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PREFACE

By virtue of the multidisciplinary nature of the topic, this study was
undertaken as a joint project under the auspices of the Saskatchewan
Geological Survey Branch (F. Simpson) and the Petroleum and Natural
Gas Administration Branch (E. G. Dennison).
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ABSTRACT

Search objectives in evaluation of formations for deep-well disposal
of industrial fluid wastes are hydraulically isolated units with good
reservoir quality, abruptly terminated laterally as a result of lithologic
variation of depositional or diagenetic origin and delimited vertically by
impermeable strata. The normative subsurface-disposal condition of no
hazard to population, accompanied by optimum allocation of drilling funds,
is best achieved through search for primary and alternative disposal
formations by evaluation of hydrogeologic data on a basin-wide scale in
the light of experience gained from earlier fluid-injection practice.
Although stratigraphic-trap configurations of strata are characteristic
for the Phanerozoic succession of Saskatchewan, any decision to drill a
disposal well in the area is made under considerable uncertainty, which
is a reflection of the present reconnaissance level of subsurface infor-
mation.

In the Williston basin region as a whole, subsurface disposal is largely
cenfined to sandstone and carbonate aquifers (Cambrian through Lower
Cretaceous) of the Saskatchewan-Manitoba tectonic shelf, which in the
north is flanked by the igneous-metamorphic terrain of the Canadian
Shield and in the south is replaced by the deeper basin proper. As of
mid-1973, 30 industrial disposal wells had been drilled in Saskatchewan:
20 were in operation, 5 suspended and 5 abandoned. Up to the end of 1972,
more than 118.995 million bbls of fluid wastes, exclusive of oilfield brines,
had been injected into subsurface aquifers in Saskatchewan:

1. waste brines (63,440,000 bbls), resulting from shaft and solution
mining, as well as experimental solution of Middle Devonian potash
deposits ;

2. waste brines (50,390,000 bbls), produced during solution mining
of caverns in Devonian halite for subsequent storage of liquefied petroleum
gases and dry natural gas;

3. refinery effluent (3,530,000 bbls), comprising sour water and
spent caustic from 2 plants; and

4. brines containing small amounts of mercury compounds (221,000
bbls) from a chlor-alkali plant, associated with previously injected wastes
(874,000 bbls) from production of the herbicides 2,4-D and MCPA.

Depths of injection intervals range from 1,448 to 4,692 feet. The
maximum depth of a disposal well in Saskatchewan is 5,536 feet. Average
injection rates are from 3 to 1.100 US g/m and average wellhead pressures
vary from the sole influence of gravity to 1,750 psig. More than 44.13 per
cent of all industrial wastes injected into the Saskatchewan subsurface
are received by clastic aquifers. In 18 injection systems, clastic units
(Cambrian and Ordovician; Lower Cretaceous) are the disposal intervals,
while 13 wells have been completed for disposal into carbonate units
(Silurian through Mississippian). There are 4 multizone completions, each
involving disposal of potash brines into both a Silurian carbonate aquifer
and an Ordovician clastic aquifer. In 3 disposal systems, mercury com-
pounds are permitted to accumulate in the growing caverns of a brine
field with production from Devonian evaporite strata.

Excellent Cambrian and Ordovician sandstone aquifers and Silurian
carbonate aquifers currently receiving potash waste brines at depths in
the range 3,670 to 4,692 feet are the deepest disposal units and though
poorly known at present, they are likely to be of increasing importance
to the potash industry in the future. Upper Devonian and Mississippian
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carbonate formations are also used successfully at present for disposal of
salt-cavern brines and refinery wastes. However, collapse structures and
associated vertical fractures in these strata, above the sites of natural
solution removal of Middle Devonian evaporite beds by formation waters,
and cross-formational flow of ground water at the sub-Mesozoic uncon-
formity may facilitate vertical migration of wastes to higher aquifers and
should be taken into account during the search phase of decision making.
Fluviatile and fluviomarine sand bodies of Early Cretaceous age constitute
the shallowest disposal aquifers at present, with wastes of all main cate-
gories injected at depths in the range 1,600 to 2,690 feet. These and
vounger deposits are considered to be largely unsuitable for waste injec-
tion, because of close correspondence between the valley systems they
occupy, the distribution of preglacial aquifers also of fluviatile origin and
present-day drainage patterns, all controlled to a large extent by salt-
solution phenomena.

Although improved technology might be reasonably expected to reduce
the amounts of toxic refinery and chemical-plant wastes, injected into the
Saskatchewan subsurface, deep-well disposal is the only currently viable
alternative to surface storage of potash and salt-cavern brines in lagoons
and natural depressions, which would occupy many acres of potential farm-
land and would also greatly increase the possible threat of contamination
of ground water in near-surface, drift and bedrock aquifers.
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INTRODUCTION

THE PROBLEM

Ecological demand, defined in the Study of
Critical Environmental Problems recently carried
out under the auspices of the Massachusetts Insti-
tute of Technology (SCEP, 1970) as the “sum-
mation of all man’s demands on the environment,
such as the extraction of resources and return of
wastes,” tends to grow exponentially and is
therefore in long-term perspective unsustainable
(Forrester, 1971), chiefly because of the finite
nature of non-renewable resources and the lim-
ited capacity of an industrialized ecosystem to
withstand disruption through pollution. Increas-
ing realization of the importance of this last-
mentioned factor has led to two contrasting,
though complementary goals in industrial waste
management :

1. reduction of unwanted industrial output
(energy and materials) through imrovement in
technology and recycling of wastes; and

2. innovation in waste-disposal technique to
minimize pollution hazard by isolating wastes
from the environment with increased efficiency.
In recent years, attention has been focussed in-
creasingly upon injection into deep subsurface
aquifers as a means of attaining the latter aim
with regard to liquid industrial wastes. In the
Williston basin region of western Canada and
the northern United States (Figs. 1 and 2), sub-
surface disposal of liquid industrial wastes is
largely confined to the Saskatchewan portion of
the relatively shallow tectonic shelf, which de-
limits the basin in the north and is itself replaced
northward by the igneous-metamorphic terrain
of the Canadian Shield. Since completion of Sask-
atchewan’s first industrial disposal well in 1958,
more than 118.995 million bbls of fluid wastes,
exclusive of oil-field brines (Table 1), have been
injected into subsurface aquifers in the province.

Drilling targets in the search phase of evalu-
ation of formations for deep-well disposal of in-
dustrial fluid wastes are hydraulically isolated
units with good reservoir quality, abruptly termi-
nated laterally as a result of lithologic variation
of depositional or diagenetic origin and delimited
vertically by impermeable strata. These require-
ments are fulfilled in a wide variety of strati-
graphic-trap configurations of strata, encoun-
tered in the subsurface of southern Saskatchewan
(Christopher et al.,, 1971; 1973), where both
clastic and carbonate aquifers ranging in age
from Upper Cambrian to Lower Cretaceous are
used as repositories for liquid wastes. However,
it should be noted that a deep-well disposal locale

is ideally characterized by absence of pronounced
structural features, since faults or flexure-related
joint patterns are likely to serve as conduits, up
which wastes may move to contaminate the
ground water of younger aquifers or even surface
water. This premise is of particular importance
to deep-well disposal operators in southern Sask-
atchewan, where localized solution removal of
extensive Middle Devonian evaporite strata has
given rise to characteristic patterns of flexures
and fractures in the overlying rocks and struc-
tural control of depositional systems (Christopher
et al., 1971; 1973), notably in the Mesozoic suc-
cession, thus decreasing options, related to selec-
tion of aquifers for safe disposal of wastes, much
more severely than has been hitherto realized.

Deep-well disposal of industrial wastes has
been described as “final” or “ultimate” and the
process of acceptance of a waste stream by a deep
aquifer has been likened to a “storage” situation.
In long-term perspective, these descriptions are
highly inappropriate, in that they carry a con-
notation of permanence and specificity of loca-
tion of injected wastes in a predesignated part of
the subsurface environment, which are not easily
obtained in practice. Gravity-induced movement
of formation waters in deep and shallow aquifers
alike takes place in the hydrogeologic environ-
ment of a geological basin on scales varying from
local to regional, with the flow distribution deter-
mined largely by regional topography, climate,
basin geometry and lithologic characteristics of
the basin fill (Toth, 1962, 1970 ; Hitchon, 1969a,
1969b). Liquid wastes introduced into the hydro-
geologic environment will tend to assume the
regional vector properties of the ground-water
regime, although the latter may be modified to
a marked extent locally by injection pressures of
the disposal system. In the northern Williston
basin region, flow is considered to be largely re-
stricted to aquifers belonging to the Phanerozoic
sedimentary fill of the basin (Hitchon, 1969a,
1969b), and the dominant regional trend of
ground-water flow is northeasterly, normal to
the regional strike, so that bodies of injected
liquid wastes will also tend to exhibit a strong
northeasterly component of flow.

The preceding remarks have 2 main impli-
cations for the subsurface-disposal decision sys-
tem:

1. A rational approach to search for disposal
aquifers, based upon the application of strati-
graphic-sedimentologic principles to reservoir
engineering, is both feasible and indispensable
for the safe operation of a disposal well.
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Fig. 1 — Location map and struecture contours
tectonic shelf, Saskatchewan, Manitoba,

on Precambrian surface, Williston basin proper and northern
North Dakota, South Dakota and eastern Montana.
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2. It is important to monitor deep-well dis-
posal operation by means of observation wells
drilled to the disposal aquifer, so that if neces-
sary, steps may be taken to control the subsur-
face migration of injected waste.

PREVIOUS WORK

The first published account of subsurface
disposal of liquid industrial wastes in Saskatche-
wan appeared in the inventory of information on
North American disposal wells, compiled by the
Interstate Oil Compact Commission (Ives and
Eddy, 1968, pp. 36, 38, 56-57), and included an
outline of information required of prospective
deep-well disposal operators by the Department
of Mineral Resources, as well as listings of some
of the main characteristics of 4 disposal sys-
tems then in use. The disposal wells considered
were: the refinery-waste disposal systems of
Consumers’ Cooperative Refineries Limited and
Imperial Oil Limited, at Regina; the herbicide-
waste disposal system of Interprovincial Cooper-
atives Limited (later to become Northern Indus-
trial Chemicals Limited; now the Prince Albert
Pulp Company) at Saskatoon; and a potash-brine
disposal well of the International Minerals and
Chemical Ccrporation of Canada at Esterhazy.
These same injection systems are listed by van
Everdingen and Freeze (1971, Table II, p. 32) as
Saskatchewan’s contribution to subsurface dis-
posal of industrial wastes in Canada. However,
by the end of 1971, disposal wells in Saskatche-
wan were numbering as many as 19, 2 of which
were no longer in operation (Vonhof and van
Everdingen, 1972). This dramatic increase came
about by the addition of 5 new potash-brine dis-
posal systems and 8 salt-cavern brine disposal
systems. An interesting paper by de Korompay
(1972) provided details of deep-well injection of
brines in two of the new potash-brine disposal
systems, namely those of Sylvite of Canada
Division of Hudson Bay Mining and Smelting Co.
Limited at Rocanville. The most recent survey of
deep-well injection of industrial wastes in Sask-
atchewan was by Dennison and Simpson (1973),
who gave information about 30 injection systems,
of which 5 had been abandoned and 5 suspended.
These are the injection systems considered in
the present account (Table 2). Also of signifi-
cance is a paper by Sandberg (1962) on the gen-
eral geology of the neighbouring Williston basin
proper, which provides a basis for considerations
of subsurface disposal of radioactive wastes.

SCOPE OF STUDY

In this report, the hydrogeologic milieu of
deep-well disposal of liquid industrial wastes in

Saskatchewan is described and industrial experi-
ence of waste injection in the province and neigh-
bouring areas is summarized. Discussion of the
possible environmental impact of existing sub-
surface-disposal systems, as well as the hydro-
geologic and economic constraints on deep-well
disposal of a variety of waste categories in Sask-
atchewan, determined largely by local peculiari-
ties of stratigraphy and structure, is developed
to provide guidelines for future disposal-well
operators in the province.

The chapters, Subsurface Waste-Disposal
Systems tn Saskatchewan and Economic Factors
tn  Subsurface Waste Disposal, are by both
authors. The rest of the account is contributed
by Simpson, who coordinated all the material and
edited the first draft of the manuseript.

METHOD OF INVESTIGATION

The data on the waste-injection systems of
Saskatchewan, presented in this report, came
from non-confidential Saskatchewan Government
files and from copies of a questionnaire, com-
pleted by representatives of companies engaged
in deep-well disposal of wastes in the province.
The questionnaire used in this study, titled Ques-
tionnaire on Subsurface Waste-Disposal Opera-
tions in Saskatchewan (Saskatchewan Depart-
ment of Mineral Resources Form MR 508), was
designed for the purpose of standardizing in-
formation on the subsurface waste-disposal de-
cision system (Appendix I) and comprises a total
of 40 questions, pertinent to the design and oper-
ation of a deep-well disposal facility and grouped
into sections dealing with the following major
topics:

1. the chemical and physical properties of
injected wastes,

2. reasons for selection of the disposal site
and the disposal formation,

3. drilling and completion of the injection
well,

4. testing of the injection well and the dis-
posal formation,

5. monitoring of deep-well disposal opera-
tions,

6. operational safeguards,

7. the economics of deep-well disposal com-
pared with alternative methods of waste
disposal, and

8. waste management considerations, in-
cluding the desirability of legislation to
control deep-well disposal and the need
for relevant research.
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TABLE 1

GENERALIZED
WASTE
CATEGORY

"Natural"

"Foreign"

*

GENERALIZED CHARACTERISTICS OF WASTES INJECTED INTO SUBSURFACE STRATA,

NORTHERN WILLISTON BASIN REGION

NATURE OF WASTE

Brines

(Formation waters
and products of
controlled solution
of evaporites)

Spent Caustic and
Sour Water

*
Herbicide Wastes

Brines with traces
of mercury

Brines with

Mercury compounds

in solution, suspension
and bottom sludge

in salt caverns

Processes no longer in operation and waste-injection

WASTE-FORMING
INDUSTRIAL
PROCESS

Oilfield Development
Potash Mining

(Shaft and Solution)
Experimental Solution

of Evaporites
Salt-Cavern Development

Oil Refining

*
Production of 2,4-D and MCPA

Chlor-Alkali-Plant Operation

Chlor-Alkali-Plant Operation

systems abandoned or suspended




TABLE 2 - OPERATIONAL STATUS OF SUBSURFACE WASTE-DISPOSAL SYSTEMS

IN SASKATCHEWAN

OPERATIONAL
STATUS

Injection not
permitted

Failure
(never operated)

Suspended
Abandoned
Operating

Pending

Total wells

TO END OF YEAR 1973

NUMBER
OF WELLS

20

31

PERCENTAGE
OF TOTAL WELLS

1633

16.13

64.42

Jod2

100.00
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A copy of the questionnaire was mailed to
each of the 14 companies operating disposal wells
in the province, together with a letter outlining
the nature of the study. The questionnaire also
formed the basis for interviews of representa-
tives of these companies during the winter
months of 1972 to 1973. All questionnaires were
completed and returned to the authors. Com-
panies and local government authorities were also
contacted for information on the status of deep-
well disposal of wastes throughout the entire
Williston basin region.
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A RATIONAL APPROACH TO DECISION MAKING IN
UNDERGROUND WASTE MANAGEMENT

GENERAL STATEMENT

The methodology of decision analysis can be
a significant aid to public decision makers, con-
cerned with waste-disposal problems, and in
particular those involved with subsurface-
disposal decision systems, since rigorous, step-by-
step analysis minimizes the danger of sub-
optimization, that is, temporary solution of a
disposal problem through creation of a long-term
pollution problem. The main stages of decision
analysis, arising in evaluation of legislation
against air pollution (Ellis and Keeney, 1972),
have general application to anti-pollution legisla-
tion and are here rephrased to relate to sub-
surface disposal of industrial wastes:

1. structuring the decision problem by (a)
formulation of the problem, (b) identification
of objectives, and (c) selection of measures of
effectiveness;

2. describing possible consequences of alter-
native disposal programs in terms of the effec-
tiveness measures;

3. prescribing relative preferences of the
decision maker for each possible consequence,
that 1is, precise identification of trade-offs
between conflicting objectives; and

4. rationally synthesizing information from
stages 1 to 3 above, to select a disposal program.

In industrial waste-disposal situations, the
problem involves determination of the merits of
alternative modes of disposal and evaluation of
various disposal formations, if deep-well injection
is one of the disposal methods under considera-
tion. A generalized objective, assumed to be
desirable to both industry and local government,
is that of maintaining high environmental
quality; but conflicting sub-objectives arise,
where trade-offs must be made between reduction
of disposal-system costs and minimization of
adverse effects upon health and economy.
Measures of effectiveness may be determined
only through consideration of the output sector
of the model for evaluation of waste-disposal
legislation (Fig. 3).

Discussion of the possible output of deep-well
injection in turn requires detailed consideration
of the hydrogeologic setting of the proposed
disposal system. Furthermore, adequate deter-
mination of the effectiveness of measures taken
may be made only when the subsurface behaviour

of a waste stream has been ascertained and this
can only be done by means of observation wells
drilled to disposal formations. In the industrial-
ized ecosystem designed and managed by man
(Koenig and Tummala, 1972 ; Koenig et al.; 1972),
monitoring of waste-disposal operations is an
essential function of environmental engineering.

NORMATIVE SUBSURFACE
WASTE DISPOSAL

Search objectives in petroleum-exploration
strategy and disposal-formation evaluation alike
are stratigraphic units of good reservoir quality,
containing commercial accumulations of hydro-
carbons in the former and with potential to
become repositories of fluid wastes in the latter.
Both types of subsurface search activity are high-
risk ventures, but failure in the disposal situation
can be much more costly than mere loss of invest-
ment capital for the well drilled, and in the worst
instance may entail civil liability for harm from
pollution. Furthermore, the profit motive of the
petroleum-exploration decision system is replaced
in the waste-injection decision system by the goal
of optimization of drilling, testing and well-
completion techniques, so that minimum well costs
are incurred with no hazard to population. This
normative subsurface waste-disposal condition
can be best achieved through systematic search
for primary and alternative disposal aquifers, by
evaluation of hydrogeologic data on a basin-wide
scale in the light of experience gained from cur-
rent disposal practice. Hydrogeologic information
prerequisite to the normative disposal condition
includes data on:

1. porosity-permeability gradients of poten-
tial disposal aquifers, as well as variation of any
incorporated reservoir heterogeneities and the
confining aquitards;

2. compatibility of a given waste type with
the lithologies of potential disposal aquifers and
their pore fluids;

3. structural setting and patterns of sub-
surface movement of formation fluids.

Decisions as to primary and alternative
target aquifers permit consideration of drilling
optimization as a function of bit selection, mud
program, hydraulic factors (flow rate and pump
pressure), weight on the bit and rotary speed,
and the most favourable completion technique can
be finalized. Though the waste-injection decision
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system is only a minor part of the total corporate
decision system, it will undoubtedly gain in
importance during years to come, as a result of
mounting public concern over environmental
matters.

At present, there is no specific legislation for
deep-well injection of industrial wastes in Sask-
atchewan and all waste disposal into subsurface
aquifers is regulated in accordance with The Oil
and Gas Conservation Act of 1969. Administra-
tion of the regulatory Act is by the Department
of Mineral Resources. Civil liability for harm
from pollution in Saskatchewan is determined on
the basis of tort-law theories arising out of
English common law; and also certain statutory
laws administered by the Saskatchewan Depart-
ment of the Environment.

OUTLINE OF SUBSURFACE
DISPOSAL IN SASKATCHEWAN

As of mid-1973, 30 industrial disposal wells
had been drilled in Saskatchewan: 20 were in
operation, 5 suspended and 5 abandoned. Up to
the end of 1972, more than 118.995 million barrels
of fluid wastes, exclusive of oilfield brines, had
been injected into the subsurface strata of
Saskatchewan:

1. waste brines (63,440,000 bbls), resulting
from shaft and solution mining, as well as experi-
mental solution of Devonian potash deposits;

2. waste brines (50,930,000 bbls), produced
during solution mining of caverns in Devonian
halite for subsequent storage of liquefied
petroleum gases and dry natural gas;

3. refinery effluent (3,530,000 bbls), com-
prising sour water and spent caustic from
2 plants; and

4. brines containing small amounts of

mercury compounds (221,000 bbls) from a chlor-
alkali plant, associated with previously injected
wastes (874,000 bbls) from the production of
herbicides.
The distribution of subsurface waste-disposal
systems in Saskatchewan and Manitoba is shown
in Figure 4. When oil-field brine injection is taken
into account, the amount of fluid waste injected
into subsurface aquifers is seen to exceed 2.599
billion barrels.

The depths of injection intervals range from
1,448 to 4,692 feet. The maximum depth of a
disposal well in Saskatchewan is 5,536 feet.
Average injection rates are from 3 to 1,100 US
g/m and average well-head pressures vary from
the sole influence of gravity to 1,750 psig. More
than 44.13 per cent of all industrial wastes
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injected into the Saskatchewan subsurface are
received by clastic units. In 18 injection systems,
clastic units (Cambrian and Ordovician; Lower
Cretaceous) are the disposal intervals, while 13
wells have been completed for disposal into
carbonate units (Silurian to Mississippian).
There are 4 multizone completions, each involving
disposal of potash brines into a Silurian carbonate
unit and an Ordovician clastic unit. In 3 disposal
systems, mercury compounds are permitted to
accumulate in caverns in Devonian evaporite
strata.

GEOLOGICAL SETTING

The geology of the northern Williston basin
region has been summarized by Christopher et al.
(1971, 1973), who emphasized reservoir quality
and gross geometry of lithologic units in their
considerations of hydrocarbon potential. Some
additional material, dealing mainly with outecrops
is presented in Simpson (1973). The outline of
geology, relevant to subsurface waste disposal
given in the present account, is largely based on
these syntheses. Discussions of the chemistry of
formation waters are based on Porter and Fuller
(1959), Bannatyne (1960) and Hitchon (1964).

Topographically, the sedimentary region of
Saskatchewan and Manitoba is divided into three
steppes by eastward-facing scarps, the Manitoba
Escarpment in western Manitoba and the
Missouri Coteau of southern Saskatchewan. The
prevailing slope is to the east and elevations are
mostly in the range of 700 to 2,000 feet above
sea level; the maximum elevation is 4,567 feet
in the Cypress Hills of Saskatchewan. A poorly
drained, forested belt, of low but variable relief,
extends parallel to the sedimentary edge and
within this area scattered exposures of Mesozoic
and Palaeozoic rocks are found. Flat plains and
undulating topography predominate farther
south, their continuity interrupted only by broad
river valleys and a few areas of positive relief,
where exposures of Upper Cretaceous and
younger sediments may occur. The information
content of the outcrops is low and detailed know-
ledge of the stratigraphy is derived from some
20,000 wells, drilled during exploration for
petroleum, natural gas and potash.

Strata with waste-disposal potential in
southern Saskatchewan and southwestern Mani-
toba account for 71.9 per cent (220,000 square
miles) of the area, but only 38.5 per cent
(330,000 cubic miles) of the sedimentary volume
in the Williston basin region (Fig. 1), which also
includes eastern Montana, western North Dakota
and northwestern South Dakota. They constitute
a predominantly (95 per cent) marine, sedi-
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mentary prism, which defines a stable tectonic
shelf throughout most of the Canadian part of
the Williston basin region, bounded to the north
by Precambrian rocks of the Canadian Shield and
replaced southward by the northern margin of
the basin proper. The principal stratigraphic
units of the northern Williston basin region are
shown in Table 1. In general, the sediments dip
up to 50 feet per mile in a predominantly south-
westerly direction. They thicken in excess of
10,500 feet in southeastern Saskatchewan, and
16,700 feet in the deepest part of the basin proper
of North Dakota. The succession consists of three
principal divisions, delimited by major uncon-
formities and exhibiting important differences
in both gross lithology and incorporated mineral
resources :

1. a lowermost clastic division (Middle to
Upper Cambrian; Middle Ordovician) up to 1,600
feet in thickness and with production of helium
and nitrogen in southwestern Saskatchewan;

2. a middle carbonate-evaporite division
(Middle Ordovician to Mississippian) of maxi-
mum thickness 4,800 feet, yielding light and
medium oil in southeastern Saskatchewan, heavy
oil in west-central Saskatchewan, and potash and
sodium chloride in central Saskatchewan; and

3. an upper clastic division (Triassic to
Holocene) reaching 5,300 feet in thickness, with
production of light, medium and heavy oils and
natural gas in western Saskatchewan as well as
extensive lignite deposits and a wide variety of
industrial minerals, including sodium sulphate,
silica sands, clays and marls at locations through-
out southern Saskatchewan.

Formation fluids of great economic import-
ance are proven commercial quantities of hydro-
carbons, restricted to a southeastern district of
Mississippian o0il reservoirs and a western
district with five main production trends com-
prising Mississippian Jurassic and Cretaceous oil
and Cretaceous non-associated gas reservoirs.
Total dissolved solids and chloride content of
formation waters exhibit variation, which is
facies- and structure-dependent, and also show
increases with age and depth. High chloride con-
tent of formation waters in the lower and middle
divisions is localized in the west and southeast;
the western belt assumes greater importance for
formation waters of the upper division.

UNCERTAINTY IN WASTE-INJECTION
DECISION SYSTEMS

Any decision to drill a disposal well in Sask-
atchewan is made under considerable uncertainty,
which is a reflection of the reconnaissance level
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of subsurface information throughout the prov-
ince as a whole. Of great importance to all sub-
surface search activities of private companies in
Saskatchewan are:

1. the series of detailed geological reports,
maps, charts and statistical publications, obtain-
able from the Department of Mineral Resources;

2. ready access to well information through
the Provincial Government’s computerized data
storage and retrieval system, recently described
by Buller (1972);

3. the comprehensive inventory of well
samples and cores, which may be examined at
the Subsurface Geological Laboratory in Regina.

Trends in quality and distribution of sub-
surface information in Saskatchewan (Christo-
pher et al.,, 1971; Simpson, 1972), relevant to
search programs, directed toward potential dis-
posal aquifers, are as follows:

1. High drilling densities are largely con-
fined to clusters of wells forming the oilfields
and subordinately the sites of potash production.
Outside of the few townships, which constitute
these production locales, well control for strati-
graphic analysis is variable, though for the most
part considerably reduced.

2. Petroleum exploration strategy has been
aimed at specific stratigraphic units, usually the
known producing formations. Thus, it is likely
that with increased drilling in the province, the
inventory of formations yielding commercial
quantities of hydrocarbons will be expanded,
particularly through discoveries in the basal
clastic division and lower part of the carbonate-
evaporite division.

3. Successively deeper formations are pene-
trated by progressively fewer wells to the extent
that even in the townships of high drilling
density, formations below the Devonian potash-
rich unit (Prairie Evaporite) are poorly known.
The upper clastic division is penetrated by all
wells, whereas Mississippian, Devonian and
Silurian formations are penetrated by 56.4 per
cent, 12.4 per cent and 2.5 per cent of the wells
respectively. Only 1.5 per cent of the wells reach
the lower clastic division and no more than 0.7
per cent was drilled to basement.

4. Drill stem tests, core analyses and water
analyses, to a large extent have been concentrated
in potential pay zones near or within production
locales. Similar data for the deep aquifers of
greatest waste-disposal potential are scarce.



Thus, multiple conflicting objectives, costs
and benefits accruing to various interest groups
and consequences for environmental manage-
ment, possibly extending far into the future, all

intrinsic to the subsurface waste-disposal decision
system, arise in uncertainty situations, character-
ized by paucity of hydrogeologic data.

HYDROGEOLOGY

GENERAL STATEMENT

The oil and gas pools of Saskatchewan,
reflect dominance of the stratigraphic trap
(Christopher et al., 1971; 1973). Comparable
reservoir geometries in absence of hydrocarbons
could provide adequate subsurface space for
disposal of fluid wastes (Fig. 5) and in this
setting, essentially similar rationales characterize
the search phases of both petroleum-exploration

UNIVERSE OF GEOMETRIC RESERVOIR - FORMATION
FLUID CONFIGURATIONS FAVOURABLE FOR SUBSURFACE
DISPOSAL OF FLUID WASTES

— FAVOURABLE DEPOSITIONAL GEOMETRY OF RESERVOIR

— FAVOURABLE HYDRODYNAMIC REGIME

— FAVOURABLE HYDRODYNAMIC REGIME (NON-COMMERCIAL FORMATON FLUIDS)
— FAVOURABLE STRUCTURAL SETTING

— DISPOSAL AQUIFER CONDITION

coww>

Fig. 5— Venn diagram to show geometric reservoir-
formation fluid configurations, favourable for
subsurface waste disposal, and the disposal
aquifer condition.

and fluid-injection decision systems. Although
the general geology of the province, viewed in
terms of distribution of the relatively flat-lying,
principal stratigraphic units, is deceptively un-
complicated, stratigraphic analysis in areas of
close well control reveals lateral facies change,
reflecting differences in depositional environ-
ment, and structures, evidencing both Laramide
rejuvenation of basement monadnocks and col-
lapse of strata, attendant upon solution removal
of the Middle Devonian Prairie Evaporite. Knowl-
edge of these structural-stratigraphic idiosyn-
crasies of the cratonic setting and their possible
implications for migration of fluids, injected
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under high pressure, is of vital importance to
subsurface waste-disposal operators, if wide-
spread, irreversible contamination of ground-
water is to be avoided.

BASEMENT RELIEF

The Precambrian erosion surface is com-
posed of the following:

1. a homocline, defined by a generalized dip
of 11 to 20 feet per mile, with the strike chang-
ing from northwesterly to mnortherly across
Saskatchewan into Manitoba;

2. steepening of the dip to as much as 50
feet per mile in the southeast on the site of the

ancestral Williston basin proper (Fig. 1);

3. the northwest-plunging Sweetgrass arch
and south-plunging North Battleford arch, near
the intersection of the Fourth Meridian and
latitude 52 degrees (Fig. 6);

4. the prominent lineaments, which are the
Meadow Lake escarpment of west-central Saskat-
chewan and the Nelson River feature of eastern
Saskatchewan and Manitoba;

5. local domal features and monadnocks,
which originated as a result of Laramide move-
ments or were rejuvenated by these movements;
Upward movement of positive basement features
during deposition of the Phanerozoic sequence
led to folding of the sediments, as well as local-
ization of vertical fluid migration up associated
fractures (Wilson et al., 1963), giving rise to
solution of the Prairie Evaporite and collapse of
the overlying strata.

SALT-SOLUTION COLLAPSE FEATURES

Solution removal of salt from the Prairie
Evaporite and concomitant collapse of younger
strata have produced many structural features
in southern Saskatchewan (Fig. 7). The largest
of these is a roughly triangular, salt-free depres-
sion in southwestern and central-southern Sask-
atchewan, approximately 23,000 square miles in
area and delimited by a prominent scarp in the
northwest and northeast, where younger strata
are draped over the present salt edge. Other local
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and regional salt-solution structures are narrow,
elongate troughs and smaller-scale, sub-circular,
often fracture-bounded depressions. On the basis
of isopach and structure-contour data on post-
Prairie units, Kent (1968) provided an excellent
review and analysis of evidence for accelerated
solution removal of salt during several discrete
intervals from the Late Middle Devonian to Late
Cretaceous or Early Tertiary time, with the
earliest solution events restricted to local chan-
nels, which subsequently coalesced to give the
present edge of the Prairie Evaporite.

The relationship between positive features
of the Precambrian erosion surface and overlying
salt-solution phenomena was already noted.
Instances of localization of solution removal of
salt above anomalously thick Winnipegosis sec-
tions have also been described (Bishop, 1953).
It is thought that Winnipegosis carbonate mounds
constituted structurally high aquifers below the
Prairie Evaporite and that solution took place
along fractures in the salt, formed as a result of
compaction above these elevations (Holter, 1969).

Linear solution depressions exerted a strong
influence on development of fluvial channel net-
works, incised into the Devonian, Mississippian
and Jurassic rocks appearing in order of decreas-
ing age southward at the pre-Cretaceous uncon-
formity, as well as the arrangement of succeeding
fluvial and fluviomarine channel sands of the
Mannville Group (Christopher, 1974). Mannville
palaeotopographic features are mimicked by
overlying structures in the younger, marine
Cretaceous deposits and correspond closely with
pre-glacial channels cut into the Cretaceous bed-
rock surface, the distribution of drift aquifer
sands and patterns of present-day drainage.
A linear depression in the Saskatoon district,
described by Christiansen (1967), illustrates
these points. Complex, intercutting relationships
between Mannville channel-fill sandstones, close
correspondence between these networks and
yeunger fluvial systems, water pressures adequate
to permit artesian flow and vertical fractures
associated with salt-solution features render the
Mannville succession largely unsuitable for injec-
tion of fluid wastes at the present reconnaissance
level of subsurface information.

CRUSTAL INSTABILITY

Recent tectonic activity, as indicated by
records of earthquakes in the Williston basin
region, is summarized in Table 3.

The most recent seismic event, the epicentre of
which was located at Bengough, Saskatchewan,
in July, 1972, has been discussed by Horner et al.

L

(1973), who consider that Love- and Rayleigh-
wave radiation patterns are indicative of a
vertical strike-slip fault of strike N 30° E. The
seismic events listed in Table 3 are of low magni-
tude, but similar earthquakes might be extremely
damaging in a subsurface setting, in the vicinity
of potash-mining operations, underground gas-
storage systems or disposal wells (Simpson and
Lennox, 1974). There is no record of major,
industry-induced, crustal instability in Saskat-
chewan.

THE BASAL CLASTIC DIVISION

The basal clastic sequence (Fig. 8) consists
of sandstones and shales, belonging to the Middle
to Upper Cambrian Deadwood Formation and the
Middle Ordovician Winnipeg Formation. These
marine formations are separated by an uncon-
formity in a narrow belt, extending from the
Meadow Lake escarpment in central Saskat-
chewan to southwestern Manitoba. East of this
belt, Middle Ordovician clastic rocks rest upon
the Precambrian basement. These sediments are
exposed in east-central Saskatchewan and central
Manitoba, where 10 to almost 100 feet of the
Winnipeg Formation constitute the entire basal
clastic sequence.

The Deadwood Formation consists of coarse-
grained, quartzose, glauconitic sand, replaced
upward by calcareous siltstones and micaceous
shales with intercalated, very fine-grained sand-
stones. Fine- to coarse-grained, poorly indurated,
quartzose sands are succeeded by green shales
in the Winnipeg Formation of Saskatchewan,
whereas in southern Manitoba the unit as a whole
is characterized by an upward coarsening from
basal shales.

The highest salinities of formation waters
(greater than 189,800 mg/l chloride) are
encountered in the Williston basin proper (Porter
and Fuller, 1959; Hitchon, 1964), surrounded by
an area of less saline waters (94,900 to 189,000
mg/l chloride), which in turn is interrupted
across central-southern Saskatchewan by a
northeast-trending corridor of formation waters
with low chloride content (less than 94,900
mg/l, as shown in Figure 9.

Waste brines from potash mining operations
are injected into aquifers of the basal clastic
division in four systems in southeastern Saskat-
chewan (multizone injection into Interlake
carbonates and Winnipeg sandstones) and in
three systems in the Saskatoon district (Dead-
wood Formation). The main restriction on
disposal is imposed by the increase in reservoir
heterogeneities as argillaceous intercalations and
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TABLE 3 - RECENT TECTONIC ACTIVITY AS INDICATED BY EARTHQUAKES

RECORDED IN THE WILLISTON BASIN REGION TO END OF YEAR 1972

DATE OF
SEISMIC EPICENTRE
EVENT LOCATION
1. idbvMav,
1909 S. Sask./N.W.
N.D./N.E.
Mon
2B s
1968 EREC, "N D,
e o Bl 6 ok i T
1968 Bengough,
Sask.
4 26 adutlny,
1972 Bengough,
Sask.
3

Effects apparently not felt at

(EPICENTRE)

surface

MAXIMUM
INTENSITY

VI

IV

IV

MAGNITUDE

Seh
(approx.)

RADIUS OF
PERCEPTIBILITY
(km.)

550

50

30
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corresponding loss of reservoir quality westward
in the Deadwood Formation and southeastward
in the Winnipeg Formation.

THE CARBONATE-EVAPORITE DIVISION

The carbonate-evaporite division (Fig. 10)
overlies the Winnipeg Formation in central and
eastern Saskatchewan and southern Manitoba,
onlapping the Precambrian basement in central
Manitoba and central Saskatchewan and Cam-
brian rocks of the basal clastic division in
western Saskatchewan. The sequence forms a
truncated wedge, of maximum thickness 4,800
feet in southeastern Saskatchewan and with a
minimum thickness 250 feet in central Saskat-
chewan. These rocks reflect sedimentation in a
variety of carbonate depositional environments,
with vertical continuity of the carbonates inter-
rupted by marker beds with relatively high
argillaceous or arenaceous content and by gen-
erally thin evaporite beds, mainly of anhydrite,
but with halite becoming important in Middle
and Upper Devonian and Mississippian units.
The thickest evaporite deposit (up to 600 feet)
is the Middle Devonian Prairie Evaporite, made
up of halite, sylvite, sylvinite and carnallite and
occurring across central Saskatchewan and
western Manitoba.

The pre- and early post-Prairie formations
(Figs. 11 and 12) are characterized by south-
eastern and western areas of high salinity (94,900
to 189,800 mg/1 chloride), separated in each case
by a northeasterly corridor of relatively fresh

water (less than 94,900 mg/l chloride). Hydro-
logic continuity across the sub-Devonian uncon-
formity is indicated by the similarity between
salinity distributions in Elk Point sediments and
immediately underlying strata (Hitchon, 1964).
The corridor (Figs. 11 and 12) coincides with a
northeast-trending positive feature of the Lower
Palaeozoic surface and also with the “salt-free”
area of central-southern and southwestern Sask-
atchewan (Porter and Fuller, 1959 ; Christopher,
1961). Milner (1956) reports hydrodynamic
evidence for northeastward movement of water,
accompanied by solution of salt beds belonging
to the Prairie Evaporite. Fluid migration in this
direction has been demonstrated in the Interlake
Group of the Regina district by Wilson et al.,
(1963). Both Upper Devonian and Mississippian
units (Figs. 13 and 14) exhibit high chloride
content of formation waters in southeastern
Saskatchewan (greater than 132,860 mg/1 and
94,900 mg/1 respectively), with values of less
than 18,980 mg/l characteristic throughout the

——————
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remainder of southern Saskatchewan (Hitchon,
1964), suggesting general updip flow of brines
from the Williston basin proper.

The carbonate-evaporite division receives
waste and non-waste fluids representing all the
major fluid categories injected into the Saskat-
chewan subsurface (Fig. 10). Injection of oil-
field brines is largely restricted to the Mississip-
pian oil producing units of the southeast. Of the
potash brine disposal systems, 4 are associated
with shaft mines and involve injection well below
the Prairie Evaporite into the Silurian Interlake
Group, whereas 1 in vicinity of a solution-mining
operation has injection into Mississippian Souris
Valley carbonates. One abandoned potash brine
disposal well injected into the Upper Devonian
Birdbear Formation. The Souris Valley Forma-
tion is the disposal unit in 4 salt-cavern brine
disposal systems and 1 refinery-waste disposal
system. The Duperow Formation receives
“natural” brines from 1 salt-cavern brine disposal
system and from the Domtar salt plant’s disposal
system. Accumulations of mercury compounds in
three salt caverns in the Prairie Evaporite of the
Saskatoon district provide the only instances of
disposal of waste into halite in the province.

THE UPPER CLASTIC DIVISION

Triassic-Jurassic, Cretaceous, Tertiary and
Pleistocene clastic sediments form the third
division (Fig. 15), which unconformably overlies
the carbonate-evaporite sequence in southern
Saskatchewan and southwestern Manitoba and
laps on to the Precambrian basement in central
Saskatchewan. Terrestrial Triassic-Jurassic red,
argillaceous sandstones, succeeded by marine red
beds of anhydrite and dolomite and white dolo-
mitic limestones, form the basal deposits. These
are overlain by Middle Jurassic grey marine
shales, sandstones and carbonates, which are
followed in vertical succession by Upper Jurassic
marine shales and sandstones. Lacustrine-
fluviatile, fluviomarine and marine sandstones
and shales of the Mannville Group (basal
Cretaceous) rest unconformably upon Jurassie,
Mississippian and Devonian strata in order of
appearance northward. These deposits are over-
lain by Cretaceous marine shales, incorporating
two main northeastward-thinning, regressive-
transgressive wedges of conglomerates, diamic-
tites, sandstones and intercalated mudstones. The
older of these clastic wedges is the Bow Island-
Viking sequence of the Colorado Group; the
younger is the Belly River succession of the
Montana Group. Continental environments of
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6— refinery and chemical-plant waste injection
7— salt- cavern brine injection
8— chemical-plant waste disposal into

salt caverns
9— oilfield brine injection
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deposition are reflected in the sandstones, silt-
stones and shales of the upper part of the
Montana Group, which are overlain unconform-
ably by uppermost Cretaceous and Tertiary Sand-
stones, shales and lignites of continental origin.

Salinities of formation waters (Fig. 16) are
generally low (less than 18,980 mg/l chloride) 1n
Jurassic units, the Mannville Group and the
Viking Formation, though in addition, the
Cretaceous rocks contain brines with a relatively
high chloride content (greater than 37,960 mg/1)
in the Lloydminster district (Hitchon, 1964). The
upper clastic division is characterized by high
hydrostatic head of formation waters in Cret-
aceous sand bodies, with respect to the elevation
of the present ground surface, and resulting
artesian flow from sandstone aquifers, particu-
larly from those belonging to the Mannville
Group in south-central Saskatchewan.

Oilfield brine injection is into the Jurassic
Shaunavon and Roseray Formations and Cret-
aceous Mannville sequence of the southwest and
the Mannville and Viking sediments of two dis-
tricts in west-central Saskatchewan. All other
injection of fluids is into the Mannville Group:
5 salt-cavern brine disposal systems, 1 refinery-
waste disposal system and 1 chemical-plant
disposal system. Four pilot potash brine disposal
systems (3 abandoned, 1 suspended) injected
into Mannville aquifers. Shales of the Colorado
and Montana Groups constitute a permeability
barrier to fluids injected into the Mannville sand-
stone aquifers throughout most of the province.
However, the Colorado sequence exhibits north-
easterly increase in sand content on the struec-
tural terrace north of the North Saskatchewan
River (Simpson, in press), thus providing
hydraulic continuity between the Mannville Group
and preglacial and glacial aquifers at the bedrock
surface.

An extensive blanket of glacial drift, locally
exceeding 900 feet in thickness, covers much of
southern Saskatchewan and within these deposits
several distinct till units, separated by stratified
drift, may be recognized (Christiansen, 1971).
Factors governing groundwater flow patterns
in these sediments (Meneley, 1970) are horizontal
permeability and lateral continuity of the strati-
fied drift units (horizontal flow) and vertical
permeability and thickness of the tills (rectilinear
flow). Interbedded gravels, sands, silts and clays
of dominantly fluvial origin also occur as pre-
and early synglacial valley fill on the bedrock
surface of southern Saskatchewan (Whitaker
and Christiansen, 1972) and constitute important
aquifers.

28

FLUID FLOW IN THE NORTHERN
WILLISTON BASIN REGION

Consideration of the mathematical models
of groundwater movement, based on hydraulic
continuity of the groundwater regime, developed
by Toth (1962, 1963) and Freeze and Wither-
spoon (1967), indicates that distribution of fluid
potential and related patterns of groundwater
motion are strongly influenced by topography
and geology. Hitchon (1969a, 1969b) demon-
strated the importance of these factors in deter-
mining fluid potential distribution in the western
Canada sedimentary basin as a whole. The major
hydrostratigraphic units with widespread litho-
logic and hydraulic continuity in the northern
Williston basin region, such as the sandstones of
the basal clastic division, the Upper Devonian
and Mississippian carbonates and the Mannville
sandstone aquifers, tend to control the overall
flow pattern, developed in a northeasterly direc-
tion. As noted by Christopher (1961), the central
Montana uplift is the recharge area for meteoric
waters flushing the Palaeozoic sediments of
southern Saskatchewan. Figure 17 shows the
distribution of Palaeozoic outcrops in and
adjacent to the Williston basin region. Other
important recharge areas for Saskatchewan bed-
rock aquifers in general are the Rocky Mountain
Foothills and the Cypress Hills, whereas all
major river valleys of the Saskatchewan-Nelson
Drainage basin constitute important discharge
areas (Hitchon, 1969a).

An important effect of topography upon
fluid flow in bedrock aquifers, noted by Hitchon
(1969a), is drawdown, associated with major
river valleys. The drawdown of the South Sask-
atchewan River is at least 5,000 feet and Hitchon
(op. cit.) considers this to have been an important
factor in localizing solution removal of the Prairie
Evaporite in the Elbow-Venn area. Likewise,
downward-moving recharge waters are consid-
ered to have contributed to solution of salt along
the updip edge of the Prairie Evaporite.

Carbonate mounds in the Winnipegosis
Formation along the western shore of Lake
Winnipegosis (McCabe, 1967) are the sites of
saline-spring discharge in southern Manitoba
(Fig. 18) and probably also east-central Saskat-
chewan. van Everdingen (1971) considers that
the brines of pre-Devonian Formations also con-
tribute to this saline-spring discharge and that
the springs, supplemented by diffuse seepage of
brine, could effectively account for solution and
removal of Devonian evaporites in Saskatchewan
and Manitoba.
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5— limit of salt

region, Saskatchewan and Manitoba.

6— area where Prairie Evaporite absent
7— area of potash production potential



The principal uses of formation waters in
the northern Williston basin region are listed in
Table 4. Additional possibilities of exploitation
of formation waters in southern Alberta for
calcium and magnesium are considered by
Hitchon and Holter (1971) and may have appli-
cation in Saskatchewan.

GROUNDWATER IN SHALLOW AQUIFERS

Groundwater use in southern Saskatchewan
as estimated by Mollard (1965) amounted to
50 million gpd, such that 14 million gpd of this
amount was derived through concentrated exploi-
tation around major population centres, which
occupy less than 3 per cent of the area under
consideration. On the basis of these generalized
estimates, he concluded that there would be
486 million gpd in addition available for use in
the remaining 97,200 square miles of southern
Saskatchewan considered. Groundwater of the
Prairies has been shown to be a renewable
resource by means of application of measure-
ments of groundwater flow systems to solution
of the hydrologic equation with respect to ground-
water replenishment (Meyboom, 1967). Esti-
mates of groundwater recharge expressed as a
nercentage of the total annual precipitation vary
from less than 1 per cent to 7.5 per cent. A listing
of projects utilizing groundwater and involving
completion of wells in bedrock formations, kindly
supplied by T. W. Rey and D. F. Bowhay of the
Saskatchewan Department of the Environment
is given in Appendix II.

The principal near-surface aquifer systems
in Saskatchewan (Fig. 19; W. Meneley in
Saskatchewan-Nelson Basin Board, 1972) are:

1. Valley aquifers, preglacial and glacial
valley fill comprising laterally continuous sand
and gravel deposits. Alluvial fine- to medium-
grained sands predominate, ranging in thickness
from 50 to 300 feet and with permeabilities of
2 to 4 x 10-* em/sec; incorporated coarse sands
and gravels are typically less than 10 feet thick
and discontinuous.

2. Blanket sand aquifers in the Empress
aquifer system, consisting of fine- to medium-
grained sands with permeabilities of 2 to
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4 x 10-2 em/sec, in extensive deposits underlain
and overlain by till and bounded laterally by till
or bedrock.

3. Inter-till aquifers, highly variable units
of sand and gravel with permeabilities of 2 to
4 x 10-2 em/sec, underlain and overlain by till
and bonded laterally by till or bedrock.

4. Bedrock sandstone aquifers, which include
sandstones of the Cretaceous Colorado and
Mannville Groups and the Lower Palaeozoic
Winnipeg and Deadwood Formations of central
Saskatchewan, altogether comprising some 300
to 800 feet of fine- to medium-grained sandstones
with permeabilities of 1 to 5 x 10-* em/sec. The
Cretaceous sandstones are underlain by the
carbonate aquifer and the Winnipeg-Deadwood
succession. The southern boundary of the aquifer
systems is a fresh-water/saline-water boundary,
defined by the occurrence of water with more
than 4,000 ppm total dissolved solids.

5. Carbonate aquifers are of greatest
importance in east-central Saskatchewan, where
Ordovician and Silurian limestones and dolomites
occur below a variable drift cover. Farther west
and northwest, Middle and Upper Devonian
carbonates appear below the Cretaceous bedrock
sandstone aquifers and may also occur at the
bedrock surface.

Good hydraulic connections between ground-
and surface-water systems are common and
groundwater tables control the Ilevels and
chemistry of water in Saskatchewan lakes,
notably in the Qu’Appelle and Souris River
basins. The estimated net ground water yield of
drift aquifers in southern Saskatchewan is
245,000 acre-feet per year, while that of the
major bedrock aquifers in central Saskatchewan
exceeds 2 x 10° acre-feet per year (op. cit.) Total
dissolved solids in the groundwater of the major
drift aquifers range from 1,000 to 4,000 ppm in
concentration, most commonly falling in the
range 1,000 to 2,500 ppm. On the basis of quality,
this water is unsuitable for irrigation. Water in
the bedrock aquifers of central Saskatchewan is
of substantially better quality, but these aquifers
are poorly known at the present time.
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WELL

Neepawa No. 1
15-33-14-15W1

Neepawa No. 2
9-33-14-15W1

Dryden Chemicals Ltd.
Brandon
16-10-10-18wW1

Dryden Chemicals Ltd.
Brandon No. 2 WSW
16-10-10-18W1

Simpson 0il Co. No. 1
2-9=-29-25W2

Moose Jaw No. 1
6-33-16-26W2

TABLE 4 - EXPLOITATION OF SALTS DISSOLVED IN SUBSURFACE

FORMATION BRINES OF THE NORTHERN WILLISTON BASIN REGION

DATE
COMPLETED

ca.
1913

Feb.
1936

Juls
1967

Feb.
1969

Aug.
1931

Jan.
1932

TOTAL
DEPTH
CEE)

1,798

1,492

3,447

2,290

3,448

3,419

DEPTH
OF

BFINE

(EEt.)

1,185
1,460

1,160

1,453

3;267

2,190

3,438

FORMATION

Souris River
Winnipegosis

Souris River

Winnipegosis

Red River and
Winnipeg

Winnipegosis

Souris River

Shaunavon

REMARKS

brine evaporated at salt
plant; well suspended

brine evaporated at salt
plant; well abandoned

top of Winnipeg Fm. about

3,296 ft.; on stream Dec., 1967;
brine electrolysed at caustic
soda/chlorine plant; in operation

brine electrolysed at caustic
soda/chlorine plant; in operation

brine evaporated at salt plant
1932 to 1935; well abandoned,
date unknown

brine supplied to swimming pool
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Fig. 19 — Principal aquifer systems of southern Saskatchewan.

1— southern perimeter of Precambrian Shield 6— blanket sand and intertill aquifers

2— Hatfield valley aquifer system (Empress Group) 7— predominantly bedrock sand aquifers
3— other valley aquifers 8— predominantly glacial sand aquifers
4— bedrock sandstone aquifers 9— sodium sulphate deposits

5— bedrock carbonate aquifers
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SUBSURFACE WASTE-DISPOSAL SYSTEMS
IN SASKATCHEWAN

GENERAL STATEMENT

Fluids injected into subsurface space in
Saskatchewan (Table 1) include ‘“natural” waste
and non-waste and subordinate, “foreign” waste
categories, in the terminology of van Everdingen
and Freeze (1971). “Natural” fluids have con-
stituents commonly found in the subsurface,
though not necessarily in the disposal formation,
and all others are termed ‘foreign”. The
“natural”’ wastes injected into deep aquifers in
Saskatchewan are brines, produced during
development of oilfields, extraction of potash
from sylvite ore and solution enlargement of
caverns in salt for underground gas storage.
“Natural” non-waste fluids injected into sub-
surface space are oilfield brines, used for pressure
maintenance in secondary recovery through
water flooding, and the liquid petroleum gases
(LPG) and natural gas, stored in salt caverns.
The “foreign” wastes pumped into deep aquifers
in Saskatchewan are those generated by two
refineries at Regina and by a herbicide and chlor-
alkali plant at Saskatoon.

OILFIELD BRINE INJECTION

Saskatchewan ranks second among Canadian
provinces as a producer of crude oil and natural
gas, contributing about 15 per cent of the nation’s
petroleum production. Crude oil and natural gas
are produced from Ordovician to Cretaceous
reservoir rocks, the distribution of which is
shown in Figure 20. During 1972, 6,831 out of
8,133 wells capable of production yielded
86,623,826 bbls of crude oil, 86,402,886 Mscf of
natural gas and 1,478,576 bbls of liquefied
petroleum gases, altogether wvalued at
$223,813,604. Total cumulative production of
crude oil to December 31, 1971, was 1.218 billion
barrels and the gross value of sales reached a
total of $2,720,141,300. Total cumulative produc-
tion of natural gas to December 31, 1972, was
610.972 billion cu. feet. The total cumulative net
cash expenditures of the petroleum industry in
Saskatchewan amounted to 2.055 billion dollars
for the period 1947 to 1971.

Total original recoverable reserves of crude
oil in Saskatchewan to Dec. 31, 1972, were
estimated to be 2.042 billion barrels and therefore
remaining recoverable reserves amounted to
about 823.728 million barrels. Medium- and high-
gravity crude oils in the Mississippian reservoirs
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of southeastern Saskatchewan accounted for
61.02 per cent of original recoverable reserves,
while Palaeozoic reservoirs as a whole contained
63.08 per cent of the total reserves. Medium-
gravity crude oil made up 54.9 per cent of original
reserves, high-gravity crude oil 36.21 per cent
and low-gravity crude oil 8.89 per cent. Remain-
ing recoverable reserves of natural gas are
estimated to be 992.980 billion cu. feet.

The distribution of oil and gas production
in the study area and Saskatchewan Government-
designated disposition areas I through IV are
presented in Figure 20. Table 5 shows total
cumulative volumes of brines, injected into the
upper clastic and carbonate-evaporite divisions
respectively, and ranges in both injection rate
and injection pressure for each of the disposition
areas. Only 51 wells are classified as brine
disposal wells, while 1,610 more are pressure
maintenance wells, in which brine produced with
the oil is used to displace crude oil and thus
increase recovery. Depths of injection formations
range from 1,750 feet in area I to 6,500 feet in
area IV. Injection rates are low to moderate
(1 to 200 US g/m), but injection pressures range
from zero to as much as 3,000 psig in the
carbonate-evaporite division of area IV, which
receives 53.9 per cent of all oilfield brines injected
into deep aquifers in Saskatchewan.

POTASH BRINE DISPOSAL

In Canada, extensive subsurface occurrences
of potash deposits are largely restricted to the
Devonian System of the Prairie provinces and
the Mississippian System of the Atlantic prov-
inces. However, only in Saskatchewan is there
commercial production of potash from the Middle
Devonian Prairie Evaporite, which in 1972 main-
tained the nation’s status of leading exporter and
second most important producer of this mineral
commodity. The stratigraphy of the Prairie
Evaporite was recently elaborated by Holter
(1969) and problems in exploration for economic
potash deposits of this succession are considered
by Holter (1971) and Ann Fuzesy (Saskat-
chewan Department of Mineral Resources, 1973).

The Prairie Evaporite is encountered at
depths of 1,300 to 9,000 feet in the Saskatchewan
subsurface and attains a maximum thickness of
more than 700 feet in the Saskatoon district. The
potash deposits are the Esterhazy, Belle Plaine
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TABLE 5 - SUBSURFACE FLUID-INJECTION SYSTEMS INM

DISPOSITION DISPOSAL

AREA DEPTH
(ft)

I 1,750
2,280
II 2,300
2,750

I1E 3,200-4,40C0
4,700
v 2,900

1

3,800-6,500

Subtotals (1) and (2) for upper clastic and
(3) is total for each disposition area.

YEAR
ETLRST
INJECTION

1953

1952

1956

1956

1956

1969

1956

1957

SASKATCHEWAN :
INJECTION INJECTION
RATE PRESSURE

(US g/m) (psig)
1-40 0-600
1-20 0-2,000
1-20 0-900
1-200 0-1,600

180 2,100-2,400

0~-2,200

0-3,000

OIL FIELD BRINE INJECTION

TOT ../ CUM. VOlLi.

INJECTED 1
TO ‘END 1972
(bbls)
(1) 82,970,000
(2) 160,000
(3) 83,51 305,000
(1) 85,010,000
{2) 69,210,000

(3) 154,220,000

(1) 848,280,000
(2) 8,370,000

(3) 856,650,000

(1) 42,580,000
(2) 1,335,750,000

(3) 1,378 ,330,000

carbonate-evaporite divisions respectively;




and Patience Lake Members (Fig. 21), listed in
order of decreasing age, which occur in the
uppermost 200 feet of the Prairie Evaporite.
Each member consists of layers of sylvinite, a
mixture of sylvite and halite, bounded laterally
by carnallitic sylvite or carnallitic halite, so that
carnallite is relatively abundant in the north and
sylvite (up to about 30 per cent) and insoluble
material appear in increasing proportions farther
south. Maximum thicknesses of the Esterhazy,
Belle Plaine and Patience Lake Members are 103
feet, 151 feet and 88 feet respectively.

Potash was first produced successfully in
Saskatchewan in 1958 by Potash Company of
America on completion of a shaft started in 1956,
although production was suspended from late
1959 to 1965 as a result of seepage of water into
the shaft. Subsequent exploration for potash in

Saskatchewan has been largely concentrated in
a belt 120 miles wide, extending southeastward
from Biggar in central Saskatchewan to the
Manitoba border and covering about 21,000 square
miles, as well as in an area of 936 square miles
in the Unity district. Currently potash is pro-
duced at nine mines, in which conventional under-
ground methods are employed, and at one plant,
where mining is by controlled solution removal
of potash minerals at depth. Conventional room-
and-pillar mining is applied, where potash ore
occurs at depths of up to 3,500 feet. Below this
depth, mine-face stability cannot be ensured in
Saskatchewan and solution mining is favoured.
Potash deposits at a depth of nearly 5,000 feet
are mined at the solution-mining operation of
Kalium Chemicals Limited at Belle Plaine, west
of Regina. The distribution of current potash
production is shown in Fig. 22.

Saskatchewan y  Manitoba

NTTA

EEGEND
Limestone:- - - ﬁ
Dolomite e
Evaporite:- <A A
Pofash oo i

J‘_Iijl Dawson Bay Fm

SCALE
0 50 Miles

Haicgion (0] 80 Kilometres
ot

Calcareous Shale:- - T O£O

Credits: Vertical 50t 15.24
Patience Lake Member---- PLM Christopher ef a/ (1971) 100130 48
Belle Plaine Member--- - BPM M.A. Fuzesy (1973) Feet Matrss
Esterhazy Member---------- EM

Fig. 21 — East-west diagrammatic cross-section of Middle Devonian rocks in Saskatchewan and Manitoba
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TABLE 6 - POTASH

MINING OPERATIONS AND BRINE DISPOSAL SYSTEMS IN SASKATCHEWAN

OPERATIONS CAPACITY PRODUCT ION WASTE-DISPOSAL
MINE LOCATION COMMENCED ON STREAM (MM tons/year) TO END 1972 SYSTEM
KC1l KZO
Sylvite of Canada Rocanville Jan., 1968 Sep., 1970 1.2 0.73 . deep-well injection;
Limited surface lagoons
International Minerals Esterhazy May, 1963 Apr., 1967 qee it 1.05 i deep-well injection;
and Chemical Corp. surface lagoons
(Canada) Limited
International Minerals Esterhazy SN 5T Jun, ;11962 251 1528 el deep-well injection;
and Chemical Corp. surface lagoons
(Canada) Limited
Alwinsal Potash of Lanigan Oct., 1964 Oct.; 1968 LG 0.6 i surface lagoons
Canada Limited
Kalium Chemicals Belle Plaine May, 1963 Oct., 1964 $L.5 0.94 DhE deep-well injection;
Limited surface lagoons
Central Canada Colonsay Jan., 1966 Sep., 1969 1508 0.9 2 deep-well injection;
Potash Co. Limited surface lagoons
Allan Potash Mines Allan Aug., 1964 May, 1968 L5 0.9 R deep-well injection;
Limited surface lagoons
Potash Company of Patience Bpr.i, X954 Dec., 1958 04,16 0.46 e surface lagoons
America Lake
Duval Corporation Saskatoon Dec., 1965 May, 1968 12 0.73 S deep-well injection;
of Canada surface lagoons
Cominco Limited Vanscoy Sep., 1965 Mar., 1969 LU 0-72 =N surface lagoons
Western Potash Unity 1951 _ _ e —_— —_—

1

Corporation Ltd.

A Became Continental Potash Corporation Limited in 1955. Shaft abandoned 1960.
% Production by company is confidential, however total production to end of 1972
was 26 million tons of K,O or approximately 100 million tons or ore.




808 log° 96° ..

F S e o | SR e e e T e
! Hudson
|
,- |
I gmgBASCA I
BASIN | MANITOBA
Reindeer
: Lake
I
5
. SASKATCHEWAN
56°! NN l
WE A Churchyy,
| R en B
/'
i
\.
\
M |52°
s Winnipeg \
Lake \ \
Man/'mba \ i
el
- |
\
.W\NN\P\ET \\
o !
PN
i N -Tags
R
100°
510 0 50 100 150 Miles
CONTOUR INTERVAL : 1000 FEET 5 :.-r . ' ] ] I
50 O 50 100 1[50 200 Kilometres
\‘» N © \‘/‘\ PSR it et m
| 2 3 4 5 6 i

Fig. 22 — Distribution of potash production from the Prairie Evaporite (Middle Devonian) on iso-

pach map of Phanerozoic sequence, Saskatchewan and Manitoba.

1— southern perimeter of Precambrian Shield 5— limit of salt
2— shaft mining 6— area where Prairie Evaporite absent
3— solution mining 7T— area of potash production potential

4— limit of soluble potassium minerals
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Costs of Saskatchewan potash plants have
been in the range of $60 million to $81 million,
and a total capital investment of the order of
$693.5 million is represented by the plants
presently in operation. Production of potash for
the year 1972 was 4,329,457 short tons of K.O
at a value of $146,013,985. The total cumulative
production of potash to the end of 1972 amounted
to 26,235,344 tons of K,0, valued at $810,155,877.
Total recoverable reserves of commercial potas-
sium minerals are estimated at 74 billion short
tons of K.,O (118 billion short tons of KC1),
65 billion of which (110 billion short tons of
KC1) may be recovered by solution mining.
Fig. 23 shows the surface plant of the Central
Canada Potash Co., Limited, at Colonsay, which
is the latest potash-mining operation to initiate
a deep-well disposal system for waste brines.

Potash brine disposal systems of Saskat-
chewan are listed in Table 7. Eight of these
systems are currently in operation. Fig. 24
shows the areas in which shaft and solution
mining of potash may be developed in the
future and thus gives an indication of further
areas, which will be considered for deep-well
disposal of waste brines. Five of the systems
listed are pilot disposal projects now suspended
or abandoned and were used in connection with
experiments on controlled solution of the Prairie
Evaporite. Table 8 lists these latter solution
systems as well as other brining well systems,
exclusive of caverns in halite for gas storage.
Current systems are characterized by high injec-
tion rates (175 to 1,100 U.S. g/m) and moderate
to high injection pressures (130 to 910 psig), as
demonstrated in Fig. 25. Such systems involve
injection of large volumes of brine (Table 9) for
the duration of the life of a mine (1 to 2 decades),
with disposal discontinued for short periods of
maintenance only during that time. In the vicinity
of shaft mines, disposal is into aquifers of the
basal clastic division and that part of the
carbonate-evaporite division below the Prairie
Evaporite, to minimize the danger of flooding
within the mine workings. Multizone injection,
with disposal intervals in both of these divisions,
is employed in two wells operated by the Inter-
national Minerals & Chemical Corporation
(Canada) Limited and in two wells belonging to
Sylvite of Canada Ltd. It is of interest to note
that potash shaft mines themselves represent
some two billion cubic feet of potential subsurface
storage space.
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SALT-CAVERN BRINE DISPOSAL

Caverns in halite of the Prairie Evaporite
are used by the Saskatchewan Power Corporation
for dry storage of natural gas and by Dome
Petroleum Limited and Procor Limited respec-
tively for storage of liquified petroleum gases.
There are seven salt-cavern storage facilities in
Saskatchewan with a total of eighteen caverns
(Fig. 26, Table 10) giving an aggregate cavern
storage capacity of 8,250,000 bbls. The subsurface
waste-disposal systems associated with these
cavern-storage facilities are listed in Table 11.
Of the ten wells listed, only five are presently in
operation, with moderate injection rates (150 to
300 U.S. g/m) and frequently high injection
pressures of up to 1,750 psig, as shown in Fig.
27. The life of a salt-cavern brine-disposal well
is determined by the rate of growth of the cavern
or caverns, with which it is associated, that is,
injection may continue for a period of a year or
more. Disposal has been into formations at
moderate depths (1,712 to 3,571 feet), referable
to the carbonate-evaporite division and lower-
most part of the upper clastic division. Even
natural waste brines may require filtering for
removal of clay prior to deep-well disposal and
Fig. 28, courtesy of Domtar Chemicals, Ltd.,
shows surface equipment for pre-injection treat-
ment of waste.

REFINERY AND CHEMICAL-PLANT
WASTE DISPOSAL

Disposal of refinery wastes into the sub-
surface is effected by two operators in the Regina
district (Table 13). Consumers’ Co-operative
Refineries Limited inject spent caustic contain-
ing phenols and sulphides into the lower part of
the upper clastic group at low injection rates
(3 U.S. g/m) and low pressure (gravity). Up to
September, 1972, the waste contained about 70
per cent receiver water, with spent caustic
making up the remainder. Imperial Oil Enter-
prises, Ltd., disposes of sour water (680 to 740
bbls per day) and spent caustic (15 to 30 bbls
per day) into limestones near the top of the
carbonate-evaporite group (Table 14), the
volumes depending on the crude rate. Injection
rates are low (22 U.S. g/m) and pressure
moderate (350 psig). Table 13 includes data on
disposal of refinery wastes by Imperial Oil
Enterprises, Ltd., at Virden, Manitoba, and by
Husky Oil Operations Ltd., at Lloydminster.
Fig. 29 shows monthly average injection rates
and pressures of the two refinery subsurface
disposal systems in Saskatchewan.



TABLE 7 - SUBSURFACE FLUID INJECTION SYSTEMS IN SASKATCHEWAN:

TOP OF DATE
REF DISPOSAL DISPOSAL DISPOSAL FIRST
NO. WELL INTERVAL FORMATION INJECTION
(ft)
1 Sylvite St Marthe 3,670 Interlake & Dec = 30 E97 Al
1-14-17-30W1 4,413 Winnipeg
2 Sylvite St Marthe 3,710 Interlake & Jam, 21 11992
3-20-17-30W1 4,448 Winnipeg
3 IMC Gerald SWD 3,690 Interlake & Aug.—-8, 1972
14-27-19-32W1 4,578 Winnipeg
4 IMC Yarbo SWD 3,850 Interlake & dul o 161968
10-14-20-33W1 4,593 Winnipeg
5 General Petroleums 1 1773 Mannville Jan. 9, 1964
Kutawagon 6-29-30-21W2
6 SWP 2 Boulder Lake ' 1,448 Mannville 1963
5 16-18-30-23wW2
7 Stan Chem Stony Beach 1 2,488 Mannville 1961
4-11-17-24W2
8 Kalium Belle Plaine 34745 Souris Valley NV 2 T LE7]
9-23-17-24W2
9 Imp Findlater + =275 Birdbear 1962
16-10~-21-25W2
10 C.C.P. Viscount Disposal 4,631 Deadwood Mal s SRS OTg
2-21-34-27W2
A APM Allan Disposal 4,692 Deadwood Julil: 23,1971
13-22-34-1W3
12 DSP 4-2B-37-6W3 1 ) EsTe Mannville 1962
a3 Duval Saskatoon SWD 4,645 Deadwood Mar. 12, 1971

8-13-36-7TW3

3

¥ Pilot disposal system 2 Abandoned well Suspended well

POTASH BRINE DISPOSAL

INJECTION INJECTION
RATE PRESSURE
(US g/m) (psig)

Ay 190
245 270
590 130
1,100 910~
.—2 ——
_.3 —
—2 i
320 80
.—2 ——
610 500
500 500
2 LGN,
805 740
4

TOT .CUM.VOL.
INJECTED
TO END 1972
(bbls)
1,480,000
2,180,000
1,170,000

30,640,000

270,000

2,600,000

3,070,000

760,000

13,940,000

7+330,000

Injection to April 30, 1973

4




Fig. 23 — Surface facilities of the Central Canada Potash Co., Limited, potash-mining operation at Colonsay, Saskatchewan (photograph courtesy of
Central Canada Potash Co., Limited)
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Fig. 24 — Commercial potash-mining potential of southern Saskatchewan.

1— salt partly removed
2— favourable for shaft mining
3— favourable for solution mining
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4— problems with carnallite possible
5— edge of anhydrite
6— edge of salt
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TABLE 8 - CONTROLLED SOLUTION REMOVAL OF PRAIRIE EVAPORITE, EXCLUSIVE OF STORAGE CAVERN DEVELOPMENT IN SASKATCHEWAN

SOLUTION WELL(S)

General Petroleums
Kutawagon 6-29-30-21 W2

Lumsden Potash No. 1°
Bethune 2-17-20-23 W2

Lumsden Potash No. 3
Bethune 2-17-20-23 W2

Lumsden Potash No. 4
Bethune 2-17-20-23 W2

Lynbar Duval
4-22-25-23 W2

SWP Boulder Lake
16-18-30-23 w2

SWP 3 Boulder Lake
16-18-30-23 W2

Stan Chem Stony Beach No.
12-11-17-24 W2

Stan Chem Stony Beach No.
12-11-17-24 W2

Kalium Chemicals Limited
(secs. 24, 25 & 26 -17-24
Imperial Findlater Potash

16=-10-2]1-25 W2

Imperial Findlater Potash
16A-10-21-25 W2

Northern Rochdale
3-26~37-5 W3

Northern Rochdale
4-26-37-5 W3

Northern Rochdale
5=-26-~37~5 W3

DSP 4-2-37-6 W3

DSP 4-2A-37-6 W3

Prairie Salt Co.
14-4-40-22 W3

No. 3

Prairie Salt Co.
14-4-40-22 W3

No. 4

Prairie Salt Co. No. 1

15-4-40-22 W3

Prairie Ssalt Co. No. 2
15-4-40-22 W3

Verbata No. 2
7-24-41-24 W3

Solution interval,

w2)

COMPLETION
DATE/ON

STREAM

Jan.
1958

Dec.
1966

Apr.
1967

Aug.
1967

Jan.
1967

Jul.
1963

Aug.
1963

Apr.
1961

May
1961

Oct.
1964
Apr.

1962

Sep.
1962

1967

Jul.
1962

1967

15%s

Jun.
1962

1967

1969

Feb.
1947

Jun.
1947

w

SOLUTION
INTERVAL
(6.2
3,432-3,490

4,900

4,900

4,100

3,500

3,500

5,600

5,600

5,000

5,000

3,361-3,590

3,410-3,566

3,362-3,570

3,200

3,200

3,600

3,600

3,600

3,600

Prior to 1973 disposal was to a surface lagoon and lake

CURRENT

STATUS
abandoned
suspended
suspended
suspended

suspended

suspended

suspended

abandoned

abandoned

operating

abandoned
abandoned
operating
operating
operating
abandoned
abandoned
operating

operating

suspended
plugged back

to SWD

abandoned

45

FRESH-WATER

SOURCE

surface

Mannville

Mannville

Mannville

surface

surface

surface

Mannville

Mannville

surface

Mannville

Mannville

surface

surface

surface

surface

surface

surface

surface

surface

surface

Belly River

BRINE-DISPOSAL

FORMAT ION

Mannville

surface

surface

surface

surface

Mannville

Mannville

Mannville

Mannville

Souris Valley

Birdbear

Birdbear

Mannville

Mannville

Mannville

Mannville

Mannville

Duperow

Duperow 1

surface

surface

surface

unless a sonar survey was available, is the approximate landed casing depth.

REMARKS

solution-mining
test well

solution-mining
test well

solution-mining
test well

solution-mining
test well

solution-process
experimental well

experimental
potash-brine
test well

experimental
potash-brine
test well

solution-mining
test well

potash solution-
mining test well

the only commer-
cial potash sol-
ution-mine opera-
tion in the world

potash pilot well

potash pilot well

brining well

brining well

brining well

potash solution-
mine test well

potash solution-
mine test well

brining well

brining well

brining well

brining well

poor core recov-—
ery due to solu-
tion in unsatur-
ated drilling
fluid
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Fig. 25 — Operation histories of potash-mine subsurface- disposal systems
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TABLE 9 - COMPOSITION OF POTASH-MINE WASTE BRINES INJECTED INTO THE
CCP VISCOUNT DISPOSAL 2-21-34-27 W2 WELL

INORGANIC CONSTITUENTS CONCENTRATION
(PPM)
sodium 93,600
potassium 41,200
calcium 1,746
magnesium 1105
chloride 184,100
sulphate 1,648
bicarbonate 128

PHYSICAL PROPERTIES

specific gravity 1.2
pH 7.4
injection temperature (°F) 0-80
suspended solids (ppm) 35
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1— southern perimeter of Precambrian Shield
2— LPG storage cavern, natural gas storage

cavern and chemical-plant facility
3— aquifer natural gas storage

4— limit of soluble potassium minerals
5— limit of salt
6— area where Prairie Evaporite absent

T— area of potash production potential
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TABLE 10 - SALT-CAVERN STORAGE FACILITIES IN SASKATCHEWAN

REF. SALT-CAVERN
NO. STORAGE FACILITY
1 Dome Melville

(sec. 29-22-6W2)

2 SPC Brewer
(sec. 15-23-6W2)

3 Pacific Edenwold
(sec. 22-16-18W2)

4 SPC Regina
(sec. 27-16-20W2)

5 Procor Regina
(sec. 29-17-20W2)

6 SPC Prud'homme
(sec. 12-38-28W2)

7 Dome Kerrobert
(sec. 34-33-22W3)

PRODUCT
STORED

LPG

natural gas

LPG

natural gas

LPG

natural gas

LPG

NUMBER YEAR
OF FIRST
CAVERNS STORAGE
5 1962
1 1963
2 1966
2 1964
4 1972
2 1965
2 1971

AVERAGE
CAVERN
DEPTH

(L)

3,470

3,370

5,060

55350

5,180

3,220

4,360

TOT. STORAGE
CAPACITY
TO END 1972
(bbls)

3,000,000

290,000

800,000

870,000

900,000

990,000

400,000
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REF.
NO.

10

TABLE 11 -

TOF® OF
DISPOSAL DISPOSAL
WELL INTERVAL
(£t)
Dome Melville 1 SWD 15750
6-29-22-6W2
Dome Melville 2 SWD 1,740
6-29-22-6W2
Dome Melville 3 SWD 1,794
3-29-22-6W2
SPC Brewer 1,600
5-15-23-6W2
Pacific SWD 1 Edenwold 25253
1-22-16-18W2
SPC Regina 2,530

10-27-16-20%W2

Procor Regina
A7-29-17-20W2

Procor Regina
B7-29-17-20W2

No. 1 SWD 2,510

No. 2 SWD 3,571

SPC Prud'homme orit 12
11-12-38-28W2
Dome Kerrobert 1 SWD 3,260

6-34-33-22W3

1 Abandoned well

DISPOSAL
FORMATION

Souris Valley

Souris Valley

Souris Valley

Mannville

Mannville

Mannville

Mannville

Souris Valley

Mannville

Duperow

SUBSURFACE FLUID INJECTION SYSTEMS IN SASKATCHEWAN:

DATE
FIRST
INJECTION

Sep. 16, 1958

Apr. 9, 1967

Junic 1551968

1963

May 16, 1963

Nowv. 28, 1963

May 12, 1972

Jul. 28, 1972

Feb. 10, 1965

Apr. 1, 1971

2 Suspended well

INJECTION
RATE
(US g/m)

200

300

350

INJECTION

PRESSURE

(psig)

gravity

gravity

1,000

1,200

950

510

1,100

1,750

SALT-CAVERN BRINE DISPOSAL

TOT. CUM. VOL.

INJECTED

TO END 1972

(bbls)

7,740,000

8,450,000

4,100,000

2,320,000

7,000,000

6,960,000

1,390,000

1,250,000

7,920,000

3,800,000

3 Volumes are estimates only

——

S




Pr— S—— — p—
- - lcng, . : i :
ey
A 108 - 1200
DOME MELVILLE 3 SWD 3-29-22-6W2
B 108 4 —~ 2300
- 1100 DOME KERROBERT | SWD
6-34-33-22W3 e
I- 1000
< % 2100 2
900 @
- @ =
= © 2000 w
12} 5 — o
.19 = 800 » w . @
@ { o = A% 2
2 / 2 Q 105 ! k100w
= } 700 W 2 | =
w @ z 1
& ’ > 3 =P ' =
54 ; I ® ot 1800 o
o % J 600 & = <
5 1 w Sa— w
Z / ! x = 5
= ’ [} a > 1700 3
w / J 500 o > o
z /! , ] =
3 10* \ ! / = I 1600
- ! -
z \ - 7 400 -
\ ' Al 4
< ; = 10 4 e 1500
- 300 1971 1972
R
WELLHEAD PRESSURE: GRAVITY [0
100
10° e e 0
1969 1970 1971 1972
YEAR
o
106~ I 1200
DOME MELVILLE | SWD 6-29-33-6W2 R
< - 1000
S - 900
N /\ \ l\_\ s
£ \ - o
2,05_ % JX N ; 800 &
@ \ / \ A ! a
@ \ ’ X \ \ 7 =
= \ /7 \ w
\ \ 1 [~ 700
i \ it \ iy ! &
= \ ’ \ \ ! P73
(3] \ ’ \ \ I @
w \ (4 \ \ ~600
2 \ 7 ,/ \ 1 [:4
= v ’,’ / \ a
w \ / rd \ 500 o
g E - 0 \ w
=) - “ ’ \ o)
glo‘- A R / \ 400 -
\ ’ ’ w
Vi / E
/ - 300
/
I/
4 - 200
/
- 100
|03 llllllllllIITIIIIIIIIIIIIIIIIIIIllllllllllllllllllll'|l|lll|lllllllllllllllllllll|l|lll|ll||'l|llllllf‘illl[l‘l]ll[l']llll‘llllilll o
1961 1962 1965 1966 1967
YEAR
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INORGANIC CONSTITUENTS

sodium
magnesium
calcium
potassium
chloride
sulphate
bicarbonate

PHYSICAL PROPERTIES

specific gravity

jo)s!
injection temperature (°F)

suspended clay

52

TABLE 12 - COMPOSITION OF SALT-CAVERN WASTE BRINES INJECTED INTO THE
SPC REGINA 10-27-16-20 W2 WELL

CONCENTRATION

(PPM)

897723
3,596
1,560

variable
148,035
4,712
189

1.0 = 3.2
8.2

45 = 55
present
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TABLE 13 - SUBSURFACE

REF.
NO.

4a

4b

9a

9b

10

11

1

Approximate salt-cavern brining rates.

DISPOSAL
WELL

Imperial Virden
7-8-10-26 W1

IOE Regina
4-32-17-19 W2

Co-op Regina WDW
1-5-18-19 w2

Northern Rochdale
13-23-37-5 W3

Northern Rochdale
13-23-37-5 W3

Northern Rochdale
3-26-37-5 W3

Northern Rochdale
4-26-37-5 W3

Northern Rochdale
5-26-37-5 W3

FLUID INJECTION SYSTEMS IN THE NORTHERN WILLISTON BASIN REGION:

Prairie Salt Co.No. 2

15-4-40-22 W3

Husky Refinery No.
11c-1-50-1 w4

Husky Refinery No.
11Cc-1-50-1 w4

Husky Refinery No.
11D-1-50-1 W4

Husky Refinery No.
14-1-50-1 w4

brine.

2

2

Disposal discontinued Sep.

TOP OF
DISPOSAL DISPOSAL
INTERVAL FORMATION
(Ft)
2,100 Souris Valley
3,840 Souris Valley
2,690 Mannville
1,860 Mannville
1,860 Mannville
3,361 Prairie
Evaporite
3,409 Prairie
Evaporite
3,358 Prairie
Evaporite
2,816 Duperow
2,370 Beaverhill
Lake
2,250 Dina
(Mannville)
2,140 Dina
(Mannville)
2,730 Beaverhill
Lake
30, 1970.

Mercury

DATE
FIRST INJECTION INJECTION
INJECTION RATE PRESSURE
(US g/m) (psig)
Jun., 1969 4 gravity
Sep.26, 1963 22 350
Jun. 1; 1966 3 gravity
Aug. 6, 1963 20 150-400
Sep., 1970 20 175-250
1967 228 -
1962 57 -
1967 285 -
May 24, 1973 40 700
1953 27 800
Apr.1l, 1973 27 1,200
1951 = =
1952 27 800
¢ Well abandoned Oct., 1971.

(bbls)

27,000

2,600,000

930,000

874,000

221,000

TOT.CUM.VOL.
INJECTED
TO END 1972

14

REFINERY AND CHEMICAL PLANT WASTE DISPOSAL

WASTE
CATEGORY

spent caustic

sour water and spent
caustic

receiver water and
spent caustic

herbicide wastes (most-
ly phenols and alcohols)

brines with traces of
mercury

traces of mercury in
brine

brine clarified sludge
with mercury compounds;
traces of mercury in
brine

traces of mercury in
brine

brine

desalter wash water and
spent caustic
as above

as above

as above

compounds both present in solution or suspension and precipitated from downwell




TABLE 14 - COMPOSITION OF REFINERY WASTE INJECTED INTO THE IOE REGINA

4-32-17-19 W2 WELL

ORGANIC CONSTITUENTS

SOUR WATER
phenol

SPENT CAUSTIC
phenol

INORGANIC CONSTITUENTS

SOUR WATER
carbonate
sulphide
nitrogen
cynanide

SPENT CAUSTIC
hydroxide
cyanide
carbonate
mercaptan
sulphide
sulphate

PHYSICAL PROPERTIES

SOUR WATER

similar to those of water
SPENT CAUSTIC

specific gravity

viscosity (cp @ 100°F)
INJECTION STREAM

pH

injection temperature ( F)

suspended matter (ppm)

55

CONCENTRATION

(PPM)

28

2,250

17,550
1,834
1,542

52

61,340
10,452
1:930
3,673
656

18

8.2
90
80
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Wastes generated during production of the
herbicides 2,4-dichlorophenoxyacetic acid (2,4-D)
and subordinately during 1969, 2-Methyl-4-chloro-
phenoxyacetic acid (MCPA) were injected into
the lowermost part of the upper clastic division
near Saskatoon from 1963 until the herbicide
plant was shut down in 1970. These herbicides
are chlorine-substituted phenoxyacetic acids with
the structure where X, Y = Cl and Z = H in
24-D and X = CH,, ¥ = @€l and Z H ' in
MCPA. Degradation of these compounds is dis-

CH,-COOH
5
|
%
z
Y

cussed by Loos (1969). The wastes were neutral-
ized phenolic brines with traces of 2,4-D, (Table
15) alcohols, esters and glycollic acid. Chlorinated
derivatives of orthozresol, toluene, dimethylamine
and various alcohols were injected during 1969.
Since September, 1970, the same well has been
used for disposal of waste brines with traces of
mercury (1 to 50 ppm; average value 5 ppm),
generated by a chlor-alkali plant. Injection rates
have been low (20 U.S. g/m) and injection pres-
sures moderate (150 to 400 psig). In addition,
mercury compounds have been permitted to
accumulate in each of three caverns in halite of
the Prairie Evaporite, used to provide sodium
chloride for the chlor-alkali plant. Records of
injection are poor and the total cumulative
volumes given are regarded as minimal values.
Fig. 30 outlines the injection history of the
Saskatoon chlor-alkali-plant disposal system.
Average daily mercury content of injected brines

in this system from June 1 to August 31 inclusive,
1973, is shown in Fig. 31.

Also included in this waste category is injec-
tion of “natural” brines into the upper part of
the carbonate-evaporite division by Domtar
Chemicals, Ltd., at Unity, which is closely com-
parable to disposal situations associated with

salt-cavern solution facilities for underground

gas storage.

PERSPECTIVES ON SUBSURFACE
DISPOSAL IN SASKATCHEWAN

Volumes of injected fluid by waste category
are related to stratigraphic position of the
disposal formations and presented as proportions
of the total injected fluid in Tables 16 and 17

57

respectively. The upper clastic division receives
about 42 per cent of all injected fluids, whereas
the carbonate-evaporite and basal clastic divisions
receive of the order of 57.15 per cent and 0.85
per cent respectively. However, if oilfield injec-
tion systems are not taken into consideration, the
upper clastic division is seen to receive 25.62 per
cent of the fluid wastes (30,485,000 bbls), the
carbonate-evaporite division 55.87 per cent
(66,480,000 bbls) and the basal clastic division
18.51 per cent (22,030,000 bbls). The percentage
given for the carbonate-evaporite division is no
doubt too high and that for the basal clastic
division too low by a corresponding amount, on
account of uncertainties relating to multi-zone
injection in four wells.

As is shown in Table 17, 96.11 per cent by
volume of injected fluids, not associated with oil-
field systems, are ‘“natural” wastes, accounting
for 23 of the 30 such disposal systems consid-
ered. This situation presents a marked contrast
to subsurface waste disposal in both Ontario
(McLean, 1968; Vonhof and van Everdingen,
1972) and Alberta (Vonhof and van Everdingen,
op. cit.), which is almost entirely of “foreign”
wastes. Thus, in most Saskatchewan subsurface
disposal systems currently in operation, toxicity
of waste is likely to be much less a problem in
environmental-management uncertainty situations
than consequences of high injection rates and
high injection pressures. Such consequences
might be accelerated lateral subsurface migration
of waste fronts, vertical movement along fault
planes and pressurization of superjacent strata.
None of these possible effeects has been recognized
as such in Saskatchewan, although it should also
be noted that at this time, there is no monitoring
of waste migration by means of observation wells
drilled to disposal formations. Monitoring of this
type, in addition to wellhead records of flow rate
and pressure, applied to mathematical models of
subsurface flow, such as that of Freeze (1972),
would render these models meaningful as predic-
tion devices for particular real disposal situations.

A closely related problem is the need to
reduce the amount of mercury in brines injected
into the Mannville succession at the Saskatoon
chlor-alkali plant, both from the standpoint of
reducing pollution hazard to the environment and
of increasing process efficiency. A treatment
plant for the removal of mercury from the waste
brines would cost in the order of $300,000 (K. H.
Lanouette, pers. comm. to Simpson), on the basis
of comparison with a plant for the removal of
iron from wastes recently set up by Industrial
Pollution Control, Inc., of Connecticut.



TABLE 15 - COMPOSITION OF HERBICIDE AND CHLOR-ALKALI WASTES INJECTED INTO THE
NORTHERN ROCHDALE 13-23-37-5 W3 WELL

ORGANIC CONSTITUENTS

HERBICIDE WASTES

phenol
p - chlorophenol
9.5 chlorophenc) INORGANIC CONSTITUENTS
A b CHLOR-ALKALI WASTES
2,6 - dichlorophenol ST ad
2,4,6 - trichlorophenol e e
2,4 - dichloroxyacetic acid mercury
il chloride
L5 luene carbonate
di - methulamine sulphide
n. =ibutyl alcohol
iso - butyl alcohol
sec - butyl alcohol
iso - propyl alcohol
iso - octyl alcohol
PHYSICAL PROPERTIES
HERBICIDE WASTES
specific gravity 1L
pH 7-10
injection temperature (°F) up to 100
CHLOR-ALKALI WASTES
pPH 6 todl
injection temperature (°F) 40 - 120
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Fig. 30 — Operation history of Saskatoon chlor-alkali-
plant subsurface-disposal system as time series
of monthly average injection rates and pres-
sures.
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TABLE 16 - SUBSURFACE FLUID-INJECTION SYSTEMS IN SASKATCHEWAN: VOLUMES
OF INJECTED FLUID BY WASTE CATEGORY RELATED TO NUMBER OF WELLS

OIL FIELD OIL FIELD POTASH CAVERN REFINERY &

BRINE PRESSURE BRINE BRINE CHEMICAL WASTE

DISPOSAL MAINTENANCE DISPOSAL DISPOSAL DISPOSAL TOTAL
TOT. NO. 51 1,610 13 10 7 1,691
OF WELLS
TOT. CUM. VOL. 55.960 2,423.980 63.440 50.930 4.625 2,598,935
INJECTED FLUID
(MMbb1ls)
PERCENT OF 245 93,27 2.44 1296 0.18 100.00
TOT. CUM. VOL.
INJECTED FLUID
PERCENT OF 53.31 42.80 3.89 100.00

TOT. CUM. VOL.
INJECTED FLUID
EXCLUSIVE OF

OIL FIELD SYSTEMS
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TABLE 17
WASTE
LITHO- CATEGORY
STRATIGRAPHIC
DIVISION

Upper Clastic
Division

Carbonate-Evaporite
Division

Lower Clastic
Division

Entire Sedimentary
Sequence

1

Undetermined proportion of this volume injected into

SUBSURFACE FLUID-INJECTION SYSTEMS IN SASKATCHEWAN:
BY WASTE CATEGORY AND LITHOSTRATIGRAPHIC DIVISION

OIL FIELD
BRINE
DISPOSAL
(bbls)

44,280,000

11,680,000

55,960,000

OIL FIELD
PRESSURE
MAINTENANCE
(bbls)

1,016,760,000

1,407,220,000

2,423,980,000

POTASH
BRINE

DISPOSAL

(bbls)

2,870,000

38,540,000

22,030,000

63,440,000

the lower clastic division in

CAVERN

BRINE
DISPOSAL

(bbls)

25,590,000

25,340,000

50,930,000

VOLUMES OF INJECTED FLUIDS

REFINERY &

CHEMICAL WASTE

DISPOSAL
(bbls)

2,025,000

2,600,000

4,625,000

TOT. CUM. VOL.
FLUID DISPOSED
(bbls)

1,091,525,000

1,485,380,000

22,030,000

2+598,935,000

four multizone injection systems




SUBSURFACE WASTE DISPOSAL
AND SURFACE WATERS

It is of interest to note that all subsurface
waste disposal, exclusive of oilfield brine injec-
tion, in Saskatchewan (30 wells), Alberta (22
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wells) and Manitoba (1 wéll) is presently located
in the Saskatchewan-Nelson drainage basin
(Fig. 32).

Thus failure of subsurface disposal systems in
the area, resulting in pollution of surface waters
may have serious interprovincial consequences.

Fig. 32 — The Saskatchewan-Nelson drainage basin with
distribution of deep-well disposal systems indi-
cated.

A — Location map.
1 — perimeter of Precambrian Shield
2 — Peace-Athabasca basin
3 — Churchill basin
4 — Saskatchewan-Nelson basin
5 — Missouri basin

B — Saskatchewan-Nelson drainage basin, sub-
basins and deep-well disposal systems.
1 — perimeter of Precambrian Shield
2 — major basin
3 — sub-basin
4 — internal drainage
5 — disposal wells

-
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2
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ECONOMIC FACTORS IN SUBSURFACE WASTE DISPOSAL

GENERAL STATEMENT

Casing and tubing strings and a generalized
wellhead, used in a typical waste-disposal well,
are shown schematically in Fig. 33. Types of
disposal-well completion favoured in Saskatche-
wan are illustrated in Fig. 34. A multizone
disposal system with a combination of two differ-
ent completion types (perforations and screen;
gravel pack) is shown schematically in Fig. 35.

WELLHEAD PRESSURE
GAUGE g
WASTE FLUID FROM
INJECTION PUMP
ANNULUS PRESSURE . m
GAUGE

7 77~ —a— LOOSE SURFACE
SIS SOIL

=]
oot
T

T3S 3 A

counucroaw____J&
PIPE

v

g

§

soeo

CEMENT TO /—1!':

SURFACE

o

ANNULUS-INHIBITED. —s—FRESH-WATER
FLUID ] AQUIFER
o 'g
o
SURFACE i
CASING 09l
CASING )
SHOE %
3
b
INJECTION "
CASING o
;.
LINED INJECTION o
TUBING s
b

Fig. 33 — Typical casing strings and wellhead used in a
waste-disposal well.

In Table 19, an attempt is made to sum-
marize costs for Saskatchewan fluid-injection
systems, currently in use, on the basis of data
supplied by operators. Shortcomings of Table 19
are a few arguably unrepresentative costs which
are either estimates based on incomplete records
or costs of old wells, not valid by today’s
standards. Nevertheless, a largely consistent
pattern of fund allocation emerges:

1. Oilfield brine injection wells, simple in
design and drilled in producing districts, where
the geology of the disposal formation is fairly
well known, are the least costly systems.
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" ANNULUS- INHIBITED, 2
: o FLUID
" CEMENT TO &
h o SURFACE A
o

INJECTION at
af CASING "o
B
| LINED 3
g o' INJECTION TUBING
PACKER
ASSEMBLY

SCREEN HANGER
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PACKER SHOE
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FLUID
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Fig. 34 — Options for disposal-well completion.

ANNULUS -~ INHIBITED. 9 A

FLUID (] o1

INJECTION o oo
TUBING o) K aty

J

PACKER ot 4ol

ASSEMBLY o

CEMENT
BASKET

PERFORATED
INJECTION

CEMENT —————=t

SCREEN o
HANGER

FORMATION
PACKER SHOE

GRAVEL

SCREEN

Fig. 35 — Multizone injection system with combination
of perforations and screen plus gravel pack.
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2. Potash brine disposal wells, more complex
in design and frequently involving directional
drilling to deep formations and testing in situa-
tions of uncertainty, are the most refined systems
and the most costly.

3. Salt-cavern brine disposal wells and
refinery and chemical-plant waste disposal wells
also involve decision under uncertainty in the
search phase of operations. However, the choice
of disposal formation is not restricted to those
below the Prairie Evaporite, as is the case in the
vicinity of potash shaft mines, and intermediate
costs are incurred.

4. Alternative surface disposal clearly cannot
be contemplated for most oilfield injection
systems, but for other injection systems would
cost of the order of 2 to 3 times the estimated
ultimate capital investment for a subsurface
disposal system.

Different types of subsurface space in Sask-
atchewan and their waste-disposal potential are
listed in Table 20.

OILFIELD BRINE-INJECTION COSTS

Wells for oilfield brine-disposal and injection
are drilled by readily available rigs in districts,
where the correlation surfaces and facies changes,
which define the injection/producing unit, usually
can be mapped with high degree of accuracy.
Thus the relatively large amount of subsurface
information available at a given production locale
permits optimization of drilling and minimization
of testing and monitoring costs. Surface equip-
ment costs are generally low, since injection
rates and pressures are usually low to moderate.
Thus the costs of these injection wells are largely
determined by depth of the injection formation.

POTASH BRINE-DISPOSAL COSTS

Potash Dbrine-disposal wells are usually
drilled to deep target formations below the
Prairie Evaporite under conditions of paucity of
subsurface information. High costs arise as a
result of the great depths involved and related
uncertainty, as well as considerations of well
design, which must take into account high injec-
tion rates and pressures during a well life of 1 to
2 decades. Hole size may range from 1714 inches
in diameter over the first 500 feet or so to 834
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inches down to total depth in a given well and
costs of casing (lined) and tubing strings and
cementing the well to the surface from the
disposal formation are correspondingly high.
Mud programs must employ fluids, which do not
react with evaporite minerals, but will not
damage the target disposal formation. Direc-
tional drilling is carried out within and below
the Prairie Evaporite to ensure the safety of
mine workings. A comprehensive suite of geo-
physical well logs is run in each case and exten-
sive testing is necessary to determine the best
possible injection interval. High injection rates
and pressures during operation necessitate high-
capacity pumping equipment and monitoring
facilities, which will permit continuous measure-
ment of both low and high pressure values to
protect the injection equipment.

SALT-CAVERN BRINE-DISPOSAL COSTS

Though these brines are similar to the waste
brines of potash mining operations and injection
rates and pressures, comparable to those of the
potash brine-disposal systems, are obtained in
some instances, it is not considered essential for
disposal to be effected into pre-Prairie strati-
graphic units. Shallower disposal depths give
rise to lower drilling costs. Hole sizes usually
range from 15 inches in diameter to 83/ inches
in a given well. Other considerations are similar
to those applicable to potash brine disposal
systems, although selection of surface equipment
is no doubt influenced by a shorter well life of
no more than a few years in the salt-cavern brine
disposal situation.

REFINERY AND CHEMICAL-PLANT
WASTE-DISPOSAL COSTS

With the exception of the Domtar brine-
disposal system, which is similar to the salt-
cavern disposal systems outlined above, these
industrial waste-disposal wells have been in use
for 10 years and the costs given cannot be readily
compared with those of the newer systems.
Drilling and completion procedures were the
same as those adopted for oilfield brine-disposal
systems, though additional testing in the systems
considered reflects both the low level of existing
information on the geological setting and the
need for compatibility between ‘“foreign” wastes
and formation fluids. Pumping equipment is
similar to that in oilfield systems, because of the
fairly low injection rates and volumes.



TABLE 18 -

COMPLETTON

OPTION

OPEN HOLE

GRAVEL PACK

OPEN HOLE
WITH LINER

PERFORATTONS

MULTIZONE

CAVERN
DISPOSAL

* Bracketted values relate to multizone campletions

POTASH

(4)

+(4)

SALT-CAVERN
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WELL~COMPLETION OPTIONS FOR DIFFERENT TYPES OF
SUBSURFACE WASTE-DISPOSAL SYSTEMS IN SASKATCHEWAN

REFINERY &
CHEMICAL~PLANT
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TABLE 19 - CAPITAL EXPENDITURE IN DOLLARS FOR DIFFERENT
SYSTEM IN SASKATCHEWAN
COST ITEM OILFIELD POTASH
DRILLING 5,000 - 45,000 70,000 = 100,000
87.,333746)
COMPLETION 10005~ 8,000
57,0008 =37 ,:000
89,000 (7)
CASING 6,000 =+ 27. 000
DRILLING, CASING & 800, = 1200 23.04 - 49,83
COMPLETION PER FT.
TESTING 5= 5,000 1,800 - 18,200
L3577 -G
PUMPS & SURFACE 0 -=150,000 5,500 — 2155000
FACILITIES 79, 6854:(7)
INJECTION PER = 0530 5= 0545
1000 GALLONS EFFLUENT
MONITORING 0= 1,000 3,000 ~ 115200
YEARLY OPERATING & 1,000 6,000 - 86,700
MAINTENANCE 34,583 (6)
ULTIMATE CAPITAL 37 »000-= 157,000 120,000 - 418,000

INVESTMENT PER WELL

ALTERNATIVE SURFACE
DISPOSAL

N/A

291,625 (8)

178,000 - 750,000
407,000 (4)

Range and arithmetic mean given where possible.
Figures in brackets indicate number of averaged values in each case.

TYPES OF SUBSURFACE

SALT CAVERN

WASTE-DISPOSAL

EEFINERY &
CHEMICAL PLANT

0. — 58,000
4350000 (2)
30,000 - 38,000
34,750 (4)
18,000 - 27,100 16,000 = 22,000
21,525 (4) 19,667 (3)
14,57 = 20716 =
1,000 - 2,000 270005 5,000
1,533 (3) 3,500 (2)
20,000 - 250,000 4,000 - 111,000
98,000 (3) 42,333 (3)
O 0.29 =
4000 +(2) negligible - 5,000
13,000 - 21,000 negligible - 4,100

16,833 [(3)

25,657 ~32%, 700
100,606 (7)

500,000 - 1,000,000

666,667 (3)

95,000 - 134,000
110,000 (3)

10,000 - 250,000
130,000 (2)
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TABLE 20 - WASTE-DISPOSAL POTENTIAL OF DIFFERENT TYPES OF

SUBSURFACE SPACE IN SASKATCHEWAN

SUBSURFACE RECOMMENDED WASTE CATEGORIES OPTIMUM
SPACE STRATIGRAPHIC UNDERGROUND WASTE FOR UNDERGROUND DISPOSAL-SITE
CATEGORY DISTRIBUTION MANAGEMENT STATUS DISPOSAL LOCATION REMARKS
upper clastic restriction to oil- "natural" wastes at hydrocarbon-
division field systems low pressure and producing locales lower clastic division
1. intergranular low injection rate likely to be increasingly
porosity lower clastic high potential used by potash industry,
division "natural" wastes and stratigraphic-trap observation wells needed
nonradioactive, situations with
"foreign" wastes subdued structure
basal part of restriction to oil- "natural" wastes only hydrocarbon- carbonate-evaporite
upper clastic field systems producing locales division with good
2. carbonate division potential for continued
porosity : disposal of salt-cavern
types carbonate- pre-Prairie units of high and potash-mine brines,
evaporite potential; post-Prairie observation wells needed
division units with restriction
to "natural" wastes
3. solution post-Prairie strata potential generally low —_ — rocks poorly known, but
breccias in carbonate- low porosities and perm-
evaporite division eabilities and frequent
association with vertical
fractures render them
largely unsuitable to
receive fluid wastes
upper clastic unsuitable for permanent none admissible for —
division systems; experimentation permanent systems experimentation on
4. hydraulically with brines admissable fracturing and grouting
induced fractures "foreign" nonradioactive thickest shale necessary; observation
in shales lower clastic high potential, but and low-level, radio- sections wells needed
division experimentation necessary active wastes
5. excavations in basement high potential low to high-level central Saskatchewan only unfractured basement
igneous and radioactive wastes where Phanerozoic rocks may be considered
metamorphic rocks in metal and/or cover thin; Shield for disposal; continuous
concrete containers area exclusive of the |monitoring necessary
only Athabasca basin region
6. potash Prairie Evaporite high potential low to high-level current potash- continuous monitoring
of carbonate- radioactive wastes production locales necessary
evaporite division in metal and/or
concrete containers
only
7. caverns from carbonate- high potential low to high-level current potash- continuous monitoring
controlled solution evaporite radioactive wastes production locales necessary
of evaporite strata division in metal and/or

concrete containers
necessary




COST ESTIMATES OF SUBSURFACE AND
SURFACE DISPOSAL SYSTEMS COMPARED

Surface storage of the enormous volumes of
waste brines, generated at high rates over long
time periods by the potash industry and over
much shorter time periods by salt-cavern opera-
tions, would be at least 2 to 3 times more costly
than subsurface waste disposal for the operators
and would also result in loss of wide areas of
farm land over periods of many years. Lagoons
and natural depressions currently in use by
operators are in most cases located near major,
undeveloped, fresh-water aquifer systems in
glacial deposits (Vonhof, in press) and this poten-
tial hazard to future water resources would be
greatly increased in the absence of subsurface
disposal facilities. The authors consider the cost-
estimate range given in Table 19 for surface
disposal of salt-cavern brines to be excessively
high; the potash brine estimates are likely to be
more applicable for both waste categories. The
volumes of refinery and chemical-plant wastes
currently produced are small by comparison with
the amount of “natural” brines injected into sub-
surface aquifers, but subsurface disposal is con-
siderably less costly than surface storage in all
cases but one. In all cases, the effects of waste
injection into confined, subsurface aquifers, in
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terms of rate of waste migration and local modifi-
cation of fluid-potential distribution will only be
adequately assessed when observation wells are
drilled to the disposal formations.

UTILIZATION OF INDUSTRIAL WASTES

Sodium chloride from the waste brines, pro-
duced by the potash solution-mining operation of
Kalium Chemicals, Ltd., at Belle Plaine, is
utilized at a $3-million plant owned by the
Canadian Salt Company. This plant has been in
operation since 1970 and makes 165 salt products.
It has a capacity to produce 200,000 tons of salt
annually. It is unfortunate that the market for
sodium chloride is such that more plants to
process potash-mine and salt-cavern waste brines
could not be made economically viable.

Chemicals potentially useful to a number of
industries are produced as waste effluent by
Saskatchewan refineries. For example, hydrogen
sulphide from refinery sour water could be sup-
plied to a sulphur plant, but is produced in
quantities too small to be so utilized. Likewise,
refinery spent caustic might serve the pulp and
paper industry, but for the small volume.
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APPENDIX |

QUESTIONNAIRE ON SUBSURFACE WASTE-DISPOSAL OPERATIONS
IN SASKATCHEWAN

Subject

Company

Representative

Interviewed by Place Date

1. WASTE CHARACTERISTICS

1.1 Chemical composition and concentration of all constituents

1.2 Physical properties of all constituents

1.3 Stability in subsurface environment (reactions between constituents under new temperature,
pressure conditions ; reactions between waste and host rock, formation fluids; ete.)

1.4 Estimated production rate and total volume by constituent

1.5 Potential for recycling and re-use of part of waste

1.6 Does the waste require special treatment prior to injection? (affecting compatibility with sub-
surface environment, ete.)

1.7 Are there any special difficulties in handling the waste?

1.8 Could the volume of waste or number of waste constituents be reduced by alternative technology
operations?

2 SELECTION OF SITE AND FORMATION

2.1 What were the most important factors determining selection of the disposal site?

2.2 To what extent were cores, geophysical logs, drill-stem tests, core analyses and fluid analyses
utilized ?

2.3 How was the disposal formation selected?

2.4 Were alternative disposal formations considered?

2.5 At what level of information were disposal operations begun?

3. DRILLING AND COMPLETION OF INJECTION WELL

3.1 What drilling procedure was adopted?

3.2 What drilling problems were encountered and how were they remedied ?

3.3 What well design was favoured?

3.4 Was experimentation with different well designs carried out?

3.5 What completion problems were encountered and how were they remedied?

3.6 Are there instances of changes in well design being effected after a period of operation?
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3.8
3.9

4.1
4.2
4.3
4.4

5.1
5.2
5.3

5.4

6.1
6.2
6.3

6.4
6.5

{0
7.3

8.2

If abandonment of disposal wells has been effected by your company, why and by what proced-
ure? Any improvements on generally accepted practice?

What surface installations are required?

What is present capacity of pumping and well equipment and do you anticipate a change of
equipment in the future?

TESTING OF INJECTION WELL AND DISPOSAL FORMATION

What results were obtained from water-injection tests?

What results were obtained from waste-injection tests?

If the disposal formation was fractured, what effects were noted in the confining beds?
What other tests were performed to evaluate the disposal formation?

MONITORING OF OPERATIONS
What is the nature of the monitoring system?
What results have been obtained from drilling of observation wells?

Have fresh-water horizons near the disposal well and around the nearest abandoned holes been
sampled ?

Are there other monitoring systems that you may have considered for your disposal wells?

OPERATIONAL SAFEGUARDS

Does the injection-pressure monitor have an alarm system?
Are emergency storage facilities available?

What steps have been taken regarding waste disposal after shutdown or failure of the subsur-
face-disposal facility ?

How are surface installations isolated from surface-water or ground-water resources?

What steps are being taken to safeguard downhole equipment?
What steps are being taken to monitor this equipment?

ECONOMICS OF WASTE DISPOSAL

Costs of
(a) acquisition (g) operation
(b) drilling (h) monitoring
(c) testing (i) hiring of geologists and engineers for design
(d) casing and completion of the disposal system
(e) pumping equipment (j) other (development)
(f) waste-treating facilities (k) abandonment

Ultimate capital investment estimated per disposal well.
Estimated costs of alternative surface disposal (storage)

WASTE MANAGEMENT

What do you consider to be the most urgently needed regulations for control of subsurface waste
disposal ?

Which areas of research into the processes involved in subsurface waste disposal do you consider
to be in need of immediate study ?
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APPENDIX 1l

GROUND WATER USE PROJECTS

FROM BEDROCK AQUIFERS

Year

Annual Diversion Installed

Allocation Rate or Put

File Owner Location Source* Purpose Depth Acre-Feet ig/m to Use
25 Dairy Producers SW 17- 8-18-W3 22 Ind. 100 5 10 1948
33 Dairy Producers SW 33-36- 5-W3 23 Ind. 260 48 50 1957
46 Assiniboia T. SW 23- 7- 1-W3 30 Mun, 61 110 100 1959
56 Domtar SE  9-40-22-W3 30 Ind. 151 90 50 1960
57 Macklin Town SE 10-39-28-W3 30 Mun. 256 40 25 1960
58 Domtar NE 4-40-22-W3 30 Ind. 190 110 65 1960
67 Macklin Town NE 3-39-28-W3 30 Mun. 240 10 15 1960
79 Herschel V. SW  9-31-17-W3 30 Mun. 240 10 10 1961
74 Domtar NE 4-40-22-W3 30 Ind. 200 50 30 1960
114 Lashburn V. SE  8-48-25-W3 26 Mun. 132 25 20 1962
127 Sceptre V. NE 9-22-24-W3 30 Mun. 192 25 25 1963
148 Dairy Producers SW  4-37- 5-W3 25 Ind. 195 25 30 1963
155 Dodsland V. SW  6-33-20-W3 25 Mun. 235 40 20 1963
242 Tramping Lake V. SW 33-36-21-W3 25 Mun. 265 25 20 1963
251 Primate V. SE 17-38-27-W3 25 Mun, 252 10 13 1966
280 Paynton V. NE 35-46- 2-W3 26 Mun. 130 20 20 1966
328 Evesham V. SE 32-39-27-W3 40 Mun. 220 8 7 1967
330 Viceroy V. NE 12- 6-26-W2 22 Mun. 317 15 9 1967
345 Rush Lake V. NW  1-17-11-W3 30 Mun. 352 14 7 1968
353 Laporte H. SW 13-26-26-W3 25 Mun, 350 10 8 1966
361 Bienfait T. SW 19- 2- 6-W2 22 Mun. 110 40 30 1957
362 Bienfait T. SW 19- 2- 6-W2 22 Mun. 114 40 30 1962
363 Bienfait T. SW 19- 2- 6-W2 22 Mun. 117 30 20 1963
364 Strongfield V. NE 26-27- 5-W3 25 Mun. 525 12 12 1967
382 Central Butte T. SW  21-21- 4-W3 24 Mun, 480 35 40 1963
397 Manalta Coal SE 21- 2- 7-W2 22 Ind. 174 3 5 1960
398 Manalta Coal SE  4- 2- 7-W2 22 Ind. 406 3 5 1962
399 Man. & Sask. Coal NW  3- 2- 6-W2 22 Ind. 177 15 10 1946
400 Man. & Sask. Coal NW  3- 2- 6-W2 22 Ind. 180 10 6 1961
401 Man. & Sask. Coal NW  3- 2- 6-W2 22 Ind. 161 15 10 1961
426 Loreburn V. SE 23-26- 5-W3 23 Mun. 565 26 18 1962
427 Hanley T. NW 1-31- 4-W3 25 Mun. 300 30 25 1961
428 Hanley T. NE 1-31- 4-W3 25 Mun. 330 15 12 1962
435 Sybouts Sodium NW 14- 1-19-W2 22 Min. Rec 57 27 13 1958
436 Sybouts Sodium NW 14- 1-19-W2 22 Min. Rec 57 48 25 1958
435 Sybouts Sodium NW 14- 1-19-W2 22 Min. Rec 57 48 25 1958
444 Milden V. NW 17-29-11-W3 25 Mun. 420 25 25 1959
468 Minton V. SW 35- 2-20-W2 30 Mun. 48 20 15 1964
470 Willow Bunch T. SW 17- 5-27-W2 30 Mun. 39 — 18 1964
478 Carievale V. NW 31- 2-31-W1 22 Mun. 206 25 20 1904
429 Lampmont SW 16- 5- 6-W2 22 Mun. 278 100 60 1966
490 Beechy V. NW 18-22-10-W3 23 Mun. 356 — 10 1961
491 Beechy V. NW 18-22-10-W3 25 Mun. 230 — 7 1963
492 Beechy V. SW 19-22-10-W3 25 Mun. 232 — 6 1966
493 Beechy V. SW 19-22-10-W3 25 Mun. 228 — 20 1968
551 Kerrobert T. NW 13-34-23-W3 25 Mun. 300 90 50 1972
552 Ormiston M&S NW 9- 9-25-W2 22 Min. Rec 67 - 38 1967
553 Ormiston M&S SW 16- 9-25-W2 22 Min. Rec 90 — 150 1967
554 Ormiston M&S SW 16- 9-25-W2 22 Min. Rec 90 — 50 1967
555 Ormiston M&S NW 16- 9-25-W2 22 Min. Rec 104 — 12 1967

*Source Code *Source Code *Source Code
Cypress Hills 21 Judith River 25 Blairmore 29
Ravenscrag 22 Ribstone Creek 26 Other Bedrock 30
Eastend 23 Lea Park 29 Undetermined 40

Bearpaw 24 Viking 28
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Year
Annual Diversion Installed
Allocation Rate or Put
File Owner Location Source* Purpose Depth Acre-Feet ig/m to Use
556 Ormiston M&S NW 16- 9-25-W2 22 Min, Rec 130 — 14 1967
557 Ormiston M&S SW 21- 9-25-W2 22 Min. Rec 143 — 11 1967
558 Ormiston M&S SE 20- 9-25-W2 22 Min, Rec 185 — 16 1967
559 Ormiston M&S SE 20- 9-25-W2 22 Min. Rec 127 - 16 1967
560 Gladmar V. SE 34- 2-19-W2 22 Mun. 159 15 15 1967
574 Denzil V. NE 33-37-26-W3 23 Mun. 226 30 30 1965
576 Shaunavon T, NE 17- 8-18-W3 22 Mun. 101 — 30 1961
577 Shaunavon T. NW 17- 8-18-W3 22 Mun. 100 —_— 75 1964
578 Shaunavon T. SW 17- 8-18-W3 22 Mun. 100 — 75 1962
583 Torquay V. NW 24- 2-12-W2 22 Mun. 150 20 20 1962
584 Torquay V. NW 24- 2-12-W3 22 Mun. 155 25 25 1962
588 Willow Bunch T. SE 24- 5-28-W2 22 Mun. 10 23 12 1939
590 Luseland T. NE 8-36-24-W2 25 Mun. 527 30 20 1968
591 Sybouts Sod. Sul. NE 14- 1-19-W2 22 Min. Rec 58 — 150 1969
592 Sybouts Sod. Sul. NE 14- 1-19-W2 22 Min. Rec 47 — 150 1969
593 Sybouts Sod. Sul. NE 14- 1-19-W2 22 Min. Rec 66 — 250 1969
594 Sybouts Sod. Sul. NE 14- 1-19-W2 22 Min. Rec 42 —- 150 1969
595 Sybouts Sod. Sul. NE 14- 1-19-W2 22 Min. Rec 60 — 150 1969
596 Sybouts Sod. Sul. NE 14- 1-19-W2 22 Min. Rec 37 — 150 1969
597 Sybouts Sod. Sul. NE 14- 1-19-W2 22 Min. Rec 53 — 150 1969
601 Marshall V. SW  5-49-26-W3 26 Mun, 164 10 10 1950
603 Marshall V. SW  5-49-26-W3 26 Mun. 156 ) 10 1967
606 Ormiston M & S SW 16- 9-25-W2 22 Min. Rec 93 — 60 1968
607 Ormiston M & S NW  9- 9-25-W2 22 Min. Rec 142 — 20 1968
649 Herschel V. SW  9-31-17-W3 25 Mun. 180 — 5 1970
653 Senlac V. NE 32-40-26-W3 25 Mun. 6
676 Hawarden V. NE 26-28- 5-W3 25 Mun. 600 — 1964
692 Lashburn V. SE  8-48-25-W3 26 Mun. 134 25 20 1968
704 Central Butte T. SW 21-21- 4-W3 24 Mun. 481 35 40 1969
713 Shaunavon T. NE 17- 8-18-W3 22 Mun. 90 — 85 1970
732 Salvador V. NE 9-37-25-W3 25 Mun. 390 - - 8 1967
743 Unity Feeder NE 29-39-23-W3 25 Ind. 350 — 10 1970
750 Herbert Feeder NW 36-16-10-W3 24 Ind. 400 — 10 1957
759 DNR NE 20- 8-26-W3 21 Mun. 48 — 50 1957
765 Landis V. NW 24-37-18-W3 25 Mun. 528 - 15 1967
773 A. A. Kroeker SW 19-29- 7-W3 25 Ind. 282 — 8 1970
780 Jubilee Farms SE 12- 8- 1-W3 22 Ind. 103 — 2 1966
781 Silver Crest Farm SW 22- 7-29-W2 22 Ind. 100 — 1 1960
807 Lucky Lake V. SE 25-23- 9-W3 25 Mun. 682 — 15 1964
815 Ace Hog Co. SE 17-26-14-W3 25 Ind. — 30 1964
821 Rogerson R. B. NW 27-33-26-W3 25 Ind. 353 — 10 1967
833 Meyers Cattle SE 17-26-14-W3 25 Ind. — 20 1966
836 RM Grass Lake NE 28-38-24-W3 25 Ind. — 2 1964
843 Milnice Farm NW 26-19-20-W3 23 Ind. 340 — 6 1972
855 RM of Estevan NW 22- 3- 8-W2 22 Mun. 266 — 3 1962
856 RM of Estevan SE  35- 2- 8-W2 22 Mun. 345 — 3 1962
864 RM of Hearts Hill NE 20-36- 2-W3 25 Mun. 300 — 6 1962
885 RM of Eagle Creek NW 28-39-12-W3 25 Mun. 387 — 13 1962
906 Willow Bunch T. NE 18- 5-27-W2 22 Mun. 129 — 20 1973
*Source Code *Source Code *Source Code
Cypress Hills 21 Judith River 25 Blairmore 29
Ravenscrag 22 Ribstone Creek 26 Other Bedrock 30
Eastend 23 Lea Park 27 Undetermined 40
Bearpaw 24 Viking 28
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