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Abstract

The Milk River Transboundary Aquifer (Canada/USAgshbeen so intensively used over the
twentieth century that concerns have risen aboaitdilirability of this resource since the mid-
1950s. This aquifer actually corresponds to thediei&irgelle Member of the Upper Cretaceous
Milk River Formation (called Eagle Formation in Mana). To assess the conditions needed for
a sustainable use of the aquifer, a comprehensideuaified portrait of the aquifer is needed
across its international boundary. The stratigraffimework and geometry of geological units
on both sides of the international border were tmified in a 50 000 k3D geological model.
The Virgelle Member is 0 to 60 m thick and it sudjEs near the border and along both sides of
the Sweetgrass Arch. It dips away from the subareas in a semi-radial pattern. The Medicine
Hat gas field hosted by the Alderson Member (Algrivhich is separated from the other
members by a regional unconformity, and the Tig&lgR gas field near the Bears Paw
Mountains (Montana) limit the extent of the aquif€he unified 3D geological model forms the

necessary basis for conceptual and numerical hgdtogical models of the Milk River Aquifer.

Résumeé

L’aquifére transfrontalier Milk River (Canada/USA)té intensivement sollicité pendant 16"0
siecle, si bien que des inquiétudes concernantrabdité de cette ressource sont apparues des le
milieu des années 1950. Cet aquifere corresponéaité au Membre Virgelle de la Formation
Milk River (appelé Formation Eagle au Montana) adatdu Crétacé Supérieur. Pour évaluer les
conditions nécessaires a un usage durable defémguun portrait complet et unifié de I'aquifére

est nécessaire a travers sa frontiére internagoha cadre stratigraphique et la géométrie des
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unités géologiques des deux co6tés de la frontigerriationale ont été ainsi unifiés dans un
modéle géologique 3D de 50 000 krhe Membre Virgelle a une épaisseur allant de &Da
meétres et sous-affleure pres de la frontiere dorg des deux cotés de l'arche Sweetgrass. I
plonge depuis les zones de sous-affleurement sarguine disposition semi-radiale. Le champ
de gaz Medicine Hat, contenu par le Membre Aldergdherta) qui est séparé de la Formation
Milk River par une discordance régionale et le chate gaz Tiger Ridge prés des Montagnes
Bears Paw (Montana) délimitent I'aquifere. Ce medgéologique 3D unifié forme la base

indispensable aux modeles hydrogéologiques conekpt numérique de I'aquifére Milk River.

Keywords: transboundary aquifer, geological model, hydadgiraphy, Canada, USA

Introduction

The Milk River Aquifer straddles southern Albe(@anada) and northern Montana (USA) in a
water-short semi-arid region (Government of AlbeAlberta water for life 2006). This confined
sandstone aquifer corresponds more specificallyh Virgelle Member of the Milk River
Formation (Eagle Formation in Montana). The extemsise of this resource over the™20
century has led to a major drop in water levelgllgc and concerns about the durability of the
resources have been raised since the mid-1950yb@den 1960; Borneuf 1976). More recently,
AGRA (1998) published a depletion study of the &uand made recommendations for the
conservation of this resource. A 5-year consermatimgram in southern Alberta followed this
study; however the Milk River Aquifer is still soited on both sides of the international border

in the absence of an agreement between the US&£andda on the use of this shared resource.
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The Milk River Aquifer has been the object of mastydies throughout the $@entury; however
most of them were limited by the Canada/USA bordéeyboom 1960; Hendry et al. 1991;
Alberta Innovates Technology Future 2010), thuvgméng a full understanding of the aquifer
dynamics. Since geological formations in Albeated Montana are not defined or named the
same way, several stratigraphic charts of the NRiker Formation subdivision have evolved
considerably in each country, making transboundarglies challenging. An integrated portrait of

the aquifer is, however, necessary to assess tigtions needed for its sustainable shared use.

The objective of this study is to overcome transtauy limitations by providing unified
geological and conceptual hydrogeological modekhefMilk River Aquifer. The term “unified”
means that the study follows the natural limitshef aquifer, not interrupted by the international
border. A consistent nomenclature is required 8cdee the stratigraphic and hydrostratigraphic
units across the international boundary. A firshponent of the conceptual model is the 3D
unified geological model of the aquifer presentethis paper (Fig. 1). For this purpose,
geological data on both sides of the internatitmatier were gathered and assembled
consistently in the light of the latest correlateomd geological work (Payenberg 2002b;
Payenberg et al. 2002; O’Connell 2014). The 3D ggiohl model thus provides a common
stratigraphic framework for hydrogeological appiicas, as done by Ross et al. (2005) and it
represents a prerequisite for a representativelttamdary hydrogeological numerical model,

which in turn will lead to recommendations for g@®ind management of this shared resource.
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This study

3D Unified
eological Mode

Unified Conceptual
Model
Unified Hydrogeological
Model

L/

Recommendations for sustainable
management of the shared aquifer

Fig. 1. Successive stages of the Milk River transboundapyifer study; this paper presents the

initial step, the development of a 3D unified geipdal model.

Study area

The study area extends over about 50 006 kmsouthern Alberta (Canada) and northern
Montana (USA) (Fig. 2). The study area ranges flongitude -110.0° to -113.0° and from
latitude 48.2° to 50.3°. The study area is bourtmlethe edge of the Disturbed Belt (indicated on
Fig. 2), on the west, and reaches the Saskatchbwaer and the Bears Paw Mountains, on the
east. The southern limit is north of the Marias éRivn Montana. The northern limit is the

southern edge of the Medicine Hat gas field in Atbe

The main structural feature in the study area & $weetgrass Arch, composed of the Kevin-
Sunburst Dome, the Bow Island Arch and the Swess$grllls. The Sweetgrass Arch in Montana
is composed of the Kevin-Sunburst Dome and thetSéuth. The South Arch is outside the

study area. The Sweetgrass Hills are on the eaftéminof the Sweetgrass Arch. The Sweetgrass

5



112 Hills are an ensemble of three buttes (2 100 ntudki) near the Canada/US border. The limits of

113 the model are explained in the section “Geologacal Hydrostratigraphic Settings”.
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Extent of the Milk River Aquifer []630-800
(Virgelle Member of the Milk River/Eagle Formation) Ij 801 - 900
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for groundwater supply
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A (water bearing) (Adapted from O'Connell (2014)) [ 1 201 - 1 400
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114 -

115 Fig. 2. Study area and extent of the Milk River Aquifer..GS Arch” stands for Sweet Grass

116 Arch.
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Correlations

Prior to discussing the geological and hydrogealalgcontexts of the Milk River Aquifer, it is
necessary to establish the correlations betweelogjeal units across the international boundary
and define the nomenclature that will be used ie temainder of this paper. As the
characterization of the Upper Cretaceous Milk RiFermation (Eagle Formation in Montana)
progressed, the stratigraphic nomenclature evokigdificantly during the twentieth century
(Fig. 3). The stratigraphic charts not only diffextween southern Alberta and northern Montana
but also within northern Montana (east and westhef Sweetgrass Arch). As early as 1917,
Stebinger (1917b) described the differences betwleergeologic sections east and west of the

112" meridian in Montana.

. Meijer-Drees
Rice and Cobban (1977) and Mhyr (1981) Payenberg et al. (2002)
8| & [GLACIER NATIONAL CENTRAL SOUTH-EASTERN JB] e | S SoUTH | NORTH-CENTRAL
gla PARK AREA MONTANA ALBERTA /| €| ® | AlBERTA  ALBERTA MONTANA
! z PAKOWKI CLAGGETT
/ <
BEARPAW BEARPAW BEARPAW K z FORMATION FORMATION
%) E: ! ol S|z z
2|z JUDITH RIVER JUDITHRIVER |/ 212 | S |hiaws\ Aderson | O Upper
ol 21° | E Member > Member
Q|2 | TWO MEDICINE & [sasmel <€ <§(
=S CLAGGETT PAKOWKI | Lea = = [Deadhorse Deadhorse
u FORMATION | || | Y X | Coulee * DO: Coulee
o w Upper Member & |peadhorse Park: oz 8 Member ;ei w Member
& 2 Middle Member 5 Coulee | x % Pl F?; w
a 7 " " Ald h a| O | W | Virgelle . Virgelle
g é Virgelle Sandstone |W | Virgelle Sandstone x .Iy:rgelle: Me::;z:‘". S| £ [ > | Member g Member
Z | Telegraph Creek Telegraph Creek S| ek ; | w
E . . Lloyd- |~ ﬁ Teggrafh TELEGRAPH CREEK
< Marias River Shale NIOBRARA Colorado | inster|  “« = hrllel: FORMATION

Fig. 3. Comparative stratigraphic nomenclatures existm¢he study area (modified from Rice
and Cobban 1977; Meijer-Drees and Mhyr 1981 andeRlagrg et al. 2002).* The Lea Park
Formation may be drawn all the way through the Rédkd-ormation, following Meijer-Drees

and Mhyr (1981) and Dawson et al. (1994).
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The Milk River Formation of southern Alberta wassftiidentified by Dowling (1915, 1917) as
the “Milk River Sandstone” in his study of the Soern Plains of Alberta. The Milk River
Sandstone consisted then of two parts (lower apeénearing successive terminologies (Evans
1931; Russell and Landes 1940). A three-part sugidiv of the Milk River Formation was
introduced by Tovell (1956), including the Transiti beds, Virgelle and Deadhorse Coulee
(Tovell 1956, cited by Meijer-Drees and Mhyr 198Ih).Montana, the upper and lower parts of
the Milk River Sandstone were referred to as Udpegle and Virgelle by Williams and Dyer
(1930). Meyboom (1960) also equated the lower glatthe Milk River Formation to the Virgelle

Member of Eagle Sandstone in Montana.

In Montana, Stanton et al. (1905) first descrildezidtratigraphy of Upper Cretaceous rocks in
northern and central Montana and in Canada. Théyatkthe Eagle Formation (named by Weed
1899 from Eagle Creek, a tributary of the Missdrikier) as massive white sandstone overlain by
softer beds consisting of alternating sandstoredeshnd many beds and seams of lignite. They
also noticed that small black pebbles occurretiatdp. Rice (1980) divided the Eagle
Formation into three members: the basal Virgellarider, and the unnamed middle and upper
members. Stanton et al. (1905) established thaiwedying Pakowki Shale in Alberta was
identical to the Claggett Shale in Montana. Thep ahowed that the Belly River Group that
overlies the Pakowki Shale in Alberta was identtoathe Judith River in Montana. Payenberg et
al. (2002) confirmed that Claggett and Pakowkiairdhe same age. In the northeastern part of
the study area, the stratigraphic equivalent oftkkowki Formation is the Lea Park Formation

(Williams and Dyer 1930).
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Meijer-Drees and Mhyr (1981) proposed a stratigiaplomenclature for southeastern Alberta.
They defined the Milk River Formation as the sgetphic equivalent of the Telegraph Creek
Formation and Eagle Sandstone defined by Rice awtth&h (1977). They also defined the
Deadhorse Coulee Member in Southeastern Albertx@gpying the same interval as the upper
and middle members of the Eagle Sandstone. In wee§rass Hills area, Tuck (1993) named
the interval between Virgelle and Claggett the ‘@ppart” of Eagle sandstone. This upper part
consisted of interbedded shale, siltstone, sandstomd coal, and bears close resemblance to the

Deadhorse Coulee Member.

Until recently, a clear regional correlation of thk River Formation and the Eagle Formation
was not possible, due to differences in lithology @aime-range (Russell 1970) and the limited
and remote exposure of the Eagle Formation witlrthern Montana (Payenberg et al. 2003).
Russell (1970) revealed misunderstandings madedwiqus stratigraphic correlations. Thirty
years after Russell’s (1970) attempt at correlabiatyveen the Milk River and Eagle Formations,
Payenberg (2002b) and Payenberg et al. (2002) lteted the lithostratigraphic and
chronostratigraphic relationships of Alberta andnitéma Upper Cretaceous rocks. They used
recent advances in geochronology, magnetostratigrapnd a paleontological database. The
work of Payenberg et al. (2002) provided a clebtieo- and chrono-stratigraphic framework of
the study area; it particularly showed that thee@edph Creek, Virgelle, and Deadhorse Coulee
Members are continuous and correlative acrossntieeniational border (Payenberg 2002a), and
also introduced the Alderson Member of the Lea Plokmation in the southern Alberta

nomenclature (Fig. 3).
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The proposed nomenclature in the present study. @igs based on the previous works of
Meijer-Drees and Mhyr (1981), Payenberg et al. @Ghd Rice and Cobban (1977). The study
area is divided in four zones (Fig. 5a), each witthistinct succession of geological units. These
zones are defined as follows:

Zone 1: South-western part of the study area ireA# southwest of the Virgelle depositional
limit;

Zone 2: North-eastern part of the study area ireAty northeast of Virgelle depositional limit;
Zone 3: North-western Montana, west of the Swestgfach;

Zone 4: Northern Montana, east of the Sweetgrask.Ar

Zone 1 Zone 2 Zone 3 Zone 4
Bearpaw Bearpaw Bearpaw Bearpaw
Fm Fm Fm Fm
Belly River Belly River Two Judith River
Group Group Fm
- A ;
Pakowki Pakowki Medicine < Claggett
Fm Fm AN Fm
sl nov- = |~ Deadhorse
‘g Deadhorse '-'E- Fm £ | Coulee
© | Coulee Mbr | x w
g & o Mbr
2 Virgelle ® | Alderson |  virgelle E Virgelle
§ Mbr 3| Member Mbr Mbr
5 Telegraph Telegraph Telegraph
s Creek Mbr Creek Mbr Creek Fm
Colorado Colorado Colorado Colorado
Group Group Group Group

Fig. 4. Proposed stratigraphic nomenclature in the presardy and representation of the
geological formations described in the 3D geologitadel (zones shown on Fig. 5a). Note that
the Two Medicine Formation has been subdivided thtee members (Judith River Formation,
Claggett Formation and Deadhorse Coulee Membervalgumts). The Bearpaw Formation

box also includes the surficial sediments in then3aulel.

10



Legend

Upper Cretaceous

mks Bearpaw Formation

ko Oldman Formation Belly River
KF  Foremost Formation J Group
KJR  Judith River Formation

KTM Two Medicine Formation

(includes Kbpc, cAKc and KJR)
cakc Claggett Formation
cakp Pakowki Formation

koc Deadhorse Coulee Member

cakv Virgelle Member

ktc Telegraph Creek Member

KMR Marias River Formation
(from Colorado Group)

North and east of this line: artesian area
(From Dowling 1917)

North of this line: artesian and gas area
(From Dowling 1917)

== == \/irgelle deposition limit

198
b)
South Unconformity surface North
g o [EREEESSE
Zs |,
- E Virgelle Member
S
S
199 b

200 Fig. 5. a)Bedrock geological map of the study area (AdaptechfOkulitch et al. 1996))

201 Cross-section (indicated by “S-N” in Fig. 5a) showthe unconformity surface separating the
202 Alderson Member from the three other members oMHk River Formation. The encasing units
203 are not represented on this cross section (Addpted O’Connell 2014).

204

205
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Geological and Hydrostratigraphic Settings

The geology of the study area can be described ssceession of marine and continental
sediments that were deposited as the Upper Cretackederior Sea level fluctuated (Russell
1970). The Upper Cretaceous strata are brieflyridest below and represented on the bedrock
geological map in Fig. 5a. Their hydrostratigraphide is indicated in Fig. 6 and briefly

described in the present section.

°
o
5 STRATIGRAPHY HYDROSTRATIGRAPHY
o
. Bearpaw
Bearpaw Formation Aquitard
Dinosaur Park
ols Formation
>
8 Z 5 Oldman Belly River
h} z.g Formation Aquifer
2 & Foremost
[ Formation
7
o Pakowki Formation Pak?Wk'
¥ Aquitard
w
&
D | Milk River Formation | _ Milk River Aquifer
Colorado Group Colorado Aquitard

Fig. 6. Stratigraphy and hydrostratigraphy of the mainlggioal units of the study area.

Colorado Group
The Colorado Group (middle Albian to Santonian)entids the entire study area (Fig. 4). It was
deposited during marine conditions in a moderafghfdeea environment. The Colorado Group

consists mainly of dark grey to black bentoniticrima shale. It ranges in thickness from 500 to

12
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600 m in southern Alberta and from 450 to 500 month central Montana (Hendry et al. 1991,
Cobban et al. 1976). The upper boundary of the I@dm Group is commonly taken at the First
White Speckled Shales (Meyboom 1960). The Color&loup is not exposed in southern
Alberta (Dyer and Williams 1930) but it outcropsdely over 5 counties in northern Montana,
from the Sweetgrass Hills to Great Falls (Cobbaal.et976). It constitutes a regional aquitard in
the study area (Fig. 6) with a hydraulic condutyivanging from 18“ to 10'° m/s (Hendry and
Schwartz 1988). The Colorado Group is overlain by Milk River Formation and thus the

interface between these units constitutes the datane of the present regional study.

Milk River/Eagle Formation

The Milk River Formation (Eagle Sandstone in Momtgis a regressive clastic wedge deposited
during the Late Cretaceous (Rice 1980; Payenberd &001). The Milk River Formation has
been traditionally subdivided into three membéhs: hasal Telegraph Creek Member, the middle
Virgelle Member and the upper Deadhorse Coulee Mgmb

The Milk River Formation is 150 m thick in the sbwest corner of the Canadian part of the
study area and thins towards the northeast (O’Abr2@d4). It subcrops in an area of 14
townships in southern Alberta near the border,ings around the Sweetgrass Hills and along
both sides of the Sweetgrass Arch. According tosBIg1970): “There is little difference
between the western and eastern developments.'MilkeRiver Formation dips gently to the
north, east and west, from the subcrop areas follpw radial or “fan-like” pattern (Meyboom
1960; Schwartz and Muehlenbachs 1979; Toth andefd®86). The Milk River Formation is
confined below and above by the low-permeabilityaleb of the Colorado Group and

Pakowki/Claggett Formations, respectively.
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The Milk River Aquifer is within the Milk River Fonation. The middle Virgelle Member is the
most important aquifer within the formation. ThellRiver Aquifer is a confined and inclined
aquifer, which locally shows flowing artesian caiahs. About 200 flowing artesian wells were
inventoried in the 1960s in southern Alberta (Meyio 1960). In Montana, flowing artesian
water occurs in much of the area of Cut Bank, Moatdue to the westward dip of the formation
(Zimmerman 1967). Tuck (1993) also highlighted sdloeing artesian wells in the Sweetgrass
Hills area. However, many wells have lost theiesidn flow because of the intensive use of this
resource. Nowadays, the flowing artesian areasoasted in the vicinity of Pakowki Lake and
north of the study area, which is still consisteith the flowing artesian limit drawn by Dowling

(1917) (Fig. 5a).

Meyboom (1960) showed that the recharge areas eofatiuifer were located mainly in the
concentric outcrops around the Sweetgrass Hillstaadesser extent at the subcrop area near the
international border. The main discharge areasoasted at the pumping or flowing wells of the

study area, with small natural discharge (Meybo&®0).

Groundwater flow in the Milk River Aquifer followthe regional dip of the Milk River/Eagle
Formation. In Alberta the general flow is semi-eddfrom the topographic highs of the
Sweetgrass Hills to the north, west and east (Heradrd Schwartz, 1988). In Montana,
groundwater flows from the Sweetgrass Hills toghst and south-east and also from the subcrop
areas west of the Sweetgrass arch to the west @ttt $Zimmerman 1967; Levings 1982).
Therefore, there are two transboundary flow paththé study area: 1) from the Sweetgrass Hills
to the north, and 2) from north of the Cut Bank,ntéma, area to the north (Zimmerman 1967;

Tuck 1993).
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In southern Alberta, the Alderson Member of LeakPBormation (Meijer-Drees and Mhyr

(1981) unconformably overlays the Milk River Forioatin the north, northeast and east of the
study area (Fig. 5b). The Alderson Member is ardhteandy shale equivalent to the Milk River
Formation and some authors (Hendry et al 1991)ritest the relation between the units as a
facies change. The Alderson Member has also bestnded in the Milk River Formation as a

fourth member (Payenberg et al. 2002; O’Connell420However, it is much younger than the
other three members, is separated from them byg@nal unconformity surface and is not

present in Montana (Payenberg et al. 2003; O’'Cdr2@4). In the framework of the present
study, the decision was made to include the Aldelglember as a member of the Lea Park
Formation as also done by other authors (e.g. MBifees and Mhyr 1981). The Alderson

Member is gas-bearing; it contains the Milk Rivasdield (or Medicine Hat gas field, Fig. 2), a
natural limit of the 3D geological model. Anotheataral limit is imposed by the Tiger Ridge gas
field in Montana, hosted by the Eagle Sandston¢hérBears Paw Mountains area (Fig. 2)
(Gautier and Rice 1982), and constitutes anothtrralaboundary for the present 3D geological

model.

Telegraph Creek Member/Formation

The Telegraph Creek Member is a transitional ueiteen the shale of the Colorado Group and
the massive sandstone of the Virgelle Member ofMilk River Formation. It is interpreted as
deposits of an offshore to shore-face transitiayé®berg 2002a). The Telegraph Creek Member
consists of thinly interbedded sandy shale, siist@and fine-grained shaly sandstone. The
Telegraph Creek is 36 to 52 m thick in the Cut Bavikntana, area where it has formation status

(Cobban 1950; Payenberg et al. 2001) and it isa362 m thick near the Sweetgrass Hills
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(Zimmerman 1967; Tuck 1993). The Telegraph Creaksition zone was originally included in

the Virgelle Sandstone in north-central and norteien Montana by Stebinger (1915, 1917a).

Virgelle Member

The Virgelle Member gradationally overlies the Tgbph Creek Member (Meijer-Drees and
Mhyr 1981). It consists of grey to buff, thick bexdl] fine to medium grained sandstone with
thinly bedded siltstone (Tuck 1993). The Virgelleetber was deposited during a regression
sequence and is interpreted as a shore-face tehfune sandstone (Rice 1980). It is up to 69 m
thick in southern Alberta and varies from 15 torGhick on the west side of the Sweetgrass
Arch (Lorenz 1981; O’Connell 2014). The Virgelle Mber is not present in southwestern
Saskatchewan or central Alberta because it is &tgalcby the regional unconformity surface
separating the Milk River Formation and the Alderddember. The Virgelle outcrops along the
Milk River in southern Alberta over approximately Bm in Township 1 and 2, Ranges 12 to 15
(Meyboom 1960). It also outcrops on both sidesh&f Sweetgrass Arch, in continuous and

narrow belts (Fig. 5a).

The Virgelle Member massive sandstone is the nmopbitant aquifer part of the Milk River
Formation and therefore constitutes the Milk Riveguifer. The hydraulic conductivity of the
Virgelle sandstone in southern Alberta ranges fidfi to 10° m/s (Persram 1992 unpublished,
cited by AGRA 1998). South-east of the town of Mikver, the hydraulic conductivity of the
Virgelle is 1.8x10 m/s (Robertson 1988). The limits of the Milk Riv&quifer are shown on

Fig. 2. They correspond to the area in which theg®le Member exists and is exploited.
However the 3D geological model extends farthertweslongitude -113°, where the Virgelle

Member continues in the subsurface but is too ¢eef®0 m) to be used for groundwater supply
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(Stantec 2002). In the framework of the presentgéblogical model, the internal stratigraphy,
lithofacies, and depositional environment of thegélle Member are not further discussed.
However, these aspects were studied by Rice (12980) in northern Montana and Meyer

(1998) as well as Meyer and Krause (2006) in sontAdberta.

Deadhorse Coulee Member

The Deadhorse Coulee Member (DHC) represents therygart of the Milk River Formation as
named by Tovell (1956). It is a non-marine unita&fed in the coastal plain environments
landward of the Virgelle shore-faces (O’Connell 2D his well-defined unit consists
predominantly of interbedded shale, siltstone amel grained sandstone with coal seams
(Payenberg 2002). The Deadhorse Coulee has a maxtmckness of 60 m in southern Alberta
and thins northeastward to approximately 10 m eftte zero edge (from T1 R5 W4 to T13 R22
W4) (O’Connell 2014). In northern Montana, the Deage Coulee equivalent is the unnamed
middle member of Eagle Formation (Payenberg étCGfl1). The contact between Deadhorse
Coulee and the overlying Pakowki /Claggett Formrattomarked by a thin (but laterally
continuous) bed of dark grey to black polished thebbles, which is interpreted as a
transgressive lag overlying a regional unconformitgface (Russell 1970; O’Connell 2014). The
Deadhorse Coulee Member constitutes a low permsalilit that overlies the Virgelle Member

(O’Connell 2014).

Alderson Member
The Alderson Member was originally considered thwdr member of the Lea Park Formation
and a stratigraphic equivalent to the Milk Riverrration (Meijer-Drees and Mhyr 1981)(Fig.

3). It was entirely deposited in proximal to distd#fshore marine environments (O’Connell
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2014). In southern Alberta, the Alderson Membepiigsent just northeast of the depositional
limit of the Virgelle sandstone (Meijer-Drees anchyvl 1981). The lithology of the Alderson
Member consists of interbedded very fine-grainedisailt and mud (O’Connell 2014). The sand
content increases in the upper part (Meijer-DrewsMhyr 1981). O’Connell (2014) includes the
Alderson Member as the youngest member of the Riller Formation which is 100 m thick in
the northeast corner of the study area. The Alagefdember is younger than the Telegraph
Creek, Virgelle and Deadhorse Coulee Members ofMhke River Formation and is separated
from them by a regional unconformity representirigrge time-gap (O’Connell 2014; Payenberg
2003). It therefore physically overlies and oveslaihe erosional edges of the other three
members. The Alderson Member is about 85 m thickotheastern Alberta (Meijer-Drees and

Mhyr 1981).

The Alderson Member hosts the Medicine Hat gad fig¢lamblin and Lee 1997; Fig. 2).

However, the upper part of the Alderson Member @misttwo distinct large sand bodies which
form a regional aquifer in southern Alberta. Thrgtus named the Upper Alderson Sands by
O’Connell (2014). It covers an area of 74 townslapd has a NW-SE trend (Fig. 2). The Upper
Alderson Sands forms small lobate sand bodies. iarg to O’Connell (2014): “The Virgelle

and Upper Alderson aquifers are separated frorh etieer by muddy sediments of the Alderson
and Deadhorse Coulee members, but they are Idoatigntact at the Virgelle erosional edge and

water flow between the two aquifers is likely.”

Pakowki Formation/ Claggett Shale
The Milk River Formation is overlain by a thick tumf marine shales, the Pakowki Formation

(Claggett Shale equivalent in Montana). The Pakaavki Claggett Formations consist of thinly
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bedded, black marine shales, with few sandstone EEovell 1956 cited by Payenberg et al.
2003). The Pakowki Formation is 98 m thick at Bahahd, 65 m at Lethbridge, Alberta, and up
to 130 m in the Sweetgrass Hills area (Williams &yer 1930; Tuck 1993). A thin horizon of
chert pebbles is present at the base of the uné@.fdrmation was deposited during an extensive
Late Cretaceous transgression episode; howeveethevasion did not reach the western part of
the Sweetgrass Arch (Stebinger 1917b; Williams &yeér 1930). Therefore, the tongue of
marine shale progressively thins to zero westwavtiere the Claggett/Pakowki Formations
pinch out, the Milk River Formation is directly alen by the Judith River Formation/Belly
River Group. The top of the Pakowki Formation iwigglent to the top of the Lea Park
Formation in central Alberta (Williams and Dyer D93/eijer-Drees and Mhyr 1981; Dawson et
al 1994). The Pakowki/Claggett Formation effectvebnstitutes a regional aquitard (Fig. 6); the
hydraulic conductivity of the Pakowki/Claggett Fation is in the order of 18 m/s (Toth and

Corbet 1986; Anna 2011).

Two Medicine Formation

The non-marine Two Medicine Formation of Late Ceetaus age outcrops in northwestern
Montana. This unit consists of mudstones and sandstand is about 600 m thick (Lorenz
1981). West of the Sweetgrass Arch, the Two Mediéinrmation includes the equivalent upper
part of Eagle Formation (i.e. Deadhorse Coulee Mandguivalent), the poorly recognizable
Claggett Shale and the Judith River Formation @eiend Hunt 1937; Zimmerman 1967; Gill
and Cobban 1973; Fig. 4). The Two Medicine Fornmatiwverlies the well-defined Virgelle

Member. It is 152 m thick in the Cut Bank, Montaaesa (Zimmerman 1967).

Belly River/Judith River
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The Belly River Group (or equivalent Judith Rivesrfation in Montana) outcrops in a large
part of the study area (Fig. 5a). It representssdgpience of continental beds above the Pakowki
Formation and below the Bearpaw Formation. The \BBliver includes the Dinosaur Park
Formation (upper part), the Oldman Formation (nmeddhrt) and Foremost Formation (lower
part) (Eberth and Hamblin 1993; Hamblin 1997) . ldger, the upper part is only present in a
limited part of the study area, covering of aboBttdwnships, near the Saskatchewan border
(Hamblin 1997). Fig. 5a is adapted from the gedaalgmap from Okulitch (1996) in which the

Dinosaur Park Formation is not represented.

The dark shale, sandstone and coal seams of tlembBet Formation are overlain by massive
yellow and grey sandstone of the Oldman Formatiwh thick sandstones and siltstones of the
Dinosaur Park Formation. The Belly River Group/8udriver Formation is 320 m thick at
Lethbridge, and is less than 182 m in northern Moat(Williams and Dyer 1930; Pierce and
Hunt 1937). The Belly River Group/Judith River Fation constitutes an aquifer with a

hydraulic conductivity ranging from 9xfam/s to 8.8x13 m/s (Anna 2011).

Bearpaw Formation

The Bearpaw Formation overlies the Belly River Grdudith River Formation (or the Two
Medicine Formation, west of the Sweetgrass Archlantana) and is made up of dark grey shale
(Russell 1970). These marine strata were depogitedg a subsequent Late Cretaceous
transgression episode and are lithologically simidahe Pakowki Formation. In the western part
of the study area, the Bearpaw Formation outcrépsgea narrow north-south band, and around
the Cypress Hills in south-eastern Alberta. TherBaa Formation is about 70 m thick in the

north-western part of the study area and conssitateegional aquitard (Tokarsky 1974) (Fig. 6).
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Available data and Methods

Data collection

Geological data from five sources were gatheredilberta, the first source of geological data
was from O’Connell (2014). Of the 2170 total borehdata, only the non-deviated wells were
selected to develop the 3D geological model (200@lle data). These data from non-deviated
wells contain the depth of the tops of the Alderddamber and the geological formations
included in the Milk River Formation: Deadhorse &&u Member, Virgelle Member and
Telegraph Creek Member. The extent of the dataois f49° to 50.3° north latitude and from
longitude -110° to -113°Amongst the data provided by O’Connell (2014), ¢hiex an area of
about 14 townships close to the border with no sdbse data for the Milk River Formation.
This area is the structural crest of the Sweetghass, in which the Milk River Formation is too

shallow to be covered by geophysical logs from bgdrbon exploration boreholes.

The geological data of the units above the MilkdriFormation were obtained from the Alberta
Geological Survey/Alberta Energy Regulator. Thevali®ns of the tops of Lea Park Formation
(Milk River and Pakowki Formations equivalents) gublished data), Belly River Group

(Glombick 2010) and the bedrock topography (Atkmsmd Lyster 2010) in southern Alberta

were added to the model.

In Montana, three sources of geological data wesedu Feltis et al. (1981), described the
elevation of the tops of each geological formatiomorth central Montana, from Jurassic to

Quaternary. The geological formations in the Calor&roup to the Judith River Formation were
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selected. The 190 resulting wells range from 48x249° north latitude and from longitude -

109.6° to -112.5°.

The second source of geological information cossitwell logs of the area, provided by the
Montana Geological Society (Montana Geological 8tyc2013). 103 scanned logs (mostly from
the 1950’s) located in Glacier, Toole, Liberty aHddl Counties were selected. They were
digitized and converted into elevation format toifegrated to the data set. These logs contain

the description of all the members that composd=tgle Sandstone.

About 10 control wells with altitude of the top &ddith River Aquifer in northern Montana were
retrieved from a map produced by Noble et al. (J988is map was scanned, georeferenced and

converted from feet into meters.

The top of the geological model is ground levebresented by a Digital Elevation Model (DEM)
of the study area. The DEM in Alberta is from thatidnal Topographic Data Base (NTDB) and
the DEM of northern Montana is from USGS Earth Bxet. They are both at 1:50 000 scale (or

1 arc second).

The last source of data used in this study comsisténydrogeological cross sections of the study
area from Borneuf (1974), Tokarsky (1974) and adbaundary map of the bedrock geology

from Okulitch et al. (1996).

These various geological data required severassiéponversion and transformation in order to

use them consistently in the building of the 3DIgg@al model.

22



461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

Method: Data processing and unification of the geolical data

The geological data collected for this regional amadsboundary study presented various formats
and several spatial and stratigraphic referencesta [processing was needed to obtain a
consistent file containing the coordinates of alwald the associated elevations of each

geological formation.

The main steps of data processing were: the coowvefsom feet to meters and from spatial
reference NAD 27 to NAD 83, the transition from Treship/Range system to latitude/longitude
coordinates and the transition from depth to elewatlata (the reference is the mean sea level).
Additionally, the two available DEM files were mexjto obtain a unigue DEM covering the

study area.

The various sets of geological data on both sidethe border are now homogeneous (same
format, same spatial reference and same units)n€ékestage was to unify these data, since the
main goal of the 3D geological model is to représba geology of the study area in a unified

way. Thus the geological data corresponding toedemt layers in Alberta and Montana needed
to be merged. In particular, specific work on thguigalent members of the Milk River

Formation was needed to represent the Milk Riveuifsg (i.e. Virgelle Member) in its entirety.

The collected data did not always present the s#sgeee of information everywhere in the study
area. In order to assemble the data sets for eamlbgical unit, some working hypotheses had to

be made following the 4 zones of the study areg. @a and Fig. 6).
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O’Connell (2014) described every member of the Mikver Formation in Alberta (i.e.
Telegraph Creek, Virgelle and Deadhorse Coulee Megsmim zone 1 and the Alderson Member
in zone 2). Feltis et al. (1981) only representesl “‘Eagle Sandstone” which is the Milk River
Formation equivalent in northern Montana (zonesn@ 4). The constituting members of the
Eagle Sandstone are not described individually st@feming these two sources of data, the degree
of geological information on the Milk River Formati is higher in Alberta than in Montana. Yet,
we want to represent the 3 members of the Milk Rivermation in the entire study area.
Consequently, the “Eagle Sandstone” layer fromig-eit al. (1981) was subdivided in 3 parts,
using the detailed logs from the Montana GeologRatiety (2013). In zone 3, the constitutive
members of the Two Medicine Formation were alsadesd individually on the basis of the

detailed logs from the Montana Geological Socief1Q3).

Some of the wells from Feltis et al. (1981) wersogpart of the set of scanned logs from the
Montana Geological Society (2013). The comparisbthese wells clearly showed that what
Feltis et al. (1981) called “Eagle Sandstone” dbtuacluded Telegraph Creek and Virgelle

Members west of the Sweetgrass Arch (zone 3). Bf#he Sweetgrass Arch (zone 4), the
comparison of the logs shows that an upper partt¢3@5 m thick) overlying the Virgelle

Member was also included in the “Eagle Sandstoagér. This upper part would equate to the
“middle member” of Eagle, as defined by Payenbdrgle(2002), i.e. the Deadhorse Coulee

member equivalent in Alberta.

Based on these observations, it was assumed thtabfethe Sweetgrass Arch (zone 4), the top of

the Eagle Sandstone described by Feltis et al.1(168rresponds to the top of the Deadhorse
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Coulee Member whereas, west of the Sweetgrass @&wmte 3), it corresponds to the top of the

Virgelle Member.

West of the Sweetgrass Arch, the upper part of &aglincluded within the Two Medicine
Formation and is not described. Therefore the quesf how much of the lower part of the Two
Medicine Formation is actually equivalent to theableorse Coulee Member was raised.
Reexamination of detailed boreholes from the Moat&®ological Society (2013) west of the
Sweetgrass Arch allowed the identification of trensgressive chert pebble lag surface, which
represents the top of the Deadhorse Coulee. Tood&seriptions delineated the chert pebbles
marker bed, so eventually it was decided to desggtize lower 75 m of the Two Medicine
Formation as the Deadhorse Coulee equivalent. idiiee was based on the Lexicon definition
of the Two Medicine Formation (WEBLEX Canada 2018jich mentions coarse sandstone
beds in the lower 75 m interpreted to represenffith@al channel sandstones of the Deadhorse
Coulee. Rice and Cobban (1977) supported this yaitiag Cobban (1955): “the sandstone is
mainly in the basal 76 m, which is more or lessiwant to the middle and upper members of
the Eagle Sandstone”. A dummy data point set sgoteng the top of the Deadhorse Coulee
west of the Sweetgrass arch was therefore addede@b the international border, the thickness
of the Deadhorse Coulee Member was reduced at 6@ ive consistent with the data of

O’Connell (2014) in southern Alberta.

The geological layers overlying the Eagle Sandston&ontana (Claggett Shale and Judith
River Formation) are only described east of the é&grass Arch by Feltis et al. (1981) and the
Montana Geological Society (2013). West of the Sgmass Arch, both of these geological layers

are included in the Two Medicine Formation, whismot represented in the report of Feltis et al.
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(1981), but is well described within the logs frdine Montana Geological Society (2013). The
Two Medicine Formation is equivalent to the uppartpf Eagle, Claggett Shale and Judith
River Formation (Zimmerman 1967). Thus, the toptle® Two Medicine Formation was

identified as the top of the Judith River Formatiozone 3.

The top of the Pakowki Formation was assimilateéd the top of Lea Park Formation in Alberta
(Williams and Dyer 1930; Meijer-Drees and Mhyr 198kwson et al 1994; Fig. 4). In northern
Montana, the Claggett Shale is well described witthie Montana Geological Society (2013)
well logs and some of the wells of Feltis et ab&1). However, there are no data describing the
Claggett Shale west of Sweetgrass Arch since theinenainvasion during which the
Claggett/Pakowki was deposited did not extend éyobd the Arch. The Claggett Shale wedges
out west of the Sweetgrass Arch, and where it @adbut, the Judith River(Belly River) strata

rest on the Deadhorse Coulee Member equivalent.

It is assumed that the top of the Belly River Granpsouthern Alberta (i.e. top of Oldman
Formation or Dinosaur Park Formation, where prgsienthe stratigraphic equivalent to the top
of the Judith River Formation in Montana (Russ@lQ). The constitutive layers of the Belly
River in Alberta are not represented in the modetes the contact between the Oldman and

Foremost Formations is difficult to identify (Walins and Dyer 1930).

In Alberta, the top of the Colorado Group was cdesed to be the bottom of the Telegraph

Creek Formation in zone 1, and the bottom of thdeAdon Member in zone 2.
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As mentioned previously, because of the lack ofl Wegjs in the southern Alberta outcrop area,
the data in O’Connell (2014) was supplemented lBatong a file describing the bedrock
topography. The bedrock topography file was buift dubtracting the thickness of surficial
sediments from the topography of the study areaag then assumed that the top of the bedrock
corresponds to the top of the Deadhorse Coulee &@mmwhere Deadhorse Coulee outcrops.
The same assumption was made for the Pakowki atig Bever outcrop areas, following the
geological map of Okulitch et al. (1996). Some narediting was required to represent these
outcrop areas with more details. For that purptdse,bedrock geological map (Okulitch et al.

1996) was superimposed on the model as a reference.

The regional unconformity between the Milk Riverfdation and the Alderson Member is also
represented in the 3D model. In the north, northead east of the study area, the Telegraph
Creek, Virgelle and Deadhorse Coulee members argrgssively overlapped by the Alderson
Member. An overlapping area is represented, basetth@ isopach maps of O’Connell (2014).
The two sand bodies which make up the upper pathefAlderson Member (Upper Alderson

Sands, Fig. 2) are not represented separatelybeytare included in the Alderson Member.

Finally, it was decided that the Bearpaw Formatad the surficial sediments would be grouped
in one layer in the geological model, between the af the Belly River/Judith River and the
ground level. With the geological data on both sidd the border harmonized and the

stratigraphy unified, the 3D geological model cobédbuilt.

Construction of the 3D unified geological model
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The software chosen to build the 3D geological rhdsld_eapfrog Hydr8 (Leapfrog Hydro
2013). The approach to build the 3D geological modas to use location data (x, y, z)
representing the top of the geological units. Cansarfaces were first created from these data.
Then, volumes were obtained from the surfaces fhickv a chronology had been first
determined. Leapfrog Hydro is a recent software iamés chosen mostly for its interoperability
with FEFLOW (Finite Element subsurface Flow) (Dmrs2014). The 3D geological unified
model will form the basis of a 3D numerical hydrolggical model of the Milk River Aquifer

using FEFLOW.

An initial geological model was built as a refererand for the purpose of comparison before and
after unification of the geological datasets fromthbsides of the international boundary. The
reference model contains the data from O’'Connddll@) and Feltis et al. (1981) before the
harmonization of the geological units. A south-hdransboundary cross-section A-A’ from this
reference model is shown in Fig. 7. This sectioowghthat the level of information was higher in
southern Alberta (where Telegraph Creek, Virgelte @Deadhorse Coulee Members were
represented) than in northern Montana (where tlggeERandstone was solely represented). The
two datasets are simply placed alongside in thfisreace model, so the geological layers are
obviously abruptly separated at the internatior@idbr. The same cross-section A-A’ will be

shown as unified in the Results section below (Fim.
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=

E 1
= i I*I

i

1
Intersects E Intersects 5
Cross-section [ Cross-section 2
'e
EIeV (masl) E-E' i § D-D' <
1%}
1102 v - v 3
£
3
800 )

600
400
200

0

- e e
0 50000 100000 150000 200000 233372
Distance (m) A’
South North
Deadhorse Coulee Member Overlying strata
| ]
L‘;‘rl:nRai‘i’::‘ [] virgelle Member (Milk River Aquifer) [ Eagle Formation
B Telegraph Creek Member L\:Lg:'lf',nefg’c‘:‘:;seigomes gonokoded)
I colorado Group [ Aiderson Member

Fig. 7. Transboundary cross-section (south-north) befageuttification of the Milk River/Eagle
Formation. The geological units above the Milk Rifzagle Formation are not represented in this

section. The location of the cross-section is shimwig. 9a.

In a subsequent geological model, the integratibuletailed logs from Montana Geological
Society (2013) and the formulation of working hyipegis on the equivalent layers (described
above) allowed the building of the unified 3D gept@al model of the study area and the
separation of the Eagle Formation into three membEne datasets in the 4 zones of the study

area (Fig. 5a; Fig. 6) were finally merged to repré each geological unit.

Furthermore, the model was adjusted with the hélgrass-sections existing for the study area.

About 15 cross-sections (Borneuf 1974; Tokarsky4)9n Alberta were georeferenced and
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included in the geological model. The cross sestieerve as a guide and allow adjustments of

the geological surfaces by manual editing withimpfeog Hydr§ (Fig. 8)

The construction of a sloping surface was neededpesent the regional unconformity between
the Milk River Formation and the Alderson MembehisTsurface was built by selecting points
from the Alderson Member dataset, which make uplaeau overlapping Virgelle and

Deadhorse Coulee Member.

Colorado Group

Fig. 8. Examples of geo-referenced cross-sections includ#te 3D geological model.

Results

The unified 3D geological model covers 50 000°kithe geological units represented in the
model are (in ascending order): Colorado Groupgedmph Creek Member, Virgelle Member,
Deadhorse Coulee Member, Alderson Member, Clagifete/Pakowki Formation, Belly River

Group/Judith River Formation, Bearpaw Formation andicial sediments (undivided) (Fig. 9).
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The locations of sections through the geologicatieh@re shown on Fig. 9a and these sections
are illustrated in Fig. 9b. The general groundwdlew direction is indicated on the cross-
sections, based on previous work (Meyboom 1960nZeémman 1967; Levings 1982; Tuck 1993;
AGRA Earth and Environmental Limited 1998). Theaane which the Alderson Member is no
longer water-bearing but gas-bearing is indicatethe cross-sections A-A’, B-B’ and D-D’. The
bedrock geological map is superimposed on the m@egl 9a). Note that the Two Medicine
Formation is shown on the geological map; howelier 3D model details all the constitutive

members of this formation, especially as shownrosszsection E-E’.

[ ] Bearpaw Formation and/or surficial sediments [l Deadhorse Coulee Member

[ Belly River Group/Judith River Formation [] Virgelle Member (Milk River Aquifer)
I cClaggett Shale/Pakowki Formation Il Telegraph Creek Member
I Alderson Member Il Colorado Group

31



b)

Cross-section A-A' (after unification)

= i I"I Gas area in Alderson Member
: I
Intersects i 5 Intersect§ °§
Elev(masi) = Cossedon g v :
1102 v P § v &
5
800+ 2]
600+
400+
200+
0_ r T T T T 1
0 50000 100000 150000 200000 233372
A Distance (m) A'
638 South North
Cross-section B-B' = I+
_§ i § Gas area
[d Unconfined S ) |
Elev (mas.l) & ) n(;orr;;ne : 2 N
S i § Intersects @ 3
1090 S = Cross-section 5 c%
@y DD § 3
S Q

800+

600+
400+
200+
07 . : : : .
0 50000 100000 150000 200000 233372
B Distance (m) B'

639 South North



Cross-section C-C' =il

& Lo
Elev (masl) 8 : E € ntersects
1300 g : : E Cross-section

D-D'

Oldman River

900
600-

300

0-

50000 100000 150000 200000 233372

0
C Distance (m) C'
South North

640 — — — Groundwater divide after Zimmerman (1967)

Cross-section D-D' I+l

Elev (m.as.l.) [

Cypress Hills
1412 Intersects Intersects

Cross-section Intersects Cross-section
12004 c-c' Cross-section A-A'
v B8 v

Gas area in Alderson Member

900

600-

300

0 40000 80000 120000 160000 221861
D Distance (m) D'
641 West East

33



642
643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

Cross-section E-E' =
Intersects
Elev (m.as.l.) Cross-section  Unconfined Intersects  Unconfined
1357- c-c' area Cross-section area c Intersects
' B BB ross-section
1200+ | AR

Y y

900+
600+
300+
0_ r T T T T 1
0 40000 80000 120000 160000 221861
E Distance (m) E'
West East

Fig. 9. 3D unified geological model of the Milk River Ageif and other geological unit) 3D

unified block showing the locations of cross-sawtioVertical exaggeration factor is 50. Cross-
sections A-A’, B-B’ and C-C’' are transboundary, ssesection D-D’ is located in southern
Alberta and cross-section E-E’ is located in namhi@ontanab) Cross-sections through the 3D
geological model. The black arrows represent theege groundwater flow directions. Legend

for block diagram (Fig. 9a) and cross-sections.(B).

Cross section A-A’ shows that the Milk River Forioatis represented on both sides of the
border with the same degree of information in théied model (Fig. 9b). The three members
composing the Milk River Formation, especially ek River Aquifer (i.e. Virgelle Member),
are continuously represented from southern Alb&rtaorth-central Montana. In Montana, the
Eagle Formation was divided in three members orbéses of detailed well logs and the working
hypothesis described previously. The Milk River fation dips continuously from northern

Montana to southern Alberta. It does not subcroghis section. The regional unconformity
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between the traditional 3 members of the Milk Ri¥@rmation and the Alderson Member is
represented as an area of overlap. Groundwater iodirected to the north, from northern
Montana to Alberta. The overlapping area of theetddn Member corresponds to the Upper
Alderson Sands. This part is still water-bearingwdver, farther north, the Alderson Member is

gas-bearing.

Cross-section B-B’ (Fig. 9b) shows a steeper slopehe Milk River Formation from the
international border to the north. The Colorado Wprooutcrops in northern Montana. A
subcrop/outcrop area of the Milk River Formatiortted border indicates unconfined conditions

of the aquifer corresponding to a recharge area.

West of the Sweetgrass Arch, cross-section C-@. (Btb) shows that the Claggett(Pakowki)
Formation pinches out in northwestern Montana. llse&a, the Milk River Formation is overlain
by the Pakowki (Claggett) Formation and the thietlBRiver Group (Judith River Formation),
whereas in Montana the Judith River Formation diyexverlies the Milk River Formation
equivalents. The Milk River Aquifer is confined ate general groundwater flow is from south

to north, except in the vicinity of Cut Bank (FiEg) where it is directed to the south.

Cross-section D-D’ (Fig. 9b) is located in Albertiashows the gentle antiformal geometry of the
Milk River strata dipping eastward and westwardvadl as the overlap of the Alderson Member
to the east. The Milk River Formation is overlaig BO to 160 m of Pakowki(Claggett)

Formation and 20 to 200 m of Belly River Group (@udRiver Formation). Groundwater flows
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to the north (perpendicular to the cross-sectiam)plas well as to the east and west following the

aquifer elevation.

Cross-section E-E’ (Fig. 9b) is located in northétontana in the vicinity of the Sweetgrass
Arch axis. The large outcrop of the Colorado Graaipepresented. The Milk River Formation
equivalents dip to the east and to the west on biolls of the Sweetgrass Arch. The Claggett
(Pakowki) Formation is not present west of the Sgmss Arch, but it overlies the Eagle
Formation in the east. There are two subcrop aoédahe Milk River Formation equivalents
which correspond to the east and west outcrop bdesisribed above in the bedrock geological
map (Fig. 5a) and the Geological Section. Therefibwe Milk River Aquifer is under unconfined
conditions in these areas that represent rechangyesz Groundwater flow is directed to the south

(perpendicular to the cross-section plan), as asivest and east from the subcrop areas.

The illustration of the 3D unified geological modslcomplemented by several elevation and
isopach maps of some of the key geological uniitg. (F0). These maps are derived from the 3D
geological model which comes from the various sesirpreviously described in the “Data

Collection” section. The elevation of the top oé thilk River Formation (including Telegraph

Creek, Virgelle, Deadhorse Coulee and Alderson Mas)ds shown in Fig. 10a. The Milk River

Formation dips to the north, east and west fromaimerop area near the international border
following a semi-radial pattern. This pattern is\touous through the international border as the
Milk River formation dips to the east, south-eastl @orth from the Sweetgrass Hills and to the
west, in the area west of the Sweetgrass Arch.tdmef the Milk River Formation reaches about
1100 m at the border and decreases to 500 m indttkeern part of the study area, about 130 km

north of the border. Therefore, the average slsggound 4.7 m/km. In Montana, the dip of the
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Milk River Formation equivalents is more pronouricte top of the formation attains 1100 m
around the Sweetgrass Hills and drops to 550 rhareastern part of the study area, the average
slope is therefore 9 m/km. West of the Sweetgrash Athe top of the Milk River Formation
equivalents drops from 1150 m to 600 m in less th@rkm, so the mean slope is around 13
m/km. The thickness of the Milk River Formation gas from 0 to 140 m in Alberta and from 0

to 200 m in Montana. In the subcrop areas, thedtion is 0 to 60 m thick.

The elevation of the Virgelle Member top is shownFig. 10b. As the middle member of the
Milk River Formation, it follows the same dippingrdiguration. The unit thickness ranges
between 0 to 60 m in the study area. The Virgellem¥er thins towards the deposition limit,
which extends from the northwest corner of the wtacka to the east, near the international
border. The extent of the Alderson and Virgelle Ndens (Fig. 10c) are mutually exclusive
except for an overlapping area in the vicinity bé tdeposition limit of Virgelle where the
Alderson Member is 0 to 15 m thick. The Aldersonnmvber thickens to the north and east and

reaches a thickness of 95 m in the northeast cofrtee study area.

The Milk River Formation is confined by the overgi Pakowki/Claggett Formation which
follows the general semi-radial dip of the Milk RivFormation (Fig. 10d). The elevation of the
top of the Pakowki/Claggett Formation is about 90Morth of the subcrop area of the Milk
River Formation. It reaches an elevation of 550 ppraximately 120 km farther north. The
thickness of this unit ranges from 0 to 160 m;uhé thins from east to west.

The Claggett Shale is not present west of the Suast arch; it might not be present in the
south-west area close to the border in Alberta. Dude lack of data in the area where Claggett

wedges out, the contours are approximate.
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730 Fig. 10.Unified elevation contours of the top of severablggical units (left) and isopach maps
731 (right). The elevation reference is the mean seal lend the thickness is in metefhiese maps
732 are derived from the 3D geological model which cenfrom the various sources previously
733 described in the “Data Collection” sectiona) Elevation and thickness of the Milk River
734 Formation (including Telegraph Creek, Virgelle, Dbarse Coulee and Alderson Membels).
735 Elevation and thickness of the Virgelle Membe).Elevation and thickness of the Alderson
736 Member.d) Elevation and thickness of the Pakowki/Claggetniation.

737

738

739 Discussion

740

741 Changes and confirmations in the geological context

742 The cross-sections (Fig. 9) and the elevation angach maps (Fig. 10) corroborate previous
743 studies of the Milk River Aquifer. In particulahe semi-radial pattern of the elevation of the
744  Milk River Formation top shown in Fig. 10a is inragment with Meyboom (1960) and others in
745 southern Alberta. Besides, the unified 3D geoldgiwedel completes this observation by
746  showing that the semi-radial pattern continues imdxdhern Montana.

747

748 The 3D geological model represents the subcropsapédahe Milk River Formation near the
749 Sweetgrass Hills and near the international bongdbich are also traditionally well-documented.
750 However, the model also indicates two addition@csop areas on both sides of the Sweetgrass
751 Arch in Montana.

752
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This study represents the Alderson Member disgictdm the other three members of the Milk
River Formation, separated by a regional unconftytrfireviously, the interpreted gradual facies
change of the Milk River Formation was only conceyliiy represented but it was not included in

a 3D geological model.

Furthermore, the 3D unified geological model inesdhe area west of the Sweetgrass Arch in
Montana (zone 3). This area was little documentegrevious Milk River Aquifer studies. Yet,
this is an important area since it hosts the soesiwvn part of the Milk River Aquifer. Thus,
consideration of this zone allows a complete gdoligrepresentation of the aquifer. The
originality of the present work also lies in themesentation of the three members of the Milk
River Formation continuously across the internaioborder (especially the middle Virgelle
Member which is the Milk River Aquifer), as well #ee overlying and underlying strata. The 3D
geological model thus represents the natural limitshe Milk River Aquifer, not influenced by

jurisdictional boundaries.

Hydrogeological implications of the geological mode

The elevation contour maps and cross-sections ¢eosi better appreciation of the confined
conditions of the aquifer. The Milk River Formatidips to the north from the outcrop areas in
the Sweetgrass Hills and near the border in sontAtiyerta (zones 1 and 2). It dips to the south
and east in zone 3 and to the south and west ia 4o0Mhe Milk River Aquifer is therefore
confined throughout most of the study area by terlging Pakowki/Claggett Formations. The
recharge areas of the Milk River aquifer have beaditionally identified as the outcrop areas

near the border in southern Alberta and aroundStweetgrass Hills in Montana. However, the
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Milk River Formation and most importantly the VitlgeMember, subcrop also along both sides

of the Sweetgrass Arch in Montana (Fig. 4a; Fig, @&ich could also represent recharge areas.

The Milk River Aquifer is limited to the north, nbreast, and east by the erosional unconformity
surface which is overlapped by its lateral equinblthe Alderson Member. Since Alderson
Member is included in the Milk River Formation (@f@nell 2014; Payenberg et al. 2003) and its
upper part (Upper Alderson Sand) is water-beaiingas been included in the delineation of the
Milk River Aquifer in Southern Alberta by Printz @4). However, Printz (2004) did not
mention the presence of the Alderson Member, urecardbly incised into the older members of
the Milk River Formation. O’'Connell (2014) considdrthat the Milk River Aquifer consists of
two regional sand units within the Milk River Fortiea: the Virgelle Sand and the Upper
Alderson Sands. However, Alderson Member is mualmyger than the three other members of
the Milk River Formation (Payenberg et al. 200R)atldition, unlike the Virgelle Member which
is transboundary and continuous through the intenmal border, the Alderson member is not
present in Montana where its chronostratigraphigivedent is located south of the study area
(Payenberg et al. 2003). These differences lea gonsider the Alderson Member as distinct
from the other members of the Milk River Formatidmus, the present study limits the Milk

River transboundary aquifer to the transboundargéalie Member only.

The Milk River Aquifer is limited by the Medicine &t (Milk River) gas field hosted by the

Alderson Member, north, north-east and east ofsthdy area in Alberta. The Tiger Ridge gas
field located near the city of Havre (near the BeRaw Mountains in Montana) represents the
south-eastern boundary of the aquifer. In Albettia, Alderson Member represented in the 3D

model, overlaps the lower members of the Milk Risrmation. There is no equivalent
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relationship for the Eagle Formation which hosts Bearpaw gas field in Montana. For the
purpose of the 3D geological model, the Marias Risaised as the southern limit of the Aquifer
in Montana. Although the Milk River/Eagle Formatiextends farther south in Montana, the
Marias River physiographic limit has been chosethwespect to the future hydrogeological
model and considering the available data. The wedimit of the aquifer corresponds to the
westernmost area in which water wells have beerpteiad in the Virgelle Member. However,

the 3D geological model shows that Virgelle Memegists farther west around the longitude -
113° (Fig. 2). No water well is completed in thisitubeyond the proposed limit because the
aquifer is too deep (Stantec 2002). Thus, the wedétait of the aquifer was based on the extent
of Virgelle Member water wells.

This work provides a comprehensive geological frapr& supporting the development of a
conceptual model of the Milk River Aquifer. Howeyeather components of the conceptual
model still need to be assessed (groundwater-guri@ater interaction, discharge areas,
quantification of transboundary fluxes, geochemgjsetc). Further work will address these
components through the development of a unifiedrdygblogical numerical model of the

aquifer.

Model limitations

The amount of available data in Alberta is muchkigthan in Montana. In order to improve the
quality of the 3D geological model, collecting monesll log descriptions within northern
Montana would be necessary. Regarding the oversdilution of the regional model, the density
of geological data is less than 1 datum pef.kftcording to the classification of geological

models of Culshaw (2005), the geological model wdhus be of the “Overview” type.
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Simplifications were made concerning the Pakowlkg@ett volume in zone 4. Previous studies
described that the transgressive strata did nathréfae 119 meridian or wedges out in the
vicinity of Cut Bank (Stebinger 1917a; Russell 197The volume was not represented west of
the Sweetgrass Arch. A rough slimming of the voluwes manually edited from the outcrop
area of Pakowki in southern Alberta in zone 1 tasathe south in zone 3, just north of the
Virgelle outcrop. More geological data are neededhe northern part of zone 3 in order to
represent the Pakowki equivalent and its disappearan a more realistic way. Another
simplification was made in considering that theemaal between the top of the Belly River
Group/Judith River Formation and land surface idetlithe Bearpaw Formation (when present)

and surficial sediments.

The effort for unification of the Milk River Formianh across the international border implied
identifying its 3 constitutive members in zonesd & in Montana, where these members had not
previously been defined. This could be done moslyea zone 4 than in zone 3 thanks to the
correlation work of Payenberg et al. (2002). ThglE&andstone described by Feltis et al. (1981)
included the basal Telegraph Creek, Virgelle Mendet an upper part, just below the Claggett
Shale, which was equated to the Deadhorse Coutemiftnlle member of Eagle, following the
nomenclature of Payenberg et al. 2002). The uppanimer of Eagle described in Choteau and
Fergus Counties, Montana, does not exist in theystwea, according to its depositional area map

(Payenberg et al. 2003).

In zone 3, the absence of the Claggett/Pakowki Bbam makes the unification work more
complex. The Telegraph Creek and Virgelle Membeesewpositively described in well logs.

However, the overlying layers were included in Tveo Medicine Formation. Given the lack of
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data in that zone, it was decided to consider alaeet 75 m of the Two Medicine Formation as
the Deadhorse Coulee equivalent in zone 3, follgwire description of the Lexicon (WEBLEX
Canada 2013). However, isopach maps from O’Corfgell4) indicated that the thickness of the
Deadhorse Coulee was about 60 m at the borderthldlaness of the dummy Deadhorse Coulee
in zone 3 was thus reduced to 60 m close to thdebodabout 10 km north of the border) to be
consistent and continuous with O’Connell’'s datal@®0 The default thickness of 75 m was
applied in the remaining area of the geological eho@his default value is approximate and
might not reflect reality in all of zone 3. Howeuais is considered as an acceptable hypothesis

in this regional geological framework study.

The integration of georeferenced cross-sectiorthengeological model was valuable. It allows
verification of how representative the collectealggical data were, and the manual editing of
geological surfaces based on georeferenced croisfse compensates for the lack of data
encountered in some places (Fig. 8). This technigues particularly useful for the
Claggett/Pakowki and Belly River/Judith River suda. Cross-sections also show that the
hypothesis of equating the tops of Belly River, ®aki or Deadhorse Coulee to the bedrock
topography, where these formations outcropped, wadid. However, there is no cross-section
included in the model on the USA side. Cross-sastifrom the geological maps of the
Sweetgrass Hills and Cutbank’ 880 quadrangles (Lopez 2001; Berg 2002) did not show a
sufficient vertical exaggeration. Thus, the quatifythese cross-sections in northern Montana did

not allow their use for the development of the 3dlggical model.

The Upper Alderson Sands which form small lobatedshodies was not represented in the

model, due to the limitation of the modeling softecaHowever, this unit will be represented in
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the future hydrogeological FEFLOW model of the #&egui with distinct hydrogeological

properties from the Alderson Member.

Leapfrog Hydr§ was chosen mostly for its interoperability with FREDW. When using data of
various formats in Leapfrog HydPpthe geological model results in several geoldgicadels,
each with a specific data format, that are assaintdemake up the whole model. Yet, when
exporting the model from Leapfrog Hydrdo FEFLOW, only one geological model can be
selected for transfer into FEFLOW. This implies tlse of data of the same format (locations file

with X, Y, Z coordinates).

The area where the Alderson Member overlaps thedemembers of the Milk River Formation
was difficult to represent with Leapfrog Hydro basa many operations and manual editing were
necessary. Other software (such as Gocad) coul@ Ipaevided more flexibility for that
particular task. The geological model is dynammyrdata or editing of surfaces could be added

in an iterative model improvement process.

Conclusion and Perspectives

Geological data on both sides of the Canada/USAdyorere gathered and processed in order to
build a unified three-dimensional geological moatethe Milk River Aquifer.

The main contributions of this paper are:

-Our work allowed the unification of the stratighap framework of the Milk River

Transboundary Aquifer on both sides of the Cana8a/Uorder.
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-There is a more rigorous delineation of the extérihe Milk River Transboundary Aquifer, and

a better description of its characteristics (th&ssy geometry) following its natural boundaries
(not the jurisdictional boundaries).

-The 3D geological model provides a representatibthe three members of the Milk River

Formation (especially the Virgelle Member (Milk RivAquifer) and encasing units continuously
through the border.

-The 3D geological model also provides a descnipbb the geological boundaries of the Milk

River Aquifer, imposed by the regional structutes tegional unconformity in southern Alberta,
and the sealing effects of the adjacent gas fields.

-The 3D geological model also includes the repriediem of the gas-bearing Alderson Member
and the regional unconformity surface which separdt from the lower members of the Milk

River Formation.

-The implications of the geological model on theltogeological conditions of the aquifer have
been highlighted. The hydrostratigraphic role (&fguor aquitard) of each geological unit has

been shown.

This 3D unified geological model is a major compunef a unified conceptual hydrogeological
model of the Milk River Aquifer. It will form thedsis for the future development of a numerical
model of the Milk River Aquifer. The next stage timis study will be to propose a unified
hydrogeological conceptual model of the Milk Rivagquifer, including boundary conditions,
groundwater flow systems, and groundwater qualltye final stage will be to transfer the
geological model into FEFLOW that will be used tevdlop a numerical groundwater flow
model. This transfer of the geological model wilbar hydrogeological properties to be assigned

to each geological layer.
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