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ABSTRACT
Solution-generated collapse (SGC) structures associateq'
with bedded halite of the Prairie Evaporite (Middle =

Devonian) are a result of localized salt solution by

circulating groundwater.- - They have exerted a major

- influence on the structural configuration of the Phanerozoic

strata in southwestern Manitoba.

These structures are reflected in énomaligs on isopacﬁ
and structure contour. maps. Their effect on the
hydfogeoloéic environment and groundwater regime is
deﬁdnstrated by the presence of pressure cells on maps of

potentiometric surfaces. They are also reflected in the -

continuity of pressure systems across two or more

lithostratigraphic units, as evidenced by £luid-pressure

-proflles. ' The imprint of solution-generated collapse

structures on prevailing hydrogeologic conditions reflects
the presence of brecciated strata apd fracture systems that
permit relatively unrestricted cross-formational flow.
Recognition of localised cross-formational flow carries
important ymplicationé for ocil-exploration and ) -
environmental-management. strategies in southwestern
Ménitoba, because solution-generated collapse has influenced
both'structure and depositional format. A common element is
localizatidg of vertical fluié migration, affecfing

hyd#ocarbons and formation waters with base metals in’

solution, as well as injected fluid wastes. .
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. All Paleozoic formations in the outcrop belts are
somewhat affected by the regional flow system and appear to

be unsuitable for waste injection. This holds true-

esbecially for the two lowermost pest-Prairie units that

®

have been affected by salt-related tectonics. Of the

renaining Paleozoic strata, truntated in the subsurface at

the e-Jurassic unconformity, the Missioq Canyon and

L s -

Lodgepole Formations in the southwespern corner of the

province and the northern part of the salt akea;-

-

respectively, provide potential waste-disposal targets. The

-

same appears to be trye for tﬁe Devonian Nisku Formatioqrto
v~ the east of the solution—formed salt edge.
-In southwesﬁern Manitoba, the areas where the
Lyleton-Bakken interval is ;hafacterized by relatively high

, bl
permeabilities, p;oba?ly as a result of frac%ﬂring related
¥ \\

to salt solution, may include additi‘tﬁ\ﬁa'l-—pﬁt/ential for

hydrocarbondiscovery within the Mississippian strata. The
‘ | .
. ;Devonian Nisku Formation appears to belprospective for
hydrocarbbns in the southern part of thﬁiyirdt31;;Waskada
axis. The trend of the sSame axis may be prospective for

Mississippil Valley-type (MVT) lead-zinc deposits. -

LY
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CHAPTER 1

~ h INTRODUCTION

1.1 Study Area

The study area is in southwestern Manitoba, between
latitudes 49 degrees and 50 degrees 30 minutes, and from
longitude 90 degrees 30 minutes to the Saskatchewan;Manitoba
border (Fig. 1). It comprises Ranges 16 to 29WPM inclusive

-

and Townships 1 to 18 inclusive.

1.2 The Problem

Solution-generated collapse (SGC) structures associatea
with bedded evaporites may be conduits for the upward
migration of fluids in sedimentary strata. This carries
far-reaching implications‘for the injeetion.of fluids into
subsurface strata and for exploration stiategies aimed at
location of a wide variety of m}nerai gesources.

The adoption of different approaches to waste
confinemeﬁt and containment has arisen as a natural
consequenée_of intense.industrial growth. Subsurface
dispoéal of wastes is one such practice currently appliedg in

Canada. Several factors, such as degree of isolation of the

| .
_disposal zone from the biosphere, earthquake frequency and
¥

magnitude; the presence of faults and fractures, must be

taken into account, because they could result in the failure

N
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of the whalélaperation with adverse environmental effects.
The study a;;; is part of the Williston basin, in which
numerous solution-generated coilapse structures are
associated with the Middle Devonian Prairie Evaporite.. The
fracture systems and brecclated strata, commonly encountered
within these structures, provide potential ﬁopduits.fof
upward migration of injected fluid wasFes with attendant
environmental hazards (Simpson and Dennison, 1975; Simpson
et al., 1987).

Solution-generated collapse structures can be of vital
importance to exploration for natural resources. The

associated fracture systems and breccias can facilitate the

upward migration of hydrocarbons and base metals in solution

towards the sites of accumulation, provided that certain

favourable conditions are obtained (Simpson 1987bh, 1988) .-

The common factor determining the role of
solution~-generated collapse structures as potential ioutes_
of contaminanﬁ migration and movement of waters bearing

hydrocarbons and base metals, is cross-formational flow.,

1.3 Previous Work

Numerous studles héve been car£ied out on the geology
and stratigraphy of sbuthweste:n Manitoba. Surface
geological data are mainly derived from the Paleozoic
outcrops in thékvicinity of Lakes Winnipegosis, Manitoba and

Winnipeg. Within the study area, the widespread occurrence

—

<



of glacial drift has, to a great extent.precluded surface
mapping and the unraveling of the stratigfaphy is due to
aﬁalysié of subsurfgce data from the numerous wells in and
around the oil-producing areas.

Reports by McCabe (197)) and Christopher et al. (1971,
1973) dealt with the general geplogic setting of tge
Phanerozoic succession in southwestern Manitoba and
Saskatdﬁéwan.‘ %SCabefziSQET-i§63) described the
Mississippian stratigrapﬁy of Manitoba and made reference to
the presence of sclution-generated collapsg strﬁctures
associated witﬁ\ﬁye Prairie Evaporite (Middle Devﬁnian):
McCabe (1967) also included considerations of
- solution-generated collapse structures in an account of the
strat;graphy of the entire Paleozoic succession. Simpson et
al. (1587) discqssed ghe occurrence of these structures with
regard to the subsurface waste-disposal potential of
southwestern Manitoba.

There is relatively little published on the
hydrodynamics of deep formation vaters in the n;}thern
Williston basin regien. Regional aspects vere considered by
Hitchon {(1969a, 1969b) for the enti£e western Canada
sedimentary basin. Detailed studies of more local.r o,
significance.include papers by Christopher (1974) on the

Jurassic Vanguard Group Aand the Lower Cretaceous Mannville

Group of southwestern Saskatchewan and by Dickey and Cox
\\H .

(1977) on the Viking Sandstone of Alberta. Simpson (1987b,
1988) discussed the significance of hydrodynamics in the

exploration for hydrocarbons.
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1.4 Scope of Study

Partly on the bésis of:liﬁited data on potentipmetric
surfaceslfor strataAof the western Canada sedimentary basin,
Simpsen (1987b, 1988) deduced that some solutién—generated
collapse structures are the sites of upward cross-formational
flow of s&bsurface waters. The purpose of this study is to
examine the validity of'thigﬁg§gafhesis, using q?ta from
drill stem tests 6btained by private companies)during the
course of oil expioration. _

Records of drill-stem tests exist for about 1800 wells
out of a total of nearly 3000 wells drilied in.southern
Manitoba. 8ix hundred wells with‘drili stem tests comprise
the data set for the present study. Drill-stem test
informati&h vere derived from the Petrofiche System of
Internationa%;?etrodata Limited. Drill-stem test data were
analysed in a'systematic study of potentiometric surfaces
for selected lithostratigraphic units (Appendix I). They

were also used for the calculation of pressure heads

(Appendix II).

N

Patterns of groundwater circulation deduced from
potentiometric surfaces and fluld-pressure profiles were
examined in relation to‘the distribution of h
solution-generated collapse structures in the study area.
Sites of cross-formational flow were related to the

distribution of known hydrocarbon accumulations and to

prospects based on play analysis. The subsurface-disposal



- .

data on the possible relationships between .

solution-generated collapse gtructures and patterns of fluid

migration.

-



y CHAPTER 2

REGIONAL GECLOGY

2.1 General Remarks

The nature of the Phanerozoic sedimentary succéssion in
southwestern Manitoba was,to a large extent,controlled by
subsidence of the Williston bhasin. During bevonian times,
the evolution of the Elk PoiBt basin farther west was tﬁg
dominant controlling factor (McCabe, 1971). The
northeastern part of the étudy area }s underlain by Ehe
Precambrian basement unconformity wh}ch dips gently
éouthwestward (Fig. 2). An increase in the dip is observed
from 2.2 m/Km adjacent to the southern perimeter of thel
Canadian Shield to 9.2 m/Km to'the most southwestern corher
of the province. The latter coincides with the portheastern
flank of the Williston basin. |

The Phanerozoic gtrata coﬁprise a homocline dipping
gently southwestward and tapering out to the northeast, and
form northwest-trending belts with a slight swing ip strike
toward the north, close to the.Mahitoba—Saskatchewan border
(Christopher et al., 1973). In the Manitoba par£ of the

Williston Basin, the entire Phanerozoic succession attains a

maximum thickness in excess of 2300 m in the southwestern

corner of the province. _ h\w’;?*gﬁ'
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Fig. 2. Structure contour map for Precambrian basement,
southwestern Manitoba (after Simpson et al., 1987).
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2.2 Qutline of Stratigraphy

The Phanerozoic sedimentary strata in southwestern
Manitoba and Saskatchewan can be divi?ed into three main
parts (Christopher et al., 1971, 1973; Simpson and Dennison,
1975; éimbson et al., 1987) (Fig. 3):

1. the basal clastac-ﬁivision, Middle Cambrian through
Middle Ordovician in age;

2. the carbonate—evaporite division, represehting the
time span from Upper Ordovician through MississipPian; and

3. the upper clastic division, consisting of Mesozoic

and Cenozolc strata. . . v

. '~ 2.2.1 Basal clastic division

The Lower Phanerozoic division consists of the Deadwood
Formation (Middle Cambrian} and the overlying Winnipeg

Formation (Lower Ordovician) which are separated by a major

stratigraphic break. The former comprises mainly mudstones

and sandstones and ls.restricted to the southwestern:'part of

“the study area (Fig. 4). It is missing in the rest of

southern Manitoba, vhere the Winnipeg Formation directly

, ‘
overlies the Precambrian basement with an unconformable .
contact (McCabe, 1978; Simpson et al., 1987).

The Winnipeg Formation along its outcrop belt in Lake

Manitoba consists of an upper sandstone and shale unit and a-

ﬁbasal sandstone unit (Baillie, 1952). Elsewvhere in squthern
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stratigraphié correlation and menclature chart for
the northern Williston basin region (after Simpson
-and Dennlson, 1975).
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Manitoba, the shale occurs at the base of th; formation
(Christopher et al., 1971, 1973). Considerable lateral
variation in lithbiogg also occurs. Differential compaction
features are éssociated with'anomalously thick sections of
sand. An example of such a feature is the Carman Sand,
encounﬁered south oi Winnipeg {(McCabe, 1967, 1978).

Simpson et al. (1987) reported a ﬁZrthward atfenhation of

the shale intercalations within this unit.

¥

2.2.2 Carbonate-evaporite division

In the ;tudy area, the entire carbonate-evaporite
division confd?mably overlies the Winnipeg Formation.
Further northeast, in central Manitoba,:it rests
uhconformably on the Precambrian basement (Simpson and
Dennison, 1975}. Two main subdivisions are distinguished
anh argiseparated by an unconformity of regionai extent.
The first is Middle Ordovician: through Silurian in age,
whereas the second is Middle Devonian through
Mississippian. However, subordinate unconformities followed
by deposition of red begg and evaporites are also
encountered, strata‘of the carbonate—evapoiite division
from the Middle Ordovician Red River Formation to the Upper
Devonian Souris River Formation are exposed aiong the
outcrop belts in the vicinity of the Lakes Winnipeg,
Winnipegosis and Manitoba. The rest of the Paleozoic
' fuccession, from the Upper Devonian Duperow Forma?ion

y
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through theientire Mis;@ssippian succession, is truncated at
the pre-Mesozoic unconformity (Simpson et al., 1987{.

The Ordovician part of the carbonate-evaéorite division
includes, in ascending order, the Red River, Stony Mountain
" and Stonewall Formations. The léiter straddles tée B
Ordoviclan-Silurian time boundary. The Red:River Férmation
along lts butcrop'gflt near Lake Winnipeg consists of
dolomitic limestone and dolostone. In the same area, the

&

Stony Mountain Formation comprises calcareous shales,
. : ’
argillaceous dolostones and dolostones (Baillie, 1952). 1In
the subsurface, a norﬁhwérd transitiop inrthe former is
observed from dolomitic limestone to non-calcareous dolohite
(McCabe; 1971). The Stonewall Formation,which odtgrops in
thé Interlake area, consists mainlyrof arenaceous shales and
dolostones (Baillie, 1951b). Christopher et al. (1971,
1973) described the Ordovician sequpnéé;abqyé the Winﬁipeg.
Formation as containing mainly limeééoné éﬁd.dolomitic'
limestone, interrupted bf ﬁ;rker béds with high argilléceous
. or arenaceous content,'such as the shaly Gunn and
~Peniténtiary Members of the Stony Mountain Formationlk They
also’referred to the .existence of énhydrite at the top of
the Gunton Member of the Sto®y Mountdin Formation and in the
middle of the Stonewaéf?}ormaticn.j

The‘silurian succession comprgées the.Intgrlake Group,
consiétiné mainly of dolomites. It can be'divideé into .

subgrqups by the presence of marker beds (Christopher et

al., 1971, 1973). It is exposed in the Interlake area,
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Awheré four units cBmpriging dolostone are distinct. 1In the
upper part of the two younger units biéstromal, as well as
coral and algal massive reefs, cénsisting of dolostone, are
observed (Baillie, 1951b). The ;atter,however, represent
the Middle Inteilake Group, since the entire Upper Interlake
has been removgd by e;osidn in the Manitoba part of the . .
Williston basin (McCabe, 1971). =
The‘beginning of Devonian time hgralded a landmark in
the evolution of the.Manitoba’part of the WiTliston basin:
The Elk Point basin.in the west became the dominant factor
controlling subsidence and sedimentation. 1In southwestern
Manitoba, a élear‘distinction can be made between (1)} shelf

strata, deposited on a stable shelf and represented by the

Manitoba outcrop belt (Manitoba Shelf), and (2) basin

strata, laid down.on a subsiding basin characterized by

s

(/ A N
thick evaporitic deposits,. vhich occur in thke rest of the
3 .

b : e
area. Howvever,) the delineation of shelf and(gasin areas

. L ‘
becomes ambiguous during early Upper Devonian times
g w ’ '
(Baillie, 1953, 1955). _ <
Christopher et al. (1971, 1973) diviéed tﬁt\eniire

A
" Devonian sequence into four phases. The first one includes,

in ascending order, the Elk Point Group, the Dawson ﬁ;y
F;rmation and the Davidson Member of the Souris River
Formation. Each one comprises three distinct units, namely
from bottom to top, red beds, carbonate rocks and -

evaporites. By far, the Elk Point Group has been considered

as the most significant component since it includes the
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" thickest evaporitic deposits which constitute the Prairie
Evaporite. It begins with the red beds of the Ashern

-~
Formation, representing most probably the hiatus between >

Late Silurian-Middle Devonian, followed b? e thin—beédedf
limestones of the Elm Point Formation and the doIostpnés of
the.Winnipeéosis‘Formation. " v

In contrast with Baillie (1953,-1955),wﬁo considered
the Elm Point Formation underlying the Winnipegosis )
dolostones, McCa?e (197]1) ascribed its presence to lateral
undolomitized interreef facies of the Winnipegosis
Formation. The lagter includes biohermal organic reetfs
(Fig. 5) comprising structureless masses of aolostone and
interiéef beds cons{éting of bedded dolomite (Baillie,
l951a; 1553, 1955}. Pinnaclé reefs are also abundant,
'punctuating the continuity of the interreef areas. 2
promin;nt north-trending fringing iggf‘is encountered within
the study area east of the Saskatchewan- Manitoba bordei
(McCabe, 1967, 1971). o | . =

The Winn;pegosis Formﬁtion‘is succeeded by the Prairie
Evaéorite, comprising in the cenfral part of tﬁe Elk Point
basin, salt inteqibedded with anhydzite“ingthe upper beds.
:lclose to the margins of the basin, anhydrite.is on top of
.the salt_ext&nﬁing to'.the shelf area near the Manitoba
outcrop belt, where it overlaps Winnipegosis sheif facies,
thgfyind&catiﬂévan eastward extension of the basin during
the final sfages of its ev&lution (Baillie{ 1953, 1955}.

r

‘The maximum thickness s0f the Prairie Evaporite in

T

1
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southwvestern Manitoba occurs scuthwest of Virden, where an
evaporitic sé&tion 150 m thick is encountered. West of
Virden the evaporites céhsist mainly of salt overlain by
anhydfite and a veneer of potash beds. _Fﬁrthgr east,
anhydrite becomes the predominant constituént {Bannatyne,
1959). McCabe (1967, 1971) assigned to the preseét salt
limit a sglution rather than a depositional nature. The
potash horizon at the“top.of the Prbirie Evaporite can be
traced in an north-south direction aiong the Saskatchewan-
Manitoba border, extending:further west into Saskatchewad.
Thé potash deposits consist maihly‘of syivite, as well as
sylvinite and ca}nallite'mixed with halite (BannaEyne,
1960} .

The younger Dawson Bay Formation and the Davidson
Member of the Souris River Formation begin with the Second
and First Red Beds respectively, which constitute persistent
shale units. . The second phase of Devonian strata includes
.the 1imestohes and the calcareous shales of the higher beds
of the Souris River Formation. It is followed by tﬁe third
phase comprising the Saskatchewan Group, which consists of
tHe Duperow and Nisku (Birdbea{) Formations. The former has
a lower part of non-argillaceous carbbnates, overlain by
argillaceous limestones and calcareous shales. !The latter
consists of non-argillaceous carbonateg. Baillie (1853)
reported that the carbonates of the Nisku Formation might

represent in part a reef complex. The regiifsive phase of

the Devonian was terminated by the deposition of the red

[y
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content. The latter represent the Routledge Shale, which
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shales and siltstones of the Lyleton Formation wvhich
represents the fourth and last phase of the Devonian cycle.

During Mississippian times, the subsidence of the
Williston basin was again fhe tactor contrelling
sedimentation in southwestern Manitoba. However, the
presence of facies high in shale content which coincide with
a depression centered in ééntral North Dakota known as the
Mandak Embayment, and its westward shift dur}ng

Mississippian, indicate that the latter has exerted also a

significant control (McCabe, 1959). The Mississippian cycle

started with the dépﬁgition of the Bakken Formation
comprising mainly bituminous shales (Baillie, 1953, 1955).
It was followed -by the Lodgepole Formatioh comprising upper
and lower pa;ts. Iés lower part in Manitoba consists gf
clean limestone in the'east, represented by the Scallion
Member, grading westward iﬁto argiliaceous limestones. The
only except;on'is the presence in the east of two

occurrences of Lower Lodgepole characterized by high shale

overlies the Bakken Formation (McCabe, 1959, 1971).
Further east, in the Saskatchewan shelf, khe Lover
Lodgepole gradgs again into clean bioclastic limestone
(Porter, 1958). Thé upper part consists of~limestonés
interbe@ded with calcareous shales. Lower cyclical
sequenéeéf;f\the bottom of the_upper part, comprising the

Virden and Whitewater Lake Members, are the main oil

reservoirs in southwestern Manitoba. Lodgepole and Mission

“3



a7

-19-

Canyon strata‘in the central parF of the Williston basin,
consisting of bituminous limestomes, might constitute the
source rock. The youngest strata of thg Mississippian are
represented, in ascending order, by the .Mission Canyon and
Charles Evaporite Formations. Thé MCl and MC2 Membeﬁ§ of
the Mission Canyon Formation coﬁprising 1imes£one‘aﬁé

evaporites.respectively, are correlated with the™Tilston

f

Beds of Saskatchewan. The MC3 Limestone and the Charles
Evaporite are equivalent to the lower part of the
Frobisher-Alida Beds of Saskatchewan. Clasticé at the to§
of the Mississippian are due to the erosion following é%e
b

emergence of the- sedimentary sequence (McCabe, 1959, 1971).

Simpson et al. (1987) treated the entire carbénate-
evaporite division as a carbonate sequence interrupted by
the.presencelof persistent shaly or evaporitic facies, such
as "the shaly Gunn‘Member of the Stony Mountain\Formation,
the shaly Ashern Formation, the Prairie Evaporite-Second Red

Beds interval, the Bakken-Lyleton shale interval and the

Charles-Mission Canyon Evaporites". They also argued that

‘these units are best developed in the southwestern part of

the province, corresponding physiographically to the

Manitoba Uplands.

2.2.3 Upper clastic division

The final stages of the evolution of the Cordillera in

the west, coinciding with its emergence, gave rise to the'
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provenance for clastic\géﬁritél'material, laid down to form
the upper clastic division (Porteg et al., 1982) (Fig. 6).
Two main unconfozmities are present within the uppermost
sedimentary division, one separating Jurassic érom
Cretaceous strata -and the other Upper Cretaceous from
Tertiary rocks.

The first ph;se cf the upper clastic division includes
Triassic(?)-Jurassic strata, comprising in ascending. order
the Amaranth, Resten, Helita, and Waskada Formatlions., The
first two constitute the Jurassic red beds,_éeposited on a
karstic~-trellis topography, reflecting the pre-Mesozoic
erosional interval of the Paleozoic rocks and giving rise to
considerable thickness variation. 1In Manitoba they extend
to the east beyond 96 degrees longitude (Christopher et al.,
1971, 1873}

The contact of the Amaranth Formation with the
Mississippian erosional surface is marked by }he presence of
a basal breccia (Stott, 1855) ., It/é%nsists of an upper and
a lower unit. The Lower Amaranth comprises red beds of
argillaceous siltstone and shale and is correlative with the
cil-producing Spearfish Beds of North Dakota (McCabe,

1971). The Upper Amaranth consists of marine red beds of‘
shale, dolomite and anhydrite., Eastward in Manitoba, this
unit is close to the surface and part of the Amaranth

Evaporite (anhydrite) has been altéred into gypsum (Davies

t al., 1862}.
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The overlylng Reston Formatlon comprises malnl;ﬂéhales
which are morxe abundant in the lower part. However, in'the
Virden area a sandy oolitic limestone of the Reston overlies
the Amaranth Formation. The Middle and Upper Jurassic
Melita and Waskada.?ormétions respectively represent the
érey beds. The former comprises the most extensive
.disfribution of Jurassic strata in Manitoba (Stott; 1955) .,
It contains a lower part con;isting of shales interbedded
gith sandstones and an upper part including shales, thin
beds of limestone and lenses of anhydrite (Davies et al.,
1962}).

Significant sandstone aquifers within the Melita
Formation are correlative with the oil-producing lower
member of the Saunavon Formation ?n southwestern
Saskatchewan which comprises a 1ithographié limestone
(Christopher. et g;., 1971). A great part of the Waskada
Formation in Manitoba has been removed as a result of the ™
pre-Cretaceohé erosion. It consists mainly of sand and
shale inte}beds, and extends as a tongue from the
southwestern corﬁer of Manitoba as far north-as baly oil
field (Stott, 1955).

The second phase of the upper clastic division is
represented by the Cretacebus Swan River Formation, the
Colorado Group and the Montané Group. The Lower Cretaceous
Swan River Formation exhibits a considerable thickness
variation réflecting to a great extent its deposition on the

.eyoded Jurassic surface. It correlates with the Mannville
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Group of Saﬁkatchewan which éompriseé three distinct units
in the Swift Current region grading elsewhere, including
southwestern Manitoba, into an interfingering of guartzose
sandstones and siltstones (Christopher et QLQL_1973)’ lAn

- east-wvest oriented belt is running from Brandon, along which
Mannville (Swan River) sediments gré thin or completely
absent {(Davies et al., 1962).

The Mannville Groﬁp vas followed by the deposition of
the Coloradc Group, consistirg maiq}y of marine shales
interdigitated with regressive-transgresSiv; sandstone units
{Simpson and Dennison, 1975). The latter is of Lower
through early Upper Cretaceous in\age and is divided into
two subgroups at the base of the Second Speckled Shale, a
wiaespread marker unit in Saskatchevam eguivalent to the
calcareous shales of the Favel Formation in Manitoba. The
Ceolorado Group also includes the Fish-Scale Marker, a
persistent shéle unit whiéh divides the Cretaceous into
Lower anthpper Epochs. Im Manitoba, the Colorado Group is
bounded at the bottom by thegéwan River Formation and at the
top by the Pembina Member of the Vermilion R;ver Formation
(Christopher et al., 1971, 1973).

The Lower Colorado Subgfoup is mainly represented by
the Ashville Formation consisting along its outcrop“in the
Manitoba Escarpment of¥a lower shale unit vith minor
‘glauconite and an upper calcareous shale; In the subsurface
a sand unit known as the Ashville Sand occurs between the

&
lower and the upper shale (Davies et al, 1962). It is
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coeval to the oil-producing Viking Sand of west-central
Saskatchewan and extends from northeast of Virden in a
southward direction, pinching out to the Ashville Shale
southwest of a_line-drawn through Township 12, Range 29WPM
and Township 2, Range 12WPM (McCabé, 1971).

— The Upper Colorado Subgroup is represented, in
ascending stratigraphic order, by the Morden and Boyne
members of the Vermilion River Formation,idonsisting mainly
of argillaceous sediments with extensive sandstones in
eastérn Saskatchewan. Generally the Morden Member compfises
an calcareous shalg unit while the Boyne Member consists
of caécareous shale ahd is correlated with the Firsﬁ
Sbeckled Shale of Saskatchewan. )

The Montana Group includes from bottom to top the
Pembina Member of the Vermilion River Formation, and the
Riding Mouqtaiﬁ and Boissevain ﬁormétions. The former
consists of grey and black shale with bentonite becoming
abundant in the upper part (Christopher et al., 1973). The
presence of bentonite can be attributed to the alteration
of volcanic ash derived from a westward sdurce, probably
assoclated with orogenic activity (Davies et al., 1962).
The overlying shales represent the Upper Cretaceous Riding
Mountain Formation comprising three members. The lower
Millwood Member éons;sts of soft bentonlitic silty clay
overlain by the hard'siliceouslclayey shales of the middle -
Odanah Member which is iﬁ:turn succeeded by the soft clayey

silt of the upper Coulter Member. It is followed by the

>
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Boissevain Formation which is composed of sand wlth minox
clay and silt (Bamburak, 1978).

The Cretaceous-Tertiary unconformity represents an
interval of erosion which was followed by the deposition of
the Turtle Mountain Formation (Paleocene). The latter is
limited to the TurtleiMountain area of southern Manitoba
which is the site of a paleo-depression at the northeastern
flank of the Williston baain.' It compriées sand, silt and
clay with occurrencea of lignite seams (Bamburak, 1918).

Mesozolic strata in southwestern Manitoba are
unconfdrmably overlain by Quaternary sand and gravel
aquifers, interbedded witﬁ till, representing glacial and
non-glacial sediments reflecting at least three glacial and

non-glacilal intervalé (Klassen, 1969).

2.3 Structure .

In the general Williston basin area two main types of
structure are dlstinguished (Kent, 1968):

1. Degp-seated structures of orogenic or epeirogenic
origin. The former are associated with igneous intrusions
accnmpaﬁying the Laramide orogeny and are restricted to the
southern part of the Williston Basin. The latter vere
formed E} the tejuvenation of sttuctural highs present in
the Precambrian basement. Many of those features, involving
folding and draping of the oégtlylng strata, subsequent to

reactivation of h1ghs and dlfferentlal compaction above

i
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them, have been reported from Saskatchewvan (Sawatzky.gg al.,
1960). Upvard movement and deformation of sediments upon
rejuvenation of basement'highs (monadnocks) might have
occurred dufipg the Laramide orogenic event (éimpson, 19781}.

2. Solubﬁonegenerated cdllapse structures ;hich
resulted from the local removal of salt from the Prairie
Evaporite‘followéd by downward displacement of. the overlying

strat They are exemplified by the presenée of

fracture-bounded sinks, elongated depressions, as well as
linedr trends along_ﬁhich salt solution has taken place. 1In
many instances, sites of salt removal cpmbrise the locales
‘of brecciated strata. |

In contragt to Saskatchewan, basement highs do not
appear to consfftute aﬁy major attribute of*the structural
patter; in Manitoba. It is noteworthy that one basement
feature evident.in the vicinity of Township 29, Range 2WPM,
might represent a ynique paleotopographic high in:Manitoba
(McCabe, 1971). However, basement lineaments are élso
impb;tant features to be added-to those noted above. Thelr
significance is manifested by the‘inflﬁence of the boundary
zone between 'the Superior and Ch;rchill E%ustal blocks on
the present structural framework of southern Manitoba
(McCabe, }967). )

A genetic relationship also appears to exist between
solution-generated collapse structures and basgment

lineaments, as evidenced by the location of the present salt

solution edge relative to the boundary zone. It has been



postulated by McCabe (1967) that "true" (epeirdgenic]
tecfonic movements and salt tectonics were linked in giving
rise to the present structural conflguration of strata; The
continuity of the strata is interrupted in some places also,
by the presence of more or less circular sé;ucturﬁs of
cryptavolcanic or meteoritic origin, which appear to affect

the Precambrian basement (Simps6n ¥t al., 1987).

2.3.)1 Basement linear features

The moderately uniform ﬁéttern of tHe Precambrian
basement, as well as the re€latively undisturbed
confliguration of the strata comprising the Williston basin
as evidenced by their gentle. southwestward dip, might lead
to the inference that Precambrian blocks did not exert any
‘major influence on the stfgctural evolution of.the
Phanerozolc sequence. A deeper insight, however, reveals
anomalous patterns commonly found to be associated with
weakness zones of the basement. Geophysical methods have
permitted the delineation of basement features accounting,
to a major é%tent, for geological structures within the
overlying sedimentary strata. Basement lineaments have been‘
cons}dered the most significant componegiavas.indicated by
prominent gravity and magnetic trends. -

Kent (1974) ln.a general account of the northern

Williston basin, interpreted weakness zones at the surface

as countetparts of lineaments present on the Precambrian
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basement. fhélléttef delimit éiscrete structural blocks,
which underwent differential movement in response to the
&)forces inducing regional ﬁQiﬁft or subsidence. In many
instances coincidence of these features with oll field
N \t;ends has been observed. Wilson et al. (1963) ascribed the
presence of gravity gradients, scuth of Regina and parallel
to the present sait edge, to basémenp features which might
represént lineaments or highs, thus indlcating possible
interrelationships between these features.
In southwest%;n Manitoba, the most conspicubus feature
— of the Precambrian basement, other than the Moose Lake
' syncline discussed below, is a slight flexure south of
Winnipeg. It is known as the Carman flexure (Fig. Z)iénd

was important in localizing accumulation of the Carman Sand

N

during Middle Ordovician time. 1Its effect, however, appears
to have beén lost after the deposition of the overlylng Red

River Formation (McCabe, 1971, 1978).

Thg_prominent lipeamentéin southern Manitoba ls the
boﬁndary zone between thq'SuperIo; and Churchill structural
provinceg. The boundary zone between the two Pfe;ambzian

. * blocks comprises mainly gneisses and is a southern extengion
of a major structural feature of the Precambriam Shield.in
northern Manitoba. ‘It is bounded to tﬁe vest by a
northwestward-trending faﬁlt zone, coinciding with the

r gravity low of the Thompson/Nickellbelt. A géavity trend,

_the Nelson River gravity high,‘runs through the middle of

the gneissic beld, marking the boundary betwveen the two

™,
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Precambrian provinces. Hcwever, the truncationﬁéf the
éast—west ori%&ted‘structural gfaiﬁ of the Superior brggig;e
at the fault zone, indicates pgobably the latter as the main
boundary (Wilson and Brisbin, 19623}

Kornik (1969) on the basis of magneticrtrends, extended
the boundary benéath the Phanerozoic cover as far sodfh as
Swan River. On an overall aeromagnetic study ¢f Manitoba,
exclusive of the southwestern part, Koxrnik (13971)
distinguished the position of the boundary as related to a
western and eastern area of low- and high-magnitude
anomalies, coinciding with the Churchill and Superior
provinbes respectively. Truncation of the "
east-west-oriented magnetic highs of thé?Superior proQince
at the boundary zoﬁq was also o?served.

Bell (1871), reported the difficulty in extrébolating
the boundary in the rest of southwéstern Manitoba because of

different geophysical responses of the basement rocks

¥ -

beneath the Phanerozoic cover, from those of their exposed

pért in the Shield. Magnetic and gravity data %ﬁre used for
furthe; extrapolation of the boundary up to the .,
sduth&gggernmpst corner of the province. Gréen et al.,
(1979) qonsidered thefﬁoundary zone to comprise the
transitional gteissic zone and -the Thompson Nickel belt.

. 5 N
Its extension up to the southern bddﬁaéf?‘dfxganitoba is a

[

low-reliefamagnetic zone and its eastern limié\f?rks the

western edge of the eastéwést-tfending structural grain of

%he Superior block.
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The boundary zone was the site of recurrent tectonic

activity during Phanerozoic times. A slight flexure of the

Precambr@an basementhporthwest of Lake Winnipeg {Fig. 2)
lies‘close to the Nel;Bn River gravity high and is known as
the Moose Lake syncline. From the deformation pattern of
the oveilying strata, a post-Middle S&lurian“age of this
featurekhas been inferred (McCabe, Igﬁﬁ), suggesting

[

tecteonic activ}ty along the boundary during Early'Paleozolc
tifmes.
- A grea# part of “structural and isopach anomalies in
southwestern Manitoba is generaliy orientéd élong a
northwvard-trending 5315, designakéd the Birdtail—Was;gda
axis. It coincides approximately with ﬁhe eastern limit of
fEHe belt of low magnetic relief, which represents the
}gfxtension of the boundary zone in southern Manitoba (Fig.
7). All the area to the east of that trend is underlain by
the Superior structural biotk and -has undergone more
subsidence and uplift during pe#iods of'ééposiﬁion énd
erosioﬁ respectively. _
. J i
* This is in contrast to the vestern area, corresponding
to the Saskatchewan part .of the Williston basin, which is
.underlain by the Churchill structural, block {McCabe, 1967,
1971). This is best exemplif;gd by the thinning of tth
Devonian formations in the vicinity oflfhe Birdtail-Waskada
axis and abnormal ﬁhickening eastward, which might reflect
also salt removgl in depth (Noiris et al., 1933). It may be

argued that the extension of the Pralrie Evaporite anhydrite

#
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zone to the previously stable Manitoba shelf provides
concrete evidence of the differential subsidence of the
correspondingly underlying cgustél'block. Reactivation of
the boundaﬁy zon» should extend at least up to Late
Cretaceous times, as evidenced by the presence of a fault
zone. This latter was revealed by an easé-west selsmic
survey across the Nelson River gravity high in southeastern
Saskatchewan, where structural disturbance of the Second
WhitenSpeckled Shale was observed. Salt-solutlon features
were also reported (Hajnal and McClure, 1977).

In southwestern Manitoba, salt-solution structures and
Winnipegosis fringing reefs are the most slgniflcant
feafhres encountered along the Birdfail-Waskada axls. The
economic implicatioﬁs_of this relationship are e 1denced by
the position of the éastern limit of the Pralrle Evaporlte
potash beds, relative to the location of Winnipegosis g
fringing reefs (Bannatyne, 1960), as well as by the
hydrocarbon potential of structures along the

Birdtail-Waskada axis (McCabe, 1967)}.

2.3.2 Solgtion?qenerafed collapse st;ubtﬁres

Solution-generated collapse strucgpres, resultiﬁg from
salt solﬁtion,by groundwa%er in depth, are superimposed on
the overall structural pattern of the Williston basin. "The
initial observations leading to this significant“discovery

were probably made at the beginning of the century, when



~33-

Cole (1915) reported the presence of brine springs in the ’
Manitoba Devonian outcrop belt and linked their occurrence

to salt removal by meteoric waters. Since then gignificant
studies have been carried out on the -location of these

structures in the Canadian part of the Williston basin.

2.3.2.]1 Recognition of solution-generated collapse structures

Simpson (1978, 1987a, 1988) summarized the features
co&éggly arising as a result of salt removal by solution.
Structural downwarping of . strata, as well as anomalous
thickening of formations errlying the disturbed rocks are
the most conspicuous features observed on structuqél and
isopach maps leading to the recognition of these K\
structures. The age of the strata eXhibiting anomalous
increases in thickness is the best indicator for the time of
salt solution. Repetition of those anomalous pattérns in
rparticular sections has Eeen ascribed to recurrent leaching
of salt beds by circulating'groundwater. Linear trends
defined'by solﬁtionkgenerated collapse structures, along
whfch age contrasts occur, is a commonly encountered case.
‘They'are indiéative in many instancgs'of progressive salt
removal with time, along a distinct trend.

Direct evidencc of salt solution is prdvided by the
frequent occurrence of collapse breccias. Stratigraphic
cross-sections have proved to be the most effective tool for

“demonstration of relationships between missing salt beds and

y .
solution-collapse breccias. The latter are mainly the

=
-



—34-
result of downward displacement of overlying strata in the
cavities formed‘by the retreating salt and are very
prominént along a belt in Michigan, Ontario and Ohio which
marks the solution limit of the Saiina salt (Landes,
1948). Solution-generated collapse breccias aré generally
characterized by the presence of angular fragments, an
upward increase in érain size and grain support and a
microporosity grading commonly upward through intergranular
porosity into fracture porosity. Fracture systems surround
disérete, brecciated sections (Simpson, 1988).

Indistinct development of breccias or Eheir absence is
a commonly encountered case in‘glaces wvhere documehted salt
solutioﬁ has occurred. This appears to be the case for some
locales in the Manitoba Devonian outcrop belt. The earliest
explanation of this was the qbsence within the salt of
limestone interbeds ‘(Middletén, 1961); while Norris et al.

(19B2) ascribed the same phenomenon to penecontamporaneous

salt solufion and collapse of the overlying strata.

2.3.2.2 Location of solution—qénerated collapse structures

Several places exist Qithin the-WillistéhHBasin vhere
salt-collapse features occur. On a basinwide scale, Baillie
{1953, 1955) refefred to their existence on the basis of
presence of brecciated sections coincident with missing ("
sections of the Prairie Evaporite. Simpson and Dennison
{1975, Fig; 7) delineated salt-sclution structures in

‘Saskatchewan beyond, as well as within the present limit of
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Ehe salt. A major effect of salt removal is the large,
salt-free area in southern Saskatchewan, knan as the Swift
Current Platform. Thi; area constitutes a prominent feature
on isopach and lithofacies maps of the Devonian System
(Baillie 1953, 1955).

501ution-generated collaﬁse structures in Manitoba are
much less distinct by comparison.with adjacent Saskatchewan,
where their exact 1oc§tions have been demarcated. This can
be ascribed in part to the 1esser_number of wells in
Manitoba penetrating below the Mississippidh formations,
sincg most oillaxploration drilling has been'focused ;n the
oil-producing horizons. Clusters of vells exist mainly
within the oil fields, with relatively sparse well control
in the intervening areas. - |

On a regional sﬁale, discoveries aloeng the Devonian

. p :

odtcfop'belt vere of major importance in the evolution of.
ideas on salt solutilon. Ba;llie {1951) attributed draping
features in the'ﬁanitoba'Devonianlbeit to considerable
relief, resulting from the presence of the Winnipegosis
reefs, and differential compaction of thé overlying
formations. In contrast, Holter (1969) ascribed the samei
features, found also in other parts éf the Williston basin,"
to salt solution followed by collapse and draping of'youngeg
strata above the reefs. McCabe (1967, 1971) argued that all
the Dévonian Winnipegosis outcrop belt was initially ¢
oﬁerlalnnﬁ;isalt, vhich was later dissolved, thus giving an

indication of the probable original extent of the Prairie

%
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Evapdrite salt basin. He explained the gentle flexure of
strugéure contours of the Prairie Evaporite along the
present salt edge (Bannatyne 1960, Fig. 1), as‘evideﬁce that
‘the salt limit is solqtfonfformeds rather than “
depositional-formed. Simpson et al. ({1987) designated the
entire area extending from the present salt edge as far east
as Lake Winnipegosis and Lake Manltoba as é "known" area of ’
salt solution and collapse. .

-Waiker (1857, Fig. 4) indicated an area of salt
.solution in southern Manitoba, later found by McCabe (1%59)
to reflect the extension of the Mandak embayment, |
representing a progressive westward salt solution. Stott
(1955, Plate 9) ascribed a prominent ridge with adjacent
troughs on the pre-Jurassic unconformity, along the
Saskatchewan-Manitoba border, to tectonism or pre-Jurassic
erosion. The same feature was later reported by McCabe
{1967) as coinciding approximately with the Birdtall-Waskada
‘axis and refleéting prob;bly the combined effect of
epeirogenic and salt-related tectonics. Structural and
isopach anomalies, oriented parallel to the Birdtail-Waskada
axié, were attributéd by the same author to salt removal in
depth during discrete time intervals.

chal aspects related to solution-éenérated collapse
structures, are mainly restricted withi 'he ptegpnt salt
limit. McCabe (1959) considered thé Waskada area (Township
1, ﬁangevzs and 27WPM) to be the oniy one with direct

evidence of salt solution. and collapse. McCabe (1963)'

1
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explained differences in age along structural ldws, close to

the Daly and Virden oil fields, with reference to céllépse

~

of strata subsequent to progressive salt solution.

Norris et al. (1982) referred to a number of places-c}qfe_to
.v‘

- the Saskatchewan-Manitoba border, specifically along

Townships-12, 17 and 19, Range 29WPM, where salt removal has
been followed by collapse of the overlying strata.

Adjacent to the present salt limit and along the
Birdtail-Waskada axis, a special type of solution-generated
coilapse structure known.as a "sombrero" structure Iis
encountered. These are mainly the result of recurrent salt
solution éround a site of initial salt removal, leading to
fhe formatfgn of str&é?ﬁrai/highs in areas characterized by
structural depressions ét_the onset of salt retreat
(Swenson, 1567). They are manifested in the Waskada area in
the bresence of a window of the MC1l Member of the Miss}dh
Canyon Formation within the subcrop belt of the MC3 Mééber,
in the vicinity of Township 1, Range 25WPM. The latter
comprises a strﬁctural high and is truncated at the

—

pre-Mesozoicsunconformity. The window of the Lodgepole

Formation in Township 4, Range 25WPM, probably represents a

similar case (McCabe, 1967, 1971). The evidence of salt

solution in the same area during late Middle Devonian time

. - ~u
(Norris et al 1982) and the truncation of this feature at

—_—

the pre-Mesozoic unconformity, lend credence to its

"sombrero" origin.
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2.3.2.3 Mechanisms of salt solution

It app%ars that no single mechaniim'can account for the
localized leaching of the saltAbeds by circulating
groundwvater in depth. 1In contrast, t@eze is considerable
evidence of particular mechanisms fof_sévemal individual
cases. The preserice béneath the salt beds of an aqulfer
with the necessary hydraulic head and the existence of
tractures acting as. conduits for the water in the otherjise
impermeable salt, constitute, according to Parker (1967),
the main prerequisites for format;;n of solution-generated
collapse structures. Within the Williston basin the most
prominentTaguifer is the Winnipegosis Formation, which
underlies the Prairie Evaporite and 1é‘characterized in many
instances by flowing artesian conditions. Fractures were
probably formed in response to differentlal compaction of

the salt above individual reefs (Holter, 1969). It -is
| noteworthy that fringe_regfs élso can comprise the necessary
aguifers, as exemplified by the "Rosetown low" in }estern
VSaskatchewan‘(DeMille et Ql.,.1954). -

Basement \features also have been ‘invoked to account for
the initiation of salt ution. Swenson (1967) argued that

e

generation of frac necessary for the upward flow of

water mighg“be loéalized-qggy basement zones of weakness
) , i

and minor movements. Such é case is represented by the

location of the Regina-Hummingbird troﬁgh relative to a

: basement feature known as Nemo-éstes zone of southern

—_—t7

‘Saskatchewan (DeMille et al., 1964). - It is possible that
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reactivation of basement linear features initiated szlt

soiution by deflecting the flow of water upward through the
fragﬁ&res formed either.by tectonic movements or differential
compaction (Sawatzky et al., 1960; Wilson et ai., 1963).

In Manitoba, there is evidence of salt_removai by
solution at both the top and the bottom of ‘the Prairie
Evaporite Formatlion. Norris et al. (1982) referred to a
case, in the vicinif} of Township 17, Range\29WPM, of
solution at the salt subface, above a Winnipégosis reef
mound, as well as to removal at thg salt supérface in the
area-adjacent to Township 12, Range 29WPM, as manifested by
the missing potash horizon.

Simpson (1988) ascribed the individual sites of salt
removal to specific groundwater-flow regimes. Salt solution
at the suﬁerface is probabiy related to lateral flow from
rechargé areas and drawdown associated with major rivérv
systems, involving downward infiltration of water. The
former is dealing mainly with water £lowing from upland

areas and.discharging in lowlands, as discussed by Toth

(1962, 1963) and exemplified by the overall groundwater flow

pattern of the entire western Canada sedimentéry basin f

(Hitchon, 1969a). The latter is_not likely to have been of
major importance In Manitoba, since the fine grained Second
Red Beds of the overlying Dawson Bay Formation;ﬁave
undoubdedly formed a permeability barrier Fo migrating

==Lt ¥

fluids (Simpson et al., 1987).
- . /—‘4\ A

— ]
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Solution along the eastern margin of the salt, which
ﬁost probably is the case for the present salt edgg in
Manitoba, might be in part explained by lateral.fleﬁ ofr
groundwater from reeharge areas. Carbonaﬁe mounds of the
Wipnipegosis Formation-and associated conpaction-fprmed’
fractures provided é;:y access to the salt subfece for
circulating greuedwater. The_gonfribution of the '
Birdtail—ﬁaskada axis in the initiation of salt removal is
1ikely to have been of major importance. Tectonic movements
along this.axis nay have induced fracturing of the overlying
strata. Its coincid&hce with the peominent-Winnipegosis
]fringing—reef trend and the present eale edge (McCabe,

1967), evidence a significant role in both control of facies
. J

d initiation of salt solution.

-

2.3.2.4 Timing of solution

Considerable evidence exists on sait.solution during
discrete time intervals for local, as well as regional scale
aspects. Walker (1957, Fig. 4) progposed Mississippian
thfough Jurassic salt removal in order to explain the
presence of an anomalously thick Mississippianlsection in
southern Manitoba. The same area-yas shown by HcCabe:(1959)
to indicate salt solution mainly during Lodgepole times, as
evidenced by the lack of majoe anomalies for the Madison
Group as a whole, Studies in the Devonian outcrop belt.
(Norris et al., 1982) and in the subsurface (McCabe, 1967}

have revealed evidence for the seIution-rempval of sal(:feds



during deposition-of the Davson Bay, Souris River and
' Duperoﬁ.successions. 7

Truncation of structural highs at the pre—Mesoioic
unconformity indicates solution extending into Bakken and
pre—Jurass;c ti@es. It_seems,however, t?ﬁtﬂthe time sﬁén
répreéented by the sub-Mesozoic uncon{gfmity involves the
most significant episodes of accelerated salt removal.
'Christopher (1961) argued that periods of cratonic emergence
are the most févourable for the salt solution |
process; so that long hlatuses namely, Late
Mississippian-ﬁiddle Jurassic, Late Jurassic-Barly
Cretaceous and Cenozoic-Quaternary are those most likely
linked to accelerated salt reﬁoval. The latter appears to
Eomprise a plausible hypothesis; since epeirogenic movements
asséciated with c;Ptonic emergénce can cause abnormally high
fluid_pressures (g;adley, 1975), hich in turn may give rise
to high hydraﬁlic heads,-thus promoting leaching of salt in-
the subsurface. This case seems to be valid to g great
extent for Manitoba.

McCabe (1963, Fig. 12) invoked salt solution to account
for agé contrasts in strata along structural disturbaﬁces
and indicated the pre~-Mesozoic’ hiatus as the ;nterval |
involving the most pronounced Strucfural deformation.‘
Should most of the structures in the vicinity of the Daly
and Virden oil fields be the result of salt solution, this

process should extend at least up to early Upper

Cretaceous, There is however an additional evidence
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concerning the ére—Mesozoic erosional interval as the tima
span of the most extensive salt removal. Most of the
fractures encountered in the Virden field refleeffga\
collapse following sa1£ so{ution ére anhydrite~impregnated.
The anhydrite was formed within'the fractured{Missigsippjan
. carbonates probably during the depositibﬁ of the Jurassic
Amaranth Evaporite. The latter is indicative of:
posE-Mississippian and pre-Jurassic salt removal and .
collapse (Young and Greggs, 1975).

For the Jurassic generally Ehere is evidence in the

"

form of anomalous increase in tﬁickness, indicative’ of sait
solution. Isopéch anomalies well developed in the Upper
Jurassic fo;mations_are not present in Lower Jurassic units
(Stott, 1955, Plates 4-8), thus reflecting salt removal
_du;ing Upper Jurassic. iIsopach anomallies are alsd
conspicuous in the Lower Cretaceous ﬁower and Upper Ashville
formations, as well as in the early'Upper_C:gtaceous Favei
Formation (Bénnatyne; 1970, Figs. 19, 20, 24) which can be
accounted for by salt iémoval‘during Cretaceous times.

Anomalous increases in thiékness for strata of the
upper glastic di&ision might also be aﬁtriguted to
.differéntiéi compaction features as a result of laterai
variations from sand to shale. The latter is likely to be
the case for the Lower Cretaceous Ashvillg Sand (McCabe,:
1963). It is noteworthy that Simpson (1983, Fig. 6s-23-3,
4) on fhe basis of the position.of the anoﬁalously'thick “

Ashville sand relative to basement magnetic anomalies and
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. e
the salt solution edge, .ascribed the same featurefqat least

-

in part,'td basement- and salt-related tectonics. g

It is generally accepteﬁ that salt removal by solution

‘in depth is a process active up to recent times. Bamburak
(1978) referred to the likelihood of salt r?ﬁjn “Stder
to explain minor structural disturbances within the Upper |
Cretaceous— Paleocene sequence in thé Turtle Mountain area
of séuthezn Manitoba. 'Christiansén {1967) reported collapse
features ranging in age from Late Cretaceous through |
Plelstocene in the. Saskatoon area. of Saskatchewén. However,
the most direct evidence during present dgys tﬂat salt
solution is a continyous ahd'still.acéive process, is
provided by the discharge éf brine sprinés in the Devonian

o
outcrop belt.

1 2.3.2.5 Implications: a brief.discussion

‘The collapse of the overaying strat§, upon Ehe removal
of a dliscrete salt sgction, heralds a landmark in fhe‘
-g;oundwater flow regime which coincides with the onéet of
the cross-formational £ldw. ~The latter will exert a major
influence on possible enviroﬁmental hazards related to waste
disposal practices, as well as’the existence of potential
fluld migration pathé' associated with comﬁéf&ial
ﬁydrocarbon and other mineral-resources accuﬁuLations. The
interrelaticonships between the location of the DaiyVand

Virden oil fields and the episodes of accelerated salt

removal is a case in point.

A I

S L
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There have been significant hydrocarbon discoveries in

J//j" lthe‘strgcturai‘highs associated with sombrero stfuctureé,'as
S  in the windov of the MCl Member of the Mission Canyon

. ~ : Formation\iﬁ Manitoba (McCabe, 1971) and in the upper part

& of fhé ﬂannville Group in the Beacon Hill gas field of

Saskatchewan, where two townships are underlain by a

" sombrero anticline (Rcwland, 1970).

2.3.3 Circular structures of uncertain oriqin

There has been some controversy with regard to the

ofig;n of some morg or less circular features present in the
‘Waiiigton,basin and in adjacent areas. They appear to
\VJ\- disrupt a great portion of the Phanerozoicisedimentéry

sequence and in some instances to affect the Precambrian
: X

basem ﬁt. The characteristics most commonly associated with

[
,

these structures are théir circular outline (Fig. 2), the
- -  presence of an upliftéd‘rim and a topographical;y lowver
.central core, the existence of brecciated sections and
" intense faulting. Twvo main theories have been proposed to
account for their origin: crypto-volcanic and .
meteorite~impact origin. It is possible that a better
“insight into the genesis of these structures can be achieved
thrgu?h an e*amihation\bé geophysical responses. K
Short (1970) and Trueman (1976) ascribed a meteorite
impacé origin to the Wes ngk Lake crater,ﬁnd Poplar Bail
- x

" crater of ‘southeastern Manitoba respectively:}Because they

3
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'each exhibited a mass deficiency, as evidenced by a
negative_gravity-anomaly. In contrast, DeMille (1960)
attributed a crypto-volcanic origin to the Elbow structure
of south-central Saskatchewan which w;s shown to be outlined
by a pronoﬁnced positive gravity anomaly.‘ ¥
The most prominent and probably the best described of
these structures is the Lake St. Martin ciater, ;hich formé ~
a structural high on the Precambrian basement; and is
exposed northeast from'the northern part of Lake Manitoba.
A structural uplift of the fim of at least 210 m is observed
and the diameter qof the structural disturbance is I
approximately 26 to 28 miles. . Intense ‘faulting and
brecclation gomprising carbonate and basemenﬁ igneous récks
are also encountered. The preéence of-carbonéte'(Elm'?oint)
fragments within the brecciated section of the St. Martin
serles, as well as fed beds and evaporites probably |
‘correlative with the Lower Amaranth Formation,.are
indicative of the probable original éktent of Devonian and’
younger units. The problem of the origih'of the crater
revolves around the presence of shock metamorphism which can
not be fully explained with reference to any of tﬁe
proposed mechanisms. A combination of crypto-volcanic and
meteprite—impact érigin,-with the meteorite triggering
volcanic emissions, alleviates proba?ly the problem related
to’ its genesis (McCabe and Bannatyne,'lé?O). Another
simllar structure is represented by the High Rock Lake

crater, southeast from the Lake St. Martin crater, and a

.2

/

@ et
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s
meteorite impact origin has peen propbsed (McCabe et al.,
1581). -

" Within the study area, the Hartney structure, located i;
the wvicinity of Township 5, Range 24WPM, has been e
attributed to several different causes. It is proﬁgbly
associated wifh crypto-explosion phenomena accompanied by
major faulting and is characterized by an ublifted rim and
the presence of breccias in the central hole. The Hartney
structure is represented by a structural disturbance 6 to 8
miles in.diameter and comprises a structural high on the
pre—Mesozoic‘unéonfo&mity. In its central part, which
reprééents a structural low; the entire Mississippian
section and paft of thé Devonian are missing andg azé‘
replaced by an'anomalously thick section of brecciated
sandstones and shales probabi& correlative with the Lower
Jurassic Aharahth Formation (McCabe, 1959, 1971). An
apparent thickening of the Ordovician Red River Formation in
the wvicinity of the structure is associatéd with the :
faulting accompanying this feature (McCabe, 1978), or
infilling of an ancient channel (Haites and Van Hees,
18962). Synsedimentary glump'faulting accounts probably.for
the anomalous thickness-and nature of the brecciated
section. " Lack of mixing of Paleozoic-éarbonates and
Jurassic sediﬁents in the breccias |is prohably indicative
of a post-Mississippian go pre-Jurassic age for the Haftney

structure (McCabe, 1971). The absence of the Amaranth

Evaporite in the Hartney area (Bannatyne, 1959}, is an
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additional evidence for a pre—dpper Amaranth age of this
structure. Other theories on the origin of this feature are
major faulting (Hartney fault)-accompanied by thrust faulfé
(Haites and Van Hees, 19625, as well*as meteorite impact
phenomena (Sawatzﬁy, 1874). .

Evidence concerning the possible.interrelationships
between these structures and commercial hydrocarbon

accumulations is inconclusive. Sawatzky (1974) referred to .

the possible_relatidhship between meteorite impact phenomena

“and o0ll-producing sombrero structures, to propose that the

former can provide Sltes for localized salt solution. The
, -

intense fracturing commonly associated with these structures

ngggd rule ouwt subsurface waste disposal practices near

areas where their occurrence is suspected.

2.3:4 Sub-Mesozoic unconformity

<

ﬁelatively largg—scale flé#ures, topographic-structural
highs, and solution cavities and channels are associated
wvith the sup—Mesozoic unconformity (Fig. 8). éircular
structures 6f,uncertain origin, specificélly the Lake ét.
Martin crater and the Hartney structure, as well as the
trunFated sombrero structures, are also prominent features -

at the pre-Mesozoic unconformity and are excluded g;om the

fdllouing discussion, since they have been already -

-considered in previous sections. ‘ =
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o

{981).
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2.3.4f1 Large—-scale flexures

k@gge-scale synclinal-&nticlinal fiexures might reflect
tecLonlc\;cEivity or.salt solﬁfion or even their combined
éfféct. They are manifested especially by the presence of
structural depressions and adjacent r%dges;along the
Birdtail-Waskada axis which might represent epeirogenic or
salt-related tectonism. However,‘regaréless of the
cause-effect relationship, the_impéxtance of Ehe‘boundary
zone in controlling the structural infegrity dﬁrihg
pre-Mesozolc times is highlighted. Within the area of salt

occurrence the Daly-Madeline trend is a prominent ridge on

/

the pre-Jurassic erosional surface, extending northwardj fxom

the Daly and Virden oil fields (McCabe, 1959). The’abo%e

feature localized the deposition only of the upper partL?f
~ N

the Amaranth Forgation. The latter is of major importance

in controlling the entrapment of hydrocarbons in these

areas.
2.3.4.2 Paleotopographic highs

ungfxggleotopographic highs present at the pre-Mesozoic
opformity might represent erosional remnants, tectonic

o

actlivity during pre-Jurassic times or differential

resistance to eroslion (McCabe, 1959). The most prominent

4

h -~

highs are those encountered along the Mississippian
erosional lim;E.'.This marks the position of a pronohnced
escarpment, above which the Lower Jurassic Lower Amaranth

Formation is almost absent (Davies et "al., 1962). The
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escéfpment ;s more or less coinéident with the subcrop
Mississippian-Devonian boundary. One of those
paleotopographic highé is represented by a scarp of
relatively iarge areal.extent, located albng‘the

Mississippian Escarpment in the vicinity of Township 9,

Range, 19WPM, resulting from the differentdal erosion between

i .
3%,

4

the soft shales of the Lyleton Formation and the hard sh
. : ”

of the overlying Bakken Formation (McCabe, 1978).° The
entire Amaranth Fortf&tion iSﬂQ}ssing if the adjacent area,

more specifically around Township 8, Range 18WPM (Stott,

1955) . U&é o gﬁi

Two paleotopographic highs of unknown origin exlist
also, one in the Duperow Formation south of the Ridlng

L4

Mountain National Park and the other in the Dawson Bay

Formation at Portage la praixfe. Irregularities encountered

north of the Riding Mountain Natlional Park are probably the
result of Winnipegosis reefs and assoclated salt‘removal

(McCabe,, 1971). Four oil fields (Whitewater, Lulu Lake,

Tilston and Plerson), located in Townshlips 3-21, 1-21, 5-29

and 3-29W§M respectively are also associated with local
paleotopographic highs of the pre-Jurassic erosional
surface. Those highs have exerted“a significant c;ntrol on
the éntrapment mechanisms for the hydrocafbon accumulations

~
encountered there (Davies et al., 1962).

2.3.4.3 Channels and cavities

Pre-Mesozoic erosion is evidenced by the presence of

r
"
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channels deeply incised into Paleozoic carbonates at the
suﬁ-Hesoz;}c unconformity. Generally the Lower Jurassic

sediments ) as already mentioned, were deposited on a Highly/

#

drreqgular karstic-trellis topography. The most pronounced’

feature is encountered soufh of Winnipeg where an east-west-
trending channel contains én énopalbusly large thickness of
Amaranth sediments. Far eastward from the limit of the
Hésozoic’cover in the vicinity of Arborg, close to the
contact between the Red Rivér and Stony Mountain Formations, .
a pre;Jﬁrassic or pre—Cretaceous‘channel'exists,
representing a deep dissection of the Paleozoic erosiéngl *
surface (ﬁcCabe, 1972; Simpson et al, 1987). Mesozoic
infillings within the channel are probably indicative of the
minimum original extent of the Mesozoic un1t5

Intense subsurface karstification also has resﬁlted in
the formation of solution caverns within the Paleozolic '
ca;bonates, assocliated probably in some instances with
brecciation. The latter can be even of higher magnitude
than thaﬁ corfesponding_to collapse subseguent to salt

solution (Norris et al., 1982). 1In the Dawson Bay area, a

2.5 m core from the Souris River carbonates was followed by

i

,silicq/g;nd'and q{gy representing infillings within a

[

solution—formégicavity (BanmMatyne, 1975). In some cases,

the formation of large solution cavities has enhanced to a
major.extent the permeability of carbonate rocks, as
exemplified b? the upper carbonate aguifer in the

Metropeolitan Winnipeg area, where high water yields are

-
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observed in the vicinity of the areas where tﬁese features
occurTfRender, 1570). The fact that a great many
solution-generated collapse structures are probably
truncated at the pre-Mesozoic uncohformity indicates that
frequent occurrence of solution caverns is likely to be

expectéd,“as a result of the. relatlively unrestricted

, Q%fdownward seepage of water (Norris et al., 1982).

2.3.4.4 Sub-Mesozoic unconformity and hydrocargpnaccumuli;ions

" The pre-Mesozoic unconformity has exerted both
structural and stratigraphic control on thé prolific N~
hydrocarbon accumulations encountered within the study
area. The location‘of the major oil fields in southuestern
Manitoba is shown in_Figure 2. 4

‘Diffe:ential subsidence of.this erosional surface,
affected probably by the Superior-Churchill boundary zone,
-resulted in a discordance betﬁeen the general trend of the
subcrop belts and their structural contour pattern. As a
consequence, a general rise of the Paleozolc belts to Fhe
northwest occurred. This accounts 1n part for the
commercial oii acéuﬁuiations of the Loagepolé Formation in
the.Daly and Virden oil fields. The Mission Canyon

| Forﬁation exhibits a structﬁral rise to Ehe southeast and
appears to be the only exéeption.. This reasoning can be
invoked to explain the lack of any major oil fields in the
Manitoba part of the Mission Canyon Formatjon.and thefg -

i
\

abundance in North Dakota (McCabe, 1959).
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The stratigraphic control is the critical one, and is
associated with the existence of the Lowver Jurassic Amaranth
Formation which over}aps the phg;ﬁesozoic unconformity.

- Hovever, despite the fact that most of the hydrocarbon
accumulations are close to¢ their subcrbp édge vhere they are
truncated at the unconformity,_thé critical trapping agentA
in many cases is neither the red bedé of the Lower Amaranth
nor the Amaranth Evaporite, but.a doloﬁite—anhydrite~
impregnated zone within Fhe upper part of the‘carbAnates.

It fepresents a sedondary.zbne formed wvithin Fﬁgxcérbonates

during Amaranth deposition, when saline or hypersaline

conditions prevailed. 1Its thickness varies from place to

place depending mainrf on the presence of the Lower Amaranth

red beds. Generally, the dolomite-anhydrite alteration zone
%”is thin or even absent in those instances where the

Paleozolc carbonates are overldin by ;ed beds. %

In contrast, an exceﬁ51ve thlckness of this zone may be
observedﬁghere the Amaranth Evaporite is laid directly over
.the carbonates (M;Cabe, 1959; Young and Greggs, 197%5). The
Daly and Virden-oil fielas are located close to the
Daly-Madeline trend, where the red beds are ébsent and the
unconformity is directly overlain by the Amaranth | -
Evaporite. Thus,a thick secondary zone was developed there
resulting, along with other strjfjjfaph;c factora in %

excellent trapping conditions.
‘ v

There is considerable evidence that in places where the

pre-Mesozoic unconformity is'overlapped directly by Lower
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Amaranth red beds, the laéter might not constitute an
effective seal for hydrocarbon accumulations, especially
whén sandy units occur at their base. This is exemplified
to a great extent by the oillﬁiscovery iﬁ the Juraésic rocks
of the Waskada field du;ing 1980 (Hay and Robertson, 1981),
vhere oil from the hfarocarbon bearing Mission Canyon

,,///~ Formation appears to have leaked.through‘the pre?Mesozoic

| uncoﬁformity into Lower Amaranth sand units (Galarnyk et

g
al,, 1984).

2.3.4.5.Siqﬁificance 6f the sub-Mesozoic tnconfoimity
The major significance of the sub—Mesozoiclunconformity

in controlling hydrocarbon accumuiati%né was.outliﬁed -
above. Other féatu;es-such as golution cavities, regional
flexures and local palebtopograph}c highs, which may .
represent salt-solution structures, might introduce
environmental hazards into waste aisposal strategies, should

) their existence and exéct location go unﬁoticed. "The new
Amaranth discovery presents additional potential for hétard,
as far as eﬁvironmental implications are goncerned. ' —

T

2.4 Physiography

The effect that geology exerts on topography is so

highly marked, that major geologic boundaries coincide
/’ approximately with those of physiogqraphic regions (Cole,

i r

e 1938).  The entire provincélconsists of the following four

B
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‘(\ underlain in most of its part by Paleozoic carbonates; and

.
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main physiographic zones from north to the sodﬁh (Simpson et

‘al., 1986, Fig. 4}:

1. the Hudson Bay Lowlandf;-consistiné of Paleozolic
carbonétes;

2. the Precambrian Shield, coﬁprising Precambrian rocks
of the Superior and Churchill provinces;

3. the Manitoba Lowlands (First Prairie Level),
‘ {

AN

.. 4. the Southwestern Uplands (Sgcond.Prairie Level),
characterized by the presépce of'Hegozoié ciastic rocks.
‘ A major part of southwestern Manitoba, especially that
'corresﬁondihg ‘to the Uglands, is marked by the éreéence of
glacial drift which obliterates the bedrock topograpﬁy,
gepreseqted in some instances by the presence of bu;ied_
valleys beneath the.glacial veﬁee; (Klassen and Wyder,
1970)-. In scuthérp Manitoba and within the study areé, Ehe
most prominént physliographic feature is the eastward facing
Manitoba Escarpment, which delimitstthe”boundary between the
' 3

‘Uplands and the Lowlands. The eastefn limit of some

topbgraphically Q}gﬁ areas to the west of this feature, such

_.as the Riding and Duck Mountains, delineates this

- Kt \
physiographic boundary (Klassen 1969, 1979). The Manitoba.
Escarpment marks approximately the eastern limit of the

Cretaceous strata and it was formed mainly in reéponse to

the differential efosion bethFn the hard 0Odanah Shales and

the underlying soft shales of the Millwood Member of the

Riding Formation (Davies et al., 1962).

=7
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*,
The main river within the study area, the Assiniboine

‘River, drains through Lake Winnipeg into Hudson Bay_in the

north.

2.5 Formation Flg;dg

The presence of highly elevated areas in the western
'pqrt of the western Canada sedimentary basin, éombined with
the cdnsidefably léver elevations Qf the discharge areas,
has permitted basinwgde modeling of the {luid flow regime
{Toth, 1962, 1963).' A regional flow éjstem exists, ‘
originating probably in_thé vicinity of the Cypress Hills in
Alberta which represent the recharge areas, and discharging
in the Manitoba towlands, thus resulgang in a northeastward
regional floJ/;;}tern (Hitchon, 1969a). With the excepéion
of some & omalies‘related to high permeability contrasts,
potential\[}(i\k;ftribution within individual formations résu;t
almost in the same northeasﬁward flow pattern, thus = - ?’“\
indlicating a-major'dependence\pn topographic variations
(Hitqhon, 1969b). . |
In southwestern Manitoba an interregional £168v system
may-originate in the Manitoba Escarpment, &s a consegquence

of the considerable topographic relief betwéen the Uplands

and the Lowlands. It is likely th this can account for,

4
4
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unconfiormity of the Mississippian Escarpment, could have SN

been of great impo nce in fontrolling sait solution during
- N . . =

post-Mississippian to pre—Jurassic times. Five additional

local flow systems existing in.the Manitoba Lowlands, are fﬁfﬂ/;ﬂf_

Jindicated by Simpson gﬁ al. (1987; Fig. 8).
in an overéll study of fhe Williston basin, Porter and

Fuller (1959) indicated the salt-free areas as those with

the correspon@ingly 1§wer saliqities? They noted also the /

coincidence of known o0il accumulations with regions

disblaying high salinities. Hitchon (1964) considered the

entire Phanerozoic section to indicate an increase in the

‘concentration of the total disso{ﬁéd solids with depth and

_'age of the stratigraph;c units. Chlorinity mapé indicated

also the hydraulic connection between the formation flulids

across‘the_spb—nevonién uhconformity. Also noteworthy |is

that an area of relatively fresh water within the Elk Point
Group wvas almost coincident with the area of salt solution.
Generally, all the Paleozoic formations in Manltoba =

exhibit a prominent decfg?se in salinity in the up-dip
direction towards the outcrop belt. This might reflect 1n'-
part dilution by meteoric water {(Bannatyne, 1960). The .
latter is possible to rep;esent the fresh water s %Fem |
induced by the topographic relief across the Manbﬁ%%a
Escarpment (Van Everdiﬁggn, 1968). Brine springs of high
salinity emanate also from Winnipegosii reefs in the &
LG :

Devon;an'outcrop belt. These might represent the

termination of the regional flov system_which dissolved a
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part of the Prairie Evaporitg salt, diséha;ging evenfually
in the Manitoba Lowlands. The contribution of pre—Devonién
-brines to those dischgrged frdm the Winnipegosis reefs, is
"also cobvious (Van Everdingen, 1971). Of méjor significance
are the areas in the scuthwestern cornir of ‘Manitoba where
most éf the formations contain waters‘:f relatively high
salinity. This can be accounted for by isolation of these
" areas from the reglional flow system (Simpsoh et al., lSﬂTf.
’ Another important aspect related to salinity vari;tidn,'

is the -presence of abnormally high or low formafion
pressures as\é result of osmotic phenomena (Van Everdingen,
1968;'Brédley, 1975). Such a case was iepdrted by Hitchon
TTﬁ%Bb) or the Viking Formation of Alberta.

Qen§>§%1y, from the observation that salt-free areas
have low salinities, it can ﬁrqbaply be inferred that the
lafter constitute a bart of a.regional flow sfstem, and the
formation watef which disscolves the éalt is continuou§1y
reneved and is eventually dischargeq in the lowlands. 1In
contrast, reservoir separation éppears to bé the case whéﬁ
high salinities prevail. ‘Thé coincidence of 0;1
accumulations with areas of relatively high salinity, is a
point in case. Forﬁation—watef salinities are likely to be
low in areas comprising parts of the regional flow system,
so that oil may haye migrated downflow to escape at the
surface. '

Regions characterized by relatively low salinities,
should not be cgésidered for wagte disposal practices, since

) \——//\

B
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fluids injected in the subsdrfaﬁe might assume the vector

properties of the regional flow system (Simpson et al

_—"t7

1987) and reappear at the surface giving rise to

w

irrxeversible, environmental hazards.

Y . v
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CHAPTER 3

BACKGROUND INFORMATION

PR
Data on formation fluids within the study area wer%//f“\
derived from drill stem tests. This apprqgch permits &
deterﬁination of several reservoir properties. Briet
‘consideration of th; application of drill stem tests to
-hydrodynamics and preoblems inherent in its use constitutes

to a great ‘extent the theoretical background behlnd the

rationale employed in the present account.

3.1 Drill Stem Tests

i

It is beyond the scope of the present séudy to attembt
a detailed cbpsideration p; this well t;sting practicei
However,-a brief description and the importénce of this
- technigue in terms of its applicatioens follows in the next
paragraphs.'cThe following information derive mainly from
the comprehensive accounts:by Maief and Ripley (1967)_ and

@

Allen and Roberts (1978).

3.1.1 Briif description

In general terms, a drill stem test is a temporary.
completion of a well. An assembly containing pressure
recorders is jolned at the bottom of the Wrill string and is

lovered to the desired depth. Packers are é%t to isolate

-61-
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. the intervél tested from the rest of the formation and the
column.of drilling fluid. At the onset of the ﬁest, a flow
period Jith the valve inside the éssembly open,
deprﬁssurizeé the formation from overpressures created by
the in§asion-of drilling mud. It ié followed by a shut-in
period, during -which the valve is closed and the pressure
build-u? generated by the formaﬁion fluids is recorded on a
chart. bepending on the purpose of the test, the same

procedure may be run twice.

3.1.2 Application.to hydrodvnamics

Formation ptessure is the most important reservoir
property to be obtained from the drill stem test chart with
respect to hydrodynamics. \Qgpending on the time allowed for

the shut-in period, static conditions_may‘be\aéhieved in

which case the static “or shut-in reservoir pressure is read -
’ - .

‘ P -’
off directly from the chart. 1In any other occasion

extrapolation,tolinfin}te time using the Horner plot is
required (Allen and Roberts, 1978).

Generally,!two methods can be employed to uséathew
shut-in pressures for hydrodfnamic implications fPrier,
1979). Thefkr;st comprises the preésure/depth graph
{fluid-pressure brofjfe) which is.usefﬁi for inferences
related to the continuity or discontinuity of prgssure
systems in the subsurface, as ﬁeli as for the detection of

subnormal and abnormal fluid pressures. The former is based

~ T

> T A

’ ..‘h_y



on the principle that pressure continuity is depicted by
.-st ight line relationship in the fluid-pressure profile.

The later can be deduced on the basis. of the position of the
wdata points relative to the two extreme gradients, for fresh
wvater (9.795 kPa/m) 'and for heavy oils (11.152 kPa/m).

The secend method is. the potentiometric surface from

which fluid-flow directi;ns and permeability differences, on

the basis of variation in the contour spacing, can be

inferred. It is based on the following equation (Prier,

1979): : o T
'E=(KB-D) +( (1/G)*P), where
E=E;evat;on of the potentiometric surxface ffom~sea

level. |
.2 .
KB=Kelly bushing elevation from sea level.
D=Depth from kelly bushing of the pressure recorder.
G=Water gradient, determined from its density.
P=Virgin formatian pressure, obtaiﬁed from the drill

stem test chart.

. 3.2 Rationale of the Present Study

For the purpose of the present account, rationale can
be defined as the procedure followed for the alleviation of
the problems related to the application of drill stem tests

to hydrodynamics,
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3.2.1 Problems and remedial measures

The first,and‘prdbably thé most critical, problem
concerns the density of the formation £luids and is
dictating the inescapable assumption that this property has
a constant value. Generally, knowledge and subseqqeht use
of the actual densities for individual _sites might be useful
for local scale aspects only, while for large areal extent
considerations,‘gs in the case of the study area, no serlous
mistake is introduced by assuming an overall constant
dénsity (Levorsen, 1967). For the purpose of the present
study, fresh water density has been adSbted which results in
a water gradient (G) of.9.795 kPa/m.

The second problem has to do with Fhe question of
whether the shut—iq pressure obtained from the chart
reflects ‘the virgin reservoir pressure o0r a lower fluid
prefsure. This holds true especialiy for the Mississipplan
formations within the study area where production-induced
pressure drawdown in the vici;ity of the oil flelds appears
to be a very common case. In some instances the opposite
phenomenon, reflecting-prob§b1y brine-disposal grigzices or
water-injection wells for secondary recovery operations, is
also encguntered. Special attention has been paid to
- overcome the above problems mentioned that constitute a
major source of possible error, as far as the hydrogeologic
environment is concerned. The procedure followed for the

_ \
Mississippian System is considgged in the next chapter.
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The depth of the pressure recorder poses another
problem since no inforﬁngép exist.regarding this aspect.
So in ai& the cases the depth of the bottom of the interval
tested was used for the calculation of the potentiometric
surface. However, the exact position of the pressure
recorder does not appear to be of significant importance
since the drill stem test is representative of a certain
Interval and not of a specific depth. |

In many instances, some drill stem tests might
incorporate two’formations. In these cases their nature was
~an important factor in the effort to assign the shut-in
pressures to either of the formations. The author suggests
that-tests displaying relatively high static pressures,
which are.terminated in shaly units behaving as aquitards
and are overlain by aquifers (e.g. carbonates) that are
partially included in the interval tested, might be

considered to be representative and therefore be assigned to

the;ﬁﬁber formation. Where twvo different formations of the

.

Sjﬁg'ﬁature\(aquiigrs or aguitards) are tested, their
relative partitioning has been taken into account along with

pressure values;existing in the adjacent drea for tests 2

1n§olving either of the two units.

In very few cases during partisgla;‘tests, initial anad
I

final‘shuFfin<Fressures resulting from two shut-in periods,

are the sa1e. )Predominantly, the final shut-in pressure is

-

r . .
the lower one since temporary reservoir depletion subsequent
/ ;

to the'first/élowing and shut-in period might have

<
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occurred. 1In cases where a higher final shut-in pressure is

encouﬁtered, an insufficiént initial shut-in period pressure

L)

build-up is probably the case. For the reasons mentloned
. <

above, the highest pressure value was employed for all the

calculations. Armore difficult pfoblem to cope with is
represented by the cases where, individual wells ﬁesting
subsequent sections of the same formation exhibit

considerable pressure differences which can be accounted for

- by vertical permeability variations. For reasons of

consistency and for the purﬁose of the present study, the
highest value was used, since solution-generated collapse
structures, un%ess-sealed, will probably be associated with
high pressures.

-

The absqﬂut? erior resulting from the pressure gauqge,
is approximately in the range of -6.90 to +6.90 kPa. Thus
it becomes apparent that the relative error of the shut-in
prqfsure {absolute.error in percentage) is. very small, by )
taklng into account the high fluid preaéures associated with-
the deep ﬁormations.that are considered in the present

) i
study. The effect of the latter in turn on the

potentiometric surface values is obvioésly insignificant.

3.2.2 Potentiometric surface maps - Fluid-pressure.profiles.
T ~

In the pégsent study, the computer program Golden

Graphics System was used for the processing (gridding} and-

initial contouring of the data points. The distribution of
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the contours, as depicted by the potentiometric surface
maps, is a function of the smoothing factor that was used;
A high‘smo;thing factor (0.95) is useful for inferences
rélated to both regional trend and presence of
‘potentiometric anomalies. 1In contrast, a low smoothing .
factor (<0.80) yields only the regional trend andrthe most
proﬂ{Eent anomalies. 1In the present study a sﬁootﬂing
factor of 0.95 was employed in all the cases, unless A
otherwise specified. Corrections and édjustments'of the
systeﬁ derived contour; ;;re applied vwhen this was judged tg~/
be necessary. The same software system was also employed
for the construct&f? bf surface maps representing the
three-dimensional d’stributiop of potentiometric surfaces.

The Harvard Gaaphics Sygtem vas employed Eo generate
fluld-pressure profiles. In the latter, two referénée linég
wére drawn in all the'cases, correspohding to the extremé
gradients for formation fluids; one for Ere:h water (normal
hydrostatic gradignt=9.795 kPa/nm) and the other for very
hea\f; oils (11.152 kPa/m). 1In this way, abnormal or

subnormal pressures and vertical continuity or discontinuity

of pressure systems, can be inferred.



o

CHAPTER 4

HYDROGEOLOGIC ENVIRONMENT

4.1 General Remarks ~

The major lithological variations within the/gntire \\§é~

Phanerozoic sedimentary sequence in southwestgrﬁ/Manltoba
have given rise to three main lithostratigraphic divisions;
the Sésal clastic, the middle carbonate-evaporité and the
uppexr clastic divisions. The contrqsting litholqgic
associations render the same classification convenient for
considerations of formation fluids, so that the prevailing
hydrogeologic conditions can be treated separately for the
particular d;visions. For hydrogeclogic purposes each
division can be best described as an intergedding of
sandstone or carbonate aquifers andyshale or evaporite
aquitards. .

In many instances, especially in the case of the

' carbonate-evaporite sequence, absenée of laterally extensive

impermeable intervals establishes at least a vertical
lithological continuity between separate formations-and
indicates also the likelihood of hydraulic continuity.
However, shut-in preséures exist for distinect formations,
thus allowiné fﬁr reconstruction aof the hydrogeologic/ﬁ
environment for particular units. Inferences related to the
hydraulic continuity or discontinuity can be Qfawn en the
basis of the dégree of similérity of the individﬁél

r
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fluid-flow patterns, as well as the position 6f\the
forﬁations on the pressure/depth graphs. The fo;mer case
conforms to the existence of hydrostratigraphic uniks as’
deflngd by Maxey (1964).

| It is‘also noteworthy that hydrostratigraphic units can
be roughly defined, even iﬁ cases where there is
Interference of persistentlimpermeable intervals within
aquiferé. Fracture systems associated with the ‘aquitards
probably acéount for this condition. The hydraulic .
connection across the sub-Devonian hnconforﬁity established

is a case in point,
s

through formation fluids salinity
it one considers the presence of the red beds of the Ashern
Formation at the top of the erosional surface. The same
phenomenon can be expected to occur more intensely in
post-Prairie units, pfomofed by salt~solution—inducé&r
fractures.

All the above mentioned contentions are exhibited
through an understanding of the hydrogeologic environment,
wﬁich is attempted in the following seétions through a

detalled description of potentiometric-surface maps and

elected fluld-pressure profiles.

o

4.2 Basal Siliciclastic Division

The lower sedimentary division within the study area is
mainly represented by the Winnipeg Formation and is

characterized by major heterogeneities, since it coincides
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approximetely with the trassitional zone between the
psedominant sand and shale facies to the north and south
respectively (prrass,.19fl). The latter holds true
especially_for the lo»:r unit of the Winnipeg Formation.
These heterogeneities -an to some extent be expected to
affect the flu1d flow pattern of this formation. However,
the extremely sparse drill stem test control allows only for
a generallestlmatlon of the dlstrlbutiop of fluid potential.
Also ﬁeteworthy.is the fact that data from tests
incorporating Precah?rian rocks have been included in fhe
Winnipeg Formation, since the Precambrian basement has been
considered as the impermeable boundary at the base of the
Phanerozoic sequence. |

The petentiometric surface map of the basal clastic
unit (Fig. 10a) reveals a northeastward-dipping |
potentiometric surface with an average gregient of 12;5
m/km, disrupted by anomalously low values at the
central—eastern part of the area. This most probably
reflects reservozr heterogeneitles and gives the appearance
of a hydraulic trough.‘ Thls is manlfesteé in the test
‘performed in the Ayco Shilo 10-24-9-16 well
(LSD 10-24-09- 16WPM) which was run in a zonﬁ_of high ahele
content (McCabe, 192% Appendix I) and resulted in a

potentiometric surface of 424.m below'sea level. 1In

cohtrast the Arco Shilo 10-2-9-16 well (LSD 10-02-09- 15wpu;

-

A

-tested a zone that appears to be located close to the

transitiohfinto a porous and ﬁncemented sand (McCabe, 1978,

<

/
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Appendix Ij and the corresponding potentiometric surface is

544 m above sea level.

The effect of heterogeneitjes.hlgo becomes evident in
Figure 11 where the location of the Winnipeg Formétion
relative to the fresh waterlgradient (9.795 kPa/m) denotes
the presence of excessively low pressures. It is élgo
important to note, that the two poténtiométric lows in the
eastern pa;t of the area, correspond spatially to the region
of the highest‘shale COﬁtent {Andrichuk, 1959, Fig. 10).
Thus the depicted flow pattern is§not_likely to reflect the
actual hydrogeologic énvironment, since intercalgtions of
impermeable intervals from which the subnormal pressures
most probably result, are not representative of the fluid
pétential pattern.

In an effort to eliminate the effect of heterogeneities
on the £luid flow patfern, a potentiometric surface map of
the basal clastfc unit has been produced'éxcluding subnormal
pressure values from the data set., In this way a flow
system with a nortﬁward gradientﬁi; approximately'z‘m/km
becomes apparent (Fig. 10b). The smooth flow pattern
exhibited in thls way is probably indicative at the same
time of the directional permeability within the basal

e
b= 4

clastic unit in an area, where the interference of sand and

e

shale intercalations is established.
A _ ‘
. I i
A slight decrease in spacing of the contours in the
vicinity of Townships 12 and 13, Ranges 24 and 25WPNM,

accompanied by an eastwvard swving of the gradient, is

fe)



-74-

- guoJjeEWIO3 JSSEIN ;DSUL fuoyjjeniog '
Xeg uosaed :Xds5q fuojjeuiog sysobadyuuta :59dM
tdno1g ayerIajuy :dodI fuoyjjemrod Badyuuiy DANM
*(HAM6T-60-G0-€0 A4ST)
1I9A 6T 6 G £ uopueidg 3woq 03 a1y301d sinssaid-pintd °IT °*H1d

(spuBsnioy ) (Bd¥) 3HNSSIYd

al 2! oL e 9 % 2 0
T T T I : s ] Q0o -
' : | o o OdNM - 00¢1 -
40001 - AEV
-4 008- H
1
Joog- d
=
d
4 00 -
w/edy S;.% z 10oz- )
w/udy S6L°8 )
5



- -75-

approximately coincident with a trend of minor magnetic
anomalies on the Precambrian basement, and is located near
tﬁe Birdtail-Waskada axis. The flow system represented is

more or less compatible with the established northeastward

. regional flow pattern. The deviation from the eastward

direction can probably account for the lack of brine springs
in the outcrop belt of Lake Winnipeg.

It is also noteworthy that pdtentiometric surfaces
above ground level in the western part of the area in the
vicinity of Townships 5 and 12, <Ranges 25 and 26WPM
respectively, appear t; be located approximately along the

trend of the Birdtail-Waskada axis. It is possible that

'basemeht linear features through recurrent activation

pressurize the formation fluids of the -overlying basal
clastic unit, thus giving rise to flowing artesian °

conditlions.

4.3 Carbonate-Evaporite Divisicn

The middle sedimentary division is a nearly continuous
carbonate sequence, ihtérrupted by wideffread aquitargs.
The most hydrogeologically significant i'permeable ipterval
is the Middle Devonian Prairie Evaporitel. Solution of this

evaporlite unit has disrupted to a major extent a great

portion of the overlying strata and has given rise to

modificationqﬂgf/;he original ﬁydrogeologic environment.
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4.3.1 Pre-Prajrie units

Pre-Prairie Evaporite formations are mainly Composed of
ldolomitic limestones and dolostones. The only persistent
major aquitard.is.represented by the Red Beds of th§5Ashern
Formation., Other subordinate impermeable intervals are the
evaﬁorites 0f the Red River Formation, of the dolomitlc
Gunton .Member of the Stony Mountain Formation and of,the
Stoné&all Formatign, as well as the shaly Gunn and
Penitentiary Members of the Stony Mountain. Formation.
However, except fof the Red River as a whole, complete lack
of data precludes the assessment of the hydrogeologic
environment for the rest of the units which incorporaté
agquitards.

s ) © ' Y,
4.3.1.1 Red Rivgr Formation

The smooth flow pattern depicted by the potentiometric
Furface map of the Red River Formation (Fig. 12),; reflecpé
the sparse well cantrol and the lithologic homogenéity ofn
this unit. Shut-in pressures from the Yeoman Member, which

L}

is most commonly encountered ih'southern Séskatchewan, have
been also included in the data set. ’The map revealé a
prevailing nérthward direction of fluid flow, with an

average gradient ranging from approximately 3 m/km to 5.5 :
m/kh. | o

~ . The steepening of the gradiént in theé north is probably—

due to the presence of evaporites (Andrichuk, 1959, Fig. 15)
. : o

o
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within the dolomiﬁic'l%mestones of the upper part oflthe Red
Riﬁer Formation, where most of the tests were performed.
‘The same feature also appears to be located adjacent to the
same trend of minor basement magnetic anomalies as in the
case of the Winnipeg Forﬁation. Presence 6f evaporites can
also account for the apparent potentiometric low in the
"central-~northern part of the area.. An alternativé
explaﬁation for the latter is probably the existence of

ﬁ&osmofic phenomena, which preduce downward movement of fresh
water thus creating low preSﬁures, since the underlyingj *
Winnipeg Formation i; character}zed b; the existence of‘
higher salinity £fluids and cont;ins in additien ghale
intercalations that might act as semi-permeable mag?ranes.
Cursory qxamination'of the fluid flow patpgrh reveals a
general similarity with that of thé basal division and

\ indicates the likelihood of a hydraulic‘fonnection‘between
E@gse strata. This is espeqially promoted by the artesian
flowiég conditions encguntered by the Amerada Lauder Prov M
F 9 35 5 25 well (LSD 09-35-05-25WPM), which is located on
the Birdtail-Waskada axis. The samegwell also encountered
similar conditions on the underlyiné Winnipeg Formatleon and W

the corresponding potentiometric surface values are almost

the same.

4.3.1.2 Interlake Group

A slight change in the fluid potential pattern apﬁ@ﬁfi

to occur in dolostones of the Interlake Group (Fig. 13). The
: _ : - "

. A

N
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Fig. 13. Potentiometric surface £o£:1n
' 1) location of wells; 2) equipotential- lines

[ B=d
-

4

(contour interval= 50 m).
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| . B
gradient turns;ﬂgénly to a northeastwarq'dixection vith a
\

steep slope of approximately 6.5 m/km in the southwestern

éart of the area, gréding northeastward to 2 m/km. The

smooth flow pattern in the latter is proPably representative
. of the homogeneous dolomitic‘nature_of thE*infEElake Group,

' ]
and it appears that reservoir separation cannot be invoked /,,2/

//,/“tg\account for the tightening in spacing of Ehg)bontours in

-

the former case. This is likély‘to be related to am area.
charaéterized probably.by the dominance of I%ﬁbstane. In
fact, the latter is reported in the Californla . L
Standard-Hartney 16-33 well (LSD f6-33r05—24WEM), whereas

other wells very spaxrsely distributed within the rest of the

. ——_ study area whexe gentle gradients are encountered, reveal

¢ N~—

mainly the presence of dolostones’ (Baillie, 1953, Appendlix ™~
1.7

An alternative hypothesis -is that the reglion
characterized by the steep gradient is located in the

vicinity of Township 5, Ranges 24 and 25WPM on the trend of

.
the Birtdail-Waskada axis, as well as within the area I
‘ .

'affected by the Hartney structure. It is likely that

basement—relatgd’tectonics have contributed to the formation

of this feature and have facilitated, to a majorﬁextenp
\j "‘-\N . . .

- cross-formational flow through the enhanced vertical
- - / -

permeability, thus giving rise téfgteep gradlents an#

potentiometric high values. The boundary zone éppea:s once

-more to constitute a locale of flowing artesian conditions.

The Amerada Lauder Prov M F 9 35 5 25 vell

-
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M o, ]

(LSD 09-35-05-25WPM) registers again a potentiometric .

4

surface close to that cb;responding for the Winnipegﬁénd Red
River Formations, if the corrections for the'formati;n
fluids salinity are taken into account. A possible
relationship between Interlake reef occurrence and steep
gradients should be aiqo considered. LSuch a case has been

cited by Hitchon (1969b) for the Swan HillL reef complex in

Alberta. It is noteworthy that a southgﬁftwards broadening,

as defined by the 450 and 500 m contours, is delimited by

the trend of bésemgnt magnetic anomalies present to the east
of the ﬁirdtail—Was;ada axis. |

B The fluid flow pattern of the Interlake Group can bé
expected iﬁ some’instanégs to be affected by brecciatiohn
associated probably with the pre-Dévonian erosional |
1nterva1 The latter might be the cause for the high }’_
potentiometr{s surface values in the southwestern part of
the study area. Brecc1as are repcrted in the Souris’
Valley-Robert Moore No.l wWell (LSDl05—20501-27WPM) (Baillie,
1953, Appendix II). h

The overall northeastward fluid ¥low direction,

conforms to the established regional flow pattern. No brine

springs are reported in the outcrop belt of the Interlake

Group. However, the contribution of formation flﬁids to the

‘brines discharging from DeyQaian formations' will be furtherf

discussed.

#
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4.3.1.3 Ashern Red Beds

The Interlake Group is separatéd from the last
pre-Prairie§carbonate unit by the Ashern Red Beds. No
comments J; its actual hydrogeologic nature are possible,
since no information on formation Egessures exists, The
only drill stem test, berformed in the Cal Stan Findlay 9 26
7 25 well (LSD 09-26—07—25WPM], yielded a potentiometric
surfabe*of 368 m abové'seé level, corresponding to the
excessively high for an agquitard pressure head of 1126'mh
The latter probably is not very reliable, since a
significant pbrtion of the overlyling Winnlpegosis Formation
was élso incorporated in the test. For.the same well
(Fig. 14) the.location‘of-the Interlake Group and the Souris
River Eormétion relative to the normal hydrostatic gradient,
coupled with.the position of the Ashern éed Beds, proSébly
indicate the ineffectiveness of the latter in imparting
.pressure discontinuities. The‘éame comment applles also to
all the other aguitards, namely the Second and First Red
Beds, that are present betweeﬁ the Winnipegosis .and the
Souris River Formations. J .

The obposite appe;}s'to‘be the- case for the Dome‘
Brandon 3 5.9 19 well (LSD 03-05-09-19WPM) (Fig. 11), where’

, i

the prégence of the Ashern Fofmatiqn appears to impart a
ceré%in\E:gree of vertical reservoir separation(
Deécriptions also of drilliﬁg cuttings f¥om this unit
(Baillie, 1953, Appenaix I1) reveal Ehe presence of

dolomitic material which can'probably account for, at least
. _ -

L]
-
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£

in part, a degree of permeability. It appears therefore

'
o

that the above results, combined with considerations of

salinity data, call to question the nature of the Ashern

Formation as'an aquitard.

4.3.1.4 Winnipegosis Formation

The potentiometric surface of the Winnipegosis
Formation (Fig. 15a), exhibits north-northeastward £lov with

an average gradient of 2.5 m/km. The most prominent feafure

B &
of the map is a northward- trending hydraulic ridge adjacent

and parallel to the Birdta11 Waskada axis, whio; becomes
more evident in the three-dimensional potentrometréc surface
map ih'Figure 15b. The same feature is also located close
to the trend of the Wlnnipegosis frlnging reef and somewhat
coincides with the solution edge of the Prairie salt. The_
scenario most likely'to account_for this is reacfivattin of
the boundary zone pressurizing the formationlfluids of thef
'fringing.reef vhich are deflected upwards, thua dissolvfng'a
part of the'overlyLng salt section. The latter is“likely to. |
constitute the mechanism df salt solution during present |
‘times. The apprdximat; coincidence also of the_hydraullc
ridge with the salt limit lends credenceﬂtorthe'view that at

. . )
present in southwestern Manitoba salt removal is probably

taking place?along its edge.

The existence of flowing artesian conditions in the

wells located along the boundary zone and. a similar

S

potentiometric surface value for the Amerada Lauder Prov M E/;>
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9 35 S 25 well {LSD 09- 35-05- ZSWPM), as in the case -of the
formatlons already con51dered is also noteworthy The

r

po?bntlometrlc high in the v1c1n1ty of Townshlp 5, Range

b ~.24WPM c01nc1des W1th&the Hartney structure. The fau}t and

" w ~ .
fracgpre systems assoc1ated with thls featuie probably

afféct the entire Paleozoic sectibn and are likely to
represent preferential flow paths in the vicinity of the \“‘“
stru;tufe,.thus giving }ise to high %iu;d bressﬁres. -

The abnormally high pressures fﬁgt can be expected to
bccur_%n the Winnipegosis Formation in the Hartney area are
also reflected in thé‘p;éssure~deptﬁ pfofile 1n.Figure 16,
vhere the 13cation of the Winnipegosis relative to.the s
highest possible gradient is observed. In the séme Qell the
positioﬁ'of the'Souris River Formation exhibits a pressure
close to,normal hydrostati; conditions for fresh water, thus
brecluding any vertical hydraulic connection between these
tvo formations along the lithologic seéueﬂte-in this
particular well. Thg possible structuralidisfurbance
asso;iated with the Winnjpegosis in the "same area, which
most probably accognts fér'thé excessive pressures, . lis
manifested in the frégmental nature-of th; dolostones as
evidenced by the core)ané drilling cutting’description; in
the California Standard-Hartney 16-33 vell
(LSD 16-33-05-24WPM) (Baillie, 1953, Appendix II).

An anomalous potentiometric low 1n_¢ﬁe Qestern part of

the area is probably not indicative of the actual flow

pattern, but of minor heterogeneities. A core recovered by
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the California Standard-Linklater 2 21 7 28 well
({LSD 02—21407—28WPM5 thét iﬁcluded a portion of the interval
tested, revealed the preéenée of limestone (Baillle, 1§53,
Appendix I1) probably indicative of Elm Point facles. The
latter, since it is undoiomitized,lwill be characterlzed by
lover perﬁeahility and hence a correspondingly low elevation
of_the potentipmétric surface. This becomes ﬁore'evident
from the position of the Winnipegosis Formatfbn in the
fluid-pressure profile of this pargicular well {Fig. 17).
The rest of the wells within the sfudy area revealﬁonly the
presence of dolostones. ¥ |

On a regional scale it appears that the northeastward
flow pattern dépictéd by the potentiometric sﬁrface map,
results in the dischargé of brine springs from Winnipegosis
reefs in the Devonian outcrop belt of Lake Winhiﬁegosis.

.

4.3.1.5 Discussion a

The sparse well control is the major drawback in the
-effort to‘altempt a more accurate assessment of the
érevailing hydrogeologic conditions for the pre-Pralrie
Lower Paleozoic formations. The mosf important observation
concerns the general north-northeastward direction of fluid
flow, as wéll‘as the more-or-less uniform gradients,.with
the exception of cases, probably associated with minor
. reservé&r hete;ogeneifies or even basement features.
Continuity of pressure systems indicative in turn qf

i
7 hydraulic connection and cross-formational flow can be
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;
convincingly displayed for -at least one case in the vicinity
of Township 5, Range 25WPM. } o ' .

It is likely that the low:Bermeability intervals'witnin
the Lower PargozoiCoformations are not very eéiEctive in
isolating distinct hydrogeologic units., In some instances, .
however, a certain degree of vertical reservoir separation
imparted by the presence of aquitards, cari be deduced.

Note; for examplz, in the fluid pressure profile in- Flgure '
18 the position of the Red River Formation and the younger
formations relative to the Winnipegosis Formation, which is

in turn indicative of distinct pressure systems It is

p0551b1e that the separation at least between the Winndpeg

and Red River Formations can*belacéounted for by the

presence of the Red River evaporites that appear to develop

in this argg-(Andrichuk,QIQSS, Fig' 1s)

The salinity of brine springs issuing from Winnipegoslis
reefs in the Manitoba ootcrop belt, which is incompatible

with salinity data from the Winnipegosis Formation, provides

additional evidence of hydraulic continuity. It is_ascribed

to créss-formational flow through'fracture systems affectling

the aquitards from underlying formations characterized by
higher salinity. The latter can be also invoked to explain
the absence of brine springs in the outcrop belts of the

pre-Winnipegosis units’



¢
%)

2:2:\3. P TANH

‘Kedg uosaeq

fuogjzewrod I9ATYH

i

| ...Q:OMD

{uoyjewrod aoiadng :M¥dA ‘uojjeuwrod
1x48a {uojjewxod sysobadjuuiN :sOdA
pPoyd :A¥ay fuojjruiodg Hadjuurh :OdNM
*(HAKTZ-93-¥E-80 AST) TI°A TZ.

k|

91 vm 8 iteroyjeayg awoq io3j airjoad ainssaid-pinigd g1 "Hyg-
(spuesnoy ) (8d¥) 34NSSIHA
48 OL 3 9 v z 3¢
T 1 7 T _ COvlL -
40071 -
k
! J0031-
; 2 )
>~ 4003- H
. . F.
: g MHda {oog- d
// : o |
T TANW 00 - Q
-~ 88°0s4 § S !
L w/edy Zau // 300zZ-
b . , ./.// -
w/edy $6.'8 |. //
8]



-93-

#*

pu————

4.3.2 Prairie Evaporite ’

It is evident that within the study area and the entire

4
Williston basin generally, salt removal from the Pralrie

Evapq;ite compijses probably the most Important clue in the
'7 endea#our to unravel the str&ctufal iﬁtegrity of the
Phanerozoic sedimentarf sequenee. Salt solution and
collapse of the?overlying strata are also the responsible
c;ﬁponents for seve;al commercial hydrocarbonl
eccumulations. The latter is probably indicative of 2
| alterations in the subsurface Hydredynamic cdhditioes
‘c01nc1ding with the onset of salt retreat. Salt related
tectonics exemplify the hydrodynamlc condltions prevalent
*in the Willlston basin Should static conditions prevall,
thus the formation fluids be immoblile, only minor salt
leaching can occur, since the solvent will become
. Saturated, With‘contiﬁ;dus flow howvever, recurrent salt
solution may taxe_place. This conforms to the principle of
the relationship between hydrochemistry and hydrodynamics,
as succinctly stateﬁ;by Hitchon (1980). It is manifested td
a great extent by the relatiyely high'salin}tylvalues;af the
Winnipegosis formation fluide in the area beneath and west
of the pre;ent salt edge, and their gradual deérease
northeastwards towards the outcrop belt.

It is a hajor drawback, especially im view of the scope

of the present study, that no data exist on formation fluids

of the Prairie Evaporite. The only test performed in the

N ‘ I\



Chevron W. Oak'Lake 1-18-8-25 well (LSD 01—18-08-25WPH):
provides an excellent opbortunity to gain insight into the
excessively high pressures thét';an be expected to obtur.: A
shut-in préssuré corresponding to 507 m of potentidmetrié
surface above sea level and 1232 m of piessure head, vas
eﬁcountered. It Bécomes apparent that ‘no such conditions

" can be easily énvisaged for an evaporitic sectioﬁ, at least

.

under natural-circumstances. The -above can be accounted for

e e ae
=

by incipient' fracture systéms, prob;bly precursors of
coﬁplete salt removal around this ;ite. Also noteworthy, is
the llocation of this site relative to ths Winnipegosis
frinéing reef and the Birdtail—Waskada‘axis that évidence

their role in initiating salt solution in depth.

4.3.3 Post-Prairie units

All of thé aquifers discussed above, f£rgm the Middle
Cambrian Winnipeg Formation up to and including the Middle
Devonian Winnipegosis Formation have two common
denominators. Firstly, they are all exposed at the surface
in the outcrop belts near Lakes Wlnnlpeg, Wlnnlpe9051s and
Manitoba and ére characterized by a un1£orm flow pattern
that appears to lead toward their outcrops. Secondily, as
pre-Prairie units they are not disrqpted by salt
solution~induced structures, as opposed to post-Prairie

formations of Paleozoic age. The former however, holds true

for the first two post—Prairié éarbonates, at least as far
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as strface exposure is concefned'(uncbnfined aquifers). The
rest of the Paleozoic aquifers are isolated.from the “surface
(confined aduifers}, since they are truncated at the
sub;Mesdzoic dnconformity. For hydrog»ologic purposes the
distinction between unconfined and confined aquifers will
compr;se the basis for the‘division”df the post—Pralrie

Paleozoit carbonates

4.3.3.1 Uncdnfined aquifers
“The vertical continuity of the exposed aquifers |is
interrupted by the presence of the First Red Beds at the
base of the Souris Riwver Formation. ' The entire seguence is
R
separated from the underlying Prairie Evaporite and the

Winnipegosis Formation by the Second Red Beds of the Dawson

Bay Formation.

4,3.3.1a Dawson Bay Formation

It is .questionable whether isopach anomalles present 1ln
ths Dawson Bay Formation, espeéially along Townships 1-5,
Ranges 25 and 26WPM in the southern part of the area along
the Birdtail-Waskada dxis, as well as eastward from the
boundary zoné, are related to salt.solution affdcting the
Przirie Evaporite, differential'subsidence of ;he‘basement
or removal by solution of the Hubbard Evaporite (McCabe,
1971{. It appears therefore that the.degree of structural -

.

fdisturbance cannot be easily assessed. It can be assumed,

hovever, that salt removal following Dawson Bay .
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sedimentation will have affected the structural'intégrity'of
this formatlon. 1In addition to that, the ﬁatﬁre,of this
unit as a shale-carbonate sequence probably imparts major
heterogenelties, as might be the case for the apparent -
potentiometric low in .the vicinity of Township 12, Range
24WPM (Fig. 19}. The same conditions are especially
manifestedlbx thebexceséively low pressure, registered by the
Pr Potash et al McAuley Prov 13 2 well (LSD 13—02f16;29WPM)
that was excluded from the data set. The test yielded al
shut-in pressure corresponding to a potengéom?tric suf face
of 240 m below sea level. The latter is incongruous with
the fesults obtained from other tests-ana cén be best
ascribed t? reservoir heterbgeneities. Another possible
explanation is offered by the fact that salt solution has
occurreé adjacent to this area, specifically in Township. 29,
Ranges 17 and iSWPM (Norris et al., 1982).

Probably the same phenomenon may extend further
southward and the low pressure might reflect sealing of the
fractures attendant_upon solution and ccllapse. The |
potentiometric surfécermaﬁ of the Dawson Bay Formation (Fig.
19) depicts northeastyard flow with an average gradient of \§\\g¥j
2.5 m/km‘in the southern part, steepening in the - |

An important feature to observe is that the flow

central-northern part to 10 m/km.

direction towards the outcrop belt is in accordance with the
regional flow pattegk. Absence of springs in the outcrop

belt is probably due to interception of the flow system by
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Fig. 19,

Potentiometric surface for Davson Bay Formation.
1) location of wells; 2) equipotential lines
(contour interval= 50 m); 3) potentiometric high;
5) limit of Prairie Evaporite salt beds ( solution
edge). ‘
Credit: Simpson, 1983.
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saltvsolution-ihduced fractures and subsequent
Cross- formational flow towards the overlying formatlons
Such a case might be represented by the potentiometric high
in the vicinity of Township 14, Range 24WPM, as will be
further discuesed, and by the steep hydraulic ridge further
eastward. The latter might be of considerable significance
when its approximate c01nc1dence with the same trend of
minor ;;énetic anomalles on the Precambrian basement, as-in
tHe case of the Winnipeg and Red River Formations, is taken
into account. It is'therefore possible that this particular
zone of the basement transmits high pressures on the above
mentioned formations throuéh recurreht aetiﬁatioﬂ, thus
facilitating cross-formational flow. It can probably be
arqued that the flow pattern depicted is quite similar to
that displayed for the Pre-Prairie formations and is thus
,indicative of a possible hydraulic Lonhection.

Undoubtedly, rhe impermeable nature of the Second Red
Beds is questioned at least in one case. The Amerada Lauder
Prov M F 9 35 5 25 well (LSD 09—55—05-25WPM) yielded a
hydraulic head indicative of a hydraulic connection with the
entire underlying Paleozoic section The latter is
especially exemp11fied by the fluid pressure proflle of this
particular well (Fig. 20), where the vertical hydraulic
‘continuity from the basal clastic unit through the Dawso;m
Bay Formation becomes ‘evident,

The slight contrast also in the potentiometric

surfaces, appears to lead ln an upward gradient, that
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indicates potential upward cross-formational flow. The
Dawson Bay also 1s characterized in the vicinity of
Township 5, Range 25WPM by a slight synclinal flexure and in
addition the overlying Souris River Formation exhibits, in
the-same aréa,an anomalous increase in thicknéss, probably
indicative of salt-related tectonics‘(McCabe, 1967). Th&gw
the approximate coincidence of a site, cha;acterized bf
've£tical continuity of the pressure system and
cross—formatidnai glow, with an area where salt solution has
occurred, comprises the hitherto best evidencé
of the effect of salt removal aﬁd gnsuing collapse of the
6ver1ying strata on the hydrogeolegic environment.

Hyd;aulic'connection of the 'Dawson Bay Formation with
the underlying carbonates, can be expected to be a common
case ln most of the studf area where the Prairie Evaporite
salt is missing. The graph of pressure against depth for
the.Dome Stratﬁclair 8 34 16 21 well (LSD 08B-34-16-21WPM)
(Filg. 18) is a case in point. The potentiometrié surface
values also, except f;r the Winnipeg Formation that appears
to comprise a séparate pressure system, are indicative of
downward gross-formational flow. if is therefore likely
that this site might comprise a locale where undefined
solution-generated collapse structures occur.

It can be assumed, sincé no data exist, that pressure
discontinuitiei might be present between the Dawson Bay

Formation and the underlying carbonates in 'the area

underlain by the salt of the Prairie Evaporite. The
|
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hydraulic connection in the areas of the missing sait casts
doubt also, in some instances, on the nature of the Second Red

Beds as an aquitard.

4.3.3.1b ‘Souris River Formation

The potentiometric map of the Souris River Formafion
(Fig. 21) reveals a dramatical change in the fluid potential
pattern. The effect of salt ;Blution appears to be
exemplified by the presence of major anomalies especially
along the Birdtail-Waskéda axi&xgpere,as already disclosed,
salt removgl along the‘piesent salt edge has taken place.
The lows in the northern and souﬁhern parts of the boundary
Zone are likely to reflect reservoir heteiogeneities, since
the Souris River Formation is a cyclical limestone-shale
sequence.. However, the latter area 1is located in the

vicinity of the Waskada region where salt solution iIs known
to have taken place. _

The anomaly might be indicative of the incipient stages
of salt removal, before more intense solution gave rise to
the Waskada dome. By the time the dome was formed, the
initial fracture systems had bee? probably sealed, thus
giving rise to low permeability and hence potentliometric
sdrface. A potentiometric high east of the Birdtail-Waskada
-axis in the vicinity of Township 5, Range 24WPM is located
iﬂ an area wherékgtruétural disturbaﬁce‘and anomalous
thickening of the Souris River Formation occur (McCabe,

1967, Fig. 16).

\s
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This coincidence ‘comprises the best evldence on the
relationship between areas of "known" salt solution, as
inferred from structural and isopaéh anomélies, and
formation fluids pressures. In this case thg fractures
remained open after formation, thus providing potentiél
conduits for a relatively unrestricted flow that resulted in
high fluid pressures. The<;ame locale also of structural

and isopach anomalies is almost coincident with the Hartney

structure. This indicates probably genetic relatlonships K

gy

-

between’ the structural disturbance assqci?ted with the
Hartney structﬁre, sélt—related tectonics and high fluid
pressures. Within the region affected by the Hartney
structure, partial infilling of fractufe systéms with
impermeabie material, has resulted in the formation of
separate vertical pressure systems, as appears to be the
case for the Royalite Triad et al East Hartney 1 Qell
(LSD 07-27-05-24WPM) . (Fig. 16).

The effect of vertical salinity variation within the
stratigraphic column is probably depicted by the anomalously
high head located in Township 10, Range 26WPM. 1In this
particular locaTET'the underlying Dawson Bay Formation ls
characterized by salinities in the order of 120,000 mg/l in
contrast to 260,000 mg/l approximately for the Souris River
Formation (Manitoba Department of Mines, 1971). Thus the
salinity contrast noted above can create, through osmotlic

phenomena, abnormally high pressures 1n the overlying

formation (Fig. 22). The First Red Beds at the base of the
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A
‘I

Souris River Formation have probably acted in this
‘particular case és semi-permeable membranes..

The ppéentiometric high in the vicinity of Township 14;
Range 24WPM constitutes an outstanding example of -
cross-formational flow. The underlying Dawson Bay Formation
is also characterized by a high in the same area, and both
tests were performed by the Apache et al Chumah 2-28-14-24
well (LSD 02—28—14—24WPM). The contrast in the
potentiémetric surface ‘has led to an upward vertical
gradient. The coincidence.of the highs, on the other hand,
probably indicates that the potential conéuits for .
cross-formational flow exist, most'}ikély through fracture
systems of the First Red Beds. The isolated poténtiomgtric
anomalies in the western part of the.area within
the present salt liyit QOLnot appear to coincide with any
area of known salt collapge. However, it should be noted
that the refﬁtively sparse well control in the Devonian
formations does not permit exact demarcation of
' solution;gener;fed collapse structures.

In these iﬁstances, a'knowledgé of subsurface
hydrodynamic conditions has potential to provide an
invaluable tool for their detection. Hydrogeologic
conditions resume a smooth pattern in the nogthwestern part
of the area, with a northwestward-trending graﬂéfnt toward
the outcrop belt. The high magnitude anomalies,ﬁ%wever,in
the rest of the area that might reflect active

cross-fofmational flow, can be invoked in this case to
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\
account for the absence of brine sp;ings in the outcrop
belt.

It appears also that in some instances the presence of
tﬁe shaly First Red Beds is effective in isolating
hydraullcally the Souris River Formagion from the underlying
DPawson Bay Formation. ' This is manifested in the
fluld-pressure brofile of the Strath 6 23 17 23 well
(LSD 06-23-17-23WPM) (Fig. 23). The location of the Souris.
River and Duperow Formationg.relatiﬁe to the Dawson Béy
Formation can be best explained with reference to the
presence of the First Red Beds, which interrupt the vertical
hydraﬁlic continuity. It is also ndteworthy that there is
no imperﬁeable interval between the first two formations.
Two tests ip;the First Red Beds whicﬁ included a portion of
the ovérlying Scouris River Formation, revealed
relatively high p;tentiometric surfaces. The Cdn Sup Daly
Swd No.l well (LSD 12-04-10-28WPM) yielded drill stem tests,
in which one incorporated the Fiist Red Beds and Souris
Rlver Formatlion and the other included the Souris River only,
and exhlbits a high contrast in the potentiometric surface
indicative of high vertical upvard gradient.

The same area exhibits an anomalous potentiometric low
for the ?ouris River Forma%ion, probably indicating an
- addlitional case of cross-formational flow. The high
pressure that derives from the lower %ntefval might be
deflected in the vicinity of the potentiométric low to more

permeable conduits. Thus, in some instances, it might be

’ -
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L
guestionable whether any unconfined post-Prairie aquifer can

be treated as a distinct hydrostratigraphic unit.

-

4.3.3.2 Confined aquifers - ’ —

The ;ecoqd category of the post-Prairie carbonates is
one of the most Important. It includes oil-producing
strata, as well as ungts vhich are targets for subsurface
vaste disposél. Its significance ié relatgg;to its
unconformable truncatlion below the Amaranth Formation
kJurassic) at the sub-Mesozoic unconformity. The latter is
the component that determines o0il entrapment and containment

of £luild wastes.

4.3.3.2a Duperow Formation

The f£luld potential pattern of the Duperow Formation
(Fig._24)' appears to comprise a continuation of tﬁe pattern
present in the Souris River Formation. Numerous anomalies
are preéent again along the Bifdtail-Waskada axis and some
of them will be considered in detail. Solution-generated
collapse structures are noﬁn to occur in the Duperow -
Formation in the vicinify of Townships 3-6, Range- 25WPM
wvhere structural and isopach anomalies are encountered

(McCabe, 1971). The potentiometric cells along the same

. trend most probably depict the hydrodynamic response of

these structures. &

The potentiometric high in Township 4, Range 25WPM

8

especially, is located in the area where a sombrero



~-109-

100

/ L1350~ N
G </ \\
2 N \ u \ T -
= l ] - \ /'400\\\.\ I

Vi

z Vv _;”///
.é f’,//f’ © /,_.—/;/;fa . (
. N\ | £ [(E) ;
1 e AN =4
‘- J{ NN
j 1 i \ __W\\\\-\\\\
i (B } \:\
: Fay)d I ¥
= ﬁ' ._j |
. l
= T?Jagw—w—w—m——ww-fv.ﬁ_ 4

NORTH DAKDOTA

107 100°
Datum: Sea Level 1 2 %3 4 5
O B &
I o wm

Fig. 24.

Potentiometric surface for Duperow Formatiorr.

1) location of wells; 2) equipotential lines

(contour interval= 50 m); 3) potentiometric lov;

4) potentiometric high; 5) limit of Prairie

Evaporite salt beds (solution edge}. X
Credit: simpson, 1983.
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structure, specifically the window of the Lodgepole
Formation,‘occurs. This feature thus might be
representative of the incipient development stages of the
sombrero anticline during Duperow times. It is also
important to note the anomaly in the Waskada area in .the
southern pa;t of the\boundary zone which, iniéhis case, in
contrast to the previous one for the underlying-fgrmation,
comprises a potentiometric high probably indicative of
unsealéd fiactures. \

The most prominent ﬁigh on the potentiometric map is
located in the vicinity of Township 11, Range 22WPM ané the
same well registered much lower potentiometric values for
the underlying Souris River, Dawson Bay anq Red Riv;r
Formations. The three formations.appear more or‘lesslté be
hydraulicallg connected, while an abnormally hiéﬁ.préséﬁre
is apparent for the Dﬁperow Formation (Fig. 25). ‘If becomes
evident that in this partiéﬁlar site the Duperow is not ™
pressurized by any of the underlying units. Alsb noteworthy
is the fact that Ehe same unit in.th;a-a?éa is not pveriaig
by Mississippian carbonates, but by the Red Beds of the
Lower Amaranth Formaéion that also exhibit an aqomalous
increase in thickness (McCabe, 1959, Fig. 20), attributed
to salt-related teétonics. : | ..

" No data are avallable for any of the overlying
formations in the aéjacent region, but it is possible that

the upper clastic unit in this site is responsible fox

imparting abnormally high pressures in the Duperow Formation

]
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through downvard cross-formational flow. Other important
™

features are the potentiomgtric lows located of Townships 7
and 12, Ranges 28 and 26WPM respectively, which coincide
with other lows on the Sourig River Formation. It is
suggésted_that in the case of éxact coincidence of lows,

s

which might reflect fracture infilling by impermeable

material, although gradients might exist, no veftical'flow-
can occur and cross—formationa% flow is relatively
restricted. However, one of these anomalies could repregenf'
the effect of heterogeneities, as might be the case fbr the
Cal Stan Linklater 2 21 7 28 well (LSD 02-21-07-28WPM) (Fig."
-17) that revealed the presence offargillaceous and
-anhydritic material near the interval tested (Baillie, 1953,
Appendix II). The other pqtentiometric low is located in an
area where all the units from the Souris River jyrough the
NiskuAFormation exhibit'structural anomalies and the
overlying Bakken-Lyleton interval an anomaloﬁs incfease in
thickness (McCabe, 1967, Figs. 16-19). Thus a salt-solution
origin is proposed. | - 7

A Similar origihrcan be §$signed to the low in\}hqr_
vicinity of qunship 8, Range 20WPM, as discussed below.
The other prominent aqomaliés are located approximately °
along the Birdtail-Waskada axis and are a coﬁsequence of

o~

salt-related tectonics. 0On a regional scale, the potential

i

drops off in a northeastward direction; which leads to a
flow system'moving up-dip, most prabably towards the subcrop

belt where.it encounters the impermeable houndary. /}
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4:3.3.2b Birqbear Formation

A somewhat different pattern is present in the Birdbear
Formétion. The most striking feature of the potentiometric
mgp'(Fig. 26), is the moderately uniform flow pattern that
can'bg best explained with reference to the homoggneous
naturé of this formatlion. It has been pointed out by Prlef
{1979) that reservéir homogenelities are deplcted in the
fluid potential pattern by relatively uniform gradients; és
appears to be the case férrthe H;rdbeai Formation. 'Howgver,
anomalies.are again present and attention is drawn to the
southern part of the Birdtail-Waskada axis, wheFe highs are
encountered in the area of the sombrerc anticlines in
Townships 1 and 4, Range 25WPM. lThus de the§e two locales,
the coincidence of the potenticmetric highs‘fqr the Duperow
and Birdbear_Formations‘implies the existence of high
vertlcal pressure gradients across these units, reflecting a
certain degreehof hydfaulic cgnnection. This ls also
manifested in the flulid p?essure profile of the Calstan
South'Napinka,B 3 4 25 well (LSD 05-03-04-25WPM)} (Fig. 27),
where égain there exists spatial coincidence between a
distinct pressure systeﬁ and solution-generated collapse.

The pofentiometric high in the vicinity of Townships 8,
9; and 10, Ranges 27, 28 and 29WPM is located in part close
to the Daly.oil fileld, where salt solution is known to have
takeﬁ place. In the same area, structural distugbance and

an anomalous increase in thickness of the Birdbear Formation

are also observed (McCabe, T967, Fig. 18). A similar case

-y
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4} potentiometric high; 5) limit of Prairie
Evaporite salt beds (solution edge).
' Credits: McCabe, 1%71.
Simpson, 1983.
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also iIs represented by'the anomaly located in Townships 12
and 13, Range 29WPM. An anomalous potentiometric low in
Téﬁnshiqle, Range 20WPM 1s coincident with a simjlé: feature
for the 6uperow Formation. Since major heterogenelities i;e
probably not present, at least in the Birdbear Formation
because of its pure dolomitic nature (McCabe, 1971), a
salt-solution origin is poésible.

Comparison of the‘pogentiometric maps for the Souris
Rlver through the Birdbear Formations reveals a linear trend
of anomalies extending northwards from Township 5, Ranges 28
and 29WPM. This might be,indiﬁative of a trend along which
salt solution structﬁres exist, since it is almost
colncident with an area of structural anomalies on the
Duperow and Birdbear Formatidns (McCabe, 1967, Figs..17,
18). 1Isolated potentiometric lows in the northern part of
the area, are located witﬁin a region where the Nisku is
characterized by structural disturbance (McCabe,'1967, Fiq,
18). Once more, a north-northeastward large-scale flow
pattern appears to occur which most probably terminates at

the subcrop bhelt.

4.3.3.2c Lyleton-Bakken shale interval

The Lyleton (Torquay)-Bakken shale interval represents
the ﬁost important aquitard within the post-Prairie
carbonates. Its properties are significant in determining
the likelihood of hydraulic connection and cross-formational
tlow from the underlying Devonian to the overlying

Mississippian formations and vice versa.
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Numerous data exist on sta?ic pressures for this
agquitard. However, sinée potentidmetric surface maps for
imperméaﬁle intervals might be_igconclusive, another
- procedure was followed._ More séecifically, ;Ee
potentiomet&ic values wvere uséd-fo; the calculation of
pressure heads which in turn were employed fo; the
approximate demarcation of relatively diy and wet zones
(Fig. 28). The limit between dry and wet zones was based on
the observation that clusters of data points fall within a
certain range of values. Generally, wet areas within an
aqultard should be most likely related to open fracture
systems..

The wet zone along the saskatchewan-Manitoba border
from Townships 2-6, Range 29WPM is located in a trend along
which the Lyleton¥Baken interval is charactérized by
structural disturbances (McCabe, 1967, Fig. 19). Howéver,‘
no lsopach anomalies are observed in the same region,
indicative probably of post-Bakken times galt iolution. Not
surprisingly, the saﬁe appears to be the case for the othery
prominent wet area whé;e structural disturbance 1is agaln
evldent. Salt removal in the latter is manifested by the
presence of an isopach anomaly in the viciéity of Township
12, Range 26WPM (McCabe, 1971).

Also noteworthy is the fact that within this zone an
-bil discovery in the Bakken Formation was reported in 1985

in the Kola area north of the Daly field (Manitoba

Department of Energy and Mines, Annual Report-lSBS-lsggj.

-
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Flg. 28.

Delineation of wet and Ary zones for Lyleton

Torquay)-Bakken shale interval.
1) location of wells; 2) vet zone (pressure

head more than 500 m); 3) dry zone (pressure

head less than 500 m); 4)

inferred 1limit of
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dry zone of unknown extent; 5) limit of Prairie
Evaporite salt beds (solution edge); 6) subcrop

erosional edge.

Credits: McCabe, 1971.

Simpson.

1983.
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Thus 1t appears that the wet regions represent areas that
have been affected by salt tectonics structures and include

7
paths for hydraulic connection between Devonian and

Mississippian gtfata. Forrexample, there is hydraulic
continuity befween the Birdbear Formation and the Alida Beds
as evidenced by tﬁe fluid-pressure profile\in Flgure 29 at a
site located in the southwestern wet area. It is also
apparent that the contrast in the potentiometric.surfaces is
leading to upward cross-formational flow. The opposite
appears to be the case for the Calstan Woodnorth Prov. 5 18
9 27 well (LSD 05-18-09-27WPM) (Fig. 30) which is located
close to the Bakken—Lyléton dry zone.

While a nearly continuous pressure system is present
within the Devonian ﬁnits, the occurrence of the shaly
interval yields abnormally low pressure in the Lodgepole
Formation. Thus it becomes apparent that the hydrogeologic
properties of the Lyleton—éakkén shale Interval are
significant in imparting continuity or discontinuity_of
pressure systems across the Devonian and Mississipplan

strata.

4.3.3.2d Lodgepole Formation

Coping with aspects of formation fluids in the
Mississippian formations of southwestern Manitoba is no easy

task. Prolific oil production, waterflooding for secondary

recovéry operations gnd brine injection might have altered

completely in some instances the actual hydrogeologic

L
"':\
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environment. This applies only to areas adjacent to oil -
fields where larée numbers of wells exist. -

" In ﬁ;der'to overcome the problems mentioned above, a
speclal procedure was employed. A large amount of

Information derives from wells, drilled during the initial
development stage of particular oil fields. Formation’
pressures from these wells are likely to be reliéggg and are
included in the data set. It is also evident that different
-areas within individual oil-producing regions were developeq
during a particular time span, so that the earliest and

hence most representative tests were readily defined and
'subsequently ﬁsed. On the other hand, the extremely dense
vell control in some parts of thé area dictated data ,;;
reduction, which was accomplished by using one well per
section.

The highest potentiometric value within a section -was
employed in all Eéses, regardless of the location of the
well, within an oil fiefa or otherwise. 1In some instanges,
on the basis of the spatial relationship between individual
vells and production-injection operations, data were judged
to reflect not actual conditions, but p¥obably‘the effect of
“production or injection. This was the case for several
vells from thg post-middle 60's, especially for the
Lodéepole Formation,.and vere automatiéélly excluded from

the data set. Thus it is not surprising that in some cases

no data were used for particular sections.

L}
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Two regional potentiometric maps were produced for the
Lodgepole Formation, one showing the gional trend (Figq.
3la) and the other showing the effect of anomalies on the

regional flow pattern (Fig. 31d). The reason for the former

is to isolate and Assess the effect of the most pronounced
features on the f£lbw pattern. The map (Fig. 3la) reveals a
north-northeastwird gradient. It is likely that the flow
system appearing on the map originates further south in |
North Dakota where,as mentioned above, the basinal
limestones may constitute the poteﬁtial,sourcg rocg\for
hydrocarbon generation. Thus, entrained oil globules within
the water might héﬁe migrated along strike towards the
differentially emergent northern subcrop belt, where local
stratigraphic and structurai factors governed the prolific
hydrocarbon accumulations. A -

The local entrapment control is best displayed through
detailed maps for the Virden and Daly area. The Virden

field is located along the Birdtail-Waskada axis, in part

within and in part beyond the salt limit, and age

i

differences along flexures evidence a major role of

salt-related tect?nics in imparting structural anomalies and
subsegquently a portion of the entrapment control (McCabe,
1963). The potentiometric map of the Lodgepole Fgrmation
for the Virden area (Fig. 31b}) exhibits, along with the
regional flow pattern, several anoma&ies and especially a
transition from potentiometric highs in the south to léws in

the north.

T~
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This‘transition can be ascribed to fwo attributes of

‘' different origin, albeit of the same significance in

locallizing hydrocarbon accumulations. Firstly, it might
represent the established (McCabe, 1971} intrinsic
north-northwestward decrease in porosity and hence

permeability of the- reservoir units, which probably resulted

in the restriction to further migration. Secondly, it might

reflect sealing 6f\true or salt tectonics fracture systems
with Impermeable material-which might have exerted
significant control in entrapment.

" Not surprisingly, somewhat the same appears to be fhe

case also for the Daly field (Fig. 31c) wvhere, although the

general configsration is that_of-a structural nose,
stretigraphiC'control in terms of permeability pinch-outs is
of major importence in localiziné hydrocaibon accumulation
(McCabe, 1963). & prominent high is observed in the

southwesgern part of the fleld with the 1 ws becoming more

" common north-northwestward. Thus, at least for the case D@

‘the two major oil fields in southwestern Manitoba, their

connection with anomalies in the fluid-potential
e 1
distribution is obvious. i

" The other prominent feature in the map of Figure 3la is

the potentiometric high in the vicinity of tﬁe~Waskad§ area,
‘ \
vhere the Mississippian Mission Canyon Formation compriEes a
\.

sopbrero anticline. 1In the same area the MC1l Member
(Tilston §3d5)~is oil producing and it appears that

L%

cross~formational flow from the underlyiag Lodgepole

=B
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&

Fig. 3le. Three-dimensional plot of potentiometric surface for
Lodgepole Formatlon.
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Fermation was an active process in assisting hydrocarbon
accumulation, as discussed below. An additional outstanding
example of cross-formational flow is shown in the fluid
pressure'profile oﬁ the Francana et al Hartney 6-34-5-24
well (LSD 06-34-05-24WPM) (Fig. 32). The hydraulic
connection along this particular site is apparent and also
noteworthy, in that the contrast in the&gotentiometric
surfaces gives an uéggzd cross-formational flow.

Worthy of special meﬁtion also, is the area around
Township.lﬁ, Range 28WPM, which is not coincident with any
locale of documented salt solution. It can be argued,
hovever, that the latter might be the case, firstly on the
basis of the apparent hydraulic connection as evidenced by
the pressure against dépth graph in Figure 33, and secondly
because of the presence of a ¥Vinnipegosis reef in the same
area (Fig. 15&). For the same site also tﬁe potentiometric

surface distribution indicates downward cross—-formational

flow.

Two anomalous lows in the southeastern part of the area

can be related to the presence of the Routledge shale within
the Lower ﬁ;dgepble (McCabe, 1959, Fig. 9). ‘The
potentiometric high in Townships 7 and 8, hange 24WPM is
,located in an area where the structure of the Lodgepole
Formatioh exhlbits an anticlinal flexure that might reflect
a hitherto undocumented sombrero anticline. It occurs on a

southeastern extension of the Virden field. The orientation

of ghe flexure, howe&er, relative to the regional flow
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system, is such that hydrocarbon accumulation was probably
flushed out and migrated up-dip towards the Virden area.

The potentiometric anomalies aiebbest\disclosed in the
potentiometric map in Fioure 31d, that was generated by
applylng through the software package ? high smoothing
'factor, as well as in the three- dlme/élonal map in Figure
3le. The first important feature to observe in the former
is the lack of major anomalies, except for those considered
in the area of the Routledge qhale, in the eastern part of
the map characterized mainly‘oy the presence of relatively
ciean limestones (McCabe, 1959, Fig.9). Thus, the narrow
.range of values can be ascribed to the homogeneity of the
formation in this area.

Westward from the clean limestone facies, the effect of
heterogeneities is probably exemplified by the presence of
several potentiometric lows. .Anomalies are also again
defined along the trend of the Birdtail-Waskada axis. The
axis is almost coincident with_structural flexures on the
sub-Mesozoic unconformity that might be indicative in part
of»salt'oolution o;*pn the other hand of structural
deformation (McCabe, %971). The pre-defined vet zones of
the Lyleton-Bakken sogle‘interval coincide with areas of
potentiometric anomalies on the Lodgeoole Formation. Should
the wet conditions of the underlying formation be .
representative of acti%e flow paths within the impermeable
interval, this coincidencevmigﬁé roflecfisome degree of

hydraulic continuity through the aguitard between the

Lodgepole Formation and the Devonian carbonates.
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4.3.3.2e\3115ton Beds

The oy rlyl g Tilston Beds are restricted to the g
southwestern corner of Manitoba and include the MC1l
limestone ané MC2 Evaporite of the Miééggn Canyon
Formation. Thus, drill stem tests carried out south of the
erosional limit of the MC2 Member might incorpa}ate also a
certain evaporitic section. The term " Tilston Beds" is
used to denote'the presence of either of the memsers or both
of them.  This is of significance, especially if the
excessi;ely low potentiometric values yielded by the tests
pexformed in the Oméga Waskada well (LSD 02-35-01-26WPM) and
Omega Waskada 2 36 1 26 well (LSD 02-36-01-26WPM) are taken
into account with the attendant anomaldusly lows on the
potenjiometric map of the Tilston Beds (Fig. 34). These
condiﬁipns can be probably ascribed to the presence of
evaporltes. .

The same az%ibggvpdtentiometric lows also, is located
in the vicinity of was edé, and these anomalies might be
indicative of sealing with‘impérmeable materiél of fracture
systems accompanying the fprmation'qf the Waskada dome.

This in turn might have as;isted,to'a major extent, the
entrapmeﬁtﬁof hydrocaébons in the Tilstoﬁ Beds. 1In the
adjacént area the Omega Waskada Prov. 7-30—1—25'we11

(LSD 07-30-01-25WPM) registered for the underlying Lodgepole

Forhation)i shut-in pressure of 15,327 kPa, equivalent to a

i

potentiometric surface at 1105 h The intense fracturlng

a55001ated with the Waskada dome and the high contrast in
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Poténtiometric surface for Tilston Beds.

1) equipotential lines (contour intervals 50 m);
2) potentiometric low; .3) potentiometric high;
4) subcrop ercsional edge of MC1 limestone;

- 5) subcrop erosional edge of MC2 Evaporite..

Credit: Manitoba Mineral Resources Division, 1976.



-136- )

-

the potentiometric surfaces lends credence to the view that
upvard cross-formational flow from the Lodgepole Formation
toward the Tilston Beds was probably an effective process in
facllitating vertical migration and accumulation of A
; hydrocarbons:
Cfo§s~£ormationa1 flow in the same afrea is also

_depicted by the fluid- “pressure profile in Figure 35, where‘
the similarity of values of the potentiometric surface for
the three formations along with their location along a
straight line, provide evidence on the existence of only one
pressure system. Another important feature is the
potentiometric high in the vicinity of Townships 2 and 3,
Ranges 2? and ZBWPM! located in ao aqga where the overlying
MC3 Member is characterited by a slight structural
disturbance (Manitoba Mineral Resources Diyision,A1976).

In the adjacent region the potentiometric surface
values'%hot a consideraole decroase, and the feature is
probablyvthe response to local salt soiution and collapse
during MC3 times that affected also the underlying Tilston
Beds.,\There is major change in toe fluid-potential pattern
wvhich results in a mainly southward flow direction with an
average gradieﬁt;of 6.5 m/km:h This could hé related to a
major rechatge that took place in the no:tﬁ during the t%me
span represented by the suh-Mesozoic'unconformity. It has

. ' ‘ /_*P-
been arqued by McCabe (lS?lL;that lack of any major Mission
Canyon oil accumulations %s probably. due to the structural

o~ e
- rise of the outcrop belt to the southeast. The difference
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in gradient might have been an additional factor giving
complete expulsion of oil froﬁ the Manitoba part of the
Tilston Beds, with the only exFeption being that trapped in

the anticlinal structure at the Tilston field. This appears
plausible since the presumed trend of oil migration towards
the southeast and the groundwater gradient appear to

coincide.

4.3.3.2f Alida Beds

The same problem of the distinction between MC1 énd MC2
Members is also the cage for the Alida Beds, wvhich are I
comgosed of the MC3 limestone of the Missibn Canyon //J
Formation and the Charles Evapprité. The latter is
restricted‘gn the extreme southwestern corner of the
province. Thus the potentiometric low located in the
vicinity of Township 1, Range 28WPM (Fig. 36) might be
indicative of incorporation of evaporite in the test. An
ancmaly adjacent'to_éhe Pierson field ;?ownship 3, Range
29WPM) that compriseg ah 0il producer for the Alida Beds in
Manitoba could reflect permeability pinéh—outs contlrolling1
the stratigraphic entrapment.. The potentiométric'low north
of the Pierson field is due to the incorporation of the
overlying Speé:f@gﬁ qumation ip the interval tested in the
TexachMcCall—Giaham éreekmh-2§—29 well
(LSD 04-29-03-28WPM). The.opposite appears to occur in the
case of tﬁe North American Arthur 2 20 1 26 well |
(LSD 02—20-01—26%PM).where incorporation of the same unit

3
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Fig. 36; Potentiometric surface for Alida Beds.
/ 1) equipotential lines (contour interval= 50 m);
2) potentiometric low; 3} potentiometric high;
4) subcrop erosional edge of the MC3 limestone;
5) subcrop erosional edge of the Charles Evaporite.
Credit: Manitoba Mineral Resources Division, 1976,
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accounts for the anomalous potentiometric high. In the o - F
latter area the Spearfish Formation is much more permeable
than in the former, as discussed below. A change in the

-
fluid-potential gradient of the Alida Beds occurs mainly ¥§?f<ii{

the west ' (Fig. 36).
Recharge during times of pre-Mesozoic erosion appedrs

. tb be ; much more valid hypothesis than in the case of the
Tilston Beds,lif the structural rise to the southéast, vhere
the recharge areas would be most probably located is -
related to the flow direction. This in turn_would create a
tendency for hydrocarbons to move toward the outcropi S0
that ‘the groundwater regime waould restrict migration. The -
latter might impf& Lhat the‘hydrocarbon accumulation in the
Eiersdn field couldireflect hydrodynamic entrapment, at
least in part. The hydrodynaﬁic entrapment component in
this cll field is algg evidgnced by.fhe fluid pressure
profile in Figure 37 f;om the location of the alida Bedé
relative to the overlying Spearfishtheds on the one hand and
the underlying Tiiston Beds and Lodgépolg Fcrmatioq on thé

other hand. Thus oil accumulation in this particular case

coincldes spatially with an isolated pressure %ystem, -

4.3.3.3 Synthesis \
r v . k‘ N . ]

The effect of reservoir heterogeneities, salt solution

and structural disturbance on the hydrogeologic environment

of the post-Prairie carbonates becomes evident. For

~ pre-Prairie and post-Prairie units, cross-formational flow

v
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appears in several instances to constitute a major‘mechanism
of movement for formation fluids. The difference, however,
is that while in the'formgr, which probably lack intense
structural disturbance, crpss-fofmationaf flow might be
localized above“weakness zones 6f the basement, in the ®
latter the same phenomenon is promoted to a major extent by

solution in depth of the salt beds of the Prairie Evaporite

and is encountered 'In most of the area.

The ﬁluid-potential pattern present in the upper Middle
Devdnian Dawson.Bay Formatibn appears to be continuou;
‘through the rest of the Devonian units, where the
Lyletonjﬁékken impermeable intef;al, excépt probably in the
case.of the wvet zones, seems to inteffupt Ehe yertical
hydraulic continuity of tﬂe carbonate sequence. Significant
changes occur in the fluid-potential pattern of the
Mississipplan formations édmprising the Madison Group, the
“wost important being the apparent reversal in the gradient
observed in the Tilston beds of the Mission Canyon .
Formation. More surprisingly, a sim{aar situation takes
place in the transition from the Tilston to the Alida Beds.
It is likely that the difference in the fluid potential
pattern between thg Tilston and the Alida_Beds reflects in
part their vertical hydraulic separation, impartediby the

occurrence of the MC2 Evaporite.

AN
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4.4 Upper Siliciclastic Division

The upper clastic division can be best described
hydrogeologically as a aominantly shale sequence interrupted
in places by laterally discgntinuous sandstone aquifers.
Within the study area, basal Jurassic strata averlie
unconformably Mississippian carbonates in the southﬁestern

part and Devonian strata farther east.

4.4.1 Spearfish Beds

The Red Beds of the Lower Améranth Fbrmation (Spearfish
Beds) form an aquitard at the base of the Mesozoic strata,
and in many instances they have acted as the cap rock of
hydrocarbon accumulations in'southwegtern Manitoba. The
recent Lower Amaranth oil discovery in the Waskada area,
calls to guestion its aguitard character, especially in‘
" areas where a éand unit develops in its lower part. . Data
from this aquitard have been employed in a similar way as
those for the Lyleton-Bakken interVal; in 6rder to detaémi ’
relatively wet and dry zones (Fig. 38). Kﬁﬁ‘
Oon tﬁe basis of the range and sbatial distribution of
pressure head values, the 1imit betveen the wet and dry
conditions was set to 700 m of pressure head. The -most 7
striking feature of the map (Fig. 38) is the prominent wet
zone in the vicinity of Waskada where the Amaranth discovery

took place. The high pressures associated with the
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Lodgepole ahd Tilston Formatlons in the same area, the
presence o prbfTiEc hydrocarbon accumulations within the
Tilston Beds and thé high permeablility of the basal Lowver
Amaranth in this area as inferred from its vet propertf,
appear to lend credence to the hypothesis concerning leaking
of Miésissippian oi&*és the origin of "the Loyer Amaranth
accumuletibn.. 6 |

‘The Coqlter and South Pierson oil fields and the
Lyletoh area (Flg. 9) constitute Lower Amaranth oil targete
(Galar;&k et gi., 1984} and are located within the other
tongue-shaped vet zone. The latter overlies directly the
Charles Evaporite. .Thus its wet condition is indicative of
recharge through fracture systems of the evaporite from
underlying MlSSlSSlppian strata, most probably the MC3
carbonates ThlS v1ew is strengthened by the presence of a

gynclinal flexure on the top of the Charles Evaporite in the
vicinity of Township 1, Range 28WPM that might be
indicative of partial salt removal in depth during
post-Charles times. ‘

‘The isolated wet locale in Township 1, Rangé 21W is
located with;; the Lulu Lake o0il field (Figqg. 9), v Lgﬁ
produces from a Lodgepole ant£cline The relati ely wet
nature of the Spearfish Beds areund this site can probably
be significant with respect to additicnal exploration
directed at,&he Lower Amaranth. 1In contrast to the

Spearfish Beds where zones of high permeability can be

recognized, the Upper Amaranth beds that consist mainly of
" g
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evaporltes are characterized by relatively dry conditions as
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evidenced by préssufe head values in the range 69 to 578 m.

rd

4.4.2 Rest of the Jurassic strata

For hydrogeologic purposes, the rest of the Jurassic
formaﬁions can be described as interbedded sandstoneé and
shales at the top (Melita anleaskada Formations), underlain

' - the shales and ooliﬁic-argillaceous limestones of the _
’/’Nxf‘Zj;:;h Formation. Thus it becomes apparent that it is ‘ .
‘coﬁposed”of lithologies that impart an overall heterogeneous ///4'
nature to the entiré post-Amaranth Jurassic succession. //
This in turn renders the as;;ss nt of the hydrogeologic
environment é tenuohé endeavour, since no.information on
particular formations exist. ) N

The ﬁost striking.feature on the potentibﬁétr%c éurface
of the Jurassic (Fi 39a) is the difficulty in
distingpishing any regional pattern, mainly because of the
presence of sévegaléanomalies. Two prominent potentiometric
lows in the western part of the area appéarltb be located
along a trend of abnormal thickening of the Upper Jurassic
formations fMe&ita and‘Waskada) (Stott, 1955, Plate'é).

This anomalous increase in thiékness is not observed
elsevhere in Jurassic strata and might indicate salt
solution at'depth, wvhich may be linked to potentiometric

lows.
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Two more prbnounced potentiometric highs occur in the
vicinity of Township 11, Ranges 28 and 29WPM. This is
especially reflected in the position of the Jurassic 1in the
fluid-pressure profile.relative to the other_units in tﬁe
lithologic column (Fig. 40), vhith is indicative of
abnormally high pressures not derived from the underlying
formations. Near the same locale, structural anoma;ies are
_evidént on the pre-Mesozoic erbsional surface (McCabe, 1971
Fig. i5), as well as in the Jurassic-Cretaceous Waskada
Formation and Swan River‘Group (Bannatyne, 1970, Fig. 14).,
Further north in the vicinity of;Township 12, Range 29WPM
salt sclution is known to have occurred at the top of the
Prairie Evaporite (Norris et al., 1982) probably indicative
of downward infiltration and cross—fqrmational flow. Thus
it is possible that later infilling o&’?kacturé systeﬁs

that has occurred in pre-Jurassic formations restricted any

further downward percolation of the formation waters, thus
resuiting in the abnérmal pressurization of £he Jurassic.
In an effort to eliminatg the effect of anomalies,a
potentiometric surface map 'showing the regional trend for
the rest of‘the Jura§sic was generated (Fig.” 39b) by'
applying, through the software package, a lovw smoothing
factor. Thus_a dominantly eastward flow direction,
exhibiting an average dradient of approximately 0.5 m/km,
that appears to lead to the outcrop, becomes evident. Theﬁ
latter might be indicative of the presence of a recharge

region further west of the study area.

s
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/ﬁ\\"—‘\#:fretaceous:, thus interrupting to a considerabBle extent the
|
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The area around Township 8, Rénge 1BWPM\Egpprises a
topographic high on_;he sub-Mesozoic unconformity (Mccébe,
1971). 1In the adjaceﬁt regioh‘the A#aranth Formation is
very tﬁin between the Mississippian carbonates'and the
Jurassic formation; (Stott, 1955), thus indicating the
likelihood of hydraulic continuity. 1In fact, thexlatkér is
seen in'éigure 11 by the position of the Jurassic‘ielatiye
to the nofmal hydfostatic gradient on the one hand, and th_

EQSOn Bay and Winnipegosis Formations on the othex hand.
This'caﬁ be accounted for by the presence of a distinct
pressure system, with its continuif& not interrupted by the
tﬁin Amaianth_section. The same phenomenon can be expected
to occﬁr wvhere the Amaranth Forxmation,and especially the
upper part, is very thin.

.y
4.4.3 Mannville Group

Overlying the Jurassic sediments aré the quartzose
sandstones and mudstones of the basal Cretaceous Mannville
Group (Swan River Fo;mation). The interfingering of sand.
and silt can| be expected to impart an overall heterogeneous
nature to_th#s unit. There is a reiatively large regioh in
the central%weétern part of the area, from Township S,to 12,

[

Ranges 23 t% 29WPM, from which the Swan River Formation is
f ) '

completely ﬁissing. In this area the Jurassic strata come

directly inFo'contact with shales of the Ashville Formation

N
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lateral continuity of the Mannville Group (Simpson et 1.,

A Y

1987, Fig. 13).

| The above features are refiezted in a hydrogeologic
environment characterized by reserveir sepafation, as
exempTT?led by the potentiometric map (Fig. 41). The
difference in the geadient to the north and south of the
area of the missing Mannville respectively is not accidentsl
and can be best ascribed to the presence of two

| hydrogeqlogic systems separated by a permeability barr;ei.

" In the northern area a southeastward flowv direction is
observed with an average gradient of 4.0 m/km, with a
steepening to the éouth,-which is proeably attributable to
minor heterogéneities i}thin this part of the reservoir. 1In
"the southern area the gradient turns malnly eastward at |
approximately 1.5 m/km. There is a general unlformlty of
popentiome;ric values the.same area, which might refiect
"a southward increase in sand content. For example, thick
channel-£1{11 deposits occuf in the southwesterpmost corner
of the province. _ |

The fluid potcntial pattern of the Mannv111e Group
might be much more complicated than it appears. Thus, it is

likely thaj the equipotential lines to the north and south

of thedrea where Swan River sediments are missing, converge

her west of the study area to give a dominantly eastward

flq///system which is deflected by the preeence of the

w

Jurassic strata and Ashville shales into a northern and

LN

southern sgstem.
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4.4.4 Remaining of the Mesozoic strata

" The rest of the MESOZOIC succession is mainly shale
.with only subordinate siltstones and sandstones The sparsey
vell control largely precludes the possibility of
understanding hydrogeologic conditions associated with

aguitards.
Tests performed 1nlths shales of the Joli Fou Formatlon

(Lower Ashv111e shales) by the Cnd Superlor Dome et al Tapp

7 22 well (LSD 07-22-11-26WPM) and Calstan South Harmsworth

6 25 11 26 well (LSD 06-25-11-26WPM) yielded relatively high

potentliometric surfaces and pressure heads (403-317 m andl

407-310 m respectively) mainly as a result of incorporstidh- | y

of the Viking Sandstone (Ashville “San [,inter%al. ‘The'

latter comprises probasly‘the most important aquifer within

the Mesozoic.sedimentafz’guccession. The relatively psrrow

range of the pstentiométric surfaces (from 360 t? 408 m)

exempllifies to a great extent its'establiszgd homogeneity

and purity. 1In some cases also, shut-in préssuies are

conslderably lower than those expected for fresh water. The

latter indicates the p;esence.of subnormal pressﬁre

- -~

conditlons. - This is not surprising for a unit enve10péd

within shales and completely isolated from the surface

r

(Dickey, 1986).‘
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Formation indicate pbtentiometric sur es generally below
ground level and relatively 1ow pressure. heads, which
probably reflect their impermeable nature. Two tests,
however, performed at the base of the Fish—Scale Markér,
specifiéally the Pel-Tex C.H. No SA-SW-5>9—16 well

(LSD 04-05-09-16WPM) and the McCarty and Coleman Routledge
§ 33 well (LSD\06—33-09—25WPH) tevealed the first a
potentiometric surface corresponding to flowing artesian A
conditions and)\he second the highest pressure head Also-
noteworthy is the fact that both sites are located near
.sreas vhere the top'of the Upper Ashville Shale.appears to

be structurally.disturbed {Bannatyne, 1970{ Fig. 20). For

the latter case espééiglly, a thickening_of the Fével

Formation is observedrin the adjacent area (Bannatyne, 1970,

# Fig. 24), and most importantly it is located within Ehe
Virden field district for which-évidéncg concerning salt-
sclution-induced sttuctural disturbance up to Upper

Creticeous times "has been cited.

-

4.4.5 Hydrostratigraphic units \\\/

i
In spite of the limited information, designaztion of E?ﬁ'

hydrostratigraphic units within the upper Elastic division
is probably an easier task than in the rest of the
sedimentary strata, mairly owing to the fact that the

aquifers are laterally discontinuous and are Pore or less
1‘\‘, i -
o enclosed within shale aquitards. The lover sandy member of
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the Lower Amaranth Formation is included in the

hydrostratigraphic unit defined by the underlyiné
| Mississipplan carbonates. The rest of the Jurassic strata
and the Swan River Formation are combined’fn one &
~hydrostratigraphic unit becausé of the generally uniform

.

eastwards ﬁlow pattern exhibited'by them. It is likely that
sand zones de#elbped in the upper part of“%he Jurassic, as

vell as bossible presence of conglomeratic material at the

base of the Cretaceous as & result of the antecedent

hd &

erosional ;nterval, are effective “in imparting a Eertain
degree of hydrigigc connection.

A distinct hydrost\atigraphic unit is sdggested to be
repreéented by the undéubtedly isolated Viking Sandstone.
However, the likelihood of a hydraulic conhecﬁion between
the distinct hydroétraﬁigraphic units of the'upper clastic
division is not to be excluded, especially in view of the
presence of structural and isopach anomaligf probably
zelevaﬂt to salt removal. Hydraulic connection with
hydrostratigraphic units of the carbonate-evaporite division
might be expected to occur around Township 8, Range 18WPM,
vhere the Amaranth Formation and Upper Amaranth Evapbrite,

are thin ox entirely missing.
SN

4.5 Discussion

Colncidence is observed igé; veral instances,
e - ’
espgcially along the Birdtail~Waskada axis, between places
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where salt solution is.known to have occurred and
potentiomgtric lows or highs. The former gré interpreted by
the authﬁr of the present-éccount as sealed fra;turé“ h
. systems, the latter as active flow conduits.

| lcaincidence of anomalous potentiometric highs fo;
diffezent.formations, especially in places whefe salt
removal has taken place, implies the .existence of
cross-formational tlow upwards orx downwards; dépéndihg on
the directian.of-the_gradient} On the other hand, the
coincidence of lbws_may reflect the bresence of impermeable
material and subéequeﬁt lack of cross-formational flow that
might be of considerable-gignificance in localizing oill
accumulations.

The wet zones within impermeable.intervals are of great
importance.since they include conduits for hydraulic
connection leyeen the underlying qu overlying aquifers.
‘The wet zone of the Lyleton-Bakken shale interval coincides
with potentiometric anomalies on the overlying Lodgepole
Formation and the wet zones of the Lower Amaranth are linked

in several instances to hydrocarbon accumulatidns,

g

Heterogeneities within individual aquifers, as
evidenged in several cases by core and drilling cutting
descriptions, are reflected in the flow pattern by the

presence of potentiometric lows.
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'4.6 Hydrodynamic Significance of‘Solﬁtibﬁ—Generated

Collapse Structures \ #

"\

o/

The effect of salt-solution-induced structures on the
hydrogeologic ?nvironment is, in parxt, a function of the time
of salt removal. Timing determined the vertical extent of
‘both strucfural distufban@e and possible hydraulic
connection in the lithostratigraphic column. The fact thaf
.the pre-Mesozoic erosional interval was related to the most
pronounced events of acceierated salt removal at depth, is
also indicative of intense localized structyral deformation
of Fhe pre-Jurassic formations.

The continuity or discontinuity of pressure systems
depends ﬁainly on the prevailing hydrogéoloéic conditions
that féllow the formati;n of solution-generated collapse
features. Thﬁs the .new hydgbgéologic environment and
associated groundwater regime might either enhance the
permeablility of the fracture systems through continuous
circulation, or even plug ‘the conduits, thus interrupting
the vertical hydraulic continuity. The former case was
¢onvincingly exhibited by-the coincidence of pressure
systems that incorpoxated a cdnsiderable number of @istinét
lythostratigraphic units with areas of known salt solution.
At the same time, these areas comprise locales of anomalous
highs on the potentiometric maps. Thus if appears that
unsealed fracgture systems resulting from sa1t~ré1ated

_ tectonics have a dominant role in delimiting sites of upward
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and downward gradients that constitute the driving mechanlsm o

for cross-formational flow. The latter case, that
-

; . . P . .
corresponds to vertical hydraulic reservoir separation, was
1 4

indicated by the position of indibidual formations in the
fluid pressure profiles, as ;ell as by the spatial
coincidence of potentiometric lows.

The foreqoing carry diver;e and far-reaching
implications for both natuaﬁl—resources egploratioﬁ and the
injection of fluid wastes.in the subsurfﬁce. Hydraullic
continuity is of major significance from the'standpoint of
migration of hydrocarbon accumulations and 1nje§ted fl;ld
wastes, while hydrauliC'disconginﬁity from the viewpoint of
hyd?ocarbon trapping mechanisﬁs Alsq\ﬁoteworthy 1s that
both cases were exhibited in the present account, as far as
0il accumulations are concerned. )

Those considerationspalohg vith general observations
conceining the hydrogeologic conditions ' inferred from the
potentiometric maps and in some cases from fluid-pressure
proflles, comprise the basis for a re-evaluation of the
exploration and waste-disposal potential of'southwestern
Manitoba, which -is attempggd in the following chaﬁte£; ’

@ =

+



CHAPTER 5

ENVIRONMENTAL AND HYDROCARBON-RELATED IMPLICATIONS

5.1 General Remarks
) =

It is evident that in light of the additional data
ﬁe;ived from considerations of the prevailing hydrogeologic
conditions within particular tithostratigraphic units, |
useful inferences concerning the exploration and waste-
disposal potential of southwestern Maniteba can be drawn.

_Simpsen and Dennieon {1975), in an account of the waste
disposal potential of Saskatcheﬁan, presented an ‘evaluation
for each of the three main segimentary divisions.. They
pointed out ¢he constraints on strategies for the subeurface
Qisposal of £luid wastes, with special foeus on the multiple
conflicting objectives of private companies in the area and
the presence of solution- generated collapse structures
Aleo noteworthy,'ig that they ind}cated that the Mannville
Group is lergely‘unspitable as a potential disposal horizon,
because of the artesian conditions probably associated with
salt-related tectonics.’ They highlighted also‘the
sigqificance of the upper Paleozoic strata,truﬁcated at the
sub-Mesozoic enconformity, as waste dispoeal targets. The
same facto;s apply to the somewhat similar sedlmenta:)g

Y
successxon in southvwestern Manitoba. Slmpson et al. (1987,

-

Fig. 16), on a detalled study on the subsurface waste

disposal potential of Manitoba, proposed a designatinn

~160-



scheme of potentialeéksposal regions and units. They
discussed the current subsurface utilization, that is mainly
oil-field brine injection for subsurface confinement awnd

containment or pressure maintenance operations at the

cil-producing districts. They designated the /’”j
¢ 7
southwesternmost part of Manitoba, that coincides
- ' approximately with the study area, as the most suitable

region for waste injection because of the presence of
conflned aqulfers It is also important to note that, to
date, the only operation of toxic substances injection has

taken place from 1969 to 1975 to an abandoned 0il well in

the Maples oij district where caustic soda from refineries
<f "was injected into Mississippian strata {Simpson et _l., in
prep.} N o o

Aspects related to the exploration for natural

resources have bee; linked to’Mississippiah 0il prospects,
the only exception being fhe Lower Amaranth discovery. This
resulted In avsparsity of fluid—re1§ted data for pre- and
post-Mississippian strata that constitutesdthe major
drawback in the effort to assess thelr hydrocarbon
potential. Sporadic, somewhat inﬁonclusive'attempts have
been made, such as these by Andrichuk (1959) for the
_ﬁ\\u/;/ loyermost'Paleozoic forgations and McCabe (1978) for the
basal clastic unit. More important are the accounts

concerned with post-Prairie forfmations that,&eve been

\\u//ﬁ\\eiﬁected by salt-related tectonics. McCabe (1967) and
: 2

Norris et #T. (1982), on the basis of structural and isopach

* ¢
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anomalies, probably indicative of development of sombrero
anticlines, pointed out the likelihood for additional
hydrocarbon dfscoveries along the Birdtail-Waskada axis,
without any reference tolany particular units. The most
recent‘account by Galarnyk et al., (1984) focuses especially
on the Amaranth prospect and the possible additional
hydrocarbon potential of the Mission Canyon ForTation.

@

e,

5.2 Environmental-Related Implications

Simpson et al. (1987a) désignated the possible dispoéal

units in southwestern Manitoba‘in increasing potential as
follows: lower zone of the carbonate-evaporite division (Red
River through Souris River Formation); basal clastic unit
and upper zone of the carbonate evaporite division. The

re-evaluation of the waste disposal potential is attempted
a4
on the basis of the subdivision followed in the description
- S
of the hydrogeologic;ﬁnxgronment.
. —

\

ey

N

// '5.2.1 Basal clastic unit

——

AN

Although Simpson et aly (1987a) casted doubt on thet
possibility of existence ﬁé/;;y regional flow system through
the predéminantly shale facieé of -the Winnipeg Formation ih
most of.thE_study area, the gnge of the sparsely

distributed values, excludinig)those that correspond to

- subnormal pressures, as)well as the distribution of the

R
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equipotential lines (Fig. 10b), indicate that such a pattern
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might exist. It might even ref;fct, as pointed out
previously, the directional perg;ability within this
formation. _Thé likelihood that a regional ﬁattern exists,
along with the fact that the Winnipeé Formation is exposed
at the outcrop belt of Lake Winnipeg, might impose several
constraints on its possible Ls;\és a wasteldisposal target,
siﬁce,injegxed fluids might become a part of the regional
flow system. The latter is of major importance 1f one
considers the potential of this unit for dispos?l of waste
potash brines (Simpson gg.'g;., 1987).. -

Tgfthese problems shau;é be added the possibility of
cross-formational flow of the injected fluids towards the
overlying formations in the areasaof flowiné artgsian
conditions along t;; Birdtail-Waskada axis. 1In the_B?&ﬁggn

ea, disposal of nitragen—rich noxious vaste is probably
lanngd for the future (Simpson et al., 1987). It is
noteworthy that this area is located relatively close to
major potentiometri; lovs, corresponding to.hétezogeneities
(Fig. 10a). It is possiblp that facies with.high-shale
content might Eonstitute Qgrriers to uastg migration in the
yicinity of this area, thus rendering the subsurface
disposal option for this case a viable a;ternabive.

No accurate assessmené of the disposal potential of the
Winnipeg Formation can be made ih'light of: the piesent

data. More ihformation relevant to the hydrogeologic

environment is necessary before the initiation of any
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subsurface disposal operation in this unit. As far as the
Brandon project is concerned,-more drill stem tests should
be carried out iIn the wvicinity of ;his area in order to
confirm the existence and areal extent of the low
potentiometric surface values that probably will be

indicative of the presence of shales and their effectiveness

"in preventing migration of the .injected noxious substances.

TN
E .

5.2.2 Pre—Prairie‘carbonates

This zone includes all the unconfined pre-Prairie
aquifers. From the descriptions of the poténtiometriq
surface maps .of the constituent fokmations; it became

; apparent that all the units are subjecé to regional flow of
formation fluids. Tﬁe fiu{g potential distribution appearéﬁ
in all the cases to drop off towards the corresponding
outcrop belts., Thé& latter is especially exemplified:-by the
disgcharge of the brine springs from the Winnipegosis reefs
in the Devonian outcrop belt. Thus it is likely that fluid
vastes injected in any of these'formafions migﬁt'be |
incorporated into the regional groundwaterhregime and
reappear at the near surfacé groundwatér system. This is of
major importance, especially in view of the designation.of

¥the Interlake Group as a possible future target foxg
subsurface disposal of waste potash brines (Simpson gg al.,
1987). ©Of significance, however, is the presenée or absence

of a reglonal flow system in the biostromal Interlake
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deposits, west df the present salt edge. Indeed, there
appeafs,to be suéh a system, but note also that thé
equipotential contours have been extrapolated in this area
because of paucity ofldata.. Thu;,detai}ed consideration of
hydrodynamics is required in order to assess the dlisposal
potential of the Inteilake.Group beds in this particular
region.

Of special intérest might be the Winnipegoéis Formatlon
in the area west of the Birdtail-Waskada axis, vhere low
permeabilities that might restrict further up-dip migration
of injected fluid wastes ate probably present (Fig. 155}.
"The sameﬂregion, however, is-almost coincident with a tren%.
of anomalies that was identified for the Devonian strata,
probably indicative of salt-related tectonics.. In iightlof
the availabie daté, the Red River Formation is not likely to
represent a potential disposal target horizon;since_first a
regional system'appears to occur and second the occurrences
of evaporites that can be dissolved might even introduce
additional hazards. {

Simpson et al, (1987}, made reference to the distance
of the outcrop from the deeper parts of the Lower Paleozoi%
Formétions in the southwestern corner of the province and
the attendant extremely long time frame that would be
recognized for possible réappearance of the injected fluids
at the surface. From the:presént study, hovever, it becomes
evident that,if a regional flow System-exists at the

southwvesternmost part of the study anea; its interception at
i
|

) : - |
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the trend of the Birdtail-Waskada axié might induce,fo a
considerable extent, cross-formational flow that will tend to
impel fluid wastes into stratigréphica&iy younger stféfa;
This was éxhibited in at least one case in the vi;inity of
Township 5;_Range 25WPM. _The sAme phenomenon also might
take place along the already discﬁssed minor trend of
magnetic anomalies in the northern part of the area.

Generally, in light of the present sta%us of

information, and more specifically the regional fTow sysfem
and the likelihood of cross-formatioﬁal flow, injection of
noxious wastes into the pre-Prairie carbonates does not
appear to represent the optimum alternative.l Should suﬁh'an
appro%fh be adopted, on the basis of the ldng distance to .
th® outcrop belt, it should be limited to the eastern part
of the study area‘east of the Birdtail-Waskada axis and :-the

Hartney area, so that. the possibility of upward deflection

of the flow s¥stem at those locations can be excluded.

5.2.3 Post-Prairie carbonates

5.2.3.1 Unconfined aguifers

The waste disposal potential of the Dawson Bay and

Souris River Formation is.downgraded significahtly by two

ufactorsiM%) as post-Prairie units they arg affected by'ci;

salt-related tectonics, even in the area within the present

salt limit (Fig. 21}; and 2) as unconfined systems they are

} ey i . —

@
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likely to be subject to regional flow, as .evidenced by the
fluid-potential distribution (Figs. 19, 21). The latter
~becomes evident‘by the_siénificant decrease in salinifies
towards the outcrop belt (ﬁénitobarbepartment of M@nes,
1871). In addition, the, Souris Rivef,Formation_haé been
used in the,past’as a brine supply aquifer (Simpson et al.,
4 1987) and its possible future use has to be taken into
account before the initiation of a disposaﬁ strategy. Also
important is that the established pfesence of
.heterogeneities within these two ;nits does not appear to
affect in any way the fluid pattern, which is of regional
scope‘and is moving towarés the outcrop. It can be argued,

"therefore, that the Dawson Bay and Souris River Fdimations

do not comprise'DCféhtial disposal target ‘horizons. “w

5.2.3.2 Confined aquifers

As in the case of the "open" carbonate aguifers, theser
strata élso east of the salt solution edge have been
piobably'subject to a certain degree.of structural
deformatﬁén subsequent to salt removal at depth (Mcéabe; ?7
1867). Their significance,howeyer, in terms of their
potential for waste disposal, is strongly' enhanced.by the
fact that they are overlain unconformably by the red. beds of
the Amaranth Formation. Once more, potentiometrlc anomalies
were deflned Wlthln the present salt limit, where most of
the control points are{goncentrated that were attributed in

several instances to salt solution. The effecthof‘thé

5

@
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1attér is not very conspicuously imgrinted onlthe
hyd;qggologic environment to the east of'the sgme‘edée,
because .of the sparsity ;f data relative to the former area.
The effect of salflremoval on the prevailiné N
hydrogeologic en;ironment becomes:apparent on the fluid
flow pattezn on the rest of'the‘Devbnian units, némely the
therow and Birdbéar Formations, as in the case 5£ the
anomalies‘along the Birdtail—Wasgada axis andAthe'linEar
thrend of anomaliésbthat extends northga;ds trom Towﬁship‘S,
‘Range 29WPM:  Tﬂ;se areas should be automatically Qxclude?
f}om waste-diSposal practicés. Use'of-the Duperow and Nigku
.Formations, alsoh?%?fnﬁxious vastes containment and‘
co%ﬁjnement, should be ruled out in the areas that coincide
r;}th the wet zones of the Lyleton—Bakken inferval. There
exists, as exhibited earlier, the likelihood of hydraulic
'continuify énd hence‘cross—formational flow from the
Devoniaﬁ‘towards the overlying Mississippian strata.
Ittapbears‘therefore that the dispoéal potential of
these two Devonian units is narroved down, to aAmajor extent
evern Qithin the preseﬁ% salt ]imif, to include a.pétential
region further east of the salt solution edge. More
_specifically a prospective, fgture'dispésal.area is in the
carbonates of the Nisku Forma£ion to the east of the - ¢
‘Birdtail-Waskada axis from Townships‘z to 5, Ran3?$i¢§vto
22WPM. No major disrUption of fhe hydrogeologic‘enégronment
_is apparent in this area (Fig. 26) and mosE/impoftanq
relatibely high salinity values arg'éﬁcouﬁtered ﬁManiﬁobé

. F . e -
- A—'\ A ) . b \"
S " : Y - ' ' -
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Department.of Mines,‘197l) that can be best accounted for by
the complete isolation of the hydrogeologic system in this
~region. The only shortcoming in this case is represented by

the possibility of multiple conflictipg objectives, with
respecﬁ to the-ﬁydrocarbon potential of the Nisku Fofmation
which up to now, hovever, has not been shown to incorporate a
potential hydrocarbon-bearing unit in southwestérn Manitoba.
(Simpson et al., 1987a).
The Mississippian stréta'comprise oil-producing

" formations and this economic priority should not be
endangered by waste injection. This applies especiélly to
the Lodgepole Formatlon that includes the most prollfic
oil-bearing strata. The 1n3ect10n of industrial noxious
wvastes in the Lodgepole carbonates in an abandoned welf'iﬁ
Fhe Maples o0il field (LSD 07-08-10-26WPM) Ha&{fii?
considered by Simpson et al. (1987a, in prep.) as"an
outstanding example of réservoii isolation and reservolr
depletlon that allowed for 1ts alternative use. The presant )

%tudy however, reveals that even in this case the bottom

.L,/

seal (Lyleton-Bakken interval} is probably characteriied by
wet properties (?ig. 28). Hence the likelihood of downward
infiltration of the injected fluids towards the Devonian

Formations, as well as their possible up-dip migration albng

v & AR . . ‘
the pre-Jurassic unconformity, are not to be excluded. It
. . b ' . . . "h.:-"'”:*‘/
is proposed through the present study that before the

initiation of any waste disposal strategy into the

carbonates of the Lodgepole Fogkation,the hydrogeologic

— ,
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properties of the uﬁderlying L&leton—Bakken Formatiom be
assessed In detail. ‘ '
Also.nqteworthy is the fact that commerc;al hfdrocarbon
accumulations are linked in several instances to
salt-related tectonics and this mlght impose addltlonal
hazards attendant upon waste-lnjectlon The northwestern
part of the study area that coincides with the
Lyleton-Bakken dry zone, where the Lodgepole formation is
unconforﬁably overlain by the Amaranth evaporites that
provide the main cap seal, and to the east of Township 17,
Range 23WPM where salt solution is. known to have taken
place, is likelg_to include potential sites for a Lodgepole
waste disposal alternative. The Birdtail-Waskada axis and
the salt-solution edge should .comprise the eastern limit of
this region, the significance‘of which is enhanced by its -
distant location ;elative to known hydrocarbonggi
accumgégtions. Two mihor dravbacks in this case are
firstly thg;thin overlying sedimentary cover relative to the
" other areas in the south and secondly the occurrence of
Winnipegosis reefs in the‘vidinity of this area
{Fig. iSa) - ‘ﬁﬁ
R The Missiogacényon Formatioﬁ is limited at the
southwestern extreme of.Ehe study éfea. This unit*has been
designated by Simpsqn et al. (1987a) as the most significant
in terms of possible future demands concerning the
containment and confihemeﬁt of injected noxious wastes.

This holds true‘especially for the MC3 Member which is
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‘truncated at the sub~Mesozoic unconformity, where it is‘
overlain by the Amaranth Red Beds and is bounded at the top
and the bottom by the Charles and MC2 Evaporites
respectively. ,The complete-gg%?psulation within these three
aquitards occurs southwestwards of the subcrop erosional
edge of the Charles Evaporite. The potentiometric maps of
the Tilston and Alida Beds (Figs. 34, 36) augment to a major
extent the contenfion expressed by the previously c{ﬁed
authors. More specifically, the aﬁparent_iqversal in the
gradients kpredominanély southwestwards énd‘westwérds
respectively)'are indicative of a somewhat down-dip flow of
khe formation fluids. The latter is very important since,
not only will the injected fluid wastes be entirely confined
but, depending on tﬁéir density and degree™of mi;cibility
;ith the water, they might ﬁove a&g&g\:ith tﬁf foimation
fluids down-dip away from the disposal site.

Tﬁg‘potential also of the Tilston Beds is not Epﬂbe
excluded, but a prominent anomaly in Townships 2 aﬁg 3, f)‘
Ranges 27 and 2BWPM, reflectiﬁb proﬁably salt—rélated
téctonics, ranks them as a second choice. The same region
also_should be excluded.fof waste-disposal practicgs into.
the Aiida-Bedﬁ{'éince the laﬁter‘are characterized in the
same area by a minor.degree of structural disturbance
(Manitoba Minéral Resources Division, 1976). Thus the mést
suitable aréa'appears to comprise the MC3 Beds in the

‘ ™

vicinity of Township 1, Ranges 27 to 29WPM. It should be

limited, however, to Township 1, Range 29WPM, since the
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eastern.part of thg former is almost coincident with an area
vhere the overlying Spearfish Beds are characterized by
relatively high permeability (Fig. 38) and comprise also
possible.future hydrocarbon targets. It is important to
note tha{,because of the direction of the gradient and the
location of the optimum disposal'area, p;obleﬁs of
‘Interprovincial {(Manitoba-Saskatchewan} or even
international (Manitoba-North Dakota) nature should be also

2
taken into account.

~

s _
5.2.4 Upper clastic division

)

"The excessively sparse data constitute the main
dréwback to any attempt at re-appraisal of the waste-
disposal potential of the upper clastic unit. In-addition
to thét, the lateral variation of faéies and the dominance
of shales ‘yieldé a relatively limited void space for
confainment andzconfinement of injected fluid wastésu
The fluid %tentiai pattern of the Jurass_ic' formations and
the Crétaceous Mannville Groﬁp fFigs. 39b, 41) gave anwy
eastward flow direction. ) .

Cretaceous and Jurassic strata outcrop in a small/
distance east &f the study area in‘the.Manitobé Escarpment
and further eastwvards, hence a ﬁossibié incorporation of
injected.wastes into the nea{;ﬁﬁrface hydrogeologic system
.should be taken into accounf. There is also a strong

likelihood of excessively high pressurés, relevant to s&lt
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solution phenamena, as in quassic strata of Township 11, \
Ranges 28 and 29WPM. Simpson et al. (1987) referred to the\
spatial coincidence between médern and ancient valley
systems, related to salt solution; as. excluding the uppe:\Y
clastic unft from thg potential disposél-target horizons.
The only somewhat continuous aguifer, except for the
near-sur face Boisseva}n'Formationg is.the Ashville (Viking)
Sand. -Simpson (1383) argued that its abrupt increase in
thicknéss (from 5 to 60 m approximately) might reflect in
part basement- and salt-«related tgéfbnics. The author of
the present account, however, suggests that the latter unit
s 1ike1y to provide a potential disposal target horizon, -
because of its 1solat10n , as discussed pngviously The few
cases where fluld pressures higher than those corresponding
.to normal hydrostatic gradlent were registered, might be
simply related to the overlpressuring of the formation
sybsequent to o0il field brine injection observed by Simpson
t al. (1987)

—

5.2.5 Summary of the results

The results from the preceding re-evaluation, are =
generally, in accordance with those‘discussed by Simpson et

al. (1987a). Some new areas and units, however, were added

to the 1ist of the: potential regions and formatlons for

wastes disposal practices, the most significant being the &
e
carbonates of the Lodgepole and Birdbear Formations in the
! -
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northwestern and soutﬁern part of the study area

respectively, as well as the Ashville Sand body. The author

-

suggests that a precise hierarchical evaluation of the

proposed areas and ;nits be subject first tq more detailed
and site-specifiC'studiéé. Howevér, pre—ﬁiairie units

further east of\fhe of the Birdtail-Waskada axis should
comprise the last alternative in the consideration of waste- *

disposal alternatives. A slight possibility of uncertainty

accompanying the injection of industrial noxious wastes in

.

‘the Maples oilfield was also indicated. Known and

suspegted areas of salt solution, as might be inferred from

structural-isopach anomalies and potentiometric anomalies in
)

the present\study respectively, as well as the area in the
. " . !

. % /
vicinity of the Hartney structure, should/be avoided. The

‘- (]
same applles also to all the locales alohg and adjacent to

the present salt solution edge and the Birdtail-Waskada

axls. - The presence of some other minor magnetic andﬁgiieé

I
on the Precambrian baseme%? in the western part of the stiizf/“ﬁm_

area should be also taken into account, even though their i
.
effects on the hydrogeologlc env1ronment are not

F

conspicuous, probably because of the relatively sparég well

control. ¢ . \\
;I {;‘ ' Pl ‘ Ll

5.3 Hydrocarbon-Related Implications

N
<

From the standpoint of exploration for natufal

resources, post-Prairie units are apparently the most

o’ . .
o ‘ : e

/ f g
e
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significant. Before the consideration of the latter
howvever, a very brief evaluation of the pre-Prairie
Formations will be attempted on the basis of the prevailing

hydrogeologic conditions.

, 5.3.1 Pre-Prairie formations

&

Efe—Prairie units Bave not been proved to date to

N v .
contain commercial hydrocarbon accumulations in southektn

. »
Manitoba Oil showings have been sporadically reported for

the Wlnnlpegosfs Formation (Andrichuk 1959; McCabe, 1978;
Simpson et al:, 19871 Andrichuk (1959) also made reference

. '
to o0il shdwlngs in the Red River Formation. It is true,

howvever, tﬁat pre-Pralirie units have been relatively

'-ﬁeglééted sincg the main interest is almost entirely

focused on the 011 beat¥ng MlSSlSSlpplan strata. The new
information derived from the hydrogeoldgic environment can
probably account for, at least in part, their seeming%y
barren nature. More specifically, all the formationsg are
characterized by regional flow systems that appear to lead
towvard the outcrop bélt. In addition the salinity Qalues

for approximately all the units show a considerable decrease

]

-from the southwestern corner of the province towards the

outcrop belts (Manitoba Department of Mines, 1971). &

probable hydraulic connection with the surface indicates

“that, unless a favourable structural confiquration ¥as

present, any possiblé 0il1 accumulations mighf have been-

_
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completely flushed out to escape-at the surface. Since the

=4

trend of oil migration and that of the formation waters
' a

movement appear to nearly coincide, the effect of

ﬁbxmeability-pinch—outs in_restricting further up-dip
} -
hydrocarbon migratlon becomesy very questionable. Thus, in

E
light of the present/lnformatlon, pre- Prairie formations do

Y
mot appear to contain significant potential hydroca:bon

i - N

prospects. = 1

5.3.2 Post-Prairie formations
74

A starting point for the conceptualization of Fhe

control that salt solution exerts on hydrocarbon
accumulations, as well as for the'establishment of a

\ rationale for lécating}possible new prospective targeté, is

the study of the spatial relationships between ~
. . wilk
solution-generated Jlapse structures @nd known hydrocarbon
L4

accumula$ions. Eh%ggatteg is attemptea in Flgure 42, which
shows known areas of salt solution corresppndlng in several
instances to poten?iometric anomalies, asJ;ell as areas of
probabhle salt solu&ioﬁ identified mainly by means of .
potentiometric aﬁomalies. . é - .: |

Salt- solutlon ‘structures become of v1ta1 importance in
the exploratlon for hyﬂfocarbons, vhere they intercept oil-
bearing reservoir units,.potential 0il migration paths or

hydrocarbon source rocks. In the study area, the main

hydrocarbon-bearing units are the Mississippian carbonates

<}
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2

ahd the source rocks are most likely located in the deepest
parts of the Williston basin in North Dakota. It appears,
therefore, that the third case should be excluded. Simpeon
(1987b, 1988) discussed the potential for migration of

hydrocarbons and formation waters with base metals in

) solution, in brecciated strata andqalong the fractures

-

accompanylng salt-related tectoniecs. H;s views are

substahtiated to an extent by the results of the present

study, eebecially in the'case of th& Waskada oil field,

where the Qossibii?ty of upwards migration of hydrocarbons

from the hodgepole Formation towards the MCl Member of the
Missioh’Caﬂyon Formation was indicated. Also noteworthy is \
the fact g%at regardless of the existence of '

cross-formational flow, éght solutien by itself can lead to

the formation of favourable structures for oil entrapment

~Thus, the latter might be the case for several structures in

the vicinity of the Daly and Virden oilfields, vhile in the
Waskaaa'field salt solution probably played a twoefoldArOIe:
formation of the dome and enhancement of vertical migration.
The first observation to be made from Figure 42 is the
lecatien of the oilvfields relative to the solution edge of
the Prairie Evaporite. Most™of the hydrocatbon
e

accumulations are localized within the salt area. The

eastern limit of the region where most of the hydrocarbon

'accumulations occur is the salt edge and the Q

Birdtail -Waskada axis . The western limit is a trend of o

anomalies along the Saskatchewan -Manitoba border. o1t wvas

LD
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drawn on the basis of knod%‘falt solution in Townships 12,
17 and+19, Range 29WPM, as well as of trends of
potentiometric anomalies extending northwé;d from Township
5, Ranges 28 and 29 WPM in the Devonian formations. It is
not unlikely thaf the same features are'indicative of a
':trend along which,parfiai éait'removalhand céllapse have‘
occurred. It is significant to note its coincidence with a
trend defined by oiifiglds in the same érea. In the opinion
of the author, the most stziking;feature in Figure 42 is the
location of the Daiy and Virden oilfields within the
prominent Bakken-Lyleton wet zone that probably delimits
;;reas of at least partial sélt removal. It is also
imﬁortant to observe that two other prolific oil producing
areas, the Pierson and Tilston oil fiéldé, are‘located
within the other wet zone of the same impermeable interval.
The'cdmponent ofustfuctural entrapment is appa:ént for both
of them and it might be attributed to salt—related‘
tectonics. The wet zones are 1iké1y¢Fo include additional
potential'prqspebts. This might be questibnaﬂle for the
most proﬁingnt.zog$, because vof the intrinsic decreé;e in
porosity and henc;%pgrmeésility northwéstwérds_from-the Daly
an@ Virden oil fields. Howevér, a secondary cnhancement of
these propeities by salt removal and related collapseLés not
to be excluded. The areaiin the southern part of the
Birdfaﬁl—ﬁaskada axis_off&gs potential Devonian'prquegts

-~

(Norris et al ,+-1982). . Structural*and isopach anomalles a

present in the!Devonian units .from Towhship 1 to &, Range

"
"
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25¥PM, and their hydrodynamic response was evidenced by the
presence of anomalies on potentiometric surface maps along
the same trend. 1In one case especially, an identical

scenario to that observed in the Waskada area, as

continuity of £luid pressure is concerned, is taking place
in the, carbonates of the Nisku Formation in tR Yicinity of
Township 4, Range 25 WPM. The latter ompriseé p\\bably the
most pofenfial'prospective Devonian unit, egpeciall if the
'possiEIE presence. of reefs in its upper part.is taken into
: dqcount. \
The discuséion concerning possible further expldration
;n southern Manitoba will be in the best case incompléte, -
unleés some considerétiOns on tﬁg potential for precipitation
of base metals are includéd. Simbson (1988) referred to the
casé of the Mississippi Valleyjfype {MVT) 1ead—zinc‘deposits,
as, anexamplg of precipitafion of metals i7fso%utién to
‘waters, that wefe.subject to cross-formational flow. Norfis
gﬁ al. (1982) noticed the. potential of Devonian units for
lead-zinc mineralizgtion. Most importantly, Davidson (1981)
-referred to the co-existence in the same anticlinal_strucéurf
of hydrocarbon accuﬁulations ahd'copper miheralization, thus
indicating their¥similar modes of migration. 1In soutbern
Manitoba the possible presence of lead-zinc deposits might
reflect either tranSportation from the glaciers from éhe
north (Noxris et 1., #882) or even upwvard migration of

—_—

minerals that have been leached from the Precambrian

‘ & _ .
basement. In that respect, the Birdtail-Waskada axis might

-

At
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be of éonsideréble importance in localizing accumulations of
base‘metals. Formation w§terg from the Lowver Pgleozoic
units, such as the Winnipeg Formation, may Hgve dissolved’
part of the base metals and transferred them through their
high‘fluid pressures to~overlying.units; ghe;e they probably

precipitated. o : | )

e{
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CONCLUDING REMARKS

1. Shut-in pressures from drill stem tests were

employed for the construction of pofbntiometric surfaces

and fluid-pressure proflles. These, with the aid of

documented lithologicald descriptions, as well as structure

contour and isopach maps, were related in turn mainly to the

distribution of solution-generated collapse structures.

2. The presence of known sqlution—génerateq collapsé
structures is reflected in the fluid flow pattern as
potehgiometric anomalies. Areas of previously undocumented

salt solution can be probably defined on the basis of

potentiometric anomalies. Such a case might be represented

by the linear trend of anomalies along the Saskatchewan-
1

Manitoba border that was apparent in the Devonlan units.

3. A definite relationship appears to exist between

salt solution structures and the presence of continuous

pressure systems, on the bésis of their spatial
,‘.

coincidence. The latter provides the best evidence of

cross-formational £low. They are reflected also in the
potentiometric iiifaces by the co%ncidence of high pressure
cells. This might exert significant control on the v
migration of hydrocarbons and injected fluid wastes. The |
contribution of a distinct pressure system in inferriﬁé
otherﬁise undoéumented salt collapse, is-highlighted in the

case of Township 16, Range 28WPM.
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4. Spatial coincidence of poteptioﬁetricfl?ys mightl
represent lack of cross-formational flow. This argument is
augmented in several instances by the position of particular
units on the fluld-pressure profilés. This cor:espondence
is probably important in defining potential locales of
hydrocarbon entrapment.

5. The waste disposal potential of southwestern i
'Maﬁitoba can probably be expanded to include the Lodgep&le
and the Birdbear Formations in the northwestern and
soutﬁeastern parts dg the study area respectively.

o 6. Mississippian carbonates, and egpecially'the
Lodgepolé‘Formatian, may comprise potential-hydrocarboﬁl
target horizons within the Bakken-Lyleton wef zones.
Additional potential is probably offered?by the Devonian
carbonates and most importaptly the Nisku Formation in the

b

southern part of the Birdtail-Waskada axis.

* 7. The boundary zone is likely to comprise a
prospective area for exploration activities aimed at

location of Hississipﬁi Valley-type (MVT) lead-zinc mineral

deposits. ' | )

“,
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- APPENDIX I
: » .
ELEVATIONS OF POTENTIOMETRIC SUREACES WITH RESPECT TO MEAN

SEA'LEVEL,;COMPUTED AS METRES OF FRESH WATER FROM SHUT-IN

BOTTOM HOLE PRESSURES (kPa).
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© NINNIPEG FORMATION (WHPG) ‘
WELL HAME : MELL LUCAT;UH KB INTERVAL TESTED SHUT-IN PRES, _ POTENT. SURF.
HESTERK ORTHEZ 13-36 o ;sﬁ?rseaé:04-19u1 496,20 1376,20 1363.80  4b17 ' 405
" FRANCANA ET AL HARTNEY 6-34-5-24 rLsn.aa-sa-os-zm 4380 1524 157550 IR 1 se2 542
AMERADA LAUDER PROV W'F 9 35 5 25 ° L§D.09-35-05-25N1 434,30 '1610.50. 1639.80 17582 17347 589 566
Mmemeem LMWwwm1nmowmqwﬁqlms 11039 544 509
' ARCO SHILD PROV. 10 24 9 16  LSD.0-24-09-1aML 37300 WT.70 979.5¢ 1793 70 -4 ~534
DONE BRANDON 3 5 § 19  LS0.05-05-09-19H1  AIB.50 119730 . 1200 131 -8
INPERIAL BLOSSON 3 17 12 24 LSDOS-1T-12-20HE 47270 136250 135 Bl 435
NGRCEN POR HARMSWORTH PRV. 15-11-12-25  LSD.1S-11-12-26M0  454.20 1399 T 1406 s W s0h 566
nuné_nxnusnnsn 16 26 14 18 LSD. 15-26-14-18WL 555;30 BILI0 618.00 3041 28 .
DOME STRATHCLAIR B 34 16 21 LS0.0B-FA-16-21W1 bS50 1160.80 LITA.I0 8§35 334

~

RED RIVER FORMATTON (RDRglJ

NELL AE | _WELL LOCATION KB INTERUAL TESTED - SHUT-IN PRES. _POTENT. SURF.
AHERADA LAUDER PROV N F 935525 SLOT-SS-05ZH ASID (2890 USO80 ISUS 1SM9 5SS 550
FRANCANA ET AL E. TILSTON B-13-5-29 LSD.0B-13-05-29M1 489 1798 1BI5 B35 1763 A9 474
DCL BRANDON 16 10 10 18 LSD.1b-10-10-18K1  369.10- LSO 9% 16377 453
 DOME HARDING 4 27 11 22 ©LSD.OAFI-11-22M1 420,90 1054 1054.60 10273 43
INPERTAL LOSSON 3 17 12 24 (SDLO-7-1220 270 L8260 119080 9453 26b

=

DOHE STRATHELAIR B 34 16 21 L50.08-34-15-2141 406,90 1075.90 1094.20 1308 : 239

STRATH & 23 17 23 - LSD.06-23-17-2361  567.80 102470 1032.70 102 - 20
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INTERLAKE EBROUF (IKGP)

WINNIPEGODS!S FORMATION (WPGS)

' INTERVAL TESTED

NELL {OCATION 4] INTERVAL TESTED SHUT-IN PRES. POTENY. SURF.

CHEVROM EDULTER FROV, LSD.O?-O§-02-25H! 43%.50 5% 1602 1706% 15537 561 426
" CALSTAN SOUTH NAPINKA 5 i 425 LS0.05-03-04-258L 442,70 1444 1446 13375 | 584
MAGISON LAUDER | 19 5 24 h LSD.01-19-05-24M1 540,10 llIé.?O 1144.80 11514 471

AMERARDA LAUDER PROV M F 93535 23 LSD.09-35-05-23W0 434,30 1269.50 1292.40 13893 13645 340 335
CAL STAN FINDLAY 326 7 25 L5D.65-26-07-25K0  433.10 1518 1236 241k 464
DGHE BRANDOK 35 9 19 169.03-05-09-19¥1  418.50 948,50  §52.80 2453 - 451

UNION ERISWOLD 13-4-10-22 LSD.13-0§-16-22H1 42280 969.30 975,40 10128 10073 Agy 476
B.A. MITCHELL 7 26 11 17 LSD.07-26-11-178!  399.50 482,80  490.40 6530 R ¥
IMPERIAL BLUESUH I ;4 LSD.Oi-l?-lZ-Z#Hl 472,70 1034.80 1048.30 9433 410

DGME STRATHELAIR 8 34 146 21

LSD. 08-34-14-21N1

WELL NAME WELL LOCATION KB SHUT-IN PRES. POTENT. SURF.
CﬁLSfAN RASKADA 9-13-1-28 LS0.09-13-01-26N1 468,80 (541,10 1543.60 16030 380
CHEVRON COULTER PROV. L5SD.09-04-02-24W1  437.90 1520 1535 18126 15146 551 i3
CALSTAN SOUTH NAPINKA 5 3 4 25 LSD.05-03-04-25N1 462,70 1340.80 1373.40 13914 13914 310 a0
SDYRIS VALLEY WARNEZ MO. 13 5 LSD.05-13-05-2241 498,30 1150 1159.80 145~ 507
ROYALLTE TRIAD ET AL EAST HARTNEY | L5D.07-27-05-24N1  442.90 115 125,90 13374 483
FRANCANA ET AL HARTNEY &-34-5-24 LED.0b-34-05-24W1  438.90 1094.20 1109.50 131342 11328 487 485
ANERADA LAUDER'PRUU_H FRISA LSD.09-35-03-23K0 434,30 §232.40 (242,10 13059 12252 125 443
CAL STAN LINKLATER 2 21 7 28‘ ’ LSD.05-21-07—2BH1 493.20 1441.10 1847.50 10§70 B4
DOME BRANDON 3 5 9 19 , LSD.03-05-09-19%i 418,30 824.30 826.80 5032 410
DCL BRANDON & 10 10 1B LSD.16-10-10-18W  369.10 684.50 701 7088 N 392 3#6
CANADIAN IMPERIAL LENORE 2 20 11 24 LS0.02-20-1}-2481  457.80 93460 1003.70 9687 9&&61 443 410
CALSTAN ELKHORN 74 8 11 29 LSD.O?-bB-ll-Z?HI 943,50 1373.70 1382.90 11?21_ 357
DONE ARRON RIVER 12 10 t4 25 LS. 12-10-14-2301  500.80 940,40 9410 8308 383
| 405,90  B22.40 828,10 aln 307
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DANSON BAY FDRNATION (DSBY)

WELL MANE RELL LOCATION Kﬁ INTERVAL TESTED SHUT-TN PRES. - POYENT. SURF,
CALSTAN WHITENATER 153-36 LSD.15-356-03-2201  399.30 1148.20 11e0.40 11349 | 500
WESTERN ORTHEZ 13 34 LSD.13-36-04-15W1 494,20  945.80 951,90 BR&0 ‘- 449
AMERADA LAGDER PROV M F 9 35 5 25 L50.09-35-03-29W1  434.30 1141.60 1173.80 12507 17183 237 \7501
COME BRQNDGN 35919 LS. 03-03-09-19W1  418.30 747.80 773,30 7308 AL
DOME BRANDON 15-Z7-9-19 LSD.156-27-09-19W1  405.10  £99.80 l_?05.60 6757 189
CALSTAN SOUTH VIRDEN PHD;. SWd 3-11 L5D.03-11-10-2601  439.20 1017.40 1027.20 10783 10743 i1 il
DOME HARDING 4 27 1t 22 LSD.04-27-11-2201 420,90  790.3¢ 793,70 7584 401
fﬁPERIﬁL BLOSSONM 3 17 12 24 LSD.O3-17-12-2400  472.70 917,40  925.10 glor 375
DOME MINREDDSA 16 26 14 1B LSD.16-25-14-18M1  556.30 847.40  455.50 4075 36
APACHE ET AL CHUMAR 2-28-13-24 ' L5D.02-28-14-24N1 | 325,20 430,90 540 8039 7901 704 692
DOHE STRATHCLAIR 6 34 14 24 LSD;OB-S#-I&-?IHI _605.90 87 172,70 1824 327
PR POTASH ET AL MCAULEY PROV t3 2 LS. 13-02-16-29W1  469.70 904.80  952.50 2379 2172 ~240 -241
STRATH 6 23 17 23 LSQ,06-23-17-23H1 567:80. 765,70 789.30 7136 384
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SBURIS RIVER FORMATION (SRSR)

WELL NAME WELL LOCATION — KB TWTERVAL TESTED SHUT-IN PRES. POTENT. SURF.
CALSTAN HASKADA ?-ii-l-?b LSD.U?-I3-0!-26H1 468.80 13%6.60 1403.30 12084 297
tL & £ WASKADA 15-20-3-23 L5D.13-20-03-23K1  468.50 1280.20 1292.40 13183 12632 522 188
ROYALITE TRIAD EY AL EAST HARTNEY | LSD.07-27-95-2441  442.90 958 942,90 792% 289
ROYALITE TRIAD ET AL EAST HARTNEY I LSD.07-27-05-2400  442.90  903.1¢  907.70 Bald 415
L M IMF HARTNEY 1 29 § 24 LSD.01-29-05-2401 43430 10?9 1090 11494 10094 318 373
FRANCANA ET AL HARTREY 9-30-5-24 L5D.09-30-03-24M1 437 920 3l 808 9293 507 433
FRANCANA ET AL HARTNEY 9-30-5-24 L5D.0%-30-05-24KL 437 1013 1921 10724 1083 N3 -473
FRANCANA ET AL E. TILSTON 8-13-5-29 LSD.OE-IS:BS-29H1 489 1442 1452 14993 121 368 488
CAL STAN FINDLAY 9 26 7 25 LSD.09-25-07-25W!  433.10 1039.20 1072.30 10487 | 452
CAL STAN LINKLATER 2 21 7 28 LSD.02-21-07-28M)  493.20 1149,40 1154,30 Ba18 2&9
CAL STAN LINKLATER 2 21 7 28 L50.02-21-07-2B01  493.20 1173.20 1178.10 9480 283
£AL STAN LINKLATER 2 21 7 28 LSD.02-21-07-28W1  493.20 1225.%0 1230.80 10342 318 .
CALSTAN WAWANESA 3 1 8 IB L50.03-01-08-1BW1 415,70 701,36 - 703.20 5412 367
DUHE BRANDOR 16-27-9-19 L5D.16-27-09-19W0  405.10  4670.%0 674,20 6474 392
CALSTAN WODDNORTH PRDV. 5 18 9 27 L5D.05-18-09-27M1  4B7.10 1105.B0 111,30 10487 467
EHEQRUN-bALV 14-13-9-28 LS. 14-13-09-26N1 488,40 1280 1300 12590 12780 474 493
CALSTAN SOUTH VIRDEN PROV. SWD 3-11 LSD;03-11-10-2§H1 (439.20 990,60 1000.40  110B0 10218 570 482
B A UNION GROSE SWD 7-27-10-24 LSD.07-27-10-2801 44é 986.30  994.70 825 448
DALY GRS 4 0-7-10-27 LSD.10-07-10-27W1  489.20 1079 1083.90 10418 10983 469 227
DALY GAS 7-1B-10-27 ‘ LSD.07-18-10-27M1 495,20 1071.40 1079 10459 10563 305 196
CALSTAN DALY 15 18 10 27 LéD.lS-lB-lO—??Hl 491,90 1086.50 1070.20 11032 948
CDN SUP DALY SO WO 1T~ —n LSD.12-04-10-2801  512.40 1083.90 1099.70 a2 257
CALSTAN DALY B-14-10-28 L5D.08-14-10-28M1 498,70 1095.80 1104.90  10a87 485
B.A. MITCHELL 7 28 11 17 LSD.07-26-11-17W1 399,40 530,40 53!.#0 4757 350
DOME HARDING 4 27 11 22 - ' LS0.0A-27-11-2241 420,90 757.10 TeL70 7102 384
CALSTAN ELAHORN 74 8 11 29 L5D.07-03-11-29N1  543.50 1155.80 1180, 10 9997 404



IMPER]IAL BLOSSDN 3 17 12 24

IMPERIAL BLOSSON 3 17 12 24

CALSTAN HARMSKORTH FROV. 58 24 12 28
- HOCKINS 3 19 13 19

DOME MINNEDOSA 16 26 14 18

DUME MINNEDOSA 16 24 14 18

APACHE ET AL CHUMAH 2-2B-14-24
DYFONT 14 25 14 28

STRATH 6 23 17 23

y
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LS0.03-17-12-24N1
L5D.03-17-12-241
L5B. 06-24-12-26K1
LSD. 03-19-13- 151
LSD. 15-26-14-16K]
LSD. 15-25-14-18N1
LSD. 02-28-14-24N1
L5D. 14-25-14-28N1

L5D. 06-23-17-234}

——

472,70

435.40

392

554,30

334.30

479.10

Sb7.8%

798,40

885,40

954

420.6¢

626,40

611.10

B836.70

829.70

730,30

810.80

897.460

763.20

124.30

632.50

518,10

B48.90

833.30

737,60

7384
5109
\ 2854
3
ol

1364

4568

7198

295

349

428

AN

309

i1t
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DUPERDW FORMATION (DPRN)

A

VELL NAKE WELL LOCATION KB INTERVAL TESTED  SHUT-IN FRES. POTENT. SURF.
INP CALSTAN KERNEFIELD | 30 Lsu.oi-sa-01¢ésu| 472,80 1266.40 1275.60 13100 12376 53 460
CALSTAN WASKADA 9-13-1-26 LS0.09-13-01-26M1  468.60 1267.10 127310 12238 s
CALSTAN WHITEWATER 15-3 180.15-36-03-2280 499,30 998,20 1008.30 B0l 399
LL & € WASKADA 15-7¢-3-25 _gsn.15-zo-os-zsﬁ: 468.50 1130.50 112870 05 Mg 3 1%
MESTERN CRTHED 13 34 ;;n.:s-za-oa-lqux 9,20 730 73600 ST 348
CALSTAN SOUTH NAPINKA § 3 4 25 SD.05-03-04-25W1  462.70° 1070,80 (070,80 11238 539
CHEVRON £1 AL HauEy 1-28-5-2 L5D.0§-28-05-24Kf 441,40 544 555 5794 478
FRANCANA ET AL nARTNEY 9-30-5-24 L5D. 09-30-05-24K) 137 s88. - 491 3L 7297 191 491

: anﬁcaun ET AL HARTNEY 4-34-5-24 L5D.06-34-05-24F  438.%0 871.10 675.80 9039 B9Oy B 472
HB S. PIPESTGNE PRQV. 4-25-6-28 L5D.04-25-04-24M1 434,20 TER U  T TA 1 -63
PmnmmLmﬁmmevnszam L5D. 12-32-06-20K1 490,70 waoxuiw WL e 515 Ae
CAL STAN FINDLAY 9 25 7 28 LSD.09-26-07-25MF 433,10 923.50 928.10 9453 191
CAL STAN LINKLATER 2 21 7 28 LSD.02-21-07-28M1  493.20 112810 1132.90 9453 38
CANADIAN SUPERIOR ROUNTHMATTE 10 17 LSD&4i-17-08-17H1  389.50 496.20 502.30 3489 244
DOKE MAYFIELD 12 22 § 20 LSD.12-22-08-20M1 444,70 598,90 415.70 0 -9%

B.4. UNLON NCODNORTH 9 26 € 27 L5D.09-28-08-27M1  470.60 982,70 989.10 9453 Yy

AMERADA CRONN M.E. 13 11 LSD.AS-11-09-16M1 374,60 A29.80 M5 283

CALSTAN uannuuatﬁ PROV. 5189 27 LSD.05-18~09-27M1  487.10 954 97.40 8943 435

CITIES SERVICE DOWNLE 2 4 10 17 L5D.02-04-10-17W} 377 34,60 442,60 3054 2Uh

SPRUCE W0ODS S.7. o L LED.13-12-10-1781 a4 ;23.70 51,30 2758 24,
PEACOCK EXPLORATION KEMNAY ND 1 ' LSD.13-04-10-20M1 425.20 563 562.20 489S 3

UNION GRISWOLD 13-4-10-22 LSD.13-04-10-22N1  422.80 470 720.20 7033 4612 421 378
CALSTAN S0UTR vIRDEN PROV. SWD 3-11 L30.03-11-10-26M1  439.20 838,20 846.10 877 448

B A UNID aosexgsp Sup 7-27-10-2 L5D.07-27-10-26K1 M2 842.80 853.40 7929 398
DALy,sﬁé’;flg-lo_z} LSD.07-18-10-27M1 496,20 329.60 9AL.B0 952 9247 529 500
CALSTAN any 15'13/10 27 LSD.15-18-10-27M1 491,90 915.90 919.90 8274 37



APACHE DARLING DALY lS-lB-leEF
CALSTAN DALY 14 20 10 27

CDN 5uP DALY SKD ND 1

CALSTAN DALY 8-14-10-28

DOME HARDING 4 27 11 22

CDN“SUP DOME ET AL ﬂHITEFGRD 8 28
CALSTAN ELKHORN 78 8 {1 29

IKPERIAL BLOSSON 3 17 12 24

CALSTAN HARNSHORTH PROV. 4R 24 12 2

PRRADISE HAXFIELD TWO CREEKS 10 33
B.A. UNION BRAZZELL 2 7

APACHE ET. AL CHUMAH Z-28~14-24
DOME ARROW RIE%gﬁ}Z 10 14 25

DOME STRATHCLAIR 8 34 1& 2

DOME BIRTLE 14 35 16 27

DYPONT £4 25 16 28

STRATH 6 23 17 23

-QPACHE ET AL SGLSGIRTH é-?-lB-ZS

ANBLO AMERICAN BIRDTAIL 4 30 18 25
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LSD.15-18-10-27W1 495,30
LSD.16-20-10-2781 438
LSD. 12-04-10-28W1  512.40
LSD.09-14-10-2GM1 498,70
LSD.04-27-11-2201  420.90
LSD.0B-28-11-26K1  443.90
LSD.07-0B-11-294]  543.50
LSD.03-17-12-2481 472,70
<:LSD.05-24-12-26Hl--m;55.40
LSD.10-33-12-26M1  457.20
L5D.02-07-14-2001 556
LSD.02-28-14-24W1  §25.20
LS0.12-10-14-25 500,80
LSD.0B-34-16-21N1 604,90
LSD.14-35-16-2701 520,20
LSD. 14-25-16-28N1 479,10
LSD.06-23-17-2301 567,80
L30,02-07-18-25H1 548,40

LSD.04-30-1B-26K1  051.40

F07.70
925.10
$89.10

748,80

673.80

827.20
1010.40
694,90
774,20
773.90
579,70
6. 30
714,50
578.10
67‘.30
684.90
588,30
610.50

618.70

720,50

929.40

1000

§32.50

578.20

840.30

1015

701,30

788.120

799.20

398

862

719.30
594.10
4B1.20
541.60
595.40
615.70

440,10

9349

L]
Bh18

8983

8418

923?
7481
6722
1318
4592,
7453

1165%

GALY)

3274
3068

4523

5550

3597
4273

207

5211

7033

3344

2323

4413

<7

529

38

419

320

2

J02

154

333

349

-68

515

45

3Tb

299

0

183



v

NELL NARE

~201-

BIRDBEAR FOCRMATION {BDER;

WELL £OCATION

KB INTERVAL TESTED

SHUT-IN PRES.

PGTENT. SURF,

FOIALITE TRIAD ET AL LULU LKE KO 1
CLEARY FLOSSIE LAKE 10 21

DEKALﬁ.ET AL WASKADA 10-23-1-25

IMP CALSTAN HERNEFIELD { 30

CALSTAN WASKAZA 9-13-1-26

MURPHY ET AL N. WASKADA B-32-2-25
LL & £ NELITA PROV 2-30-2-26

LL & E CANSO COULTER §-15-2-27
CALSTAN PIERSON PROV 2-29-2-29
CALSTAN SOUTH NINGA 9-6-3-18

BAYSEL CALSTAN BOISSEVAIN 3-20-3-19
CALSTAN WHITEWATER 15-36

" WESTERN ORTHEZ 13 3b
nwsmmmcmummhnnmua4
CALSTAN SOUTH NAPINKA § 3 4 25
FRONTIER NAPINKA 3 22 4 25

IHP CALIFORNIA STANDARD EUNOLA 4 28
GRT PLNS NINETTE PROV. 2 27 5 17
U.S. SNELTING 3 30 DRAPER

INP CANADIAN SUPERIOR ARGUE 5-33
FRANCANA ET AL HARTNEY 4-34-5-24
CALSTAN LAUDER 9 14 5 25

TILSTON Nb !

NCCARTY COLEMAN FORBES ! 31 ¢ 22
HCCARTY AND COLEMAN MORRICE 12 2

U.S, SHELTING 1 33 ALSTON

LSD. 14-14-01-24M1
LS. 10-21-01-23M1
L50. £0-23-01-25K1
LS8, 01-30-01-25K1
L5D. 09-13-01-26H1
L59. 0B-32-02-25K1
L5D. 02-30-02-26K1
L30. 09-15-02-27h
L5D. 02-29-02-29W1
LSB. 09-04-03- 181
L8B. 03-20-03-19H1
LD, 15-36-03-22M1
LSD. 13-34-04-17H}

LSD. 04-04-04-22K!

- L8D.05-03-04-25K]

L5D.03-22-04-25k¢

£50.04-28-04-29M1

" 15D, 02-27-05-1741

L5D.03-30-03-21N1
£5D.05-33-05-23K1
L5D. 06~34-05-244}
L50.09-14-05-23N1
L5D. 05-12-05-29N1
£30.01-31-06-2201
L5D. 12-28-06-23H1

LD, 01-35-96-2341

- 496,20

699.60 1158.70

.60 1232
47830 1169.20
47240 1176.50
ug.g0 1203
¥B.40 1138

438 1173.80

B35 1200.30

181 1328.90
52120 774,20
51480 807,10
$99.30 885,40
697,40
503.80  926.60
462,70 1007.70
155,10 987,20
19260 1223.80
15,20 552,30
475,80 780.30
M350 B30
438,90 771.10
M0.10 917.40
18300 1158.20
13950 736.40
43280  767.80

.

B0 75L3

1141.80
1244.20
1174.80
1187.50
1207.90

1151
1179.40

1211
1333.50

783.30

19.90

894,40
507.10
932,70
1007.70
1009.50
1237.50
582.20
794,30

833
780.90
924.80

1189
741,40
774:50

755,40

7584
10260
11997
12169
12238
10912
12569
12528
13169
6640
7067
8060
5654
B343
10066
10753
11997
4185
7253
BA74
BOS3

4353

12189

7633
7998

7453

11880

11893
16270

12514

12417

2213

10232

3383

Bpsd

- 332.27

460,92
§22.31
527.2
510.31
M1
541.61
503.02
191,96
415.80
116,39
#21.57
386,33
42286
482,67
543.41
479.91
302.26
422,58
194,47
480. 15
480.38

336.47

473.42

474,83

310.36

499.0%
375.89

530.9%

£91.4%

-196,64

1%0.21

220.58

4B0.87

$#1.92



SAPPHIRE EAGT GRANDE CLARIERE ND.
" PERRY FULK 6 36 4

PRI KANDIL SINCLAIR PROV 12 32 6 28
CAL. STANDARD TILSTON FROVINCE 4 3
DOKE NESBITT 11 19

GKT FLNS NESBITT § 26 7 18

DOME NACD PLUN LAKE 16 34 7 24 .
CAL STAN LINCLATER 2 21 7 28
CALSTAN HAWANESA 3 1 8 18

BOKE HAYFIELD 12 22 8 20

CALSTAN SOUTH RALSTON 5 34 6 23
CALSTAN EAST OAK LAKE FROV. 1% 28
SCURRY GARVEY BELLEVIEN 2-3-8-26
AGNEW 13 27 8 26

GUYER LAURENCE EBOR PROV 3 4 8 28
GUYER LAURENCE SOUTH EBOR PROV § 24
GRT PLNS SA BERESFORD 2-15-9-20
NCCARTY COLEMAN CAK LAKE 13-§-9-24
MCCARTY CDLEMAN FLAISIER 4-24
CALSTAN ROUTLEDGE PROV. 13-2929-25
HCCARTY AND COLENAN DEGALLEY 12 35
SOURIS VALLEY ET AL JEFFREY 1 22
mwmummmﬁumw.sméﬂ
CALSTAN TALY 1-30-9-28

CON SUPERIOR WELCH 12 18 10 25
CALSTAN SOUTH VIRDEN 1-12-10-26
HILLIANS 12-14-10-2

B A UNION BROSE SKD 7-27-10-25

BAY CARADIAN SUPERIOR WOKN 4 12

-202-

LSD. 14-15-06-24N1
LSD. 06-36-06-27W1
LSD. 12-32-06-28M1

LSD. 04-03-08-29%1

LS. 11-19-07-180)

LSD.OS-Z&-O;;IBHI
L80. 16-34-07-24M)
L50.02-21-07-2941
L50.03-01-08- 184!
L50. 12-22-08-20W1
LS50, 05-34-08-23W!
L50.11-28-08-24K!

160.02-03-08-2601

L5D. 13-27-08-24M1

Lsn.os-Q4-ua-isu1
LSD. 05-24-08-29M1
LSD. 02-15-09-20W1
"LSD. 13-06-09-24M1
"~ LSD. 04-24-09- 25!
LSD. 13~29-09-25K1
LSD. 12-35-09-25H1
gsn.oz-zz—oé-zaut
L5D.05~1B-69-274}
LSD. 01-30-09-28K!
LSD. 12-18-10-25H]
LSD.01-12-10-28M1
LSD.12-14-10-25H]
LSD.07-27-10-26H1

LSD. 04-12-10-270)

435.40
452,90
490.70
501.40
345,60
\}

517.40

434,50

493.20

415.70

\
444.70

"4353.90

433,10
438;90
434,460
301,10

a18.30

424,30

436,20

437.40

437,10

430.10

440.70

487,10

31540

439.20
439,50
437,40

142

464.20

833,40

958
1030.20
161,90

346,20

482,50

737,80
981,80
458,70
562.70
672,10
705,40

855
~510.80
964,40
979,90
509
730,40
"
738,80
734
784.40
846,40
%3.70
729,70
729.10
729.46
730

78b. 40

1039. 40
1166.50
551,70
502,30
745.80
N
98b. 80
478.50
576,10
881,20
4,80
870.50
BHL.20
974,40
990,40
s
524,30
737
47,40
743,10
738.20
773
854

F14.40

744,90

.13
740,10
740,70

797,10

8743
936
10397
" 10818
4082
4578
7781
8722
1275

At

5957

4861

8777

1929

9542

9423

1399

6895

7384

7412

il

1343

8274

444

17359

6619

7584

7238

7501

485,30
421,02
512,76
48,92
310,84
382. 68
484.21
192.87
271,55
291,87
362.87

'”;420.90

B26 444,47

8687 402.89

9101 ~ 500.67

%025 510,54

4340 349,11

403.13

464,57

'450.71

424,01

"L

477,82

T 4bl.28

433.35
382,23
41.57
440,15

b ase0

L

454,460

410.26

480.28

435.83

449.29

J43.49



APACHE DARLING DALY 15-18-10-27

GOME NACO SOUTH WEST HARGRAVE 15 3,

CON SUP LALY SWD- X0 1
CALSTAN DALY 8-14-16-28

SAPPHIRE NORTH EST BUTLER HO 1
CALSTAN VIRDEN 16 7 11 25

SUTTES ET AL YIRDEN EAST PROY 3-20
PARADIISE LENDRE 15-23-11-25
CALSTAN SDUTH HARMSWORTH & 25 11 26
- CON SUP DOME ET AL WHITEFORD 8 2B
NCCARTY AND COLENAN 3 24 FOSTER
CALSTAN ELKHDRN 7A 8 11 29

QUEEN CITY CON SUPERICR NO 4 36
IMPERTAL BLOSSOH 3 17 12 24

DOME HARRIS COX HARMSWORTH 1-10

RORCEN POR HARMSWORTH PRV. 15-11-12-28

DONE NACO THO CREEKS 1 19
DONE HARRIS COX TWO CREEKS 4 32
PARADISE NAXFIELD THO CREEKS 10 33

CALSTAN KIRKELLA {3-4-12-29

- 3ASKOIL W. KIRKELLA PROV. 6-18-12-29 -

CALSTAN KIRKELLA 5 21 122 29
SAPPHIRE WEST NINIOTA NO 1

LAURENCE ET AL REEDER PROV & 14
PEACOCK EXPLORATION W BURNBANK 1) 2
CHANPLIN BIRDTAIL ‘CREEK PROV 1-29
CALSTAN TREAT PROV 15 29 15 28

RIFE ET AL MCAULEY 5-8-15-29

PARADISE BIRDTAIL 3 3 16 27

-203-

LSD. 15-18-10-27K1
L8D. 15-31-10-27W1
LSD. 12-04-10-28K]

L5D.08-14-10-2BH1

.LSD.04-16—10-29H1

LSD. 16-07-11-2541

15D, 03-20-11-25u1
L50. 15-23-11-25K1
LSD.06-25-11-24K!

L5D.08-28-11-25M1

L50.03-24-11-27W1

L$B.07-08-11-29h}
LSD-04-36-H 1291
L5D. 03-17-12-2441
LSD. 01-10-12- 261
LSD. 15-16-12-26M8
L5D. 01-19-12-26M8
LSD. 04-32-12-26M1
LSD. 10-33-12-26H1
LSD. £3-04-12-29W)
LSD. 06-18-12-29%1
LSD. 05-21-12-29K1
LSD. 04-20-13-27M1
L5D. 06-14-13-28K1

LSD. 11-02-13-29M1

LSD.D1-29-14- 261

L5D. 15-29~15-28W1

L50,05-08-£5-29W1

LSD.03-03-14-2741

495.30
494,40
512.40
298,70
§33.10
442
375.50
®
459.90
452,50
463.90
47790
543.50
520.90

472.70

456.30

454,20

471,20
463,40
457.20
232,80
5335.40

i

477
482.10
506,90

467

471,50

526,20

450,40

795.50

836,70

879

828.40

92%.%0

675.10

598,30

$37.10

681.20

697.40

759. 60

888.2¢

LY N

811,10

490,70

680
493.70
708,40
661,10
Bb3. 80

an
B42.80
6‘8.50

691,40

768.70

602,30
589,80

715

9348.30

B23
842.80
887.40
835.40
941.80
898,50
803, 90
b??.iﬂ
687.30
126
770.80

B94.70

§99.40

620.30

694,30

493

704.70

714,80

671.80

874,60

87y

B850. 40

637,80

705,40

778.80

509,40

408,10

127

364.80

B10B

5983
8274
7828
7929
7426
6702
6412
5316
6743
7214
£893
1122
347
&556
bbhs

395

8557

5440 .

7364

8147

6350

3399

6647

4350

9293

LR

6144

4488

-

8274

73917

4702

6701

6183

6130

300.07 -
262,83
469,52 409.52
451,78
400,79
303,64 500.07
433.83  453.83
442,42
328.74
435.11
448,72
350,73
Ha.6b
204,31
430,71
441,65 445.32
348,34
120.02 382,04

442.88 413.27

432,27

1917

6288
3302

1482

RN
345.31
186. 63
10.11  423.86

396,81

97,98 398.70

265.76

$26.46 35887

394,21



CALSTAN BIRDTAIL 9 8 16 27

DONE BIRTLE 14 35 16 27

DYFONT 14 2514 28

JOME BIRTLE 14 17

-204-

L50.09-08-15-27¥)
L5D. 14-353-18-27H1
L5D. 14-25-156-28W1

L5D. 16-17-17-27%1

4B0.4¢0

321,20

47919

321,80

349.40

581,30

346.80°

383,70

35210

39L.90

953,30

3%0.70

4804

Hal

4482

LLIH]

4540

408.9%
BT
183.18

191,44

8201
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LODBEPOLE FORMATION (LDGP)

WELL NAME WELL LOCATIAN KB INTERVAL TESTED SHUT-IM PRES. POTENT. SIUIRF.

GREEN HILLS KILLARNEY 13 36 1 1B L5D,13-36-01-1BN1 559,90 783,30 798,40 5350 328

AHERADA TURTLE NTN PRUQ WA 16 4 LSD.I&l04-01~20Hl 673.90  982.10 © 988.50 7824 7057 AR4 L

OOKE CAL TURTLE MIN 9 61 20 LSD.09-04-01-2048  685.50  1033.30 1038.10 7722 434

CITIES SERVICE EAST HAX LﬁKE Ko 1 LSD.14-29-01-20mt  &BO.460  984.20 987.60 - - 44B1 - 355

ROYALITE TRIAD ET AL LULU LKE WD | LS0.16-14-01-21WF  699.80  1002,80 1008.30 368y 272

GE06 CHAGODS LULY LGEE PROV. 14 23 150, 16-23-01-2141 712 1013.80 1032.10 8330 %01 532 487

RUYﬂLiTE IRIRD ET AL LULU LAKE & 24 " LBD.06-24-01-21W1  &97.40  1010.10 1043.20 810! a1t .

ANDEX LULY LﬁkE FROV. 13-23-1-21 LSD.IS-ZS-OI-ZIHi 685.50 ‘,: "2 998 7729 78 A9 479

ANDEX LULU LAKE PROV. 10-27-1-21 ’LSD.{0-27-01-21H1 702,10 1009 1014 B020 M2 507 475

AMDEX LULU LAKE PROV. 2-28-1-21 ¢ LSD.02-28-0¢-21N1  490.10 1007 1014 g052 g038 498 - 4499

ANDEX GORDON LAKE PROV, 14-29-1-2{ i LSD.14-29-01-2i81  687.30 1008 11y 8Il 913 502 4B

HHITEHATER ET AL LULU LAKE PROV. 2-3 LSD.O?-34-01-2|H1 703,40 1013.50 1020 1352 7548 475 434

BAYSEL CALSTAN SHARFE LAKE 3 27 L50.03-27-01-2201 645,40 1005.B0 1014.40 8274 494

GMEGA WASKADA PROV. 7-30-1-25 LSD.07-30-01-25K1 471,50 914.80 930,90 13327 15085 1105 1079

ANGLD ET AL SOURIS VALLEY CR 16-1B LSD.16-18-01-26W1 435,50 1043 1051,30 10418 448

CLEARY SOURIS VALLEY-WHITE NG 5-34 LSD.05-34-01-29M1  4B4.60  115B.20 1187.70 11204 11390 461 480
- CHEVRON MAX LAKE 4-7-2-20 LSD.O!-O?-OZ-Z&EI 544,30 939.Bb 947.90 Bl43 1214 528 439

ROXY-CLARION ET AL MOUNTAINSIDE LSD. 13-16-02-21H1  599.80 894 %05 1918 e 503 303

ROXY-ANDEX HOUNTAINSIDE t-20-2-21 LSD.OI-ZO-OZ-ZIHI‘ $91.10 BY0 - B4 114 7428 485 433

CLARION ET AL HAZELDEAN 14-17-2-22 . L5D. 14-17-02-22M1  575.40 - 12 218 - 8287 aur 502 500

RIDWEST {MP, L]EGE 2-3-2-23 .‘HlLSD.02-03-02-23H1 648,90  9B7.60 374,40 B267 8005 498 472

CHAUVND ET AL DELORAINE 13-29-2-23 L50.13-29-02-230) 505 833 831 B033 8022 474 413

CALSTAN DELORAINE 10-31-2-23 L5D.10-31-02-23W1 501,70  832.10 838.20 8026 8026 483 483

ROXY-ANDEX ET AL DELORAINE 12-32-2-2 LSD.12-32-02-23iI 302.20 825 . 833 8092 8092 495 495

CALSTAN IHP%R[AL SOUTH ELVA 13 30 L8D. 13-30-02-27%t 456210 1033.60 1067.10 . 11238 337

BAYSEL CALSTAN BOISSEVAIN 3-20-3-1% L50.03-20-03-1901 - S14.80 746,90 774,20 6330 409



ROXY AHDEX WHITEWATER ?-2-3-21W1

ROXY ANDEX WHITEWATER 9-3-3-21
ROXY ANDEX WHLTENATER S-12-3-21
SAN GRT PLNS E. WHITEWATER PROV 9-14
HADISON WRITEWATER 4 16 3 21
CALSTAN KBITEWATER 12-18-3-21
CALSTAN SHETEWATER 10 17 3 21
CALSTAN NHITEWATER PRGY, 2 20 3 21
NOKTHERN WHITENATER 4-21-3-21
CALSTAR-WHITENATER 15-36

VALLAT DELORAINE 13-4-3-23

DACOTA CASSAN NO §-23

BARON KIBD SANERDDK 15 25 3 25
INPERIAL PIERSON 13-2-3-29

INP CON 5UP FIERSGN 8-26-3-29

a

HESTERM ORTHEZ 13 34

COPPERHEAD 5 REGENT 57 4 21
DONE HARRIS COX WHITEWATER LAKE 4 4
INPERIAL REGENT 12 10 4 22

B AND F SOUTH REGENY PROV 15 14 4 22

BISON OREGAN SECURITY DAKE 13 19

NURPHY HATHAWAY 15-20-4-22
IMPERIAL REGENT 15 21 4 22
SASKDIL GNOC REGENT 14-27-4-22

DOME NACD SOUTH REGEWT 1 34 4 22

IMP DAND 1 13 4 23

CALSTAN IMPERIAL NAPINKA 2 7 4 25
HB NAPINKA 10-28-4-25

INP WEST BREWDA 13 17 & 26

&

-206-

L5D.09-02-03-21W)
L50.09-03-03-21ut
L5D.05-12-03-21#!
L50.09-14-03-21K1
LS50, 04-14-03-21W1
LSD.IZ-lb-OS-ZlEl
LSD. t0-17-03-21K1

LS0.02-20-03-21N1

. L5D.04-21-03-21 Mt

L5D.15-356-03-22N1

LSD. 13-04-03-23W1

L5D.03-23-03-24K1

L5D. 15-25-03-25K1

LSD. 13-02-03-29M0

L5D. 08-26-03-29K1
L5D. 13-3-04- 198
L5D. 05-07-04-21 41
L5D. 04-04-04-22H1
LS. 12-10-04-22K1
L5D. L5-14-04-22H1
Lsn.13-19704-22a1
LSD. 15-20-04-2241
L5D. £5-21-04-22H1
LSD. 14-27-04-2241
LSD. 01-34-04-22K1
LSD. 01-13-04-23H1
LSD. 02-07-04-25K1

L5D. 10-28-04-25W1

LSD.13-17-04-26K! |

539,20

334.80

319,70

306.30

J0B. 40

307.20

502

499,30

501.70

499,30

499,560

485,20

474,70

476.10

477,40

495.%0

302.60

503.80

905,10

906,30

01,10

502,40
505,70

502,30

503.80°

503.20
452

42,70

447.80

81l
187
780,30
19.40
763,40
748,10
189
759
767.80

B18.10

" 840.%0

833

1090, 90

1054.10
631,90
765
795,20
1767.90
772.70
[

764.70
76810
20
758
755.90
791
856.50
800

706.80

Bi7
818,50

790,50

784,30,

758.70

774,60
776,40
765
772,40
847.30
856.50
850.40
1100.90

1066.80

o460 -

170.50
798.30
794,30

779.40

78.50

781,80
783.30
770
7h2
807.70
BE3. 90
805

912,90

7584

3273

6860

8964

4482

8288

7819
10342
10535
T
7584
7653
2

7308

7958

474

7501

7080

5985

7308

2025

7853

9032

824

7239

7584

T840

© 7495

7433

7107

"

m

148

164

498

13

424

43

194

in

498

473

402

LM

484

908

87

499
473
535
484
480
455

353

M2

189

"o

497

437

238

il

BT

188

489

458

412



IHF CALIFORNIA STANDARD EUNOLA 4 28
CLARION ET AL ELGIN 4-19-5-21

U.5. SMELTING 3 30 DRAPER

CLARION ET AL REGENT 3+1-5-22
ROXY-CLARION ET AL W. RESENT 4-3
IMP UNDERHILL 4 B § 22

IMP CANADIAN SUPERIOR ARGUE 15 3
IHP CANADIAN SUPER10R ARGUE 5 33
FRANCAN® ET AL HARTNEY 6-34-5-24
CALSTAN LAUDER 9 14 5 25

CALSTAN INPERIAL RUTH 1 17 5 26
B.A. HCIVER BROOMHILL PROV 15 29
FRONTIER BRODHKILL PROV. 9 32 § 27
FRANCANA ET AL E. TILSTON B-13-5-29
PEACOCK HOFFAT 13 & b 22

TEXACO SOURIS 138 & 22

CALSTAN HARTNEY 13 9 & 22

TEXACD B.A, SOURIS 13 15 & 22
TEXACO SOURIS 4 14 & 22

TEXACO SOURIS 8 17 & 22
mmmvmumnmmm:ixsn
ANERADA CRONN. N.B. 15 77

4 S. PIPESTONE PRIV, 4-Z5-6-26
KCL ET AL BROOMHILL 16 3 & 27

LARIO BROOMAILL 10-A-4-27
cmmwnmmnmwmuvssz{
NEW SCOPE ET AL BRODNHILL 12-9-5-27
CALSTAN RESTON 7 27 & 27

PERRY FULK & 3a

-207-

L5, 04-28-04-29W1
L50. 04-19-05-21K1
LD, 03-30-45-21 Wt
LSD. 63-01-05-22H1
LSD. 04-03-05-2241
LSD. 04-GB-C5-22H
L5D. 15-13-05-2341
LSD. 05-33-05-23H]
LD. 06-34-05-24N
L50. 09-14-05-25H1
L50.01-17-05-26M1
15D. 15-29-05-27K1
L50.09-32-05-2741
LD, 08-13-05-29H}
LS. 1306 -04-22H1
Lsp.lz-éa-os-zzai
L5, 14-09-05-22H1
LSD. 13-15-06-22H1
L5D. 04-16-04-22N1
LSE?EE-17-06-22H1
LSD. 01-31-04-2281
LSD. 15-27-06-25M1

ALSD.04-25-06-261
LSD. 16-03-06-271
LD, 10-04-08-27N1
L5D. 09-05-06-27H

L8D. 12-09-06-2741

LSD.07-27-06-2781

L8D. 06-35-04-27H1

492,60

482,90

476,40

502,50

S93.20

497.10

484,30

443,50

438,90

440.10

430

438, 40

439.30

89

$33.20

§49.90 .

433,20
432,30

432,90

450,20

43%.50
437,10
436.20
451,19
454
439
438.80
432

432,50

[

038,10 1050
83 495

671.80  4B0.30
736,50 740
752 T80

‘a

156,50 - 759.60

T42.20 748,30
723.90 729,10
b61.40 ;qs.ze
775.50 800,10
8120 864,10
844,30 03
839.40 851,90

90 1000

676 481,50
545,90 450,70
654,40
637,30
471,20 690,40
650,10 £52.90
£39.50
778.80  78%.40
72540 730
BI3.80 /83210
838.20 8370
B850 851,90
B36.50 845
B0B.90  815.30

780,30 795.20

561.10 -

641.90-

447,76

16308

8569

6047

1763

7102

7364

8922

8074

3281

B729

3404

y268

8378

6895

© 5743

1129
6619
6583

8101

7839

8439

8501

BB47

- 7864

1929

929

9377

8174

£827

4086

77863

7377

6922

B4s7
9235

8781

%N

7501

B335

7998

7979

879

493

160

329

:h]

472

330

45}

487

§30

264

425

192
568
135
173
503
481
5i8
i -
473
495

475

507

- 481

480
492°

17

" M

a7

4d

439
385

230

448

430

§45
381

385

462

248

430

405

472

458

41%

418



SASKDIL JECCO 5. LINKLATER PRV, 3-2
HAMOIL SINCLAIR PROV 15 35 & 29
CALSTAN DELEAU 14 31 7 23 |
CALSTAN PLUN LAKE PROV 10 32 7 24
BOKE NACD FLUM LAKE 15 34 7 24

CAL STAN FINDLAY 9 26 7 25
HARIGOLD DELLEVIEN b 36 7 24

NORTHERN RUSTIN 2 18 7 27
cmmﬁumﬂmrm7m

CAL STAN LINKLATER 2 21 7 28

SASKDIL H. SINCLAIR b-1B-7-29MPN
HOMESTEAD ET AL ¥ SINCLAIR 2 19

CORP. ETAL W, SINCLGIR'PR. 10-20-7-29
NORTHERN WEST SINCLAIR 2 28 7 29
SOCONY MOBIL JACKSON CK PROV.11 30
CALSTAN SOUTH RALSTON 5 34 § 23
CALSTAN EAST OAK LAKE PROV. I 28
AMERADA CRONN K 2 12

DOME HARRIS COX BELLEVIEW 15 1

SCURRY GARVEY BELLEVIEW 2-3-8-24
ROYALITE TREAD ET AL SCARTH NO i
CALSTAN NORTH EAST AGHEW PROV 10 25
HEST AGNEN 14 1

~ CLEARY WATT 3 16 8 27

CALSTAN HODDNORTH PROV 2 28 8 27
CALSTAN WOODNORTH PRV 4 28 8 27
B.A. UNIDN WODDRORTH 14 28 8 27
mmwwmmmmweﬂanj

LANDA DALY 1531 8 27

_20.8...

L30.03-22-056-28W1
LS80, 15-36-05-29W1
LS. 14-31-07-2301
LSD. 10-32-07-24N1
LS50 16-34-07-24M1

LS50, 99-26-07-23K1

LS80 06-36-07-26H1

L5D.02-16-07-27R1
LSD, 07-20~07-284!
L5D. 62-21-07-28M1
L5D. 04~ 18-07-29}

LSD.02-19-47-294!

LSD, 10-20-07-29W]

LSD. 02-28-07-29H1
LSD. 11-30-07-291
LSD.05-34-08:23H1
LSD.II—ZE-OB;ZAHI
L5D. 02-12-08-25K1
LSD. 16-01-0B-24M1
L§D. 02-03-0B-26M1
L5D. 14-19-0B-26M1
L8D. 10-25-08-24M1
L5D. 14-01-0B-27¥1
L5D. 03-16-08-271
L5D. 02-28-0B-27M1
L5D. 04-28-08-27H1
LSD. 14-28-08-27W)
LSD. 09-29-08-2741

L5D, 15-31-08-27m1

483,40
501,40
432,50
434,50
434,60
433;10

438.%0

"454,20

493,50
493,90

534
§35.80
520, 90
525,50
540,40
435.90
433.10

413,70

§36.50

438.9¢

45140

435. 60

§36.60

W

471.80

37

472,70

" 475.80

483,10

073
878.70
625.40
667,50
629,10
$81.80
734,50
BO7. 10
B34, 20
§32.70

936
931,20
905,50
901,90
935.70
523,30
£93. 80
662,90
733,30
719.30

731,20

48490

735.%0

BL1.70

741,70

734.40

751,80

736,20

762,50

886

883.90

§77.80
557,10
589.50

74
81530
837.30
840.40

945
946,10
909.50

91t
943,70
430,50

598
576,70
736,40
740.70
734,30
697.10

762
§32.20
752.20
758,30

754.70

B3g8

Bats

5853

7081

1047

7584

1840

444

BI74

929

8764

8860

7202

4012

71508

189

6343

7260

1432

1539

5514

7134

FRL

1853

1584

7695

B2sd
9618
6§60
gl3s

4881

a764

GLLL

1636

7832

1715

7695

-

454

300

489

180

499

519

497

301

301

163

AB4

494

47

bRy

363

203

483

198

479

478

2B0

4867

242

144

490

450

510
191

1455

470
568

i8o

184

"

-2

477

429



C4LSTAN WODDNORTH 2 33 8 27
PENNANT ET AL EWART 133 8 28
GU/ER LAURENCE EBOR PROV 3 4 8 20
CALSTAN CRONER PROV B 27 B I8 o
SECKNITH § 29
CLEAKY SCHELT & 34 8 28 (’
SOCONY HOBIL W. JACKSON CREEK 1 &
GUYER LAUREMCE SOUTH EEOR FRGY 5 24
ntcaarvdcugennn OAK LAKE 13-6-9-24
DOME COX ALGAR 1-13-3-24
" LOHE COX- NORTH 0K LAKE 4-17-9-24
SAMEDAN NEST RDUTLEDGE 12 2 9 25
CALSTAN WEGT ROUTLEDGE CPR 16 3 9 25
_ PARADISE PASCAR § ROUTLEDSE 16-4
* PARADISE PASCAR § ROUTLEDGE B 9 9 25
CALSTAN SOUTH ROUTLEDGE PROY 4-10
FARGO SANEOAN S ROUTLEDGE PRDV 7 11
MCCARTY AND COLEMAN HAON 12 15
CALSTAN S0UTH ROUTLEDGE PROV 8 16
KOFCO VANDERSCHAESHE 13-17-9-25
CALSTAN ROUTLEDSE PROV. 16-18-9-25
CALSTAN WEST ROUTLEDSE PROV. 4-20-
PARADISE ROUTLEDGE Lf 21 § 25
HOPCD FILLION 6 22 9 25
CALSTAN ROUILEDGE 15-28-9-25
CALSTAN ROUTLEDGE PROV. 13-29-9-25
=
CALSTAN SOUTH VIRDEN & 31
IHPERTAL ROUTLEDGE 8-32-9:25

NCCARTY ANG COLENAN POUTLEDGE 6 33

-209-

130, 62-33-08-27W1
isn.13—o3-os~2au1
L5D. 03-64-08-281
L5D. 08-27-08-28M1

LSD. 05-29-08-28i1

- L5t 06536-0B-28K!

LSD. 01-06-08-29%1
150, 05-24-08-29H1
LSD. 13-06-09-24K!
L5D.61-13-09- 24}
L52. 04-17-09-24M1
LSD. 12-02-05-2541
L5D. 16-03-09-25K1
1.50. 16-04-09-251
LSD. 0B-09-09-25K1
L50. 04-10-09-25K1
LSD. 07-11-09-25K1
L5D. 12-15-09-25M1
LSD. 08-16-09-25H1
LS. 13-17-09-25K]
LSD. 16-18-09-25N1
8D, 04-20-09-2581
LSD. 11121-09-25u1
Lsn:osézz-ov-zsu;
L5D. 15-28-09-25K1
LS, £3-29-09-25M1

- 150, 04-31-09-23#%1

£5D.08-32-09-25N1
8.

L50.06-33-09-20M1

§7¢
496.20
501.10
471,50
308.70

475.80

532,50,

318,30
434.20
432,50
436,20
431.90
433,40

434
433,70

433,40

435,90

435,90
§35.30
437.40
436,20
437,10
434,40
438.30
437.70

$37.10

TR

438.%0

436.20

756. 46

189,40

819.60

783,90

784,70

7638

U710

838,50
643,70
68B.40
624,80
645,60
638.40
546,20
628,20
626,40
533,40
634}6;
639.50
841, 60
644,50
544,30
629,40
631,20
629.40
638,90
£45.30
626,40

525,80

760,20
B07.70
830.30
799.20
809.50
770.20
9182?0

842,20

448,40

6B2.80
$33.10
.

b47.40
44370
449,20
430,80
£32.20
540,10
838,40
548.90

$45.30

549,20

847.10
537,80
443,10
432.50
440,70
861.70
43790

430,50

6619

7928 .
0
3778 -

80ad

6033
7033
8267
8370
1044

t4B8

b330

5619 -,
8909
5178
5518
6578
L]
6087
6653
6998
6943
6964
0
6488
5274
4550
6895
§205
6550

o484

319
765 74

BOsG 494

417

4378 3%

418

T 1

8481 460
bl6d 495
313
4398 448
5035 473
8433 AT
117
16h
507
8502 4%

7237 501

480

434

Iy

500

415

470

a7

446

419

492

929



HCCARTY AND COLEMAM DEBALLEY 12 35
hmmsmmusn )

B4 HUISONS BAY § NAPLES 2 24 9 76
MARIGOLD HAPLES 14 29 -
TRI-HEST -SUNKLT § VIKDEN 10-35-9-26
HCCARTY &HD COLEMAR LAING § 35
CALSTAN SOUTH VIRDEN 1 3b

GARVEY EAST DALT 4 5 9 27

LANDA DALY 6-5-9-27

FEACOCK NOLGNORTH G |

EALSTAN HODONORTH PROV. 5 18 9 27
W.H. NCKENZIE N. WOGBNORTH 4-21-9-27
CANADIAN SUPERIOR X0OL 14-1-9-28
SARVEY SCURRY § CRONER PROV 5-4-9-28
SCURRY BARVEY CROMER 9-9-9-28

STURKY GARVE? CRONER PROV 11-10-9-28
CALSTAN EAST CROKER PROV 16 11 § 28
CALSTAN EAGT CRONER PROV § 12 9 28
&wm;mNCMﬁRWW1zqaza
SOURIS VALLEY RUTLEDGE BOULTER 14 15
*SCURRY-GARVEY CRONER 1-16-9-28
SCURRY-GARVEY § EBOR 7-18-9-28

B.&. UNION GLINI 15 21 9 28

CLEARY KING.4 23 3 28

CLEARY JOPCO & 24 9 28
CALSTAN DALY PROV 5-29 9 28

CALSTAN DALY 1-30-9-28

PEACCCK EXPLORATION EBCR HO 1

DOME HUDSOMS BAY WEST EBOR 1-8-9-29
v

e

.

~210-

»
L5D. 12-35~09-25N1

LSD.05-17-09-28K1
LSD. 02-26-05- 251
LSD. 14-29-09- 26K
L50. 10-35-09-24H1
L5, 09-35-09-26M1
LSD. 01-356-09-26K1
LSD. 04-05-09-27M1
LSD. 06~08-09-27M1
LSD.A3-14-09-27H)
L5D. 05- 18~09-27W1
LSD. 04-21-05-27W1
LSD. 14-01-063-2BM1
L5D. 05-04-09-28K1
LSD. 39-09-09-28K1

LS, 11-19-0%-28%1

- L&D, 16-11-09-28M1

LSD.03-12-05-28W1

.
- LED.12-14-0%-28W1

LSD. 14-15-09-28M1
L5D.01-14-09-2BW)
LSD. 07 18-09-28Nt
_LSDt}5-2l-09-28H1
LSD. 04-23-09-28M1
LSD. 06-24-09-2BN}

L5D.05-29-09-28MK]

L50.0%-30-09-2801

LSD. 03-02-09-29M1

L5D.94-0B-0%-291

$30.10
449,40

1y
449,90
439,50

438
440, 10

478,20

183,70

443.70

487,10
177,30
486,80
450,40
477,90
15,20
191,90
488,90
496,60
502,30
492.50
503.70
510,50

198
189.50
516.90

915,40

" 527,50

529,10

829.70
710,80
548,60
£55.30

434

344
543,70

763.80

760,10

720.%0

124,50

739.10

764

783.30

161,40

757,40

762,60

7o, 10

784,60

784.30
743.50
807.70
776,60
756,50

744

794
795,50
§38.50

842,20

539,20
722,80
657.60
552,90
643,70
54710
846,20
775.40
774.20
738,40
736.70
750.10
769,60
793.70
77110

765
77660
77450
786. 10
785,86
78790
816.90
781,80
763.20
748.30
797.10
80010

*841.90

847,60

6619

1219

b737

5412

5844

8350

6330

8012

1983

1313

58b1

370

1722

1

B35

743¢

7880

19

7922

72

8267

7730

4344

KLY

6709

e

1929

8012

7895

T13b

3985

- 7850

7481

4977

7

7612

7632

7750

4%

9

180

304

451

430

5

510

519

505

349

480

in

333

434

07

305

473

4o

31

484

489

72

480.



UCHE ET éL WEST EBOR 13-9-9-29
- HADISON EBOR 1% 12 9 29
GARVEY EBOR 1 13 9 29
p.s1nn5uﬁuss 116929
CALSTAN EBOR 15 23 9 29
T.MCEOUGALL 4 26 9 29
CALSTAN WEST BUTLER 13 29 9 29
CALSTAN WEST EUILE& g-31-5-29
PARADISE EBOK 5-35-9-29
TEXAS CRUDE GIL COMPANY EBDR 2-36
CALSTAN SQUTH YIRDEN 7 7 10 25
HUDSONS BAY SOUTH VIRDEN 5-B
DOME HARRIS £OX N ROUTLEDGE 3-13
CAN SUPERIDR WELCH (3-18-10-75
CANADIAN ET AL ROSELEA 9-19-10-25
H WELSH 13-20-10-25
" CALSTAN EAST VIRDEN PROV, 5 28 10°25
ROSELEA 10-30-10-25
1 P OWEN-BEKKER 13 32 10 25
TRANS EMPIRE-SIGNAL E VIRDEN 3-33
CAN PROSPECT § VIRDEN 7-1-10-26
HCCARTY & COLEMAN 16-2 NICOL
CALSTAN SOUTH VIRDEN 5 3 10 28
R CHAPNAN 13 4 10 28
THPERIAL VIRDEN 8 8 10 28
INPERIAL VIRDEN S 9 10 26
FARGD BA UNION VIRDEN 15 10
{ALSTAN S VIRDEN PROY 2-11

CALSTAN SOUTH VIRDEN [-12-10-2%

-211-

L50. 13-09-49-29K1
LD, 11-12-09-29K}
LB, f1-13-09-25H1
LED. 04-16-09-291
150, 15-23=09-291
LSD. 04-26-09-29W1
LSD. 13-29-09-29K1
L5B. 08-31-09-29H1
LSD. 09-35-09-29H1
LSD. 02-34-09-29H1
L30.67-07-10-25H1
LD. 05-0B-10-25W1
LSD.03-13-10-25H1
L5D, 13-18-10-25H1
LD, 09-15- 10-25H1

L5D. 13-20-10-25u!

L50.03-28-10-25K] -

L8D.10-30-10-25N1
150, 13-32-10-2541
L5D.03-33-§0-25K}

L8D, 07-01~10-24M¢

LSD. 16~02-10-26W1

L5D. 15-03-10-26N1

L5D. 13-04-10-240t

L5D.08-08-10-246Kt -

L5D.03-09-10-2541
15D.15-10-10-26K1
L5D. 02-11-10-26M1

L30.01-12-10-26M)

535.50
549,40
519,70
E35.90
525,20
532.50
542,80
544,70
527.30
524,30
438,30
44
370.30

440,10

430,40

. 374,60

§23.10

420,60

31.90

" 432,50

439.50
137.40
436,50
448,70
445,80
A4, 40
439.50
140,10

439.30

838.20
822
799,80
813.50
830.96
823
B12.30
§50.70
782.10
775.40
28,80
629.40
543,80
623
£05.30
545
590,10
566
532,80
405
§33.40
627,90
63610
636,70
5250
£53.80

837

811,70

$37.90

841.20 4999
827.50 84035
823.90 B067

832.40 7039

835,30 7929

826 6033
B55 2454
BST.70 780
792.80 4860

780,90 6247

534,90 6378

634.90 3957

349.20 3861

627.40 6136

4888

12862

2763

350

319

Mg

199

322

-4l

489

435

381

355

3713

419

119

133

-173

E12040——4999
552,90 5481
596.20 4033
S74.50 4492
S36.10 4999
626,40 5585
8190 4033
535.80 5929
839.20 5929
B47.10 6584
b50.40 4550
$62.90 7L
§39.50 8412
514.80 379

542,50 4824

Jad

38l

443

3

346

31

414

407

403

47¢

451

010

435

-136

494



CNN PROSPECT VIRDEN 7-13-10-28
HILLIAMS 4 14 10 28
" THINGERKIRD ET AL RUSKES 2-15-10-26
CALSTAN ROSELEA 16-21-10-24
FONDER B.A.-VIRDEN 12-22-10-2
CON BEVONIAN HEPBURN 13-23

CON PROSPECT BARLICK 2-24-10-26
CALSTAN VIRDEN & 25 10 26

B & UNIDN GROSE 12-27-10-26
ROSSEN EUREKA 3-28-19-26
CALSTAN WEST VIRDEN FROY 13 29
CALSTAN VIRDEN 16 30 10 26
PEACOCK GARDINER ND §

SCALLIOH 4 32

TALGN ROSELEA 1 38 10 26

HAUK 1-35-10-26

.
\\\EQH SUP ET AL HCDOUGALL 2 36 10 26

¥
[

HALLIS YIRDEN 12 25 10 é?

DOME NACD SOUTH WEST HARGRANE 15 31
CAL. STAN DALY 13 1 10 28
MAND B 16 5 10 28

APACHE BRALORWE DALY 4 7.10 28
CALSTAN DALY 1-9-10-28 {

CALSTAN DALY PROV 5 12 10 28
CALSTAN DaLv 13°04-10-28

CENTOBA WEST DALY 14-19-10-28
BARVEY FERGUSON NORTH DALY B-22

SOURIS VALLEY vOUNGE DALY 10-23

GARNEY DALY 6-25-10-28

-212-

L5D.07-13-10-260t -

L50.04-14-10~2aKt
£50.02-15-10-25¥)

LSD.16-21-10-25N1

£50.12-22-10-26W1

LSD.13-23-10-26M1
L5D.02-24-10-24¥}
LS. 06~26-10-26W1
L50.12-27-10-24mt
LSU.OS*ZH-IO-éﬁkl

LS0. 13-29-10-26m1

LS50, 16-30-10-24M}

LSD. 09-31-10-26N1
Lsu.o4-3g~1o-2aw1
LSD. 04-34-10-26H1
L5D. 01-35-10-26M1
LSD, 02-34-10-26H1

L5P. 12-25-10-2701

L50. 15-31-10-27w1

LS50 13-01-10-28M1
LSD. 16-05-10~-28W]
LSﬁ.04~07-10-28H1
LSD.01-09-10-2841
L5D,05-12-10-28W1
L50. 13-14-10-28W]
LSD. 14-19-10-26W1
LSD.0B-22-10-28W1
LS 10-23-10-2841

LSD. (6-23-10-28W1

~

34

£40.40

438

444,49

440,70

440,40

#4170

445,69

443,20

430.20

437,80

459

459,90

438.40

443.80

447. 8¢

433,90

471,50

434,40

438

915,10

523. 30

oilL 10

436,50

303. 60

320,50

509,60

499,30

484

823,90
833,49
533,40

630.30

641

813.7¢

632,50

622,40

635,80

641,60

" 548, 40

632,90

653,80 -

647,39

630,90

589,20

b5, 60

720,20

715.40
17050

73
750.70
720,50
722,40
746.20

737
767,20

728.50

526,40
£38.90

841
636,40

843,10

634.70
£45.30
63170
633, 40
634. 10

454,10

525.80

543.70

599F;;:h

671.20

128.50

740.10

780.30

791.4¢

173

3,70

742,20

770.50

152,80

17110

739,10

6209

86087

b55¢

8819

5447

6033

3102

695084

6722

6330

310

4378

6378

6205

aolh

6336

4757

6722

6991

BHY

482

1343

6205

6378

2758

9971

nw

LULY)

6778

6447

a7l

5024

53199

5674

1B

21

-~ Abb

g3

493

174

-162

455

457

438

il

451

32

187

480

231

192

474

-
o

494'

k4
o

488

7

q

&0

2

3

348

4

-
o

7

1b

263

131

8

™
sh



it
HURFHI NORTH DALY 13-27-10-28

HEW SCORE ET AL COULTER A7-21-1-27
TUNDRA KILL. W. DALY PROV. 1-29-10-28
CALSTAN NORTH BUTLER PROV 8-1{-10-29
KYWAN GHOL WEST DALY 10-14-10-29
SARPHIRE NORTH-MEST BUTLER ND 1
CALSTAN VIRDEN 4-5-11-25°
CALSTAM VIRDEN 7-6-11-25
FARADISE VIRDEN 3-7-11-29

SHELL LENORE 14-15

CALSTAN SCALLION 14-2-11-26
wémvgnmmmussllm

DOME NASD EAST HARGRAVE 13-7-11-26
DOKE HUNBER NORTH VIRDEN 15-B-11-26
CALSTAN SCALLION 1-10-11-26

CALSTAN SCALLION PROV, 4-11-§1-26
CALSTAN SCALLION 7 13 11 26

W MILNE 5 14 11 26

CALSTAN SCALLIDN 3 15 11 26

CALSTAN SCALLION b 16 11 25

W CANADIAN-NILL CITY SCALLION 1a-17
WEST CON SCALLION 9 1B 11 26

FARGD VALLAF BA UNION N.L TAPP ¢ 19
C NICKOL 10 20

G CLARKE 5 21 11 26

T.L. TAPP 10 22 11 26

EWUICHISON 4 23

DOXE CON SUPERIGR 3 24 11 26

CALSTAN SQUTH HARNSKORTH & 23 1! 28

-213-

LSD. 13-27-10-28K1
LSD. 04-28-10-28H1
LSD.01-29-10-28H1
L5D.0B-11-10-29H1
LSD. 10-14-10-2381
L52. 04-16-10-29H}

LS50, 04-05-11-23N1

L50.07-06-11-25W1 .

L5D.93-07-11-25H1
15, 14-15-11-25W1
LD, 14-02-11 26K
L5D. 05-05-11-26W!
LSD. 13-07-11-26K1
L50. 15-08-11-26H1
LSD.01-10-11-26M1
Lsn.04:11—11-2au1
LSD. 07-13-11-26H!
L5D. 05-14-11-2881
L5D.03-15-11-26H1
L3, 06-16-11-26M1
LSD. 16-17-11-26N1
LSD. 09-18-11-26M1
L8D. 09-19-11-26H1
£5D. 10-20-11-26H1
L$D.05-21-11-26H1

LSD. 19-22-11-26W1

LSD.04-23-11-24N1

L5D.03-24-11-26M1

L5D. 04-25-11-28k1

369.60

517,90

318,640

923,66

325,70

333.10

437.40

439,20

443,50

449

452

464,80

471,30

462,70

4536.%0

454,80

447,60

456,30

458.10

450,50

144,20

449,10

§47.90

453,90

443.10

58,40

434,80

4530.50

452.90

(743,70

776.50

;55
799.50

789
831,20
590.40
595.90

591
597.40
818.40
660,50
§55.30
84590
622.70
609,40
591.30
618.40
619.70

627
540,10
647.70
632.20
650.70
632.80
614,20
634,30
587.70

3935.99

L

778,20

787.70

740

BIA.70
73

B34.80

394,30

598,50

600,20

404.10

624,30

bbb

6536.80

432,30

627.30

620
504,70
625.10
623.80
633.10

413
633.80
438.40
835.80
540.10
620.90
637.30
503.60

598.90

7313

7668

8347

7384

7880

§47.

5309
5048
5005
5343
5792
5929
5554
5454
5240

931
5654
6771
6378

6033

8274

5634

5688

4033

6033

3929

- 5481

0792

4102
oy
1127
7588

3071

1)1

3240

3006

5792

N
2300

1999

6102 -

182
a3
613
483

37
501

93

.
m
L)

438

373

350

4207

3g8

407

370

408

324

479
435
06
107
388
M
453
23
404

M5

338

13

486

483

13

336

390

at

340

158



P.J. TAPP 5 26 11 26

W.C. TAPP 15 27 11 26

CALSTAN SCALLICN FROV 129 11 25
CLEARFIELD INPERIAL 11 30
e L 32

B.A. UNEON HILNE 4 34 1t 26
LAUKENCE ET AL rSRGRANE PRODV 4 2
RUNDLE ET AL HARGRAVE 12 9 11 27
EALSTAN HARGRAVE ‘1S 12 1 27 -
DOKE NACO HARGRAVE 2-13-11-27
EAYSEL CALSTAN HARGRAVE 13 1S
BAYSEL CALSTAN HARGRAVE 15 13A L1 27
i CANABIANﬁﬁlLL CITY HARSRAVE 6 18
HCCARTY AND COLEWAN 3 24 FOSTER
TRANS EWPIRE WEST SCALLIDN ! 25
SAPFHIRE REAPER MO 1

CALSTAN ELKKORN 7R 8 11 29

BARNEY § KIRKELLA PROV 10-22-11-29
GARNEY 5 KIAKELLA PROV 4-28-11-29
DOME HUMBER PROSPECT HARMSWORTH 5 3
CALSTAN NORTH SCALLION 13 4 12 26
CANADIA PROSPECT SCALLIOR 15
BLACKPATCH KORMYLD SCALLION 2 8
DOKE KARDIS COY HARMSWORTH 1-10
DOKE HARRIS COX THD CHEEKS 4 32

CALSTAN THD CREERS 9 22 12 27

LAURENCE ET AL TWO CREEKS PROV 13 29

CICOG ET AL KiRKELLA 9-28-12-28

RIDEAY E. KIRKELLA SKD 15-1-12-29

-214-

LSD.05-26-11-24M1

L5D.13-27-11-26M1

©L5D.01-29-11-26N1

L8D.11 -30-11- 24Kt
LSD. 1-32-11-26M1

LSD. 04 -34-11-26M1

L5D. 04-02-11-27W)

LS. 12-09-11-271
L5D.15-12-11-27¥1
LSD, 02-13-11-27x1
L5D.13-15-1{-27M1
LSD. 15-16-11-27H1
L5D.06-1B-11-27N1
LS, 03-24-11-2N1
LSD. 0§-25-11-27M1
LSD. 12-T4-11-28H]
£5D.07-08~11-29N)
LSD, 10-22-11-29K}
LSD. 06-28-1 - 29!

L50.05-03-12-26M1

" 15D, 13-04-12-24W1

L5D.01-05-12-24N1
- -

L50.02-08-12-26W]
LSD.01-10-12-26W)
LSD, 04-32-12-24W1
LSD,09-22-12-27N1
L50.i3-29;12—2?il
LSD.09-28-12-28k!

LS50, 15-08-12-29M}

435,70

§r80

464.20
475,50
465,10
452.40
487,10

437.40

476.10
492,90

451
498.70
477.90

474
502.30
543,50
327.%0
533,40
453, 60
456,30
4b6. 60
4ib. b0
436,30
§65.40
479.10
488,60
503,80

513.40

622.10
511,30
836,40
650,70

548
£20. 80
695.90
705. 60
663,20
562,60
551,10
853,20
723,60

e
646,30
§96.50
793.10
763.80
762,40

509,30

602,30

623.30

614,20

-993.80

584.90
374,20
602.30
624,20

720

624.50
815.10
65470
653,40
354,40
426.50

704,40

bbb, 30
564,50
679.50
678.20
731,30
879. 11
670.50
714.80
B817.50

176
769,460
612,60
812,40
§27.460
618.40

598
592,50
T
61?.§0
621,50

736,50

5851
8033
4688
s381
5447
5518
5474
5453
8481
6453
2758
5205
bA47
8453
5895
5514
7584
7219
8971

53283

Seel
43835
3550

5667

647
833

7400

‘
35t6

219

6974

LI

450

44

i

470

93

LTI

420

478

405

]

489

475

421

431

437

29

430

Jbb

171



DILLKAN KIRKELLA 16-3-12~29

CALSTAN KIRKELLA 13-4-12-29

RIDEAU ET AL W, KIFKELLA 16-6-12-29
Nihaniies

- .
SASKOIL ET AL W, KIRKELLA 14-7-12-29

FIDEAU W. KIRKELLA 12-8-1%-29 .
GILLMAN WEST KIRKELLA 11-%-12-29
DILLMAN KIRYELLA PROV, 11 10 12 2%
BILLHAN K[RK%LLA FROV 6 1112 2
FEIDEAU PIPESTGNE E. KIRKELLA & 1] 12 29
WEST KIRKELLA 3 17 12 29

SASKOIL WEST KIRKELLA 13-18-12-29
RIDEAU W, KIRKELLA 2-19-12-29
_CALSTAN KIRKELLA 9 21 12 29

ASM-BTD ET AL KIRKELLA PROV 156-29
SASKOIL W. KIRKELLA PROV. 4-30-12-29
MOBIL BIRBYAIL & 33 13 27

LAURENCE ET AL REEDER PROV & 14

CHAKPLIN BIRDTAIL CREEK 1&-1-14-27

HOMESTEAD BIRDTAIL 10 8

.- GRT PLNS BIRDTAIL 10 2B 15 27

B
CALSTAN TREAT PROY 15 27 15 28

RIFE ET AL NCAULEY

CALSTAN BIRDTAIL 9 8 14 27
DOME BIRTLE 14 35 16 27
DYPONT 14 25 15 28

ROCANVILLE LAZARE PROV 2 16 17 28

-215-

LSD.16-03-12-2941
LSD, 13-04~12-29M1
LSD. [6-0b-12-25k!
L50.14-67-12-2941
L5D.12-08-12-294t
LSD.I!-O?-!?—?&HI
LSD. 11-10-12-29K1
LSD.06-11-12-294]
L5D. 06-12-12-29W]
LED. 03-17-12-29%1
LSD. 13-18-12-29M1
LSD.02-19-12-29W1
LSD.05-21-12-29M1
L3D.16-29-12-29W1
LSD. 96-30-12-29H!
LSD. 06-33-13-27W1
LSﬂ.06-14~13-293l
LS0.16-01-14-27k1
LSD. 10-08-15-27t
LSD. 10-28-15-27W)
LSD.15-29-15-2811
LSD. 05-08-153-29M1
LSD. 09-08-15-27H1
LS. 14-35-16-27W1
L55.14-25-16-ZEH1

LS0.02-16-17-28M}

52240
532.80
535,20
541,50
533.50
526.70
522,70
52210
529, 30
534,10
539,90
538.50

527
524, b0
535.80
§70.30
487.10
460.50
867,90
444,20
71,50
526,20
480,40
521,20
479,10

820

140,70

758

749

756

731
740,10
728.80
72.30
719
743
731
745

711,70

763,80

122

934,60

. 579,70

19530
487,40
463,30
492,90

597
437,70

s3t
149.40

435,70

749.80

739,40

173

763

742,50

748,20

734,80

7133.10

729

749

IL )

733

722.40

771,10

7133.50

540.10

098.30

513.60

901,70

474

197,70

808

499.90

538,40

A76.10°

454,80

6378
7444
5809
6959
6378

FEY3

-

£853
64658
5849
1370
813
3378
7019
6484
1909
1530
§540
4433
3992
1999
5406
4192
4058
3992

1888

8909

2969

948

5178

3240

5840

bsbl

6824

- 4595

s448

7033

611

3330

4433

3992

5406

4089

487

333

334

484

354

48]

149

420

453

431

453

401

439

398

3682

472

408

398

411

400

&b

488

323
e
440
481
472

™

412

326

453

400

398

472

398

393



NELL HAME

-216-

TILSTON BEDS (TLSN)

TS

RELL LGCATION ¥B INYERVAL TESTED

SHUT-JN PRES.

N/

POTENE, SURF.

ELEARY FLOSSIE LAKE 10 2t

ROYY-ANDEX ET AL §. GOOGLANDS 4-5-1-24
GHEEA S. GOODLANDS FROV. 11-6-1-24
PLATA SOYTH suunLnan-x 01N
MIGHEST 10E WATERLOS 8 33 1 24

A & B RESOURCES ET AL SO0DLANDS 10-3

- GEDS CRAMMER 13 1 125

WILDMOUNT ET AL WASKADA 14-3-1-25
ROXY-ANDEX ET AL S. WASKADA 15-5-1-35
CHEVRON WASKADA 10-7-1-75

NEW SCOPE SOUTH WASKABA 13-7-1-25
BEKALB I0E WASKADA 14 8 t 25
ROYY-ANDEX ET AL E. WASKADA 11-10-1-25
ROXY-CLARION ET AL CRANMER 1-13-1-25
ANGLO ET AL SOURIS Y. MEGGISON 10 14
BEKALB ET AL WASKADA 16-15-1-25
TRI-NEST ET AL WASKADA PROV 1116

3.P. OREN LEE NO. 1

COPPERHEAD TRI-HEST WASKADA 14-19-1-25
LEKALD ET AL WASKADA 2-22-1-25

DEKALB ET AL WASKADA 14-23-1-25
ROXY-ANDEX ET AL E. WASKADA B-26-1-25
VOYABER EASTLAND WASKADA 2-27-1-25
ROXY-CLARIGN ET AL HASKADA PROV.

IMP CALSTAN HERNEFIELD 1 30

OMEGA NASKADA & 30 1 25

£

L5D.10<21-01-23N1  655.40 1021.70 1028.70

L5D.04-05-01-24W1  484.10 - §11 914,50

LED. 11-04-01-Z24H1 479 706 309

LSD.01-28-01-24W1  498.70 89150 894,70

L5D.0B-33-01-24W1 494,50 BE2.40 0B84.50

-~

L5D.10-33-01-2401 - 494.70 am 894

LED.13-01-01-25M1  470.40 911,40  91B.10

LSD.14-03-01-25H1  472.10 920 929
L5D.15-05-01-25H) 470,80 93550 945
LSD.10-07-01-25H1  489.10 950  955.40
L50.13-07-01-25H1  466.60 930 948
LSD.16-08-01-25W1  470.50 936  939.70
L5.11-10-00-25N) 474,40 . 913 928
(SD.01-13-01-25H1  477.50 901 908

L5D.£0-14-01-2501 477,40 919.60 §25.790

CLSD.16-15-01-25H1 47460 905.30  916.80

LSD.M-16-01-25N1 474 924,20 928.40
S0, 3-18-01-25M1 470,60 933 938.20
LSD. 14-19-01-25N1 472,70 524,50 934.80
LSD.02-22-01-25H1 474,90 911,40 922
LSD. 14-23-01-25HF  473.70  903.10 90860
LSD.0B-26-01-25K1 4780 902 909
LSD.02-27-01-25HF 476,50 903 908
(SD.04-28-01-25M1 475 920 929.50
LSD.01-30-01-25H8 472,40 918.76  925.10

L30.05-30-01-25W1  471.20  928.10 934,20

715
B8535
B8il
- B3&7
8784
BROO
9439
-8539
8789
10011
§725'
I
£972
9215
B963
B754
9358
10204
- 9538
33
5273
%018
9055
8572
9418

9797

842
8768
-B205
- BBOY
BB43
5040
B354
B&03
10011
- 9639
9471
8616

9238

4102

7356

.1692
9108
801
9102

9180

8615

9549

%01)

115
YTRRY
170 4
07 #o
59 s
W9 508
516 4n
M5 3%
My 40
S35
513 507
29 4%
452 ELT
512 SIS
E

182 -2
501 501
574

103 -29
504 483
512 474
w4
93 56
215
29 s



DAEGA WASKADA 4-31-1-25

UONE PROVO WASKADA PROY §-I0-1-26
OMEGA 5. WASKADA A16-13-1-26

ANGLO ET AL SOURIS VALLEY CR L4-18
10E ARTHUR §-22-1-2b

OMEGE WASKADA 15-23-1-26

1 HC WASKADA B 25 1 26

HIEOSON SOUTH DALNY 1 32 | 2

GHEGA DALNY 3-34-1-26HPH

OHEGA WASKADA

_ ONEGA WASKADA 2-34-1-26

T4B COULTER 4-1-1-27

POFLAR BAS EX ADMIRAL ANTLER NO 1
ROXY-CLARTON ET AL LIESE 13-3-2-23
CLARION ET AL DELORAINE B-31-2-23
TOKE DELORAINE

OMEGA WASKADA 13-8-2-25

OHEGA NASKADA 11-3-2-75

VDYAGER ET AL CRANKER 10-12-2-25
RDXY-ANDEY €T AL H. CRANMER 4-13-2-25
MURPHY ET AL N, WASKADA B-32-2-25
OMEGA NASKADA

GNDL NMR DALNY 6-4-2-26

ROXY ET AL DALNY 1-9-2-26

CALSTAN INPERIAL DALNY 8-10-2-26 -
SRIZILY ET AL WASKADA 15.14 2 24
NIDNEST INP. DALNY &-16-2-26

ROXY ET AL N, WASKADA 2-35-2-7%

CALSTAN IMPERIAL SOUTH ELVA 13 39

-217-

L5D. 04-31-01-25K4

L50.01-10~01-2441

" L5D. 16-13-01-26M1

L5, 16-18-01-26N1
150, 05-22-01-26K)
LS0. 15-23-01-26H1
LSD. 08-25-04-26K1
LS. 01-32-01-26M1
LSD. 03-34-01-26H1
L5D. 02-35-01-26K8
LSD. 02-34-01-26H1
L5D. 04-01-01-27K1
L50. 08-15-01-29W1
LSD. 13-03-02-23H1
LSD. 6B-31-02-23W1
LD, 11-32-02-2301
L5D. 13-08-02-25H1
LSD. 11-09-02-25M!
LSD. 10-12-02-25W
L5D. 04-13-02-25K1
L5, 0B~32-02-25H1
L5D. 03-03-02-26H1
L50. 06-04-02-26H1
LSD. 01-09-02-26N1
L5D. 08-10-02-26M}
LSD. 5-14-02-26H1
LSD. 06-16-02-25N
L5D. 02-35-02-251

LSD. 13-30-02-271

471,20
163.30
449,30
435,40

454,80

457.50

471,80
159,30
464,50
17.10
476.90
155.80
158.80
511,40
502.40
504.40
475,20
478.10

81
479,80
478,40

455,40

463,30

452.40

457,30

467,90

. 443

189,10

43a.%0

326,60
9&2.3b
322
964,10
932.10
823
§32.70
932,40
930
§23.50
934,50
793
1111.90
733

827

830

897.50
a97
881
8¢
BB

927,50

942.40

923,50

954,40

38.80

960.10

B85

970.20

938.80

965, 40

737
942
735

943,50
1010

£115. 80
957
842
837

0RO
905
885,50
884
890
932.50
947,40
940
969,40
M4
973.80
892

980.50

3770

7370

9364

¥343

9370

8817

7884

b419

14778

89

434

9728

10604

7318

6492

2343

8751

8911

B3I

8514

§519

9467 -

8798

9349

684
132

9408

6470
8144
2010
8840
9067
8943
8893
8925
8140
Ba3y

8942

530

554
491
139
484
139
RS
198
623

-420

-429
539
438
402
23
389
Ag4
496
489
505
501
402
489
489
758

500

506

484

170

439

415

A4

=378

-437

427

334

492

483

477

45%

304

200

354

4i8

437

494

A85



“

ANSLO ET AL SOURIS VALLEY SHANNON
CALSTAN TNPERIAL N SODDLANDS 14-9

CLEARY-WCCALLUN 4-32

SKELTON 4-14

SASKD ET AL 3. MELITA 12-12-3-27

CLEARY SOURIS VALLEY INNES 4-17
IHFERIAL PIERSON RO &-7

RID PRADD SOURES GIBSON 2-13-3-28
TACOMA N PIERSON 14-14-3-28

KR ET AL M PIERSOGN 3-20-3-28
TACORA N PIERSON 2-21-3-28

BUEST PIERSGN A4-22-3-28

QUEST ELVA 4-25-3-28

ROBLIN 2-27-3-28

TEXACO-MCCALL-GRAHAN CREEK A-4-29
NPERIAL PIERSON 13-2-3-29

ANELO ET AL SOURIS YALLEY-WICKS 1-8
TACOMA N PIERSON 2 24 3 29

14 CON SUP PIERSON 8-24-3-29

LESD CANADIAN PROSPECT CAYUSA 13-31
CALSTAN IMPERIAL NAPINKA 2 7 4 25
1HP WEST BRENDA 13 17 4 26 |
B.A. HOORE BEDE 5-33-4-25

B.h. HCLEAN PROV. 2 11 4 28

18P CALIFORNIA STANDARD EUNGLA 4 28

CAL§JAH IMPERIAL RUTH § 17 5 2

B.A, TWEED BEDE 13 I3 5 27

B.A. GERVIN BROOMHILL 1 20 5 27

SASKOIL BRODM RILL 8-33-3-27

-218-

L§D. 01-22-02-26M
LSD. 15-09-03-24M1
£50. 04-32-03- 2581
18D, 14-04-03-27M]
L3D. 12-12-03-27W1
LSD. 64-§7-03-27M1
L80.06-07-03-28W1
L5D. 02-14-03-28M1
LSD. 14-16~03-28M;
L5D. 03-20-03~ 26K}
LSD. 02-21-03- 28K
LSD. 04~22-03-2B}
LSD. 04-25-03-28K1
LSD. 02-27-03-284
LSD. 04-29-03-28M1
L5D. 13-02-03-29K1
LSD. 01-68-03-29K1
L5D. 62-24-03-29M1
LSD. 99-26-03-29N1
LD, 13-31-03-29H1

L15D.02-07-04-25N1

LSD. 13-17-04-26K1

LSD. 05-33-04-26M1
LSD. 02-11-04-28K1
LSD. 04-28-04-29M1
LSD. 01-17-05-26H1

LSD. 13-13-05-2741

L3D.01-20-05-27H1

LSD, 08-33-05-271

439

473. 710

443.30

43230

457.20

465.10

72,40

44b

470.90

473,40

453.10

445.20

154.40

467.30

473.70

476,10

484

474

477.60

498.30

452

447,60

443,30

472.40

492,50

443,20

448.10

453.20

434,50

1021.10
843.70
840.80
935.40

918
944,50

1011.90
968,30
972,90
977.80
968,70

964

944
966,50
982.70
1067.40
1061.60
984
991.50

1015. 60
B31.80
860.50
837.90
934.50
981.50
820,50
833.40

851,40

8%

010
847.30
870.20
F30.70

823
952.20
IGiS
972
982.70
985.90
975.90

>

?79.50
952
371.40
988,20

1072.40

1063. 3¢
995.80
997,40

1029.30
834,50
874,30
B854.40
740,60
987. 40
B27.50

849.350

817,20

843.50

10583

8370

7880

8&18
ftag
10108
9997
3997
Y244
9349
823
6042
9398
79!
9653
5997
10843
f8B7
9553
§273
B4B1
87
B&Bo
B80S
9653
8177
B4g7
F048

B3435

10528

g2

6371

9273

5855

9313

9383

8343

B350

8494

6750

8943

7763

844b

8275

543

478

315

141

493

107

1)

a7l

424

328

480

456

416

483

469

497

31 .

491

463

590

4E3

186

200

439

87

453

434

459

444

458

221

420

e

369

LY



TILSTOM A KD 1

CLEARY ROMBOTTOM ET AL 3 19 5 29

TUNDRA ET AL TILSTON PROV. 3-30-5-29

KOREHEEN TILSTON NO 9 31
SASKGIL JECCD S. LINKLATER 3-13-5-28

FISSINGER ET AL RESTON 7 35 6 28

CAL. STANDARD TILSTﬂN EEUVINCE §3

MAKNING KRARI TILSTON 4 5 6 29
HANDAK POPE TILSTON 1 6
NEW SCOPE ET AL TILSTON 3-9-5-29%

CHEYRON RESTON 5-33-7-27

-219- -

-
LD, 05-12-03-29n)

LS80, 43-19-935-29K!
L5D:03-30-05-2%W1
LS50, 09-31-05-29u1

L50.0¢3-13-06-2BW4

L5D.07-35-06-28N1

15D, 64-03-06-29K1

LSD. 4-05-056-29N1
L5D. f-04-04-29K1
L5D. 05-09-04-29Kt

L5D, 05-33-07-27Kt

-

483,10

508.10

512.90

Jtz.40

473.90

479.50

501,40

506,30

310.50

511.40

451,80

333
761.%0
350
744,90
834
842.30
933,10
439,10
935.i0
932

775

94210

§84.50

954.50

947.90

862.50

864,20

74%.10

953.10

735,40

940

178

#4553
9417
134
B427
é?@l
8418
9203
8791
8737

6337

9756

3401

Baz7

6709

8414

" 5006

394

227

320

497

431

87



.
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ALIDA EEDS (ALID)

SHUT-IN PRES.

HELL NAME WELL LOCATION KB INTERVAL TESTED POTENT, SURF.
VO{ABER BLACKROCK S. CRANMER 8-1-1-25  LSD.98-01-01-25R1 474,80 908 96 BIO3  eST. 3B 34D
ROYH-SHOEX ET AL 5. WASKAZS 15-5-1-25  LSD.I5-05-01-1SK 470,80 I 93550 9ITA 91N i 388
CHEVEON 5. WASKADA 10-1-1-24 LSD. 10-01-D1-26H] 458.89 338 4 B2 B5d 368 398
NORTH AKERICAN ARTHUR 2-20 1 2 L3D.02-20-01-26H1 454,80 919.9¢ 93730 . 10859 10135 426 552
AHERAN WASKADA DIR 8-32-1-26 LGD.08-32-01-26M1 46t 950 B W02 Bes A28 310
REQ PRADD SOURES DCWNE: 13-9-Y-23 L80.12-09-01-27H1 459,90  987.40  9%0.60 10170 508

GRT NO. CAREDH % CHEM CO WESTGVEF | LSD.08-21-08-27W] 455.70 972.30 975.40 @963 395

VOTABER SLACKROCK COULTER PR, 5-22 LSD.03-22-01-27M1 434 975 RV L iy 484
KDDIAK DUNNING ND 1 LSD.16-26-01-27H) 456.60 949.30 974,40 9308 430

CLEARY SOURIS VALLEY-MODRE 11-13 LSD.11-13-01-2841 4SL.40  994.60 1011.90  lodo4 502

RID PRADO snﬁnls FENTON 5-17-1-28 LSD.05-17-00-28K1 463 1040.30 1043.90 324 -250

RI9EAY PIPESTONE LILETON 3-27-1-28 L82.09-27-01-28H1 459,40 997 1003 10145 9918 492 349
CALSTAN LYLETON 3 33 1 28 - 1SD.03-33-01-28H1 46450 100B.90 101990 10666  10bb 534 534
POPLAR GAS EX ADHIRAL ANTLER MG | \> LS0.98-15-01-2941 468.80 §060.70 1085.3¢  10BO4 507

INPERTAL COPLEY 1i—ia L5D.11-18-0L-29K1 479.80 £111.30 1119.50 10721 155

OHEGH WASKADA 4-3-2-28M1 LSD. 06-03-02-26M1 448,20 928 934 8207 lsé 372 168
EHEYRON COULTER PROY. 150, 09-06-02-26H1 43990 914 930 9908 9lsb 521 444
CALSTAN IMPERTAL DALNY B-10-2-25 LSD.0B-10-02-26H1 467.30 942.40 9Ab.10 9997 975 542 517
ROXY-ANDEX ET AL WASKADA 4-13-2-25 15D, 04-13-02-26K1  468.50 909 923 8733 7483 437 330
;HRH;LER COULTER 8-5-2-27 150.08-05-02-2741 454,20 958.30 985.60 9942 901 594 409
GNOL #MR LYLETON 19-6-2-27 LSD.10-06-02-27W1 458,70  972.30 M W 9522 498 452
ANGLD ET AL SOURIS VALLEY SHARP 2 18- LSD.02-18-02-27W1 457.80 970,80 978.40 8322 329

MIDNEST IMP. COULTER 1 t9 2 27 LSD.0L-19-02-27H1 #42.30  940.60 95850 WD SH0 495 449
CHEVRON £T AL DALNY 15-24-2-27 LSD. 15-24-02-27H1 453,30 926 %37 9248 93 465 473
BANF ET AL LILETON 155 2 28 " LSD.15-05-02-28W1 463,40 1G13.80 1018 10639 10363 532 504
RIG FRAGO SOURIS HILL 16 7 2 28 150,16-09-02-26K1 461,50 99460 999.10  1GO4s 489



¢ ISSINGER ET AL FIERSON 14 20
ARKGLG £7 AL SOURIS VALLEY SHANNON
CHANOLER € PIERSDN 15 27 2 26

GHOL €T AL € PIERSON 10-28-2-28
DOME FROYD CALSEAN ELUG PROY 16-29
bR ET AL . FIERSON 2-36-2-22
 FLAZA NOKTH KNILER 1-34-2-28 |
WiFFHy 5. PIERSON #11-8

HuRPHY ET AL 5. FIERSON FR. 16-11-2-2
COBRA ET AL S. PIERSON 9-24-2-29
UGBRA ET AL 5, PIERSON 12-26-2-29
CALSTAN PIERSON PROV 2-29-2-29
HANDLER E. PIERSON 15 32 2 29
COLGAS ET AL PIERSON 14-5-3-28 .
kR ET AL PIERSON (5-7-3-28

TACONA £ PIERSON 12-10-3-26
INPERIAL EDWARD 4-1§-§fza

KR Er'nEﬂPIERsun 3-17-1-28

kR ET AL PIERSON 9-18-3-28

TACGHA N PIERSON 2-19-3-28

CAKLAND ET AL PIERSON 5-20-3-28
TACONA N PIERSON 4-21-3-28

KR CANSO EAST PIERSON 2-22-3-28
TEXACO-HCCALL-GRAHAN CREEK A-4-29
TUNDRA PIERSON 12-1-3-29

INFERIAL PIERSON 13-2-3-29
CHANDLER W PIERSON 6-3-3-29
mmmmu.nmmuzasw

CHANDLER % PIERSON 13-8-3-29

T _221-

L8D. 14-26-02-2611

LSD. 01-22-02-28K1
LSD. 15-27-07-26H1
LSD. 10-26-02-28W1
LSD.IA-E?-OELESH!
L5D. 02-30-02-28k1
LS. 04-34-63-26H1
LSD. 11-08-02-29K1
LSG. 16-11-02-29H1
LSD. 09-24~02-29K1
LSD. 12-26-02-29H1
LS. 62-29-42-23H1
LSD. 15-32-02-29K1
LSD. 14-04-03-28W1
L5D. 15-07-03-28N!
LSD. 12-10-03-2841
L5B. 04-16-03-28k1
LS. 13-17-03-281
LD, 09-18-03-28K1
LSD. 02-19-03-26W1

LD, 03-20-03-28N1

L50,04-21-03-28u1

L5D. 02-22-03- 28N}
L5D. 04-29-03-28M1
LED. 12-01-03-291
L5D. £3-02-03-29M1
15D. 06-03-03-29¥1
15D, 02-04-03-2981

LSD. 13-08-03-294]

363,10

459
361.80
465,40
467,60
467.40
4é4.20
480. 4

449

465.96

in .

181
481.90
£71.80

470
458.50
470,40

i
470.40
472,40
474,90
470.40
471.20

473.70

473.40

478,10
479.80
182,20

Jbﬁ.?b

190, 60
975.40
¥78.40
77,20
985,40
955
972,30
1043
1020
1600
1605
~ 1036

102110

992,50

979,40
970,50
977,20
979,90
980,80
780.20
279,20
949.30
95,60
%9.30

798
1004.90
101350

128,60

1017.70

997,30

979.30
284.50
787,40

792,16

1099

§82.70.

1033

1027

1004

1013

1039.70
1030.20

99

993
979,40
%8..50
990. 40
988, 80
987,50
784,80
98t.50
99,50
975,40
103,50

1007, 70

102140

2
1031.40

1024.40

10225
9384
9784
9479

a
9961
9864
9970

147

10373
9159
B339
10273
{0087
8310
9797
"
10425
10004
9880
9556
7489

1135

§70t .

Y
7521
9433

9954

10342 -

10170

3487
3080
9580
449
Bb12
1872

16270
5801

75
3825
8091

7370

0108

9570

9680

7149

7516

7150

177

9791

7708

3

466
474
499
498
501
394
309
490
482
324
477
487
553
504
590

80

15
475
307

33

3z

d6b
403
4ad
432

1.3

190
4463

425
435

302

454

202

457

430

)|



SHEET GRASS PIERSON PROV 9 10 3 29

NORTHERN DEVELOPHENT PIERSON 2 11 |

IHFERIAL PIERSDN t2 12 3 29
TaCOHA N PIERSON 12 13 3 29

| .

- DOME PIERSON PROV, 7-14-3-29
RIDERU PIERSDN PROV. 11-18-3-29
CIR IMP ¥ FIERSGH §-21-3-3%

TACOMA N PIERSON B-24-3-29

®

-222-

150.09-13-03-2541

L5D,02-11-03-29K1
LSD, 12-12-(3-2981
LSD. 12-13-03-29¥1
L350, 07-14-03-254)
L35 11-16-03-29W1
LSD. 08-21-03- 7943

£5D. 48-24-03-279N1

Ly

§77.30

37510

473,40

473,30

100420
1601, 59
1601, 39
389,10
997,50

1002

1092.80

785, 40

111,38
1003.70
1007.40
104,30

Lot

1¢10
1004, 40

995.20

7384

1179

7308

9991

10023

1306

5357

H|

33

- 9390

1214

s640

8138

N H

SH

b

189

498

%

369

134

491



T -223-

JURASSIC FORMATIUNS ¢JRSCH

{1

<5 -

TR30N]. LAlAS - o
= |
/ . .

MELL HetE il LGCATION  bB  INTERUAC TESTED  SHUT-IN PRES. POTENT, SUF
O CHETRON Wi 11-54-1-25 LSOl T B B9 S0 THS WeJe 39809
WIEGH EF AL WASKATA 14-4-2-254) SD.04-00-026K KA ML B9 BIES S31 ASLE A9
LLEE HELIT FROY. 2-36-2-26 LSD.O2-30-02-261 433 90,30 BGO.TO 625 B2 497 475.69
CRLSTAN FESTON 7 27 6 27 SL.O-T6TH AR e bR 22 7.2
Dt HESBIT 11 19 LS LI-I5-07-1H1 MS.80 39550 39930 355 191,58
' GOME WACFIELL 12 32 § 20 CLSIZTIS WATE CEBLa0 el 4150 WL
Lo Tl EAST D6k LARE PRGH. 11 28 LSD.I-Z8-0B-2H1 43510 525,50 b0 5240 o
FOIALITE TRiAD 1 4L SCARTH hG-1 LSDAr19-06-2000 95,30 “SIL%0 BL&0 512 405
LUTE SRANDON 3 5 9 17 LSDO3-05-09-1HL 43850 250 32 3M03 61,09
CUEYRGN DLt _L4-13-7-38 LSD. 113092800 488,60 71520 729.5  W@3 1980 U595 -4
WM EBOK 1 137 35 LSD.01-13-09-20K1 51970 69030 639.80  bli6 6109 430 ML
LALSTAN DhLT PRV 13 11 16 28 BASI-IZHE SAT0 S0 S50 IS SSls <04 ST
FULIRLS TECh COLBNLAL DALY 98-S USD.O9-05-11-28H1  SIB.20 68030 8B S9L SRS e4R.BT 2L
 CoudTRN ELVORN T4 8 11 29 LS0.07-08-11-2901 S350 48670 e9Le0 7787 ws.a
IAFERLAL SLUSSTH 3 17 12 2 LS0.03-17-12-2001 47270 47240 48310 4309 429,52
LARERLAL NOREAN 4 27 13 25 LS0LD-13230 B39 4900 S TS 5050
BUIE SRACH RIVER 12 10 14 25 LD 0080 @5 95T.A0 4 Ry J-
IEADON BANSEN 7 5 L4 39 LS0.09-05-L4-2901 50780 SR.E0 SM0 41 AL S 9L
GEET LN RANGEN B 7 19 39 LDOB-0-14-2 5080 S8 SS0E0 40T 373,63
SRSFER H & SON B-8-14-29 SLOOLCTH 59 SEE) SE)  Mel WS e L3
L3006 ET AL AT 591439 LU SST0 S S R NI 4S5 4603
ST
JondES WRSIN FROV, 5 14 14 35 RIS S O N U \3§iiv— $6.70 428.59
SO B AUAWEN S SIS B LOEIMIST VS . W s B3 T
LAIRRE 13-17: 1613 SN a0 5 4S5 M3 S HLE AILE
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AKNVILLE BADLF (HHVL)

 SELL HAKE = WELL LOCATION KB INTERVAL TESTED"  ST-IN FRES. _  FGIENI, SUSF
CITIES SERVICE EAST HAX LAKE ND | LSD.14-19-01-20W1 - 8Bb.e0  F3NTO TA0.F6 4l O
. DEKALS €] AL WASKADR 4-35-1-25 LSD.04-35-01-25W) 477 ST0 ST eMD Sl 56 e
CALSTAN HASKADA -13-1-26 SD.O-30-5HL MBS0 SR BLI0  es 35
KODIAK JUNHING G | L50.16-28-01-27W1  458.50  846.80 83130 ceB3 195
CALSTAN PIERSOH FROV, 2-29-2-29 L50.02-29-02-29M1 481 8B6LT0 e¥ALS0 a7 At .
 CALSTWH ARETEMATER 12-1e-3-21 < ) LSD.12-16~33-20H1  S07.20  S19.10 S43.20  Si7L R
GRKOTA CASSM IO 5-23 . LSD.05-23-03-244)  485.70 560.80 570 5Als At
-~
CHLSTHN PLERSON PROV 10 11 LSD.E0-11-93-29W1 47520 F0%.30 719,90 7408 il
FRANCANA ET AL _dARTHEY 3-30-5-23 LSD.09-30-05-248 457 487 485 5K G186 o7 4l
" CALSTAK RESTN 7 27 & 27 7’5n.07-27-os-2?ﬁ1 52 490 SIS0 6l 4a5
chpsmn LINKLATER 2 21 7 28 - LSD.02-21-07-28H1 493,20 B62.70 SeR.70 539 Ise
IHFERTAL SLUSSON 3 17 12 24 LSD.03-17-12-20M1 472,70 381 38R0 2413 5
CALSTAM £1RKELLA 5 24 12 29 LSD.05-21-12-291 527 SLALB0 525.50 3378 3o
HRERTAL NGRAAN § 27 13 23 LS8, 04-27-13-23W1  §13.50 401.7@) 105.40 1724 285
CALSTAN TREAT PRV 15 29 15 : D 15-25-1528H1 474,50 W10 22,80 355 "3
PROFOTASH &7 AL BCAGLET 4 321523 ° LED.#4-32-15-26N1  A7A36 386,10 3980 103 3
BOME STRATHCLAIR 8 34 16 28 ©LSD.0B-34-16-20N1 40690 399,30 4450 1326 354 T
N .
!
-

-4
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ASHERM FORHATICN (AZRNI

WELL LOCATION K

INTERVRLITESTEH SHUT-IN PRES

FOTENT. SURF,

CrL STAN FINBLAr 9 20 7 23

HELL NANE

L50.05-26-07-2541 433,10 172,60 1i9L.50

FRAIRIE EVAPORITE iPRVR)

WELL LOCATION [ 4] INTERYAL TESTED

11032

3LB

CHEVRON W, Ouk LAKE |-tB-8-25

WELL HAME .

L50.01-18-48-25W1  435.39 1148 1150

FIRST RED BELS .(FRRD} ==

- ELL LOCATION ¥

SHUT-EN PRES.

12037 12047

SHUT-IN PRES.

POTERT. SURF.

504 307

FOTENT. SURF.

JHLY GRS 7-16-10-27

CON SUP DALY SWD nl

WELL NANE

INTERVAL TESTED

L50.07-18-10-27H} 496,20 £980.50 1104, 90

LS50, 12-04-10-28W1  S1L.40 135,10 1146

JOLI FOU SHALE {JLFW)

WELL LOCATION 3

b577 10aud

10687 1687

SHUT-TN PRES.

iH i1

POTEHY, SURF.

oD SUFERICR DOME ET AL TAFP 7 12

CALSTAN SUFERICR HARMSWORIH & 28 11 ds

INTERVAL TESTED
LSD.07-22-14-2801  458.10  3b1.20 OVLLA0
L3D,04-25-11-2441 452,30 33L.40 338,

303

354 W7
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VIKING FORMATICN (VKNB)

WELL LQCATION

¥

IHTERVAL TESTED

SKUT-IN FREZ.

SUTENT, Sk,

CAHRDTAN SUPERIOR ROUNTHWRITE 1o 17
SCURRT-5ECO-FREEHOLD C.H. SH-27
SCUARY-WECD-FREEKCLD C.H. SW-13

| ARCG HARDING 5T# HD i 3-3-12-23
[MPERIAL ELDSSOM 3 17 12 24

DOHE HARRES COX HSHHSWORTH 1-10

neLi MAHE

L5D. 16-§7-08-17H!
L3B.04-27-10-21%1
L50.08-13-11-2281

LSh. 04-08-12-23W1

. LED.(3-17-12-24W1

LSD. 01-10-12-2641

389.50

444,20

-

238,40 ML
309,10 31520

PRI PR T LY

338,30 3.1
349 352
136,80 34l.40

BASE OF FISH SCALE HARKER {EF3)

WELL LBCATION

KB

2482

i

ror
~F
=t
LV

2648 2644

INTERVAL TESTED SHUT-[h PKES.

35
403 W
105 04
33 3%
JoM
s

POTENT. SU&F.

PEL-TER C.H. 10D Sh SH-5-9-14
KOCARTY A0 COLEHAN ROUTLEDBE & 33
JOHE WkRRIS 10X WEST LENHBRE 2 324

IMFERIAL wORMAN 4 27 13 23

WELL HAKE

L50.04-03-49-1aM1

L30,ué=33-09-25K1

L5, 02-32-11-2501

L350, 04-27-13-23u1

hELL LOCATIOH

364,50

134,20

347.80

513.90

COLORRDOD

203 209,40
361,20 373

344,70 348.70

369,40 37480

(LLLy

IHTERYAL TESTED

2400

1734

any

Lulib

ail-1H FRed.

FOTENT, SudF,

FEL-TEE C.H. 1O 54 sB-5-9-1a

SCUARY-WECU-FREERULD CH HE-25-5-20

LED. 04-05-119-1ak!

L350, La-20-09-20d1

364.5v

41

182 12B. 40

31,50 IST.aw

L]

N ]
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SELIND WHITE-SPELKLED EWALE 155FR)

#ELL NAnE WELL LCCATGH KB - IWTERYAL TESTED SHUT-{H PRES. FOTEHT. SERF.

creln wShal 16-36-1-26 L5D.16-36-01-26H1  47).4¢ 483 k\ﬁﬁ t4:8 912 125 .7i
naK-BI0 ET AL KIRKELLA FROV 15-29 LSh. 16-29-12-29H1 524.60 3533.a0 \_/(}ja 804 372 228 203
T
M
/—’
1Y
/.
{,
/
/

Py



APPENDIX 1I

3
PRESSURE HEAD VALUES, COMPUTED AS METRES OF FRESH WATER FROM

SHUT-IN BOTTOM HOLE PRESSURES (kPa).
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LYLETON-EAKKEN SHALE

#eLl LOCATION

5

INTERYAL (BKKN)

TNTERYAL TESTED

CHilT-1K PRES. -

SAFFHIRE WEST BInGGTA MO 1

¥

KELL Mt - iE PRECSURE HEAD
CALELAN WASKKDA §-13-1-26 LSD.09-13-01-26H1 4.0 115020 1153.80 3103 37
CoLSTAN FIERSON FROY 2-29-2-29 (50.02-29-02-20W1 4Bl 1280.50 1787.80 10273 1049
CFOG rFltsA 10 22 4 26 LS 10-22-04-26H1  A3L.60 99360 999.70  4ted 1820 425 i
LL. STANDARD TILSTON FROVINCE 4 3 L50.04-03-06-29W1 5030 111370 1118.36 317l 732
ChL STAN LInkLATER 2 21 7 28 L§D.02-21~47-29H1  495.20 936,30 94L.20 4454 475
DOME HAKRIS COX WEST EWART 12 15 LSD.12-15-08-29H1 525.20 962.50 966.20  _1379 a1
CALSTAN ROUTLEDGE FRQV. 13-29-9-25 LSD.13-29-09-2901 43710 TOAAD 709.30 6033 816
CALSTAN HOGDNORTK FROV. 5 18 9 27 LSD.OS-IG-09-27K0 87,00 BOLB0 BIA0  4LE 327
| COLSTAN EAST CROHER PROV 13 14 923 LSD.13-13-09-2800  497.10 63380 839.70 7102 775
CALSTAN DALY 1-30-9-28 LSD.0§-30-09-28W1  §15.30 673.30 878,30 7377 75
CHLSTAM WEST BUTLER 1-31-9-29 LSD.01-31-09-20K1 4380 9U7.80 S23.80 4893 704
DCHE HARKIS LY N ROUTLEBGE 3-13 LSD.03~13-10-25N1  370.30 S8.30 S94.10 5929 05
CALSTAN NORTH BUILER-PROV §-11-10-23  LSD.08-11-10-29W0 SZ3.60 85550 67170 7580 3281 714 331
TUNDRA HOGC GALY PROV. L1-11-10-29 LSD.1I-L1-10-290 52610 863 BIl  de%6  6WB 377 en
S4FPIRE NGRTH WEST EUTLER HO 1 LSDOM-I6-10-29KE SILI0 BOLG0 99580 799 809
NEWSTOPE OPENAC DALY 13-2i-10-29 L50.13-20-10-29Wt  535.20 B75.50 892  gSB0 @280 876 84S
HEWSCOFE OPINAC DAL §-30-10-29 LSD.08-30-10-29W1 SA0.10 882 §92.50  81% - 21S B 839
QUEEN CITY CON SUPERIOR NO 3 36 LSD04-36-L1-29H1 520,30 82050 63040 513 526
HCERIDE ALCON BAKGRAVE | 3 12 7 LSD.O1-03-12-27R1  487.40 &ILA0 TOL sMT 658
BASED KANAGE 13 21 LSD.15-21-12-26H1  499.60 71630 726 &752 oM 86 648
GILLKAN MERKELLA 16=3<12-25 8D 16-3-12-23W1 52200 B0 BISD0 w302 843
CALSTAN KIRKELLA 13-4-12-29 ) LSD.I3-0d-12-2501  SI2.B0 82270 R29.10 722 886
CALSTAN KIRKELLW § 21 12 13 LS.05-21-12-29n0 527 T30 79S8 53 59
ASH-R10 £1 AL KIRAELLA PROV 16 29 (SD.1s-19-1203R1  S2h.a0  TTA80 TELSO  TISO oS0 730 68D
WROZ-IHL AT B0 B0 Sad 588 )



Col0G T AL 9ILLEN 3-13-14-29

GRT PLKS BIRDTAIL 10 28 13 27
EALS}AN TRERT PROV 15 29 15 28
PRRSDISE BIRDTAIL 33 18 27
CAt5TaN BIRDTAIL 9 B 15 27

DOHE ZIRTLE 14 35 1& 27

RSA—HFD E% AL FT ELLICE PROY 2-14
GYECNT 14 23 Lo 46

TRGr 57, LAIARE 1-21-15-29

TRGy 5T. LALARE FROV. Ad-22-18-19
LGHE BIRTLE 16 17

CALSTAK LAZRRE 11730 17 28
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LS50, 03-13-13-25W1
L3G. 10-28-15-27¥1
L83, 13-29-15-230!

L5D.03-03-15-27%1

© LSD,09-08-1p-27W!

LS50, 14-33-15-2711

L5D.02-14-14-2BK!

L50. 14-23-16-Z6N]

L80.01-21-16-29W!

LS50, 04-22-14-25K1

LSD. 16-17-17-27K!

LS80, 11-30-17-2801

191,40
164,20
371.50
450.40
3B0. 30
521,70
389.80
479.10
478,79
475.30
521,80

476,40

838,60
514,59
547,14
325.80
31B. 3¢
345,80

438,50

181,90

§49.20
519.70
551,40
§33.40

524
557,20

444.40

4185

3944

Jodd

1247

4543

4278

§do

13!

438

EANE

178

SAN

427

en
on
L]

383

- 356
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SPEARFISH BERS (SFRF)

WELL HrHE HELL LOCATION kB INTERVWQHUT-!N PRES. PRESSURE HERD
LEUG CHAGGS LULY LAKE FROV & 23 1 21 LSD. G4-23-91-21HE 699,30 | %86 {012,930 8734 7288 -892 FETS
hbol EESEUEEES ET AL GUODLANBS 10-3 LD, 10-33-01-24H)  494.70 848 #38 169 242 19 27
CHEVRON WASKADA FROY. ‘4—20-1-25 LSD. H4-20-01-Z341 473 918 325 3106 2076 37 212
SasiD PCY ET AL €. WASKADA 3-22-1-25 LSD.03-22-01-25Ht 475,40 §82 309 202 7Sl 837 78]
QMEGA WASKADA PROV, 9-32-1-20 L8, 05-32-04-25W1  475.39 843 Bﬂ 1434 5] 148 118
CALSTAN WASKRDA 9-13-1-28 LSD.09-13-01-2641 468,80 §92,50 BY.40 7739 7139
lHNGLU ET AL SCURIS VALLEY CF; la-18 L8D. 16~48-01-28d1  435.50 91470 922,60 100ae 1528
NORTH AHERICAN ARTHUR & 21 | 26 L5D.06-21-01-26H1 461,50 910.50  935.%0 $77 G048 397 ¥
HOE ARTHUR 5-22-1-26 L8D.05-22-01-24W1  444.80 ®15.80  927.80 3494 9122 990 231
HUGSON SDUTH DALNY | 3271 14 L5D.¢1-32-01-26W1  459.30 310,70 §2¢ 6979 3881 707 394
GHEGR DALHY 3'5?-2{:%'!1 L50,03-34-01-20H]  484.30 508 ¥19 o322 8‘?76 . 134 714
LHEHPLIN L‘fl}ETDI‘ 1-3-1-28 LS80, 01-03-01-280} 458.10 1006, 40 Hls  1leM 1193
RLDEAU PIFESTONE LILETON 15;15-1-28 LS, L6-13-01-2801  R59.70 588 1012 11238 3254 1147 743 'l
CALETAN | IAL DALNY g-l0-2-2b : LSO, 0B-10-02-28601 .46?'30 06,50 913,20 10239 1645
RUXc-CLARICH £7 AL M. H:éi‘ﬁn FROV. L50.03-24-02-26d1 472,30 893 $03 8501 3619 709 J0u
L0DiA SHELL tiLETON 14-5-2-2.8 150, 14-05-02-2B01 460,30 988 1004 9934 794 1029 | g0
COBRA -DIL AND BAS LTD. ‘L(SE:IZ-E'_]-OZ-ESHI 164 §58 §it 1534 §099 157 .I 180
LOBRA ET AL H. PIERSON 2-30-2-28 L3 2-30-02-2BN1 -1.6?.40 943,20 784 044 7563 35 in
LOGAA ET AL G, PLERSOR 9-2‘5-2‘-29 LSD.O?-Z&-UE-Z;?HI 35,90 97350 832 10489 1040
COBRA ET AL 5. PIERSUN 12-26-2-29 “L5E. 12-26-92-2541 419 784 1002.30 4154 L2090, 325 113
TUNDRA S, PlEHS.‘U‘.'N‘PRGl;'. 413:‘:-2-29&31' L50.04-35-02-29K1  4a9.10 373 787 K| I T ¢ 3%
QUEST LEVA 4-25-3*58 L59.04—26-03;ZBH1 469.70 325 50 BlF 3733 513 508
~;:'!FER£F\L PIERSON 13-2-3-39 LSB.‘B-OE“OS‘"E?HI .%76.1.0 978,40 1002.30 2208 £Z3
HEW SCOPE Ei Al NAPINKA 12-16-4-24 LSI).lE-EE:ﬂ-‘r-?éH! 346.80 808 g21 27l 313s _-2*’5/? 54
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UPPER mHARANTH FrURHMIQlN {RMRN}
. A

HELL HAME : WELL LocaTION kB INTERVAL TESTED SHUT-EN FRES. PRESSULSE HERD
OIL ET AL E PIERSON 4-1-3-28 L50.04-01-03-26W1  452.50 878 B30 2398 4048 A5 0 a0
TUNDRA YIRDEN FROV. 5-26-19-28 LS0.06-29-10-260E  433.40 820 8307 . &7 339 o5 35
CALSTAN DALY 16 20 10 27 L3D.16-20-10-27Wt - 488 659 652.90 3316 563

KESTHIN SASKUIL ELKHORN PROV. 13-24-11-28 LSD.13-24-11-2841 .7 499.30 448 832 9622 3053 SPE a7

RORCEN FOR HARMSWORTH PRV, 153-11-12-28 LSD.15-1i-12-2601 454,20 35l S04 4488 4419 358 % 4w

PARADISE HAXFIELD TWO CREERS 10 33 L350, 10-33-12-2841  457.20 549,90 5ad.50 4344 §1%2 {04 428
i CHAMFLIN BIRETAIL CREEX PROV 1-29 L50. 04-29-14-25K1 467 524,30 §36.40 1647 1647 173 7
o
¥
] .
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