m ~200 ~2810 over 6 1602 Na-,50,,HCO,
2008
né 1800N w34 x 24 4 2880m 4 G 40.6°F
200€ 4.7°C
nz 1300E Nw 31 2 M4 4 2820m 6 2814 adequate 1764 No, {Mg+Ca)-
10008 S04,HCO3
g 13006 NW 31 R 24 4 2820m Nowing  >2820 9.5 flow at 1602 Na, (Mg+Ca} 41.2°F
12008 ~3/4 S04, HCO3 5.0°C
ng 3008 NE 12 2 24 4 3026m 6 3020 vader 5 %6 (Ca+Mg}, Na- 36.0°F
150w HCO4,504 2,2°C
120 spring 17008 NW 4 x 24 4 2789m flow at 1394 Na, Mg- 39.6°F
600E ~4 504,HCO; 4.0%C
il 800N w3 3 n 4 2958m ~2 ~2956 G 3295 {Ca+Mg), Na 38.4°F
800E 504, HCO3 Aa.5%C
122 18005 Nw 18 3 24 4 2987m ~30 ~2957 - 2092 Na, (CatMg)- 41,0
700E $O4,HCO; 5.4°C
122a spring 15005 Nw 18 k1l 24 4 2950m 2950 40.8°F
700E 4.8°C
123 15006 Nw 9 31 24 4 2930m 58 2872 15 45 3648 No~-, SO«HCO: 42.6°F
3005 5.9°C
124 200N sw 4 3 23 4 2728m G 1602 Na, (CatMg)
2008 $O4,HCOq
125 156005 NE 3% 30 24 4 ~2690m ~27 ~2663 1588 No, HCO3, 50,
1800w
126 20005 Nw 4 k- 24 4 2821m ~25 ~2796 wvar 3 1624 Na, (CatMg)-
200E SO4(HCO3+CO3)
27 17008 NE 20 x 24 4 2860m 5102 Na, 504, HCO3
200w
128 21005 NW 28 x 24 4 2830m ~12 ~2818 ovar §
2006
1282 spring 21008 Nw 28 x 24 4 2814m 0 ~2814 ~5
S00E
129 600N sWole n om 4 2040m ~26  ~2514 -1 864 No,(HCO3+CO3IS04
300w
2% ~600N swol0 a1 1 4 2540m 274 No,
300w (HCO3+CO3), 50,4, CI
130 20005 NW ¢ n n 4 2707m 80 2627 5 113 1362 Na, {Co+Mg)-
400€ (HCO3+CO3), 504
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GEOLOGY OF AQUIFERS WELL INFORMATION
Redrock Depth  Elevation Thickaess
depth, 1o top of of top of of
Elavation  Lithology of oquifers  oquifers  oquifers Dapth Driller,
tfaen) equifers (Feet)  (fout)  (faan) Type  (feer) Use Year Source Avatloble Remarks
Dr 5 D ~1920 RCA, ¢t Ch HyS odour fint noticed early 1963,
opprox. & months ofter complation
of ofl well 3/4 miles SE
Dy 100 D Davis RCA. ¢ Ch No Hy$ odour in this well; warer
1960 seam corresponding with Well No. 100
cased off
35 2864 O L] -} RCA. 1 Ch
~90 ~2819
158 2719 Dr 210 <] Davis RCA. ¢+ Ch HyS odour; “water immediotely below
1940 o vary hard rock layer®
Or ~200 D RCA.+ Ch
Dr 100 D RCA. 1+ Ch Better wpply formerly
» 2844 Dr 45 o RCA. ¢ =]
n 2845 3 Dr 3 o T. Green RCA. + L,Ch
100 2817 5 1963
b=l 2686 Seven differant occusrences of water
ceported
Dr 60 -] RCA_ 1 Ch H3S odour is sirong but varying
75 2810 Dr 140 o 1924 Rim, 1 Ch
coal ? 135 2750
Dr 25 RCA, » h
Dx 40 o RCA. t Ch
gravel 27 2823 Augered 20 D 1958 RCA. + Ch
7 2812 Or 184 D RCA, + Ch
Dr 160 b 1947 RCA, t Ch
Dr 235 o RCA. ¢ Ch
85 2015 Dr 126 -] 1941 RCA. + Ch
~80 2600
Dr ~60 ] 1953 RCA, + Ch
Dr 60 o RCA. 1t Ch
3 23 *7 [ 10 RCA. ¢ Ch
groval RCA. ¢+ ch
D 25 1910 RCA. ¢ Ch Waell Hiowad until 1918
~40 2947 Or 90 RCA. ¢ Ch
RCA. +
([} w7 Dr 108 1964 RCA. ¢+ Ch
Dr 122 D,$ RCA. ¢ Ch
Dr 2 D N. Giesbrecht RCA, ¢+ Ch
98
Or 5 [+] RCA, ¢t Ch Strong Hy$S odour
o ~li0 T. Beogrie RCA. 1t Ch
1964
40 RCA. ¢t
RCA. ¢t
Dr 37 RCA. t L= H35 odowr
17 RCA. + Ch
", m P Dr 210 T. Beagrie RCA, ¢ o

1955
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Original LOCATION Elevation WATER
Three nome of Distance cbove Rises to Yield Quality
Hills observation from Lad., West  mean sea Test  Availoble for Temp.
Well point ref. point  comaer, of lavel Depth Elev. rote drowdown 20 years 0§ F*
No- fioeofbeenvation  (fee)  or /4 Sec. Tp. R Mer.  (fner) (ee)  ({fao) (gpm)  (feer) (gpm) (ppm) Main ions c*
3 2000w NE 25 2 2 4 2745m ~50 ~2695 F 844 No, (HCO3+CO3) 41.4°F
1005 ~1 5.2°C
132 2200N SE 24 n 24 4 2997m 145 2852 1422 Na,
200% (HCO31 CO4)504
133 2300N SE 24 2 24 4 2997m 2040 Na,
200w SO, (HCO3+CO3)
134 250W NE 2 k3 24 4 29tIm ~120 ~2791 ~1 872 Na,HCO3,50,
1005
135 11008 Nw 29 3l 4 4 2980m 30 2950 3 Na, (CotMg)
0% 129 2861 5 o 233 504, (HCO3COy)
136 800w SE N n 24 4 2778m ~15 ~2763
700N
137 15008 Nw 19 k1l 24 4 2930m ~dé ~-2884 20 ~4 “Hu Na, (CatMg)
3005 504, (HCO3+COy)
138 250w SE 13 3 24 4 2730m 15 715 s 1240 Na, (Cathg)
150N HCO4,50,
139 2200w SE 5 3N 24 4 2967m 51 2916 under 1 1012 Na,HCO,, 504
150N
140 2200w SE 5 3 24 4 2967m é 2961 much better 1258
150N thon # 139
141 spring TW SE v 2 24 4 2935m ~1 29 3086 Na,(CatMg)
1200N $04,HCO;
142 S00N sw 17 32 24 4 2840m
5006 2738 Na,SO4,HCOj
%] 3006 w15 ® 22 4 2860m
100N under 1 1240 Na,
(HCO3+COy), 504
144 74.85 NE 23 3 24 4 2779.20c 64 2715 10 ~1
74.5W
~52  ~227 20 I ~n 1B No,HCO3,504 Q2.0
5.5%C
e 256, SW 23 n 24 4 ~2778 54 2724 51,2 ~3% 1510 20 1788 No, HCO3,504
of 1
45 117.3N SE 9? k-3 4 4 2806 2 2783
8.7W
2 2784
n+ @.0%
8.5 2787.5 20 ~I74 ~6 %4 No-,HCOpCOm)  P0C
M+ 0+ v "
8.0 2%
148 602, 6E sw 23 41 24 4 2799.30
28.3N
56,50 2742.50 under |
~60 2739 10 ~65 8.5 2112 Na-,504,HCOy 2.0
5.5°C
7 2.0 SE 6 T 23 4 2032.30 134 20987
1363.2N 46 2888 3440 Na,504,HCO3
1+ 10 ~210 80 i+l Na,SO4HCO3 42.5%
160 2886 wn 5.8°C
148 ]7:7“'2 Nw 38 A 24 4 2901.80s |:9||.75 2852 10 ~29 1.6 +n (Mg+Co), No~- ‘2.5?
W 2050 1gs 504 (HCOpCOy  .s.8%C
147 .05 Center29 31 M 4 2926006 124 802 20 % ne 1% Na-,HCOg,50,
162w
130 2546, NW 7 3 3 4 271105 ~28 2683
57.5E T+l
Na, {Ca+Mg) 4).5F
1e Ifim 2687.%2 20 40 23 1080 HCO3,50, 5.3°C
22.6% 2688.41
5 1903N SE 28 32 24 4 2866.8s ~32 ~2835 18 o 6~10 2400 No, (Mg+Ca),
W 504, HCO3
~R 203 “ Na, (Mg#Co), 3.9
2 - 26% 504, HCO. 44vC
~32 ~2835 141 *(348) 4103 -
15la 178N SE 28 X 24 4 ~2088 ~34 2034 180 16 ~2900  No,{CorMg),
W 504, HCOy
152 7395 NW 2 2 23 4 2790.2s 162 2773.88 u 4180 Na,50,,HCO;
1113 14.29 2775.91 10 7 10.4 3208 Na,504,HCO3
153 20678 Nw 13 3 F L | mh {1 g 20 L] [1}3 1624 MNa-, 41.0%F
11348 (HCO3+COy), 504 5.0%
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GEOLOGY OF AQUIFERS WELL INFORMATION
Bedrock Depth  Elevation Thickness
depth, totopof oftopal  of Tranmissi-
Elovation  Lithology of  oquifers oquifers oquifes  bility Depth Driller,
{feer) oquifers (feet)  (faet)  (foer) Gpe/ith) Type  (feet) Usa Yeor Source Available Remarks
or 280 1928 RCA. ¢ Ch
deepened in
1932
coal strips inthale 290 2707 10 O 308 1. Green RCA. ¢ LCh HgS odour
Dr 160 RCA. 1 =
~170 ~2741 o 175 o RCA. ¢ Ch
3 blue sh. 5 248 o 201 T. Graun RCA. ¢ L,Ch
2977 bluesh. 90 2890
. 190 2790 10
[ L] 0 RCA. 1 ch g5 odour daveloped in fall of 1962;
1t'is intensified before storm; wall
was flowing before Theae Hills drilled
preseat walls in 1947; well completed
ona “vary hord rock*
2930 ~5%  ~2880 Or 50 D Davis RCA. ¢t [}
1954
. ~40  ~2690 Dr 50 o 1. Beagria RCA. ¢ Ch
1953
or 237 D RCA. ¢ [=
~15  ~2952 21 [ RCA. ¢ Ch
0 RCA. 1 Ch
quicksand U 2806 or 6 o RCA. t Ch
& um
120 2740 or 280 o 1. Green RCA. ¢ =
? 1965
100 uncontolidated cl; 74 2705 2 Dr 735 T R. Forraster RCA. ¢+ L,B,0,Ch, Gos at 637-643
2679 badrock fragments Dac. 1965 .M
drifibedrock contact; 95 2684 EY ~3700
soft ss.
drift-bedrock contact; 93 2685 2 ~920 or @ ™ R, Forrester RCA. ¢ L,B,P,Ch
. March, 1966
55 driftbedrock 1 51 2755 5 or 495 Th R, Forrestar RCA, Gos at 405407
2751 contact Dac. 1965
coal; slhst. N7 e 5]
ss.{main oqulfer) Nl 191.5  2614.5 6.5 7
1, st V(?)~275  ~2531 [
85 vncomsolidated | 60 2739 5 o 200 \ R. Forrester RCA. L,5,8,Ch,
2714 cl,sdslt, cool Dec. 1965 M
5. o100 2699 .
. mo2s 2674 5
10 s, 7)) 135 2897 ? Dr 45 T R, Forrester RCA. t
w22 s, uo70 2882 20 500 Jan. 1966
5. moas 2857 15
2 5. 180 2822 5 120 [ 300 Th R. Forrester RCA. ¢t
272 . 07 160 242 157 n. 1966
1 8. 190 2736 13 3760 Or %0 T R. Forvester RCA.L 1,5,8,Ch  Stong HyS odour
2891 Feb. 1966
47 5. | &3 2648 20 [ 205 Th R. Forrester RCA. 15,80,
665 wm. o8 2608 ”? Feb. 1966 Ch
4390
5. m o2 2519 n
40 very soft, 1o 2817 ] o 405 i R. Forrester RCA.L L,5,8,0,
2827 disintegrated 53, Feb, 1966 ch
mainoquifer Il 78 2789 19 Rote of tast bailing 100 low for
lest weathared 40610 accurate resuits
coal w73 2694 5
soft ss. ~5 ~2818 % o 130 ™ R, Forrester RCA. t L,P,Ch
Morch 1966
45 coal 150 240 9 [ %0 T R. Forrester RCA. L5,8,Ch  Lost water-level measurement after
2745 softsint. nos 27 310 Feb. 1966 ball test was 17,86 1t below the top
of casing, on Feb. 22, 1966; on
March 21, 1966 casing was found
Teed up to the top, and water was
cbiarved directly under ice plug,
3Ft below the top of the
when drilting bit was run
Tnto hole, water spilled over the top;
hawaver, water level wos 18 ft.
below the top of the casing the next
day, March 22, 1966
~55 altemating beds ™ 2682 3 2634 o 150 T R. Forrester RCA. ¢ L,S,0,Ch  Main portion of oquifer is from 105 ft

2878 of sltst, . Feb. 1966 to 110 ft
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Original LOCATION Elevation WATER
:\_rl.l. name of Dintance above Rises 1o Yield Quality
i observation from L., West  mean sea Test  Available for Temp.
N: point raf. point  comer, of lave) Depth Elev. rote drowdown 20 yaors oS Fe
" Typeofohservation  Ueet)  or /4 Sec. Tp. R Mer. (feer) (feat)  (faeet) (gpm)  (feer) {opm) (ppm) cr
15% 2005 NW 1331 24 4 71 5 6 &7 85 ~1700  No-,HCO3,504 41.2%F
11348 5.2°C
e
15% ~27008  NW 13 % 24 4 2730m ~10 720
200€ in 1952
15%  Theee Hills Well
153 ~25005  NE 13 31 24 4 2780m b 2708
200w
154 259N SE 28 31 1 4 2638 % | No-,
440w ~89 744 20 2 52 42 S04 HCOy
b+ L+ N1 I+a+1m
~89 2744 15 ) I+104 01 Na(CarMg)-
2 n n 4720 5O4,HCOg
97 273% 172 7
148 280N SE 2 a 22 4 26434 . over 5
31w
1+t ] No-,
5 209 L 6 4.7 1908 SO, (HCO3+CO3)
114 port of Il Na-, HCO3, 5O,
20 Ppa & '4
29 2815 196 1490
at full depth Na,
1016 HCO,,C),504
156 Great Plains v s 3 23 4 2765m ~79  ~2686 20  ~10) ~3
Development Co.
140
~79 ~2686 20 ~176 100
Tl
~79 ~2686 20 ~176 180
157 RCA obs. well 2 22 3 2 4 2730m ~132 ~2598 G
No. 17
158 No. 18 5 28 k1] 23 4 2920m ~28 ~2892
159 Na. 19 s 2 » 4 2930m ~210  ~2720 G
160 No. 27 13 16 xr n 4 2925m ~9 ~2834
161 No. 28 Nw 22 k-3 24 4 2890m ~54 ~2836
162 No., 41 4 11 3 24 4 2870m ~21 ~2849
163 No. 42 NE 32 3 24 4 2840m ~43 ~2797
164 No. 62 SE 10 3 23 4 2915m ~17 ~28%8
185 1MW NE 7 a1 23 4 2785m flowing  >2785
166 1840w NE 9 r 24 4 2809 flowing >2809
167 35N NE 8 31 22 4 2709 flowing >2709
508
168 405 NE 8 k-3 24 4 277% flowing >2779
60
169 13605 NE 8 x k1) 4 27745 flowing >2774
50E
170 26005 NE 8 2 24 4 277 flowing >2773
S5E
RE4 1410N NE an k-4 24 4 2834 flowing >2834
ssE
172 5290w NE 8 k-3 24 4 2797 flowing >2797
35N
173 40306 NE e k- 24 4 2808; tlowing >2808
0N
174 21508 NE 20 x 23 4 2798 flowing >2798
10N
175 76 NE 21 2 23 4 27706 flowing  >2770
SON
176 2680W NE 9 m 24 4 2750m flowing  ~>2790
850N
177 1720w NE £ x 24 4 280%m flowing ~>2809
50N
178 55N NE a5 x 23 4 270% flowing >2709
50
180 A.T.C.8-50 1210w NE ¥% x2 25 4 2826m flowing ~>2826
N
8l B-51 770W NE % 2 25 4 2815m flowing ~>2815
10N
182 B-52 oW NE % x» 25 4 2820m flowing ~>2820
TN
L&) B-53 5200w NE 31 k-3 25 4 2820m flowing ~>2820
10N
184 B-35 4420w NE 3 k-3 25 4 26830m flowing ~>2830

10N
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GEOLOGY OF AQUIFERS WELL INFORMATION
Bedrock Depth  Elovation Thickness
depth, totop of of top of of Transmissi=
Elevation  Lithology of  otuifers oquifers oquifes  bility Dopth Oriller,
) aqulfers (feat)  (feot)  (fear)  (opd/Rt Typa  (faet) Use Yeor Source Available Remarks
~55  alternating beds 7 2661 57 3030 [% 135 T R, Forrester RCA. 1 LP,Ch  Main portion of oquifer is from
2676 of sl ss. «quivalent T March, 1966 100 to 127 1
1301
B 2643 r 97 o 1952 RCA. ¢ -]
or REAL ¢ [
53 altemating beds
2780 ofslat.,m. 1 112 2721 » 4800 Or BT Th R. Forrester RCA. t L,5,,Ch  Malaportion of oquifers | is from
alternating beds 11+ 11 March, 1966 120 F to 145t
ofsltst., . Il 163 2670 » 5500
course siist. with [0
soma 5. o269 2565 N
&7 unconsolidated sd,
2577 diiftbedock | 60 2584 7 or %5 Th R, Forraster RCA.
contact March, 1966
5. coal o9 2549 1 development of the oquifers estimated
ylelds would be the foll
5. mo22s 2418 4 Ve~ Sgpm; 11:~25 gpm; 11
E] 1
2707 slish, ss. 1 180 2585 ~70 o 538 Th R. Forrester Dr
t+n June, 1965
5. noass 2510 20 ~1200
1+1+ N
shst. m 27 2490 7 ~2200
remainder of hole
undar Il to 422 ft.
Dr ~150 Abondoned RCA. ¢ <] Water-lavel records for June, 1962
form well to June, |
Dr ~72 . RCA. ¢ o
o ~250 . RCA. ¢
D ~1% . RCA. ¢t [}
Dr ~72 - RCA. t o
Dr ~24 - RCA. t o
o ~88 . RCA. ¢ o
Dr ~41 - RCA. ¢ o
Dr &0  sh RCA.
Dr 15 sh RCA. §
[ o sk 1958(9°7) RCA. £
or 20 sh 1958(92) RCA. §
Dr 80  Sh 1958(97) RCA.
or 80  Sh 1958(97) RCA. £
or 45 Sh 1958(97) RCA. f
or 0 sk 1958(97) XCA. §
Dr 35 sk 1928(97) RCA. ¢
Dr sh 1958(97) RCA. £
or sh 1958(97) RCA. §
O sh RCA.
o Sh RCA.
or Sh RCA, f
or sh 1965 Mebll Oil, Calg.
Expl. District
or sh 1965 -
or Sh 1965 -
or sh 1965 -
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GL: 2763

Original LOCATION Eleverion WATER
These pome of Disrance above Rises 1o Yield Quality
Hill obeervlion from . West  mean sea Tt Awoilcble for
N°" point ref. point  corner, of leval Depth Elev. rate drawdown 20 yean 08
" Typeof cbservation  ffeet) o 1/4 Sec. Tp. R Mar,  (feet} (feat) (faat) (gpm)  (wet) {gpm) (ppm) Main ions c*
185 AT.C.D-% 90w NE 31 R 25 4 20%m flowing  ~>2830
10N
186 B-61 1740 NE 31 2 25 4 28%0m flowing  ~>2830
10N
187 8-67 440W  NE 2 - 24 4 2835m flowing  ~>2835
10N
188 869 3OW NE 2 R 24 4 28%0m flowing  ~>2830
10N
189 Three Hills Core 3w M4 2 N 24 & s
Drill Test 11 8005
150 Test 13 2 Hoon 24 4 2862.85
191 Test 14 9 W M U 4 2966.%
192 Test 17 2600W  NE 2 3 24 4 2840m
4005
193 Test 9 9 o3 24 4 2859.6
194 Test 110 4 4 4 4 2989m
195 Test #11 Mooz a4 4 7
196 Test 112 23 31 24 4 27%m?
197 Test 113 1% 4 r 4 4 2797.%
158 Test 1144 4 5 31 23 4 268%
199 Test 115 NE P 3 3 4 2971.%
200 Test 116 NE 34 3 2 4 2864.4
201 Test 117 SON  NE 7 31 23 4 2857.4
208
202 Test 118 4505 NE LI N 7 '} 2694, 13
55E
203 Test 119 9505 NE 16 31 24 4 2800.5%
10E
204 Test 20 260w NE 11 31 24 4 28R4
75N
205 Test 121 8 10 N 24 4 2910m
206 Test #22 8 2% " 24 4 25585
207 Test 1244 8 1 2 25 4 284%
208 Test F25A 8 ® 3 24 4 2838
209 Teat 126 175N NE 30 3 24 4 2958.2¢
S0E
210 Test 127 350€ NE 31 31 24 4 2873.%
108
2n Tost I28 13005 NE 34 31 24 4 28125
212 Test 129 WON  NE 20 31 24 4 2850.25
S0E
m Test #20 175N NE 8 31 24 4 285% flowing  >2853
soW
214 Test 131 2630W  NE 26 31 24 4 2799.4
26308
215 Test 133 16 19 31 B 4 2974.%
216 Test 134 1 25 3 24 4 2865.25
27 Test 138 2% 0} 24 4 23
218 Test 136 130w NE 35 0 24 4 2829.%
N
29 Test 137 1700w NE 33 30 23 4 2970
N
220 BA. CPR. Vo2t o» o 4 ke
Equity 1-2] GL: 2907.6
221 Avowex stal. 10 9 3 2 4 KB:2603
Ghost Pine 10-9 GL: 2592
222 Socony Nort MM w24 4 Ke:209)
Theee Hills 11-14
23 McAlaster n 2 N 2 4 Km:2715
Ghost Pine 11-2 GL: 2702
224 South brozeau 9 12 3 @ 4 Kk2766.3
Emjay b GL: 2753.8
225 Zapare AP ooz 3} ;2 4 K275
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GEOLOGY OF AQUIFERS WELL INFORMATION
i Dapth  Elevation Thickaess
P totopof offopaf  of Tronsmissi~
Elevation  Lithology of oquifers  oquifers oquifes  bility Depth Dellter,
{feet) oquifers {fe (feat)  (feet)  (gpd/it Trpe  (fear) Use Year Source Availoble Remarks
or Sk 1965 Mobil Oil, Calg.
Expl. District
Dr Sh 1965 - “
[ Sh 1965 “ “
or $h 1965 - -
35 Dy 403 Th 1943 OG. Reservotion L
2752 Raport 7164
25 Or 405 ™ s - - L
2038
10 D 78 T . " - L
2956
or 270 T . - - v
or 240 T - - ] L
o 00 Th - - - L
o 20 Th = . . L
o 410 ™ - . & L
or 150 Th - . . L
or 0 T - - - L
Dr 170 Th " = = L
or 470 Th ¥ - » L
r 160 . - . v
12 3 300 Th - . . L
[ 100 ) £ “ - L
or % i . . . L
or 160 1 - - - 8
or 10 Th " - L L
o 155 ) ) - . L
o 166 T s 5 - L
or 130 i L - . L
~1n or 191 T - ] . 8
~2883
D JE]] Th - ¢ . L
-40 o 160 Th - 4 . L Difficult to maintain circulation
~2810 from: 100-104 ond 107-160; hole
tokes water
~15 55, sh 20 2033 20 Dr 460 T = . . L Flowing well ot hole depth of 42 fr
2838
~84 or 130 Th " " - L
~2715
125 Th . . - L
~ 100 ™ . = - L
~2810
or 400 T . . . L
o 100 T . " - L
Dr 140 Th - “ " L
~70 Or 7600 o 1561 0G,t LM,
~20%8
~40 or 4862 o 1962 oG,k LM,S
~2552
Or 7450 o 1954 oG,k LM, S Lithol, samples from 400 i
Dr 4870 [} 1960 ® M
Dr 5390 [} 1952 " M

Dr 4910 o 1962 L] M
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Original LOCATION Elevation WATER
Three name of Distance cbove Ries 1o Yiald Quality
;‘v‘”' cbservation from Lsd., West  mean sea Test  Availeble for Taep.
ell point ref. point  comer, of Taval Dapth  Elev. rote 20 yeors ™5 Fe
Nou  fipaofcbiervation  (ef) o /4 Sec. To. R Mer.  (feen) (feel)  (feat) (gpm)  (Feet) (opm) (ppm) Main ions c*
226 A. Pine 15-14 5 4 31 2 4 Ke:2826
27 Sun 9 2 3 - 4  Km27m7
Pine 9-22
228 Feldmon Sun 4 26 N ;w4 Knwy
Nokatka 4-26 GL:2775.0
229 Sun Pine 6-35 6 3 N ;! 4 Knaz
GL: 2014
230 Mobil O Equity Moo1 3 23 4 Ke:327
South 14-1 GL: 2016.8
231 Mobil OIl 70 06 A 24 4 K2
Sunnyslope 7-6 GL: 2965
22 Anglo- 8 9 3 24 4 Kn2T4
-~ Twining 1
233 Anglo=Twining 10-12 1z 10 31 24 4 Ke:2963
234 Mobll Twining 8-32 8 31 24 4 K:ZBE2S
235 Mic Mac Mobil & M 31 24 4 K:2815.35
Twining 6-34 GL:2802.5
236 LM Twining 6-35 6 38 N 24 4 Ke:28S4
GL: 2042
237 Feldman Sun 2 2 m . 4 Kenm
Pine 22
28 PanAm DA noo19 ;@ 28 4 Kn:294d
31 Equlty GL: 2930
239 Mic Mac 8 4 ;24 4 Ke2Mm
Twining 8—4 GL: 2780.5
240 Mic Mac 4 4 2 24 4 Ke;2m8
Twining 14~4 GL: 2775
241 Pacific Twining 6-6 6 6 m 24 4 KezaQ
G1:2830.7
202 LM Twining 148 48 2 24 4 K2435
GL:28(2.35
243 Mebil CT 4 @ 24 4 K:2077.9
Teining 1418 GL: 2863.2
244 Mic Moc etal. 1619 ™ 24 4 KB:2ME9
Twining 18-T% GL:2833.4
45 Mobil CT 6 29 W 24 4 KnBHE
Twining 6-29 GL: 2827.1
248 Mic Mac stol. 6 20 :@ 24 4 Kn?R
Twining GL: 2862
247 Mic Mac stal. 8 30 @ 24 4 K:2BdAA
Twining 8 GL:2031.9
248 Ashland Twining 6 % X2 24 4 KnmI®
North 16-30 GL: 2807
249 Mic Mac ot al. 6 AN @ 24 4 K:m23
Twining N, §-31 GL:2009.8
250 Ashlond Twining 8 3N m 24 4 Km;dl
North 8-31 GL:2028.7
251 Mic Mac etal. 43 @ 24 4 KB:2dsA
Twining N, T4-31 GL: 2833.9
252 Mic Mac etal. 6 3N w24 4 Kmnm
Twining N T6-31 GL: 2820
% 40N NE 3 31 2 4 27
ow
254 12505 NE 12 31 2 4 274%
255 UNONE 13 31 22 4 27e8.8%
L
256 5270 NE 13 31 22 4 27%s
257 1777€. NE 15 31 2 4 24
10N
258 1 ONE 24 3 22 4 2784.0m
aiw
259 s NE 25 N 2 4 An
1€
260 16655 NE 27 N 22 4 279%
SSE
261 QN NE 35 31 22 4 2818.45%
106
262 4N ONE % N 2 4 4k
w
263 SN NE 12 - 2 & 277.0%
213
264 NE 13 % 2 4 27.;

235N
10€
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GEOLOGY OF AQUIFERS WELL INFORMATION

Bedrock Depth  Elavation Thickness

depth, totopof oflpof  of  Trommimie

Elevation  Lithology of  oquifers oquifers oquifers  bility, Depth Driller,

(foat) aquifers est) (et} (foa)  (gpd/ft) Type  (feet) Use Yeor Source Availoble Remarks
Dr 5495 o 1955 r M
or @ o 1955 x »
or 4907 o 1956 x M
o 41 o 1955 ® M
Dr 5900 [+ 1957 L3 M
Dr 620 ] 1958 L] M
or 8200 o 1952 [ ')
.Y 510 1953 ® »
o 5563 1962 ® M
or 5395 o 1962 [ M
[ S o 1962 ® M
O 5036 o 1956 ® M
D 531 o 1962 r )
oy 5405 [} 1961 r M
Dr 5400 [ 1962 r M
o 5568 [} 1963 ® M
D 5486 o 1962 * M
or 5564 o 1962 ] M
Dr 5565 o 1962 R M
or 551 o 1962 ] M
o 5550 o 1962 r M
o 77 o 1962 x M
or s428 [ 1962 ] M
or 467 [ 1962 x M
[ 5486 o 1962 r M
o 5467 -] 1962 r M
o 5450 o 1962 ] M
or 120 Th 1954 o6 M
or 1470 1 1953 oG M
or 400 1953 oG »
or 1420 T 1953 o6 M
Dr 920 Th 1954 oG M Blind hale
[ 0 T 1953 06 M
Dr 400 Th 1953 oG M
Or 998 Th 1954 [e]c] M
D 40 Th 1953 oG »
Dr 400 Th 1953 oG M
Or 30 ™ 1953 o6 M
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Original LOCATION \ WATER
Thes e of Distor i Rises to Yield Quall
istonce above ises f ty
e cbaenvallon from Ld., West  mean sea Test  Availoble for Temp.
' pein raf. paint  cornar, of level Depth Elev. rute  drawdown 20 years 05 F*
No. ¥
" Typeofchearvation  {fest)  or1/4 Sec. Tp. K. Mer.  (feal) (fear)  (feat) (gpm)  (foer) (gpm) (ppm) Main Tons ce
265 65W NE 24 B 2 4 27.80
UN
266 2N ONE 25 R 22 4 2764.4%
5w
267 100N NE 26 2 2 4 275k
15€
268 49E NE 27 k-3 22 4 2650.83%
22§
29 75 ONW R 2 2 4 27m
2w
27 MBI ONE 3 ® 2 4 278%s
S0
o £ ONE M @ 22 4 2834
825
m VE ONE M4 2 22 4 283434
825
7 2N NE 35 ” 22 4 2774.54
B80E
274 2058 NE 24 x 23 4 2695
8IE
275 228N NE 25 k] 2 4 734
SIE
276 25w NE 3% ® 23 4 274%
10N
277 1IN NE % » 22 4 2752
15w
78 Well No. inTp. NW 6 31 2 4 2855 G
3 Nn-2
27 s . SE 7 M 2 4 2% LY 2646 [
280 é " NE 10 A 2 4 2710m F
21 8 " W4 N 2 4 27 G
w2 10 . SWo17 N 2 4 2700 104 2636 [
283 n - SEE 17 W 2 4 2650 7 2580 G
24 2 . SE 20 3 2 4 263% 20 2615 ]
285 14 - SW 23 31 2 4 2800m G
286 15 . SE 26 31 2 4 279% G
207 3 - NE 26 3 ;2 4 2825 20 2505 [
288 7 - NE 27 31 2 4  27%m 155 2612 [
289 . " W28 N 2 4 2% 10 2611 G
290 19 - NE 20 n 2 4 27282 G
29 20 - sw 32 3 22 4 27000 G
m 2 - SW 35 31 2 4 27 150 2628 G
293 2 " SWo% 31 2 4 27 G
294 23 . NW 3% W 2 4 27 G
295 23 323 NW 4 31 23 4 2T G
169 2664 G
296 4 - W 4 N 23 4 2995 F
297 s . SWoo4 31 23 4 299 F
298 7 - sw 1% 3 23 4 2887c F
299 ? " sw 16 31 23 4 2895 adequate
300 9 " SE 16 31 23 4 295 G
01 10 . NW 16 31 23 4 2% a 2094 G
k) n - NwW 16 kKl 23 4 2927a G
303 12 - NE 6 31 23 4 297% 2 2967 G
304 13 . NW 20 31 23 4 300 ]
305 15 . swo25 31 23 4 271% ’
306 16 " W ko) o 2 4 2826a
G
307 3 - SE 2 N 23 4 288k a
308 20 - SWo29 3 23 & 2986 ]
09 22 - SE » n 23 4 2980a G
310 2 . NW 32 31 23 4 300 ¥
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GEOLOGY OF AQUIFERS WELL INFORMATION
Bodrock Depth  Elevation Thickness
depth, to topof of top of of Transmissi-
Elevation Lithology of oquifars  oquifers  equifers bility Depth Oriller,
(feet) oquifers {feut} (feat) (faeut) bd/llz) Type (fant) Use Year Source Available Remarks
Dr 340 Th 1953 oG M
Dy 360 Th 1953 oG M
Dr Hs Th 1953 oG M
Or 900 Th 1953 oG M
Dr 735 Th 1953 oG M
Dr 1137 Th 1953 oG M
Or 1199 Th 1953 [o]] M
Dr 1200 Th 1953 06 M
Dr 400 Th 1953 [el<] M
Dr 500 Th 1954 oG M
Or 1060 Th 1954 oG M
Dr 950 Th 1953 oG M
Or 600 Th 1954 oG M
~80 ~2775 Or 80 D,s -
~120 ~2616 Dr 120 D,s s
~175 ~2835 Or ~175 0,5 5
~265 ~2500 Or ~265 D,s s
~150 ~2590 Dr 150 D,S s
~110 ~2540 Dr 1o D,s s
~80 ~2555 Dr 80 D,S s
~157 ~2643 Or 157 D,s s
~250 ~2549 Dr 250 ,5 s
~270 ~2555 Dr 270 D,S 5 Unfit for consumption
~185  ~2805 Dr 185 0§ s
~93 ~2528 Dr 93 D,S s 2 fent of coal ot 47 ft
~125 ~2603 De 125 0,5 S
~30  ~2670 o 20 D,s [
'
~180 ~2598 Dr 180 D,S s
~280 ~2591 Dr 280 5 s Unfit for consumption
~200 ~2574 Or 200 D,s S
~170 ~2663 Or 194 0,5 s Unfit for consumption
~194 ~2639
~265 ~2730 Dr 265 D,s 5
~242 ~2753 Dr 242 0,5 H
~80 ~2827 Or 60 D,s s
~104 ~2791 Dr 104 0,s S
~120 ~2831 Dr 120 D,5 s
~210 ~2717 Dr 210 D,s s Hard woter at 90 ft
~120 ~2807 Or 120 D,s s
~30 ~2949 bored 30 D,$ 5
~>80 ~<2922 Or >80 0,§ s
~1o ~2609 Dr 1o D s
~80 ~2746 Dr 124 H s
~124 ~2702
~210 ~2654 Or 210 D,s 5
~110 ~2876 Dr ~10 s 5
~ 140 ~2840 Dr ~140 D,s ]
~56 ~2946 Dr 56 o5 5
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Original LOCATION WATER
Thees nome of E':;::‘.M Rises to Yiald Quality
Hilly  obsarvation Ld., West  mean se0 Test  Available for _—
Well point coenar, of level Depth Elav. rote drowdown  20years 8
No.  1y0e of observotion o lfA Sec. Tp. R Mer.  (fest) tfos1)  (fea) (gpm)  (fest) (gpm) (ppm) Mail jons e
3n Well No. in Tp. NE 3 AN 2 4 2970m G
4 N2
n2 25 - NW M4 n 23 4 29500 .2
33 26 . NW M W 23 4 292% 3
4 27 - NE M Kl 23 4 2870m G
as 28 . sW 36 31 23 4 2837 F
26 29 - se 3% 3 20 4 28i0m [
317 1 2-24 NE 4 3 24 4 29310 el
318 5 . Nw L3 31 24 4 30200 G
319 é - SE 10 3N 24 4 2872a G
320 7 . SE 10 31 24 4 27 inodequate
»m ? - Nw 18 N 24 4 2972a 7 2935 F
x2 10 - Nw 18 al 24 4 29640 F
3 n " NE % 3 24 4 2904a G A4OF
8.4
24 2 . SW 24 31 24 4 27
328 13 . NE 24 kil 24 4 28160 88 2728
326 14 . NE 26 3 24 4 2845
27 15 . SE 27 31 24 4 2% 14 2731 F-G'
28 1 - SE 30 A1 24 4 29%% G
ny 7 - Nw % kil 24 4 30500 G
3 18 - NE 30 N 24 4 29770 100 2877 G
k] 114 - Nw 2 3 24 4 289%a G
xR 2 =22 SE 1 2 22 4 27740 280 2494 F
33 5 . SE 9 ® 2 4 2% G
34 s . sWo0 ®@ 2 4 202m G
335 7 . NE 2 R 2 4 27 3
3% 8 . w13 o® 2 4 2% F
a7 ? - SE 13 2 2 4 27260 L4
3% 1 -23 SE 2 ® 23 4 2 [
3 5 . Sw 5 2 23 4 30100 F
340 L] = W 2 k-3 2 4 2991 P
3 8 - NE i0 2 2 4 28%8a F
2 9 . WM ®m 23 4 28%m G
3 10 . Swooas @2 23 4 205 [
344 1n - Nw 15 k-3 23 4 2893 100 2793 G
345 13 ! W 2 32 23 4 300 G
34 14 - NE 19 k-3 23 4 2893 50 2843 G
7 1s . sW 20 2 23 4 209 %0 2808 G
k2] 17 . NE 20 2 23 4 27%a 30 2766 G
e 8 - sw 21 2 2 4 2940m G
350 19 - SE 28 2 22 4 27800 6 2753 G
351 20 . SE ®m R 23 4 2% 75 2815 [
a2 2 » WM ® 23 4 % 80 2709 [
83 'V mea NE 1 2 24 4 9% 18 2956 3
a4 2 . SE 2 m 24 4 2869 s 2809 [
385 5 " NE H 2 24 4 2824 G
356 7 - NE 14 2 24 4 2964 G
357 [ . NE 20 2 24 4 28% 40 2816 [
8 [ . NW 21 2 24 4 2840 3s 2805 [
s 10 - NE 2 R 24 4 2% % 2806 G
360 n = SE 24 2 24 4 2974 F
361 12 - SE 24 2 24 4 2974 G
82 13 - NW 24 2 24 4 %R 250 02 F
%3 “ . NE 25 @2 24 4 2 100 2822 G
364 1% L SE 2% k-3 24 4 2989 1/4
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GEQLOGY OF AQUIFERS WELL INFORMATION
Bedrock Depth  Elevation Thicknes
depth, totopof of lopaf  of Transmissi-
Elevatlon  Lithology of  oguifers oquifes oquifes  bility Depth Drlller,
{Feet) oquifers {feet) (feat) (feet) {opd/r Type {feet) Use Year Source Available Remarks
~220  ~2750 Or 220 D,$ H
~212  ~2738 or 212 0,5 s
~230 ~2693 Dr 230 D,5 S
~165  ~2705 [ 168 D,$ s
~200  ~2637 Dr 200 D,s H
~200 ~2610 Or 200 D,s H
&7 2864 D 8 D,$ H
125 2505 Or 125 ] s
~140 ~2732 D 140 s s Hard woter spring ot some location
~250 ~2622 Dr 250  cbondoned s
w 40 29 Dr 60 D,$ 5
62
~30 ~2934 Dr 30 ) H
~80  ~2824 Or 80 0,§ s
~125  ~2670 or ~125 0,s s
~105  ~2711 or 105 o,s s
~150 ~2605 Dr 150 D,s s
~50 ~2695 Or 50 0.5 s
~140  ~2799 or ~140 H H
~60  ~2990 or &0 D,s H
~150  ~2827 Dr 150 D,$ H
~250 2649 Dr ~250 s H
~340 ~2434 Dr 0 5 5
~165  ~2625 or 165 D,5 s
~160  ~2665 Or 160 D,$ s
~340  ~2372 or 0 D s
~192  ~2807 Dr 192 0,5 H
~250  ~2476 or 250 [ H
~170 ~2606 Dr 70 D,$ H
~180  ~2830 Dr 180 D,§ H
~330 ~2661 Dr 30 s H
~300 ~2598 Or 300 D.s s
~110 ~2780 D 10 D,S H
~177 ~2488 Dr 177 D,s s
~130  ~2763 Dr 130 0,§ N
~210 ~2822 Dr 210 D,s H
~90 ~2803 Or 90 D,5 s 4 faet of coal ot 70 ft
~100  ~2798 ~100 0,5 s
~107  ~2¢89 Dr 107 D,$ s
~100 ~2040 100 0.5 s
~152  ~2628 Dr 152 D5 H Hard water at 25 ft
~85 ~2005 Dr 85 D,5 s
~102 ~2687 Or 12 0.5 s
~22  ~2952 ) 2 D,s s
~180  ~2709 or 160 o H Poor drinking water
~150  ~2674 Or 150 0,5 H
~150  ~2014 Dr 150 ] H 2 aquifers used
~60  ~2796 or 60 0,5 H
~50 ~2790 Dr 50 D H
~110  ~2786 or 110 0,5 H
~75  ~2899 or 7 [ s
~120 ~2854 Dr 120 s H
~280  ~2772 or 280 D,s 3 Hard water ot 110 1
~i20 ~2802 Or 120 D,$ s
~80  ~2907 Dr 80 ] s
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. C:;::'ln:'l LOCATION Eavition WATER
[+ cbrameation Disxance ebove Rises 1o Yield Quality

well b from td., West  mean sea Test  Availobla for Tomp.
o pol ref. point  corner, of Tovel Depth Elav. rate drowdown 20 years 08 Fe

" Typsofobservation  (feet)  or I/ Sec. Tp. R Mer.  (feer) (feet)  (Feat) {gpm)  (Feot) (gpm) (ppem) Main ions c*
35 Wall No. inTp. NW 200 R 24 4 284 flowlng 2014 G
17 - 1
364 e " NE 31 k-3 24 4 283% 7 2029 G
367 19 . NE 2 @ 24 4 287 12 2025 G
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GEOLOGY OF AQUIFERS WELL INFORMATION

Sedrack Dapth  Elevation Thicknes

depth, totopof of opof  of Transmissi~

levation  Lithology of  oquifers aquifers oquifers  bility Depth Deiller,

(foet) oquifers (feet)  (foe)  (aor}  (gpd/ft) Type  (foet) Use Yoor Source Available Remarks
~12 ~2002 ) 12 H H
~80  ~2776 or 40 0,5 H
~64  ~2773 Or & D,s,1 H

‘Water poor for gorden
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AFPPENDIX D.

LIST OF CHEMICAL ANALYSES OF WELL WATERS
IN THE THREE HILLS AREA.
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Depth
of

Three  well ot

wl:: 'imel.of Dafte T°|'~:I Ignition  Hardness Nat K+ ot Mg+ Net + K
el sampling o solids oss (ppm,

No.  (feet) sompling (pm)  (ppm) (CaHCO3) (epm) % {epm) % (epm) % (epm) % epm) %
5 101 Feb. 15/60 782 94 100 84
6 122 Sept. 19/64 970 116 110 86
7 152 Sept. 14/64 1396 112 50 95
8 180 1955 1280 90 30 97
" 180 Sept. 14/64 1756 154 25 98
n 175 Sept. 14/64 1994 126 25 9%
19 80 Apr. 27/65 1612 160 700 6.7 32 0.08 1= 5.89 29 8.1 39 6.78 R
20 220 Apr. 30/65 748 30 0 3.6 99 0.08 1~ 0 0 0 0 13.68 100
21 265 Apr. 26765 786 20 0 9.75 99 0.05 1= [} [} [ 0 9.8 100
22 360 Apr. 26/65 890 18 0 15.80 9% 0.1 1= [} 0 0 0 15.9 100
23 330 Apr. 26/65 7% 16 [ 13.25 99 0.08 1= 0 0 0 4] 13.33 100
24 90 Apr. 26/65 1484 20 30 24.60 97 0.15 0.6 0.56 2.2 0.04 24.75 98
25 {spring) Apr. 26/65 2482 30 90 38.2 95 0.13 1= 1.37 3.4 0.44 1 38.33 95.5
26 200 Apr., 1963 850 85 89
" " Apr, 22/66 822 20 0 14.0 98 0.15 1 [ 0 0 0 14,15 99
27 312 Apr. 22/66 874 24 30 9.19 93 0.08 1~ 0.44 4.4 0.15 1.5 9.27 93
28a 240 1955 900 50 20 14.82 97
" " Nov., 1959 8314 1050 1000t Cat+Mg = 20* 17
28¢ 225 May, 1959 5816 160 290 Ca+Mg = 5.8 7 75 94
" " Nov., 1959 5674 224 310 Ca+Mg = 6.2 74 92
28b 252 Nov., 1958 4932 300 385 Cat+ Mg = 7.7 60 89
" " Dec., 1958 3888 160 215 Cat Mg = 4.3 49.5 92
" " Mar., 1959 4952 200 325 Ca+Mg = 6.5
“ 270 Apr. 22/65 774 12 0 9.05 9% 0.05 1~ 0 0 0 0 9.1 100
28d 2892 132 80 Cat Mg = 1.6 43.9 96
29 200 Apr. 27/65 4532 218 200 67.0 91 2.56 3.5 2.42 3.3 1.58 2.1 69.56 94.5
3 165 Apr. 27/65 5220 214 1040 57.9 71 2.3 3 1.31 14 9.5 12 60.2 74
32 330 Apr. 27/65 4214 436 1810 23.5 39 0.41 1= 20.82 35 15.4 26 23.9 39
33 125 Apr, 27/65 3520 190 570 4.1 85 2.3 4.4 3.8t 7.3 1.9 3.6 46.4 89
34 180 1941 4730 488 802 Ca+ Mg = 16 50 76
35 65 Apr,, 1965 2432 230 825 14 45 0.26 1= 6.81 22 9.7 32 14.3 45
3% 25 Apr. 27/65 1806 216 1000 8.8 30 0.15 1~ 11.89 41 8.1 28 8.95 3
37 72 Apr, 27/65 2530 304 685 25.5 64 0.3t 1 5.76 15 8.0 20 25.81 65
3B 14 Apr. 28/65 1620 196 880 9.4 35 013 - 6.31 23 3 4 9.53 35
39 120 Apr. 28/65 3618 150 345 47.0 83 2.7 5 2.55 4.5 435 7.5 49.7 88
40 160 Apr. 16/64 2766 190 Ca+Mg = 3.80 8.43 9
" “ Apr. 28/65 3920 194 375 50.0 83 2.8 5 0.8 1 6.7 u 52.8 88
4 100 Aug. 8/61 2634 168 305 CatMg = 6.1 50.22 89
" " Apr. 28/65 2504 90 125 35.2 92 0.64 2 0.86 2 1.57 4 35.84 94
42 93 Sept., 1956 2414 240 340 Ca+ Mg = 6.8 29.64 81
" " Mar., 1965 3476 494 1000* Ca+Mg = 20* 29.53- 60~
43 61 May, 1964 2368 254 405 Ca+Mg = 8.1 28.29 78
" " Mar., 1965 3080 950 Ca+ Mg = 19 27.33 59
44 66 Apr. 28/65 2330 98 120 32.5 92 0.66 2 1.3 4 1.04 2 33.16 94
45 135 Apr, 28/65 1888 76 30 29.6 96 0.53 2 0.24 1 0.36 i 30.13 98
46 173 Apr. 28/65 5424 376 910 58.2 72 385 5 5.31 7 12.9 16 62.05 77
47 160 Apr. 28/65 2736 164 260 37.0 86 0.38 1 1.04 2 435 N 37.38 87
48 17 Apr. 29/65 1582 64 20 254 9 0.64 2 04 2 0 0 26.04 98
49 125 Apr. 29/65 2228 94 80 33,5 94 0.51 1 0.2 1 1.28 4 34.01 95
50 97 Apr. 29/65 1768 112 90 26,1 92 0.38 1 1.30 5 0.5 2 26.48 93
51 ~60 Apr. 29/65 1432 116 0 22.7 99 0.31 1 0 0 0 0 23.01 100
52 95 Apr. 29/65 1442 94 35 21.6 95 0.38 2 0.40 2 0.30 1 21.98 97
53 125 Apr. 29/65 1432 262 60 18.9 93 0.31 1 0.48 2 0.72 4 19.21 94
54 100 Dec. 12/63 1500 45 Ca+ Mg = 0.90 23.37 9%
" " Apr. 29/65 1506 66 25 23.1 96 0.38 2 0.48 2 0.02 1= 23.48 98
55 Apr. 29/65 1536 66 50 21.6 88 1.92 8 0.78 3 0.22 1 23.52 9%
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Hydro~
ek
c- SO4™" co3 NO3 e
Co*t/Mgtt  (epm) % {epm) % {epm) % (epm) % Fe Fl water Remarks
0.2 2 4,43 3% 7.7 62 0 0 0.2 0.3 1
0 [} 5.13 33 10 &7 1]
0.14 = 8.78 40 13 60 tr 0.6 1]
0.25 1 7.85 39 12 60 s+ n
0.17 1= 8.46 30 17.7 70 0.91 I
0.84 3 14.63 48 4.6 49 0 0 tr 0.76 i
/0 0.14 = 16.23 60 10.5 40 0 ) 1.0 0 lit Analysis questionable
0/0 0.51 4 [ 0 12.82 96 0 [ tr 1.5 |
0/0 0.56 2 0.63 2 13.03 9% 0 0 1.0 1.56 | Questionable
0/0 0.31 2 1.20 7 14.55 91 0 0 tr 1.67 |
0/0 1.04 8 0.33 2 12.02 90 0 0 tr 1.67 |
14 0.2 1 7.10 28 17.98 71 0.01 tr 0.03 "
3.12 0.2 - 19.93 49.5 20.2 50 0 0 tr 0.03 i
0.34 2 0.70 5 14.24 93 0 0 2.0 2.4 I
0/0 0.31 2 0.78 5 13.80 93 0 [ ir 0.14 | H2S odour
2.9 0.59 3.2 1.55 9.8 13.65 87 0 0 tr 0.12 | Questionable
0.42 2.8 0.8 5.3 140 92 0.1 I
5.2 4.6 92.5 81 14.0 12.6 2 1.8 0.9 v The following history on "Well group
079 1~ 472 = 2.9 4 0 0 1.5 (1 N 22 moy be pieced ';’g:;“;; J '2”;:;'
0.44 "~ 4.2 51 39.0 48 0 0 1.2 1] water until "Well No. 28b" was drilled
0.6 1 M6 0 267 ¥ 0.6 1 1 et "o, Sho oot ot woter
attempts to clean old wells and to drill
"Well No. 28¢c" in May, 1959 failed
to improve quality or to locote good
water. "Well No. 28b" wos deepened
finally in 1962 to 270 ft, Good water
was found
0.65 1 30.3 56 23.0 42 0.2 I- 1.5 Il Somple taken after 1 1/2 hrs of pumping
1.7 2 40.5 59 26.0 38 0.5 1" 1.2 v
0,0 065 43 05 3.3 140 9 0 0 0.01 0.03 |  Questionable. Well was d d
to 270 ft in 1962
0.16 1~ 21.8 48 23.6 51 0 0 1.6 1]
1.46 1.84 2.8 48.85 73 16 24 0 [} 5.2 1.27 v Questionable
1.19 0.84 1 64.05 80 15 19 0.4 - 3.0 0.48 v
1.36 0.28 1~ 50.95 90 5.5 9.7 0.2 - 1.4 0.76 1] ?
2.0 0.22 1= 39.35 79 10.2 20 0 [ 5t 1.13 v ?
0.28 "= 56.1 85 9.98 14 0 Q0 v
0.7 0.42 1 25.6 &6 13 33 0.1 [ d 0.3 0.42 m ?
1.34 0.34 1 18.8 68 8.5 31 0.1 | 0.4 o.n 1
0.72 0.42 1 26.33 68 12.0 31 0.2 i 0.2 m
0.56 1.0 4 15.68 61 9.0 34 0.3 1 0.2 m
0.59 0.23 1~ 35.5 63 21.0 3% 0.03 1= 2.9 v
0.2 17 26.53 63 15.70 36 0.1 1~ tr v
0.12 0.37 1= 39.48 65 18.7 M 0.3 1- 0.4 v
0.37 1~ 25.18 45 30.8 55 0 0 0.8 n
0.52 0.08 1= 24.43 63 14 37 0 0 5 0.62 v
0.11 | d 22,23 61 14,1 39 0 0 3 v
0.2 1= 38.83 78 10.5 22 0.2 1= tr 1]
0.1 = 21.58 60 14.7 40 0 0 1]
0 0 35.33 76 n 24 0.2 1~ 0 0.22 m
1.3 0.08 I1- 22,00 &2 13.8 38 0 0 st 0.57 v
0.67 0.08 1 11.08 36 19.5 64 0.3 1= 5.6 0.54 In
0.41 0.08 I 66.25 84 12.8 16 0.2 - 1.2 0.42 v Water is from coal
0.24 0.23 1~ 23.85 5 18.5 44 tr = 0.4 0.25 it}
0.17 | 7.38 28 18.8 0 [} 0.2 0 n
0.25 0.37 1 16,18 45 9.0 54 tr = 5t [ i
2.6 0.23 1 10.35 36 18.0 63 0 0 3.3 [ fl
0/0 0.76 3 5.23 23 17.0 74 0 0 0.3 [ 1
1.33 0.28 1 8.95 39 13.5 & 0 [ 4 0 i
0.67 .14 1 6.80 33 13.5 66 0 0 3.8 [ i
0.34 1 10.53 43 13.4 56 0 [ 0.3 0.42 n
24 0.3 2 10.1 42 13.5 56 0 [ 0.5 0 1n
3.55 0.14 1 10.9 44 3.5 55 0 0 0.3 [} n
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Depth
of
Th.ree erll at .

o i S © car* M Nt
No. (feet) sampling (ppm)  (ppm) (CaHCO3) (epm) % (epm) % (epm) % (epm) % {epm) %
56 85 Apr. 29/65 2136 210 85 27.5 86 2.5 9 1.44 4 0.26 1 30.06 95
57 154 Apr. 29/65 1730 70 50 24,62 88 2,18 8 0.88 3 0.12 i~ 26.80 96
58 160 Apr. 29/65 2420 40 40 35.40 91 3.00 8 0.08 = 0.20 1~ 38.40 99
59 100 Apr, 29/65 2286 54 30 32.84 91 2,5 8 0.36 1 0.24 i~ 35.40 99
60 116 Apr. 29/65 2026 72 35 28.8 90 2,56 8 0.36 1 0.34 1 31.36 98
62 55 Apr. 30/65 988 58 25 13.9 8 1.69 10 0.48 3 0.02 1= 15.59 96
63 165 Apr. 30/65 2392 76 20 35.9 N2 2.82 7 0.05 i~ [} [} 38.72 %
64 180 Apr. 30/65 930 36 [ 14.0 95 0.77 5 0 0 [} 0 14.77 100
65 112 Apr. 30/65 uzs 218 25 15.75 91 1.02 é 0.28 2 0.22 1 16.77 97
& 94 Apr. 30/65 1388 58 0 21.6 93 1.28 7 0 0 0 0 22.88 100
67 80 Apr. 30/65 1716 50 25 26.1 93 1.54 5 0.36 1 0.14 1= 27.64 98
68 78 Apr. 30/65 1700 66 [} 25.4 94 1.54 6 0 0 0 0 26.94 100
69 208 Apr. 30/65 776 34 0 9.1 96 0.38 4 0 [ 0 0 9.48 100
70 280 Apr. 30/65 840 44 ) 14,1 95 0.77 5 [} ] 0 0 14.87 100
7 250 Apr. 30/65 1578 72 0 25.0 94 1.54 6 o o 0 0 26.54 100
2 200 Apr. 30/65 832 24 0 4.8 95 0.72 5 0 0 [} 0 15.57 100
73 142 Apr, 30/65 1654 54 0 24.9 94 1.54 6 0 [} 0 [} 26.44 100
74 1o Apr. 30/65 2116 28 50 3.0 9N 2.05 6 0.9 3 0.1 = 33.05 97
75 May 17/65 1748 96 40 26.9 9% 0.35 1 0.4 1 0.4 1 27.25 97
76 149 May 17/65 1832 110 90 27.1 93 0.36 1 1.22 4 0.58 2 27.46 94
77 120 May 17/65 1420 394 175 15.35 81 0.20 1 1.06 5 2.44 13 15.55 82
78 114 May 17/65 1586 2 140 240 89 0.30 1 0.34 1 2.45 9 24.3 0
79 185 May 17/65 996 42 35 16.65 95 0.22 1 0.16 1 0.54 3 16.87 96
80 180 May 18/65 1828 84 90 27.1 93 0,35 1 0.54 2 1.26 4 27.45 94
81 254 May 18/65 1802 56 25 28.3 97 0.27 1 0.34 1 0.16 1~ 28.57 98
82 100 May 18/65 2756 106 65 41.6 96 0.45 1 0.32 1 0.98 2 42,05 97
83 203 May 18/65 2846 100 55 43.4 96 0,52 1 0.22 1= 088 2 43.92 97
84 125 May 18/65 3898 608 1660 19.7 37 0.38 1 17.22 2 16,00 30 20.8 38
85 108 May 18/65 1704 140 100 25,9 92 0.29 1 0.24 ¥ 1.76 6 26,19 93
86 60 May 18/65 684 156 460 2.98 24 0.06 1= 3.53 29 5.67 46 3.04 24
87 220 May 18/65 1918 208 185 23.5 85 0.5 2 1.08 5 2.62 8 24.0 87
88 230 May 18/65 2090 144 65 29.6 95 0.36 1 0.78 2 0.48 2 29.96 96
89 252 May 18/65 3320 82 55 49.3 96 0.65 1 0.20 i 0.8 2 49.95 97
%0 142 May 18/65 2988 206 290 39.8 87 0.34 1 0.50 1 530 N 40.14 88
91 120 May 18/65 1298 90 135 17.6 85 0.35 2 0.30 i 2.80 13 17.95 87
92 165 May 19/65 1322 96 65 18.7 9 0.38 2 0.46 2 0.84 4 19.08 94
93 60 May 19/65 924 58 125 13.05 82 0.44 2 0.20 1 2.30 14 13.49 84
94 140 May 19/65 1018 58 15 14.6 84 0.45 3 0.20 1 2,10 12 15.05 87
95 80 May 19/65 1308 122 130 17.3 85 0.37 2 0.5 2 2.10 10 17.67 87
96 100 May 19/65 1564 130 240 18.8 79 0.32 1 0.48 2 4.32 18 19.12 80
97 165 May 19/65 1322 96 50 8.6 93 0.40 2 0.28 1 0.72 4 19.00 95
9% 176.5 May 19/65 1094 124 140 4.9 83 0.30 2 0.36 2 2.43 13 15.2 85
99 135 May 19/65 1966 180 170 26.8 88 0.26 1 0.76 2 2.64 9 27.06 89
100 65 May 20/65 1638 206 165 20.3 86 0.20 1 0.8 3 2.3 10 20.5 87
101 100 May 20/65 2006 180 210 25.1 85 0.26 1 1.36 5 2.84 9 25.36 86
102 92 May 20/65 2916 280 580 33.7 74 0.40 i 6.23 14 5.37 10 34.1 75
103 210 May 20/65 1080 130 75 7.9 92 0.18 1 0.24 1 1.26 6 18.08 93
104 200 May 20/65 2690 150 160 36.3 93 0.42 1 0.1 "~ 2.30 6 36.72 94
105 100 May 20/65 2848 84 130 39.8 93 0.32 1 1.68 4 0.9 2 40.12 94
106 45 May 20/65 4684 828 2390 15.4 24 0.13 1~ 18.82 30 28.98 4 15.53 25
107 231 May 20/65 846 80 30 13.5 97 0.03 1~ 0.16 1 0.24 2 13.53 97
108 40 May 27/65 2184 140 50 32.1 97 0.07 1= 0.54 2 0.45 1 32.17 97
109 140 Avg. 16/63 578 128 350 Ca+Mg = 7.00 3.3 R
" " May 25/65 558 160 290 3.7 B 0.28 3 3.36 34 2.44 25 4.06 41
110 25 May 25/65 1870 132 190 24,8 87 0.05 1- .70 6 2.10 7 24,85 87
111 40 May 25/65 2948 102 140 3%.9 93 0.12 1= 1.32 3 1.48 3 40.02 94
12 30 May 25/65 2674 272 735 25.9 64 tr i 8.01 20 6.69 16 25.9 64
13 184 May 25/65 2502 97 380 33.1 82 0.1 Ll 0.52 1 7.8 17 3.2 8
114 160 May 25/65 3322 98 110 48.5 95 0.14 Lo 1.60 3 0.6 1 48.64 96
15 235 May 25/65 1602 9% 25 23.1 97 0.23 0.50 2 0 0 23.33 98
16 126 May 25/65 2094 92 60 30.0 95 0.23 1 0.60 2 0.59 2 30.23 9%
nz 60 May 25/65 1764 202 330 20.9 75 0.15 2.72 10 3.86 14 21.05 76
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Hydro-
HCOg~ + cF;em'icaI
ar S04~ co3 NO3~ e
Catt/Mgtt  (epm) % (epm) % fepm) % (epm) % Fe Fl water Remarks
5.54 0.08 1- 16.05 51 15.70 49 0 0 IR 1
7.34 0.14 1° 19.20 54 16.00 46 0.01 1- 09 © 21
2 o - 16.35 41 23.31 59 0.01 1~ 22 0 21
1.50 0.31 1 18.75 52 17.00 47 0 0 12 0 I
1.06 0.48 1 16.68 50 6.2 49 tr 0 2.7 0 I
24.0 0.3¢ 2 458 28 14 7 0 0 09 0 I
0.08 1- 14.30 39 24.7 61 0 [ 28. 0 21
0/0 0.31 2 0.35 2 4.2 9% 0 0 2.6 0.84 1
1.28 0.28 2 2.65 15 14.5 83 01 - w084 |
0/0 0.65 3 6.35 28 15.9 69 0 0 12 0 i
2.58 0.4 1 170 42 15.6 57 0 [ 38 0 1t
0/0 0.37 1 .55 43 15.0 56 0 [ .9 0.5 1l
0/0 0.56 4 0.30 2 13.0 94 [ [ 1.7 1.83 I
0/0 182 12 0.6 4 122 83 0 0 0.6 1.83 1
0/0 18.0 68 023 1 8.16 31 0 0 1.7 057 W
0/0 0.98 6 0.25 2 4.4 92 0 0 0.5 1.6 !
0/0 0.14 1 11.25 43 5.0 56 0 0 0.6 0 1
9 0.08 1° 17.60 52 16.4 48 t I 03 © i
1.0 0.34 1 10.38 38 7.3 6l 0 [ 0.2 028 N
2.1 0.17 1 12,0 41 17.0 58 tr 1- 0 0.2 I
0.44 0.37 2 5.55 29 3.2 69 0 [ w0 I
0.14 0.42 2 8.18 30 18.50 68 0 0 02 0 I
0.3 025 1 213 12 15.20 87 0 0 0.3 1.35 |
0.43 0.17 1 12.63 43 16.40 56 [ 0 0.5 N
2.13 0.14 17 1215 42 16.7 58 [ 0 v 0.3 I
0.33 0.14 1= 2130 49 22.0 51 0 [ 38 028 Il
0.25 0.42 1 21.23 47 235 52 0.02 - 2.4 005
[N 0.93 2 43.3 86 6.0 12 0.3 - 52 07 211
0.14 0.14 1~ 19.08 48 20.69 52 r - 02 008 20l
0.62 0.65 6 4.50 43 5.4 sl 0.06 I- 0.6 0 20
0.41 0.42 1 18.38 65 8.97 31 0.91 3 0.16 21V
1.63 0.42 1 17.89 57 13.0 42 0 0 w o 0.5 1
0.22 023 17 30.95 &0 20.0 40 0 0 2 LNTE|
0.09 023 1- 3213 & 8.5 36 0 0 w0* 21V
0.1 0.3 2 9.88 48 10.5 51 0 0 0 1l
0.54 020 1 9.68 44 0.5 55 " - w067 I
0.09 0 0 4.5 28 s 7 0 0 18 Leo
0.1 0.06 1- 5.35 31 12.00 69 [ 0 1.1 1
0.24 014 ) 9.78 48 10.40 51 0.07 i~ w0 1
o.n LRI o 14.70 61 9.20 39 0 10t 0 v
0.39 014 1 10.83 55 9.00 44 0 0 3 1.8 i
0.15 022 1 4.63 26 13.20 73 0.1 1- 0.6 1.5 1t
0.27 0.22 1} 14,35 47 16,00 52 tr - ot o4
0.35 017 1 13.83 58 9.90 41 0 0 3.2 0.14 Il HpS odour
0.48 0.28 1 21.05 70 9.00 29 [ [ 5t 0.2 v
1.17 0.42 1 2.85 72 2.6 27 tr - 55 031 WV
0.19 0.23 1 8.20 42 n.2 sz 0 0 04 1.07 I
0.05 0.14 1= 27.98 69 2.7 31 tr - 5.6 0.5 v
1.84 0.23 1 3115 73 .50 26 0 [ 3.6 045 IV
0.65 0.5 1 56.33 89 6.50 10 02 - 0.45
0.67 0.3 2 0.03 1~ 14.50 97 tr - 1 175
1.22 0.08 1- 17.55 53 15.50 47 0 0 49  0.28 Il HyS odour fluctuating in intensity
0.51 5 3.52 6.1 59 0.18 2 0 i
1.38 0.54 6 2.65 27 6.5 66 0.1 1 0
0.86 0.14 - 17.55 61 1.0 3 0 0 5*  0.19 IV Flowing
0.89 0.14 1= 3030 7 2.5 29 r - 10 031 WV
1.20 0.25 1 30.73 75 10.00 24 0.02 1° 10 o1 m
0.07 014 1= 2723 &7 13.50 33 r - 2.0 022 IV
2.67 023 " 3565 72 14.00 28 0.06 1- w039 v
0.5/0 0.2 1 13.8 3 10,00 41 tr 1- w073 I
1.00 0.7 1 20.48 65 10.80 34 tr - 42 028 IV
0.7 017 1 16.90 61 10.50 38 0 0 [ v
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Depth
of

Three  well at
Hills time of Date Total Ignition Hordness + + at e + +
Well  sampling of solids loss (ppm) Na K Ca Mg Ne™ + K
No.  (feet) sompling  {ppm)  (ppm) (CoHCO3) f{epm) % (epm) % (emp) % (epm) % (epm) %
18 &0 May 25/65 1602 126 310 19.2 75 0.29 1 3.0 13 3.20 12 19.49 76
ne 10 May 25/65 366 188 210 193 15 r - 3.31 45 2.90 40 113 15
120 0 Moy 26/65 1394 150 250 6.7 76 0.16 1 1.8 8 3.2 15 16.86 77
121 25 Moy 26/65 3294 142 1480 21.2 & 0.1 1- 17.82 35 .78 23 21,3 &2
122 90 May 27/65 2092 196 350 28,6 80 0,34 1 3.61 10 3.39 9 28.24 81
123 108 Moy 27/65 3648 132 230 55.05 92 0.31 1 2.67 4 1.93 3 55.86 93
124 122 June 1/65 1602 190 290 19.7 76 0.28 1 2.9 N 2% N 19.95 77
125 92 June 1/65 1588 164 50 22,1 94 0.44 2 0.40 2 0.59 2 22.54 96
126 58 Sept. 28/65 1624 330 Ca + Mg 6.60 18.40 74
127 110 Nov. 10/65 5120 100 Ca+ Mg = 2.00 73.29 97
1280 0
129 37 Mar. 3/64 864 20 Ca+ Mg = 0.40 10.65 96
129 17 Apr. 21/64 2374 65 Co+ Mg = 1.30 38.50 97
130 210 Aug. 8/62 1362 1s Co+Mg = 2.30 18.81 89
131 280 Apr. 22/63 844 40 Co+Mg = 0.80 13,99 95
132 308 July, 1962 1422 95 Co + Mg = 1.90 21.58 %2
133 160 July, 1962 2840 124 220 Co+Mg = 4.40 39.48 90
134 175 Aug. 3/64 872 25 Ca+Mg = 0.50 14.53 97
135 201 May 11/64 233 236 355 Ca+Mg = 7.10 28.90 80
136 %8 Sept. 9/64 1354 85 Ca+Mg = 1.70 20.01 52
137 50 Sept., 1964 4434 395 Co+ Mg = 7.90 58.75 88
138 50 Sept. 6/61 1240 10 Ca+ Mg = 2.20 18.09 89
139 237 July, 1962 1012 60 Ca+ Mg = 1.20 15.85 93
140 21 Sept. 4/62 1258 540 Ca+ Mg = 10.80
141 0 Apr. 23/64 3086 1000+ Ca+ Mg = 20" 22,56~ 53-
142 62 Sept. 15/62 2738 50 Co+ Mg = 1.0 40.16 98
143 280 July, 1965 1240 240 40 0.28 1 0.52 3 17.55 96
144 1,100 Nov.25/65 2076 488 93 1.45 5 0.41 % 27.40 94
144 2., 414 Dec. 7/65 182 424 32 0.55 2 0.16 1 28,38 97
1440 202 Apr. 14/65 1788 220 40 0.55 2 025 1 28.46 97
145 1., 295  Dec. 3/65 984 296 45 0.65 4 0.25 1 15.85 95
145 2., 495  Dec. 15/65 760 224 17 0.25 2 0.08 1 13.20 97
146 200 Dec. 21/65 2112 532 37 0.50 0.25 1 31.10 97
147 1., 231 Dec.23/65 3440 432 92 .10 2 0.74 1 50.40 97
147 2.,435  Jon. 18/66 4072 412 132 1.75 3 0.99 2 55,05 95
148 225 Jon. 11/66 11960 1280 4144 20.81 13 61.98 37 82.52 50
149 330 Feb. 7/66 156 132 21 0.25 1 0.6 1 18.35 98
150 305 Feb. 8/66 1080 176 162 1.85 1 1.40 9 13,13 80
181 1,, 78 Feb. 11/66 2400 228 301 2.8 8 32 9 28.56 83
151 2., 325  Feb. 17/66 2696 304 277 2.74 7 2.79 7 35.19 86
151e 1., 130 Mar. 22/66 2960 376 24 3.34 8 312 8 33.83 84
151a 2., 130 Mor.23/66 2800 360 277 2.75 7 2.80 7 33.49 86
151c 3., 130 Mar.24/66 2896 464 275 275 7 2,79 7 33.43 86
152 1., 60  Feb. 11/66 4160 460 122 120 2 123 2 55.41 96
152 2.,360  Feb.21/66 3280 380 61 0.9 2 0.33 1 43.75 97
153 1., 150 Feb. 25/66 1624 296 3% 0.55 2 0.16 1 22,44 97
153 1., 135  Mar. 7/66 1828 376 44 0.55 2 0.33 1 23.80 97
153 2., 135  Mar. 8/66 1720 320 45 0.65 3 0.25 1 23.33 9
153 3., 135  Mor. 15/66 1656 336 52 0.80 4 0.25 1 21.50 95
15 1., 152 Mor, 1/66 4492 232 237 3.99 6 0.71 1 60.82 93
154 2.,310  Mor. 4/66 4720 444 358 5.09 7 2.06 3 63.41 90

155 1., 143 Maor. 9766 1908 308 77 0.25 i 0.08 - 25.80 99
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Hydro=
HCOa™ + cl;em.ical
cl- 504~ CO3 NO3~ °§;“
Cott /Mgt (epm) % (epm) % (epm) % {epm) % Fe Fi water Remarks
0.94 0.17 1 16,08 62 9.6 37 0 0 [ IV Flowing
1.13 0 0 1.3 22 35 2 0.4 8 0 n ?
0.56 0.14 ! 13.20 61 8,50 38 0 [} 0.4 0.14 v Spring; at approximately 4 gpm
1.52 0.37 1 43.88 86 6.80 13 tr 1~ 5.6  0.19 Hi
1.06 0.2 1 21.60 &6 10.60 33 0.05 1~ 0.3 0.08 v ?
1.38 0.28 1 41,25 75 13.40 24 0 0 0.4 0.79 v ?
1.0 0.37 1 10.63 40 15.20 358 0.02 1 5 0 n ?
0.68 0 0 11,10 47 12,50 53 o [ 0.84 1}
0 0 13.70 55 11.30 45 4] [ tr 0 "
0.5 1 61.93 82 12,80 17 tr 1= 2 v
2.1 Spring
0.85 2 1.60 14 8.60 84 0 0 0 2.2 | H2S edour - changing by year
4,65 12 10.25 26 24.90 62 0.13 17 tr i
0.23 1 9.88 47 13.00 52 0 0 I 1]
0.61 4 0.58 4 13.60 92 0.04 1° e 1.9 |
0.25 1 10.63 45 12.60 54 0 0 0.79 il H2S odour, first noticed in 1964
0.28 1 28.00 &4 15.60 35 0 0 1 4] v
0.08 1 2.35 16 12.60 83 0 0 0.5 1.8 1
0 0 22.50 &2 13.50 38 0 0 2 v Woater is mixture from aquifers at 90 fr
and 190-200 ft
0.51 2 8.80 44 12,30 54 0 0 0 1.3 n Flowing originally; HpS since 1962
0.20 17 48.85 73 17.60 27 0 0 3.8 v
0.71 4 7.98 39 11.60 57 0 0 0.8 i
0.37 2 5.28 31 11.50 67 0 0 tr I
0.17 7.10 0 4] 3.3
0.76 2 32,90 77 8.90 21 0.04 1- tr m Spring
0.48 1 30.38 74 10.30 25 0.02 1 0.2 0.85 [\
0.54 0.25 1 2.60 16 15.50 83 0 0 6.0 ! Water from 120 ft
3.54 0.23 1 1.88 40 17.15 59 0.6 0.6 I Sample taken in the course of drilling
3.44 0.23 1 11.98 43 15.78 57 2.0 0.8 ] Sample token after 2 hr bail test at 23 gom
2.2 0.23 1 12,15 44 15,12 55 0.5 0.8 I Sample taken after 50 min of pumping at
approximately 51 gpm
2.6 1.47 9 0.69 4 14,59 87 2.8 | Sample token in the course of drilling
3.13 0.90 7 0.60 4 12,03 8% 1.4 3.3 1 Sample taken ofter 2.5 hr bail test at
23 gpm
2.0 0.34 1 16,64 52 14.87 47 0.7 0.6 n Sample taken after 2 hr bail test at 11.5 gpm
1.49 0.34 1 35.34 &7 16.56 32 03 0.8 IV Sample taken during drilling
1.77 0.45 1 38.85 67 18.49 32 0.3 0.7 IV Sample token after 2 hr bail test at 11.5 gpm
0,34 0.90 1 147.22 89 17.19 10 2.5 0.5 m Sample taken during drilling
1.56 0.34 2 6.99 37 11.43 61 tr 1.8 1] Water from 190-203 ft; somple taken after
2 hr bailing ot 23 gpm
1.32 0.28 2 4.87 29 11.23 69 2.9 1.0 1 Mixed water of aquifers ot 63 ft, 103 ft,
and 192 ft, Sample taken after 2 hr bail
test ot 23 gpm
0.93 0,28 1 23,96 69 10.33 30 0,15 0.7 IV Sample token during drilling
0.98 017 17 27.66 &8 12.89 R 0.1 0.9 IV Sample taken after 2 hr bail test at 23 gpm
1.07 0.34 1 27.29 &8 12.66 31 0.9 0.6 v Sample taken ofter 3 hr pumping at approx.
185 gpm
0.98 0.23 1 26,08 67 12,73 3 0.4 0.6 v Somple taken after 30 hrs pumping at
approx, 185 gpm
0.99 0.23 1 26,08 67 12.66 32 0.3 0.6 v Sample taken after 48 hrs pumping at
approx. 185 gpm
0.99 0.17 1= 38.83 67 18.84 32 0.3 1.1 v Water from coal; sample taken during
drilling
2.73 0.23 1 28.89 64 15.86 35 0.4 1.4 v Main contribution from 88 ft; sample
taken after 2 hrs bailing at 11 gpm
3.44 0.23 i 7.30 3 15.62 &8 0.2 2.0 I Sample taken after 2 hrs bailing at 23 gpm
1.67 0.23 1 8.05 2R 16.40 67 0.5 1.5 n Sample token ofter 30 min pumping at
68 gpm
2.60 0.28 1 7.88 33 16.07 66 0.4 1.5 1} Sample taken after 23 hrs pumping at
68 gpm
3.20 0.23 1 7.26 X2 15.06 67 65 2.0 " Sample taken after 6 1/2 days of pumping
at 67 gpm + approx. | day of recovery
5.62 045 1 45.09 &9 20.01 30 0.4 0.5 v Sample taken ofter 2 hrs of bailing ot 23 gpm
2.47 0.39 1 43,93 &2 26,24 37 2.4 0.4 v Somple taken after 2 hrs of bailing at 23 gpm

3.13 0.90 3 12,77 49 12.46 48 tr 1.0 i Sample taken during drilling
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HGURE 3. MAP SHOWING LOCATIONS AND NATURE OF OBSERVATION POINTS AND BOREHOLES AND LOCATIONS OF GEOLOGIC AND ANALOG HYDRAULIC CROSS SECTIONS. ' Bullatin 24, by J. T,
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FIGURE 13. ELECTRIC ANALOG MODELS OF THE DISTRIBUNION OF FLUID POTENHAL AND FORCE FELD ALONG WEST-EAST CROSS SECTIOINS.

Bulletin 24, by J. Toth.
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FIGURE 29. Time-drawdown curves for Three Hills Well Nos. 151 and 151a during

Pump Test 3.
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FIGURE 31. Time-drawdown curves for Three Hills Well Nos. 144 and 144a during

Pump Test 3.
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