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ABSTRACT

The Upper Turonian to Santonian Upper Colorado Group in southern Alberta and
southwestern Saskatchewan, Canada consists of a 120 to 350 m thick shaly interval,
which prior to this study lacked a formal stratigraphic definition and subdivision. Using a
multidisciplinary approach this thesis resolves the gap in the stratigraphic record and
describes in detail the lithostratigraphy, sequence stratigraphy and paleoenvironments of
the Upper Colorado Group. The interval, which is defined by the older Carlile Formation
overlain by the Niobrara Formation, contains thirteen fourth order sequences with eight
facies and four facies associations. These sequences can be correlated across the basin
and demonstrate a complex sea-level fluctuations and basin infill history.

The Carlile Formation of Late Turonian age (30 to 160 m thick) is defined as the
lower part of the Upper Colorado Group conformably overlying the Second White Specks
Formation. The Carlile Formation represents the regressive part of the second order
Greenhorn Cycle and is characterized by non-calcareous shale with minor sandstone beds
and siderite concretions. The Formation is informally subdivided into a lower, middle and
upper members, which correlate with the Haven and Opabin members of the Blackstone
Formation and the Cardium Formation, respectively.

Sequences F1 to F7 are correlated within the distal marine Carlile Formation.
Low-angle clinoforms strata dominate the internal stratal pattern and sequence boundaries
are parallel to sub-parallel to one another. In the lower sequences, strata dip from west to
east whereas the upper sequences are dominated by strata that dip from east and west

towards the central part of the study area. This indicates a shift in sediment source from
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dominantly the west to both from west and east. The upper two sequences are truncated
by a major unconformity and indicate the maximum regression of the Greenhorn Cycle
creating a narrow seaway located in eastern Alberta and western Saskatchewan.

The Niobrara Formation (80 to 240 m thick) unconformable overlies the Carlile
Formation and is characterized as a partly calcareous to calcareous shale with intervals of
abundant bentonites and widespread fine-grained sandstones. The Formation represents
the transgressive part of the second order Niobrara cycle and is subdivided into the
bentonite-rich Verger Member, the sand-rich Medicine Hat Member and the calcareous
First White Specks Member. The Niobrara Formation consists of six sequences (F8 —
F13) which show a change in mega-scale stratal patterns from high angle in the lower
sequences of the Verger Member to low angle in the First White Specks Member.

The overlying Verger Member of Coniacian age represents a major flooding event
that created a broad and relative deep interior seaway. The Verger Member is also
characterized by a swarm of bentonite layers, which helps to delineate a high angle stratal
pattern on densely spaced wire-line logs and marks a distinct boundary with the
underlying Carlile Formation. This event is followed by two episodes of significant sea-
level falls and subsequent rise are characterized by two regional pebble-layers that form
regional onlap surfaces on detailed log cross-sections. These sequence
boundaries/flooding surfaces (sequence boundary of F8 and F9) indicate that most of
southwestern Alberta and northwestern Montana were subaerially exposed at that time.
The lowstand denosits associated with the two sequences are located in west central

Alberta in form of the coarse-grained Bad Heart Formation.
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The Medicine Hat Member of lower Santonian age consists of sequences F10 and
F11, which contain numerous fine-grained sandstones, that outline the moderate to low
angular stratal pattern. Sandstones were mainly deposited in a lower shoreface to outer
offshore environment on the flanks of the Bow Island Arch, and are widespread with
individual sandstones covering more than 3000 km?. Sandstones are found in all system
tracts, but are the thickest and the mosi widespread in highstand and lowstand deposits.
The paleoenvironment during the Medicine Hat time is best described as a shallow sandy
shelf.

The Upper Santonian First White Specks Member consists of the two sequences
F12 and F13 that have a very low angled stratal pattern dominated by shaly transgressive
and highstand system tracts. This member represents the period during the Upper
Colorado Group with the deepest water and most open shelf conditions. The sand-rich
Sweetgrass Member represents a lowstand system tract within the First White Specks
sequences to the northwest of the Bow Island Arch and illustrates that significant sea-

level fluctuation took place even during the Santonian deep marine phase.
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located on the cross-section I (figure 3-5). All seven sequences are present in the Deer
Creek OULCIOP. ....ciiiiiiii e, pages 218 and 219

Figure 3-17. Well 13-20-17-7W4 and a core cut on the boundary between the Carlile and
Niobrara  formations. The sedimentology, ichnology, geochemistry and
micropaleontology are shown beside the core and represent the upper part of sequence F6,
F7andlower part of F8......c..coiiiiiiiiiiii e, pages 220 and 221

Figure 3-18. Outcrop to subsurface correlation of the Niobrara Formation and equivalent
strata. Correlations illustrate the regional continuity of the two pebble layers in the upper
part of the Verger Member.............cooevnviiiniiiiiiiiiiiiiin, pages 222 and 223

Figure 3-19. a) Isopach map of the Niobrara sequence-set (F8 to F13) in southern Alberta
and southwestern Saskatchewan. The general sediment input direction is from the
southwest and south. b) Isopach map of sequence F8 from the lower part of the Verger
Member in southern Alberta. The sequences thin from southwest to east and northeast
and indicate a major sediment input from the southwest. ¢) Isopach map of sequence F9
from the upper part of the Verger Member with depo-center in the southeast. The stratal
pattern indicates a sediment input direction from the southwest (figure 3-5 and 3-8). ¢)
Isopach map of the two sequences F10 and F11 from the Medicine Hat Member. The
isopach shows a different pattern than the previous sequences F8 and F9 as the thickness
variations are limited and most of the two sequences are between 40 and 60 m thick. d)
Isopach map of sequences F11 and F12 of the First White Specks Member showing a
general thinning towards the east. This pattern is disrupted in the south by a thinning of
the two sequences over the Bow Island Arch. The general sediment input direction was'

from the WeSt. ..o, pages 224 and 225
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Figure 3-20. Cores and outcrop (Deer Creek) cross-section of the Carlile and Niobrara
formations. The section shows the correlation of the upper 6 sequences (F8 to F13) and
the lower sequences (F1 to F7) in the Deer Creek outcrop. The pebble layer at the lower
boundary of sequences F9 and F10 are illustrated with the logs and cores from location:
16-4-22-15W4, 8-36-24-13W4 and 6-3-24-13W4........ccoeveenenn.n... pages 226 and 227
Figure 3-21. Isopach maps of sandstones from sequences F9 to F11 from the upper
Verger Member and Medicine Hat Member. a) Isopach map of the three sandstones from
sequence F9; Verger 1, 2 and 3, which all are deposited in the highstand system tract. b)
Isopach map of the Medicine Hat sandstones 1, 1a, 2 and 4 in sequence F10. Medicine
Hat sandstones 1 and la are deposited within the transgressive system tract and are
elongated and orientated southwest-northeast. Medicine Hat sandstone 4 is an early
lowstand deposit. ¢) Isopach map of the Medicine Hat sandstones 3, 3a and 5 in sequence
F10. The sandstones 3 and 3a are deposited in the highstand systems tract and sandstone
5 is a late lowstand deposit. d) Isopach of the Medicine Hat sandstones 6 and 6a.
Sandstone 6 was deposited in the transgressive system tract and is composed of a south
and north portion. Sandstone 6a is a major sandstone orientated east-west and covers
most of southern Alberta below township 14. e) Isopach maps of Medicine Hat
sandstones 7 and 7a are both deposited in the transgressive systems tract. f) Isopach map
of the two major sandstones of the Medicine Hat Member; Sandstones 8 and 9. Medicine
Hat sandstone 8 was a highstand deposit, which might be connected to a shoreline in the
west (chapter IIT). Medicine Hat sandstone 9 in the east was a lowstand deposit and is the

main gas producing sandstone of the Medicine Hat Member................ pages 228 to 230
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Figure 3-22. Bio-event correlation between the cores 16-4-2215W4 and 13-20-17-7W4
helps the wire-line correlations on cross-section III (figure 3-7) and enhances to interpret
the stratal pattern of sequence F8............... .. pages 231 and 232
Figure 3-23. Core 16-4 22-15W4 is the most complete representation of the Niobrara
Formation and is a reference core in southern Alberta and southwestern Saskatchewan. It
also serves as type core for the Verger, Medicine Hat and First White Specks members
(chapter II). The sequence stratigraphic subdivision illustrates the upper five sequences of
the Niobrara sequence-set (F9to F13)............o .. pages 233 and 234

Figure 3-24 a and b. General east-west (a) and north-south (b) oriented stratal pattern of
the Carlile (F1 to F7) and Niobrara sequence-sets (F8 to F13). The diagram simplifies the
stratal patterns and shows major correlation trends and the differences in stratal patterns
between the two sequence-sets. The Carlile sequence-set is dominated by parallel to sub-
parallel sequence boundaries whereas the Niobrara sequence-set is more complex
showing a variety of high-angled and low-angled strata...................... pages 235 to 237
Figure 3-25 a and b. Variation in accommodation space and relative rates of sediment
input for the Carlile and Niobrara sequence-sets are illustrated in an east-west (a) and a
north-south (b) cross-section. To illustrate the changes in water masses through time, the
presence of planktic foraminifera is indicated as well. It is notable that through the Carlile
time no planktic foraminifera were found whereas especially the underlying Second
White Specks Formation, but also the overlying Niobrara Formation have an assemblage
of planktic foraminifera. The thick bentonite swarm overlying the formation boundary

between Carlile and Niobrara formations is also indicated................... pages 238 to 340
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Figure 4-1. Study area in southern Alberta, southwestern Saskatchewan and northern
MoONtANA. ...t pages 320 and 321
Figure 4-2. Stratigraphic chart showing the interval of the Carlile and Niobrara
formations and correlations to adjacent regions.............................. pages 322 and 323
Figure 4-3. A west-east representation of the stratigraphic framework of the Carlile and
Niobrara formations and regional correlations. The cross-section is based on regional
cross-sectionsinchapter Il..................co.ooooii i pages 324 and 325
Figure 4-4. Isopach map of the Carlile Formation in southern Alberta and southwestern
Saskatchewan. For well and outcrop location see figure 4-1. From (chapter
I e e pages 326 and 327
Figure 4-5. Isopach map of the Niobrara Formation and its members in southern Alberta
and southwestern Saskatchewan. For well and outcrop location see figure 4-1. From
chapter III. Contours are in meters above sea-level........................ pages 328 and 329

Figure 4-6. Regional structural map of the top Colorado Group in southern Alberta and
southwestern Saskatchewan. The major structural elements are also outlined in northern
Montana (after Lorenz, 1982).............coovvimeieieeeeeee pages 330 and 331

Figure 4-7. Schematic representation of the seven facies observed in the Carlile and
Niobrara formations. The facies are related to the energy regime of Clifton (1986) and
Ichnofacies from Pemberton etal., (1992)..................cooiiiii i, pages 332 and 333
Figure 4-8. Facies associations recognized in the Carlile and Niobrara Formations. Facies
association A: Upwards-coarsening parasequence (low to moderate energy). Facies
association B: Lower shoreface (moderate energy) with basal erosional surfaces

(high energy). Facies association C: Transgressive lag enclosed in shale and siltstone
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(episode of high energy enclosed in low energy sediments). Facies association D:
Distal lower shoreface to offshore (low energy). For trace-fossil assemblage see table
PSPPSRI pages 334 and 335
Figure 4-9. Outcrop section of the Carlile Formation in the Deer Creek outcrop on the
east side of East Butte, Sweetgrass Hills, Montana. From chapter III. Location of outcrop
is shown on figure 4-1 and sedimentological legend on figure 4-8....... pages 336 and 337
Figure 4-10. Core 13-20-17-7W4. Facies associations on the boundary between the
Carlile and Niobrara Formation in a distal setting. Location on figure 4-1 and legend on
fIgUre 4-8. ..o pages 338 and 339
Figure 4-11. Cores and outcrop cross-section from southern Alberta and northern
Montana. Lithology, TOC values and quantitative micropaleontological data are
illustrated. For description of facies association see figure 4-3 to 4-8 and the text. The
lithological subdivision is from chapter II, the sequence stratigraphic subdivision is from
chapter III. For wells and outcrop location see figure 4-1 and sedimentological legend see
figure 4-8.. ... o pages 340 and 341
Figure 4-12. Organic geochemistry of the Carlile Formation and the lower member
(Verger) of the Niobrara Formation. The Van Krevelen diagrams illustrate the
stratigraphic and paleogeographic changes in organic matter. From chapter
Ll e pages 342 and 343
Figure 4-13. Paleogeographic map from the Second White Specks Formation (Bloch et
al., 1993) (early Late Turonian) in the study area and the larger region of western Canada
and northwestern US. 1) Stott (1962), 2) Williams and Stelk (1975); 3) Lang and

McGugan (1987); 4) Kauffman (1984); 5) Schroder-Adams et al. (1996); 6) McNeil and
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Caldwell (1981); 7) McGookey et al. (1972).......ccceeveeeiieiniiiinnnn, pages 344 and
345

Figure 4-14. Paleogeographic map from the Lower Carlile Formation (Late Turonian) in
the study area and the larger region of western Canada and northwestern US. 1) Wall and
Rosene (1977); 2) McGookey et al. (1972); 3) Stott (1963); 4) Hattin (1975); 5) McNeil
and Caldwell, (1981); 6) Schroder-Adams et al. (2001); 7) Cobban et al. (1976); 8)
Brennan-Alpert (1998); 9) Cobban et al. (1994). 10) Caldwell et al. (1993). See legend on
figure 4-13.. .o pages 344 and 345
Figure 4-15. Paleogeographic map from the Upper Carlile Formation (Late Turonian) in
the study area and the larger region of western Canada and northwestern US. 1) Wall and
Rosene (1977); 2) Wright and Walker (1981); 3) Stott (1963); 4) Leckie et al. (1994); 5)
Gilboy (1993); 6) Park (1965); 7) McGookey et al. (1972); 8) North and Caldwell (1975);
9) Cobban et al. (1976); 10) Caldwell et al. (1993). See legend on figure 4-
D3 e pages 346 and 347
Figure 4-16. Paleogeographic map from the Verger Member (maximum transgressions)
of the Niobrara Formation in the study area and the larger region of western Canada and
northwestern US. 1) McNeil and Caldwell (1981): 2) Longman et al. (1998); 3)
McGookey et al (1972); 4) Stott (1962); 5) Stott (1963); 6) Wall and Rosene (1977y; 7
Plint and Norris (1991); 8) Cobban et al. (1976). See legend on figure 4-
D3, pages 346 and 347
Figure 4-17. Isopach maps of the Verger sandstones 1, 2 and 3 and Medicine Hat
sandstones 1, la, 2, 3, 3a. 4 and 5 in southern Alberta and southwestern Saskatchewan.

For well and outcrop location see figure 4-1. From chapter IIl............ pages 348 and 349
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Figure 4-18. Outcrop to subsurface correlation of the Niobrara Formation and equivalent
strata. The regional correlations illustrate the regional continuity of the two pebble layers
in the upper part of the Verger Member. For locations of outcrops and cores see figure 4-
1 and sedimentological legend on figure 4-8.........................._ . pages 350 and 351

Figure 4-19A and B. Organic geochemistry of the Carlile Formation and the Niobrara
Formation. From chapter I....................co.oooooo pages 352 to 354
Figure 4-20. Paleogeographic map from the Verger Member (maximum regressions) of
the Niobrara Formation in the study area and the larger region of western Canada and
northwestern US. 1} Cobban et al. (1976); 2) Plint and Norris (1991); 3) Donaldson et al.,
(1998); 4) McNeil and Caldwell (1981). See legend on figure 4-13......pages 355 and 356

Figure 4-21. Isopach maps of the Medicine Hat sandstone 6, 6a, 7, 7a, 8 and 9 in
southern Alberta and southwestern Saskatchewan......................... pages 357 and 358

Figure 4-22. Core 14-36-13-4W4. Facies associations of the Medicine Hat Member in
southeastern Alberta. Modified from chapter II. For well and outcrop locations see figure
Aol e pages 359 and 360
Figure 4-23. Core 10-28-15-3W4. Illustration of the facies association (A) of the upper
part of the Medicine Hat Member in southeastern Alberta. For well and out;:rop location
see figure 4-1. From chapter IIL......................................... pages 361 and 362

Figure 4-24. Core 6-8-26-19W4. Facies association of the upper part of Medicine Hat
Member (sandstone 8) and the First White Specks and Sweetgrass members. For well and
outcrop location see figure 4-1. From chapter Il........................... pages 363 and 364
Figure 4-25. Relative distribution of the micropaleontology assemblage and TOC in

southern Alberta and southwestern Saskatchewan. Paleontological content is subdivided
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into nannofossils, agglutinated foraminifera, calcareous benthic foraminifera and planktic
foraminifera. The TOC values are an average for the entire Medicine Hat Member, or as
much as the individual cores have recovered of the member (see appendix in chapter
) TSR pages 365 and 366

Figure 4-26. Core cross-section in southwestern Saskatchewan of the upper part of the
Medicine Hat Member and First White Specks Member. Modified from Nielsen and
Schroder-Adams (1998)........ceonieiiiiiie e, pages 367 and 368

Figure 4-27. General paleogeographic map from the Medicine Hat Member of the
Niobrara Formation in the study area and the larger region of western Canada and
northwestern US. 1) Plint (1991); 2) Cobban et al. (1976); 3) Medioli (1999); 4) Wall
(1967a); 5) McNeil and Caldwell (1981); 6) Gilboy (1987); 7) McGookey et al. (1972).
Seelegendonfigure 4-13...........iiiiiiii e, pages 369 and 370
Figure 4-28. Detailed paleogeographic map of the lower sequence (F10) of the Medicine
Hat Member of the Niobrara Formation (chapter III). For isopach maps of the individual
sandstones see figure 4-17...........oooiiiiiin e, pages 371 and 372
Figure 4-29. Detailed paleogeographic map of the lower sequence (F11) of the Medicine
Hat Member of the Niobrara Formation (chapter III). For isopach maps of the individual
sandstones see figure 4-21..........ooiiiiiiiii e pages 373 and 374
Figure 4-30. Wire-line cross-section of the Medicine Hat and First White Specks
members in southwestern Saskatchewan. Note that the well, 8-7-15-28W3 illustrate the
increased thickness of the Medicine Hat Member in the Medicine Hat Syncline. The
Medicine Hat sandstone 9 is relatively thick with up to 12 m in Saskatchewan. However,

the sandstone is generally more shaly and contains more white specks laminar than
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observed on the Alberta side. (modified from Nielsen and Schréder-Adams, 1998). Well
location on figure 4-26..........coccoiininiiimi e, pages 375 and
376

Figure 4-31. Paleogeographic map of the First White Specks Member of the Niobrara
Formation in the study area and the larger region of western Canada and northwest US 1)
Wall (1967a); 2) McNeil and Caldwell (1981); 3) Longman et al. (1994); 4) Park (1965);
5); North and Caldwell (1975). See legend on figure 4-13............... pages 377 and 378
Figure 4-32. Densely spaced resistivity log correlation of the Carlile and Niobrara
formations in southeastern Alberta and southwestern Saskatchewan. The two cross-
sections illustrate the Medicine Hat Syncline in cross-sections and its
distribution. ..........ooiiuiiiii e pages 379 and 380
Figure 4-33. Repeated events in Late Cretaceous time in southern Alberta and
southwestern Saskatchewan. The four events are: 1) The silty and sand-rich Belle Fouche
Formation sharply overlain by the Second White Specks Formation with abundant
bentonites (Schroder-Adams et al., 1996); 2) The general upwards-coarsening of the
Carlile Formation abruptly overlain by the bentonite enriched and shaly Verger Member
(this study); 3) The sand-rich Medicine Hat Member overlain by the calcareous shale of
the First White Specks Member which have numerous thin interbedded bentonites (this
study). 4) The sand-rich Milk River Formation overlain by the Clagget shale with

numerous and thick bentonites (Payenberg, 2002)......................... pages 381 and 382
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