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ABSTRACT

Winnipegosis reef complexes probably consist of coalesced
buildups, 75 to 100 m thick. They occur on a platform, 10 to
15 m thick. Basin sediments, 10 m thick, surround the

complexes.

Six facies are identified: 1) platform (lower and upper
platform subfacies); 2) buildup interior; 3) buildup flank
(laminated, bioturbated, cemented subfaciesg):; 4) organic rim;

5) stromatolite cap; 6) basin (Brightholme, Ratner Members).

Diagenesis occurred in four diagenetic environments: 1) open
marine; 2) subaerial/meteoric; 3) restricted marine/shallow
subsurface; 4) deeper subsurface. Fibrous cements occur in the
cemented subfacies. Calcrete horizons with pendant cements
formed in the stromatolite cap facies. All sediments are

dolomitized.

Isotopic data suggest that dolomitization occurred in the
restricted marine and shallow burial environments in fluids
derived from normal to slightly hypersaline Middle Devonian
marine waters. Dolomitizing fluids derived from either the
mechanical compaction of encasing evaporites or deeper

formation waters were probably funnelled into the buildups.
Minor fracturing and calcite cementation occurred in the

deeper subsurface. Dedolomitization and calcitization of

evaporites probably occurred at greater depths.
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RESUME

Le complex de recifs du Winnipegosis consiste probablement en
une agglomeration verticale de 75 a 100 m d'epaisseur. Ces
agglomerations de recifs se retrouvent sur une plateforme de
10 & 15 m d'epaisseur. Le complex est entoure de sediments

basinaux de 10 m d'epaisseur.

Six faciées sont identifies: 1) plateforme (sous-facies a la
base et au sommet de 1la plateforme), 2) 1'interieur de
l'agglomeration de recifs, 3) les flancs de 1'agglomeration de
récifs (sous-facies lamines, bioturbes et cimentes), 4)
pourtour organique, 5) chapeau superieur stromatolique, 6)

basin (Membres de Brightholme et Ratner).

La diagenése est present dans quatre environments
diagénétiques: 1) mer ouverte, 2)subaeérier/meteoritique, 3)
sous surface profond. Les ciments fibreux (columnaires) sont
presents dans le sous-facies cimente. Les horizons de caliche
presentants des ciments pendulaires se forment dans le chapeau

superieur stromatolique. Tous les sediments sont dolomitises.

Les donnees isotopiques suggérents que la dolomitisation se
produisit dans des environments marins et d'enfouissecment peu
profond a méme des fluides puises des eaux Devoniennes de
saliniteé normale a quelque peu hypersaline. La compaction
mecanique des sequences evaporitiques superieurs a
probablement servi a acheminer les fluides a l'agglomeration

de réecifs.

U.:e fracturation mineure ainsi qu'une cimentation de calcite
sont preésentes dans des environments d'enfoulssement plus
profond. La dédolomitisation ainsi que la calcitisation des
sequences evaporitiques sont presentes beaucoup plus

profondement.
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CHAPTER 1. INTRODUCTION AND GEOLOGICAL FRAMEWORK

This research project investigates the sedimentology and
diagenesis of the Winnipegosis Formation in Dawson Bay,

Manitoba.

1.1 OBJECTIVES

1. Identify and describe the major lithofacies.

2. Interpret the depositional history of the carbonate
buildups and related basin facies.

3. Investigate sedimentological evidence for sea level
fluctuations during Winnipegosis time.

4. Describe and interpret the diagenetic textures.

5. Determine the potential sources of dolomitizing fluids, and

suggest possible mechanisms of dolomitization.

1.2 LOCATION OF THE STUDY AREA

The Dawson Bay area occurs at the north end of Lake
Winnipegosis in central Manitoba (Fig. 1) . Specifically, the
study area is situated between latitudes 52°45'N and 53°15'N,
and longitudes 100°30'W and 101°15'W on NTS map sheets 63C and
63F (scale 1:250 000); between townships 43 and 28, and ranges

21 and 25 west of the Prime Meridian.

1.3 PREVIOUS STUDIES

The first detailed investigation of the Winnipegosis outcrop
belt was undertaken by J.B.Tyrrell in 1888 and 1889. He
described the dolostone exposures in Dawson Bay, and assigned
them to the Winnipegosan Formation (Tyrrell, 1892). While
working with Tyrrell, Whiteaves (1892) collected and
identified many fossils including the pentamerid,

Stringocephalus burtini - an index fossil that confirmed the

1



Index map of Prairie Prcvinces showing location ot
Dawson Bay, Lake Winnipegosis, Manitoba

B = , ¥
Tm— JOLTH\'ET_TFRBI_TOBES_ - - moweREs
C ;}uxs KTHABASCA ' HUDSON'S BAY
| l CHURCHILL
|
VAR
/ AN
559
WINNIPEG /
(
\
=
4
E
| =
K O REGINA l NANLI?Sgk ‘ {)_0,
ll l OWINNIPEG ‘
T — — .t _1_ CANADA ____ __._‘L_.u-— -
5 Usa Z usa g
Fig. 1



Middle Devonian age of these rocks.

Baillie (1951) provided a detailed account of the
sedimentology and paleontology of the Winnipegosan bioherm
(klintar) facies in Dawson Bay. In addition, he proposed a
revised classification of Devonian rocks in the Elk Point
Group, and changed the name of the Winnipegosan Formation to

the Winnipegosis Formation (Baillie, 1953, 1955).

Jones (1964, 1965) subdivided the Winnipegosis Formation into
lower and upper members corresponding to the platform and
reefal sediments. Carbonate laminites, named the Ratner
Member, were restricted to interreef areas, and were
interpreted to be facies equivalent to the carbonate buildups

(Wardlaw and Reinson, 1971).

Kendall (1975) recognized the interbedded nature of the 'off-
reef' bituminous laminites and 'reef' derived detritus on the
foreslope facies of carbonate banks in Saskatchewan. He
suggested that the evaporitic Ratner beds represented the
basal sediments of the Prairie ©Evaporite Formation.
Furthermore, he proposed that these sediments were not facies

equivalent to the buildups but, in fact, postdated them.

In a useful regional study, Norris et al. (1982) incorporated
considerable drill hole and outcrop data, and provided a
general overview of the stratigraphic and sedimentological
history of the Devonian outcrop belt. In addition, a

systematic report on the conodont paleontology was included.

McCabe (1986) assembled the latest of a series of field trip
guidebooks to the outcrop belt, in which recent core data has
helped clarify stratigraphic relationships between 'reef' and
'off-reef' sediments. Also, the guidebooks provide: 1) a

useful overview of the stratigraphic relationships between the

3
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Winnipegosis Formation and younger Devonian beds; and 2) a

general description of buildup and basin sedimentology.

Since the recent o0il discoveries 1in Saskatchewan, the
Winnipegosis buildups in Saskatchewan, Manitoba and North
Dakota have received considerable attention from geologists.
Sedimentological models outlining buildup development in the
different regions have been published: for example,
Saskatchewan (Martindale and Orr, 1987; Martindale and
MacDonald, 1989), Manitoba (Teare, 1987; Rosenthal, 1988) and
North Dakota (Perrin, 1982; Ehrets and Kissling, 1987; Precht,
1987).

1.4 METHODS AND PROCEDURES

During the summers of 1986 and 1987, seven weeks were spent
logging, photographing and sampling 1700 metres of diamond-
drill core from 21 wells of Winnipegosis buildup, platform and
basin sediments at the Manitoba Department of Mines core
facility, University of Manitoba, Winnipeqg (Fig. 2). Six drill
cores of Winnipegosis sediments were studied from outside the
study area: the Cameron Bay basin well, (M-3-73), situated 20
km to the northeast; the Overflow Bay wells, M-6-78, M-7-73,
situated 20 km to the north; the Gunnlaugson limestone
buildup, (M-5-87), and the Meadow Portage basin well, (M-5-
76), are respectively located 250 km and 150 km southeast of
Dawson Bay:; and the Home 0il Macoun well, 14-35-04-10W2,
located in the southeast corner of Saskatchewan. Core was
provided courtesy of the Manitoba Department of Mines and Inco
Ltd. The Home 0il Macoun well core was sampled for carbon,
oxygen, and strontium isotope analysis. In August 1987, three
weeks were spent undertaking detailed sedimentological mapping

of the Winnipegosis exposures in Dawson Bay.
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in Manitoba and Saskatchewan
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Two hundred and fifty petrographic thin sections were made to
study sedimentary and diagenetic textures. All thin sections
were stained with Alizarin Red S and potassium ferricyanide
using the technique outlined by Dickson (1965). Selected thin
sections were studied under cathodoluminescence at McGill
University. Six specimens were analyzed for strontium isotope
composition at McMaster University by Professor R.McNutt.
Forty three specimens were analyzed for carbon and oxygen

isotope composition at the University of Michigan by Professor
K. C.Lohmann.

1.5 REGIONAL GEOLOGIC FRAMEWORK

Winnipegosis buildups are scattered throughout the southern
half of the Middle Devonian Elk Point Basin. The basin extends
from the Northwest Territories, across the prairie provinces,
and into North Dakota (Grayston et al., 1964). 1t is bounded
by the Presqu'ile Barrier to the northwest, the Peace River
Arch and West Alberta Ridge to the west, the Black Hills
Uplift to the south, and the craton to the east (Fig. 3). The
exact distance to the eastern limit of the basin is uncertain
as all stratigraphic evidence has been eroded away. However,
McCabe (1967) demonstrated that the depositional strike of the
Winnipegosis fringing shelf was abruptly truncated at right
angles by the northwesterly trending erosional edge indicating
that the basin margin must have occurred a considerable
distance to the east (Fig. 4)
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NOTE 1) the Birdtall-Waskada Aus represents the boundary zone between
the Supernor and Churchill crustal plates
2) the truncatton of the Winnipegosis 1sopach by the erosional edge
(modified after Norris et al, 1982) indicates that the basin may have
extended some distance eastward prior to erosion
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The basin is divided into several subbasins in which carbonate
shelf and buildup sediments were deposited contemporaneously.
To the northwest, the Black Creek basin contains the
hydrocarbon producing Keg River and Zama carbonate buildups
(e.g., Schmidt et al., 1985). In general, Winnipegosis
buildups are located in the Saskatchewan subbasin limited by
the Meadow Lake Escarpment to the north and the
Transcontinental Arch (Black Hills Uplift) to the south. The
Dawscn Bay exposures of the Winnipegosis buildups occur on the
northern flank of the preserved portion of the subbasin (Fig.
3).

1.6 REGTONAL TECTONICS

The well defined western edge of the Winnipegosis fringing
bank falls on the projected boundary of the Birdtail-Waskada
Axis, between the Churchill and Superior crustal plates (Fig.
4) (McCabe 1986). Furthermore, the Dawson Bay and Swan River
'reefal' complexes occur along this zone. Structural flexure
across the zone may have controlled the inception and

orientation of the Dawson Bay buildups (Norris et al., 1982).

1.7 REGIONAL STRATIGRAPHY

The general stratigraphy of the Elk Point Group is outlined in
Figure 5. The red dolomitic shales of the Ashern Formation
represent the basal deposits of a transgressive event which
flooded the Elk Point Basin in the Eifelian. These deposits
are conformably overlain by the Winnipegosis Formation which
is divisible into four members: the platform sediments of the
Lower Winnipegosis Member, the buildups of the Upper
Winnipegosis Member, the basinal bituminous mudstones of the
Brightholme Member and the basinal bituminous laminites,
dolomitic mudstones and calcitized evaporites of the Ratner

Member. The term 'Brightholme Member' was informally applied

9
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to the bituminous mudstones in Saskatchewan (Kendall, pers.
comm., 1988). In the study area, the evaporites of the Prairie
Evaporite Formation have been dissolved causing the structural
collapse of younger Devonian formations on top of the
underlying Winnipegosis. The Frasnian Souris River Formation
outcrops in structurally low areas that correspond to the
Winnipegosis 'interreef' or basin environments. The Dawson Bay
Formation is preserved draping over the underlying
Winnipegosis Formation. The gently rolling topography in the
field area is attributed to this doming of the Dawson Bay

limestones by the Winnipegosis buildups.

1.8 DEPOSITIONAL FRAMEWORK OF THE DAWSON BAY BUILDUPS

The buildups in the Dawson Bay area are 75 to 100 m thick, and
are situated 250 km north of the fringing shelf (Fig. 4)
(McCabe, 1986). Because of the uniformity of buildup
thicknesses and a regional dip of only 1.8 m/km, 'reef-
supported' structural highs and 'interreef' structural lows
are readily defined 1n outcrop and from core (McCabe
pers.comm., 1986; Norr's et al., 1982). Subsequently, at least
two 'reef' complexes, the Red Deer River Complex and the Salt

Point Complex, may be mapped in the outcrop area (Fig. ?2).

A second important inference can be made if the Dawson Bay
buildups are of uniform hei‘ht (McCabe, 1986) . AsS
Winnipegosis exposures on the 1slands of Dawson Bay are traced
up regional dip to the northeast, each outcrop corresponds to
sections that become stratigraphically lower within the
buildup succession. To the southwest, the Steeprock Bay Dome
1s the stratigraphically highest buildup exposure, whereas
Mason Island represents the most up-dip, and stratigraphically
lowest buildup exposure to the northeast (Fig. 2).
Extrapolation of the regional dip would place the base of the

Mason Island section about 25 m above the platform (McCabe,

11




1986).

From the data available, it is not possible to determine the
original size, shape or extent of the 'reef' complexes with
certairty. Horizoncal beds of the Dawson Bay Formation on the
Salt Point Complex suggest that the underlying Winnipeqosis
buildups are flat topped (McCabe 1986). Other outcrop
exposures, such as the Bluff, appear to be separated from the
main complexes and may represent more simple buildups.
Possibly, the 'reef' complexes began as groups of individual
accumulations of shoaling sediments. During buildup
development, the lateral accretion of flank sediments caused
individual buildups to merge to form larger single complexes

on the order of a few kilometres across.
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CHAPTER 2. SEDIMENTOLOGY

2.1 INTRODUCTION

The petrologic and petrographic characteristics of
Winnipegosis depositional units are outlined under six
environmental facies: platform, interior, flank, organic rim,
stromatolite cap, and basin. The platform facies is subdivided
1into the lower and upper platform subfacies. The flank facies
is subdivided into three subfacies: laminated, bioturbated,
and cemented. The basin facies 1s subdivided into two
subfacies that correspond to the Brightholme and Ratner

Members (Fig. 6).

This chapter includes a summary of the sedimentological data,
an outline of platform, buildup and basin sedimentation, and
a discussion of sea level fluctuations during Winnipegosis
time. The sedimentology plates appear at the end of the

chapter.

The term 'buildup' refers to the thick accumulations of
carbcnate sediments above an underlying platform (Plate 1A).
The terms 'reef!' or 'pinnacle-reef' were considered
inappropriate because of the relative paucity of organic
framework in individual buildups. Nevertheless, the term 'reef
complex' 1s used to describe the larger agglomerations of
buildups. All figures outlining buildup development are
schematic, and do not represent the cross sectional profile of
any one buildup or —complex. Diagrams outlining the
stratigraphy and sedimentology of all logged cores and outcrop

sections occur 1n Appendices 3 and 4.

Winnipegosis rocks were classified following Dunham (1962) and
Embry and Klovan (1971). Microfacies analysis was carried out
following schemes by Wilson (1975) and Flugel (1982). Fossils

13
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were identified from compendiums of photomicrographs and their
descriptions by Horowitz and Potter (1971) and Scholle (1979).

2.2 CARBONATE PLATFORM

The regionally extensive platform facies of the Lower
Winnipegosis Member 1is observed in all drill cores which
penetrate the entire Winnipegosis Formation; it is not exposed
in outcrop. In the study area, these sediments are completely
dolomitized, and are differentiated into lower and upper

platform subfacies.

2.2.1 Lower Platform Subfacies

The lower platform subfacies underlies both buildup and basin
sediments (Fig. 7). It 1s relatively uniform in thickness,
ranging from 10 m to 12 m. Predominantly, the sediments are
comprised of mottled crinoid wackestones and packstones.
Brachiopods are common, and ostracods and bryozoans occur in
minor amounts. The light coloured mottles are surrounded by a

darker brown, finely crystalline mud.

2.2.2 Upper Platform Subfacies

The upper platform subfacies overlies the lower platform
subfacies, and varies in thickness from 3 to 5 m beneath
buildups and 0.5 to 1.0 m beneath basin sediments (Fig. 7).
Beneath the buildups, these sediments are comprised of brown
crinoid packstones (Plate 1B). Beneath the buildup flank
sediments, stromatoporoid floatstones and wackestones contain
abundant black bituminous wisps of preserved organic matter
incorporated 1into the rock matrix by bioturbation (Plate 1C
and D).
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2.3 CARBOWATE BUILDUP

Carbonate buildups, 75 to 100 m thick, are comprised of four

facies: Interior, Organic Rim, Flank, and Stromatolite Cap.

2.3.1 Interior Facies

The interior facies represents the first 35 to 45 m of buildup
development, and are best observed in outcrop on Mason and
Rock islands (Figs. 2, 8). In outcrop, this facies is well
bedded with individual beds varying in thickness from a few
centimetres to 1.5 m (Plate 2A). The beds are comprised of
fossiliferous and pelleted wackestones and floatstones. The
dominant fossil types are whole (non-fragmented) bryozcans,
crinoids and calcareous algae with lesser amounts of branching

corals (Thamnopora), sponges, brachiopods and ostracods (Plate

2B). Scattered fragments of massive corals and stromatoporoids
represent less than 5% by volume of the total bulk of the

interior facies.

From the study of outcrop exposures, the significant role of
bryozoans as sediment stabilizers was recognized for the first
time. Extensive meadows of densely concentrated bryozoans
cover exposed bedding surfaces (Plate 2C). The delicate
fenestellids, several centimetres in length, are preserved
lying flat. In cross section, the fine texture of the
fenestellid zooecial apertures are impossible to identify
especially when dolomitized. In core, the viszible fossil
fragments are easily mistaken for the debris of thin shelled

brachiopods or tabular and dendritic stromatoporoids.

In addition to bryozoans, crinoids and branching corals are
common sediment stabilizers in the interior facies. The
concentration, degree of articulation and diameter of crinoid

stems increase toward the buildup cores. On the interior
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facies margins, the stems are completely disarticulated, and
individual columnals (2 to 5 mm diam.) are randomly scattered
throughout the crinoid wackestones. In the central interior
facies, the stems are more intact (up to 10 to 15 cm long),
and vary from 0.5 cm to 1.5 cm in diameter (Plate 2D).

Calcareous algae are also significant fossil components, but
dolomitization can obscure their fine textural detail.
Furthermore, algal remains are often observed as a hash of
filamentous debris. The dominant algae are the large and
robust members of the Udoteacean Family; e.g., Paralitanaia
(Plate 3A). Observed in lesser amounts are: the encruster,
Wetheredella (Plate 3B); the binder, Sphaerocodium (Plate 3C):
and the floater, Tentaculites (Plate 3D).

The identification of sponges is made difficult by poor
preservation. However, the reticulate pattern of the internal
structure of sponges is often associated with a black micritic
and clotted fabric in the fossiliferous floatstones (Plate
4A). In addition, the molds of sponge spicules are sometimes
preserved (Plate 4B).

In addition to the sediment stabilizing roles of bryozoans,
crinoids and calcareous algae outlined above, early submarine
cements may feature importantly in the construction of the

buildups (see Chapter 3).
2.3.2 Organic Rim Facies

In the ecological succession of Winnipegosis faunal
communities, the large framebuilding organisms only appear in
abundance toward the top of the buildups (Fig. 9). Massive,
tabular and encrusting stromatoporoid and massive coral
framestones are readily recognized in situ throughout the

upper ten to fifteeen metres of the buildup outcrop exposures,
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(Rock Island, Simons Island and the Bluff, Fig. 2). In core,
the overall abundance of framebuilding organisms appears less

than in outcrop. In small core specimens, it is difficult to

determine whether the framebuilders are in situ or disturbed.

The principal massive coral species are Favosites (Plate 4¢),

Dendrostella (Plate 4D), Alveolites (Plate 5A), and

Syringopora (Plate 5B). In addition, the enigmatic tabulate

coral/sponge species, Chaetetes, is particularly common (Plate
5C) . Stromatoporoids are common throughout (Plate D). Crinoid
floatstones and rudstones are present 1i1n considerable
quantities. A large variety of other organisms are also
observed such as branching and encrusting corals (Plate 6A),
brachiopods, nautiloids (Plate 6E), orthocones, gastropods,
trilobites and solitary corals. Udoteacean algae and bryozoans
are absent.

2.3.3 Flank Facies

The flank facies is divided into three subfacies: 1. Laminated
subfacies; 2. Bioturbated subfacies; 3. Cemented subfacies
(Fig. 10). The Steeprock Bridge Dome well profile demonstrates
the stratigraphic relationship between the laminated and
bioturbated subfacies (Fig. 11). In addition, these subfacies

occur together in cores 47-76-2 and 47-76-14.
2.3.3.1. Laminated Subfacies

The laminated subfacies varies from 1 to 35 m in thickness,
and thins toward the interior facies (Fig. 11). It contains
dolomitized bituminous laminated mudstones (0.1 to 1.0 m
thick) interbedded with crudely graded beds of dolomitized,
light brown mudstones, and fossiliferous wackestones and
floatstones (0.25 to 1.0 m thick) (Plate 6C). The 1nternal

stratification of these facies increases in dip from 2 to 5
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degrees at the base to 30 to 35 degrees at the top (Fig. 11).

The wackestones and floatstones contain variable amounts of
finely comminuted and unidentifiable fossiliferous debris and
larger clasts of massive stromatoporoids, branching corals,
calcareous algae, brachiopods, bryozoans and crinoids. The
long axes of elongate clasts are frequently orientated down-

slope.

The bituminous mudstones are black and very finely laminated.
The individual laminations are rarely interlaminated with

stringers of light brown mudstones. Rare burrows are present.

2.3.3.2 Bioturbated Subfacies

The bioturbated subfacies varies in thickness from 8 m to 40
m, and thickens toward the interior facies (Fig. 11). They
consist of light brown mudstones and fossiliferous
floatstones. The fossil content includes fragments of the

branching and colonial corals, Thamnopora, Favosites, and

Dendrostella, and tabular and bulbous stromatoporoids,

calcareous algae, crinoids and abundant brachiopods (Plate
7A) .

In outcrop (e.g., the Bluff), these weather-resistant
sediments form massively bedded cliffs. Dips of the external
stratification of the buildup flanks range from 5 to 20
degrees (e.g. McCabe, 1986).

2.3.3.3 Cemented Subfacies

Information concerning the cemented subfacies is based on a
single core, M-18-77, that penetrates 80 m ot Upper
Winnipegosis buildup facies and 10 m of Lower Winnipegosis

platform facies (Fig. 11). The lower 50 m of the Upper
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Winnipegosis section is comprised of 3 to 5 m intervals of
dolomitized fossiliferous grainstones interbedded with thinner
units of floatstones and mudstones. This interval 1s overlain
by a 30 m interval of bioturbated subfacies sediments. In the
grainstones, the principal fossil type 1s the Udoteacean

calcareous alga, Paralitanaia. Coral and stromatoporoid

debris, brachiopods ostracods and various enera ot
1

calcareous algae also occur.

Significantly, dolomitized submarine fibrous cements fill the
intergranular porosity in the grainstones (Plate 7B). Although
scattered occurrences of similar cements are observed filling
shelter porosity in the interior facies, this relatively thick
interval of cemented dgrainstones appears to be local in
extent. The M-18-77 drill hole is from an isolated buildup
close to the western margin of the Red Deer Rive: reef complex
(Fig. 2, Drillhole #1). However, the exact location ot the
hole with respect to the different buildup facies 1is

uncertain.
2.3.4 Stromatolite cap Facies

The stromatolite cap facies is well exposed in outcrop at the
Steeprock Bay Dome cliffs and in core (e.qg., Inco 635-46, Inco
635-48, M-2-84, M-3-84) (Fig. 9). It represents a 5 to 10 m
thick interval of strata that overlies the organic rim tacies
at the top of the buildups; it thins rapidly down the buildup
flanks, and is rarely observed low on the {lank facies. The
strata are laminated, and contain a distinct fenestral texture
(Plate 7C and D). The rocks consist of dolomitized, white to
light brown, peloid oncolite grapestone packstones and
grainstones (Plate 8A). Laterally 1linked ‘'cabbage head!
stromatolites are common ({Plate 8B). The calcareous algae

Uslonia, Calcispheras, Biospheras, and Parathurammina, are

present in abundance (Plate 8C and D). Gastropods, brachiopods
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(the pentamerid index fossil, Stringocephalus burtini is

particulalry common) and sponges are scattered throughout the
sediments. Lenses of chaotically arranged bioclastic debris
(e.g. brachiopod, coral, gastropod) are interlayered with the

fenestral beds.

laterally extensive horizontal truncation surfaces (can be
traced for at least 10 m) are periodically interlayered with
the fenestral strata. They are covered by thin beds (0.05 to
0.10 m thick) of grey, very finely cross laminated mudstones
that pinch and swell around lenses of bioclastic debris (Plate
8B). In core, these surfaces are associated with thin
intervals of peloids, composite and coated grains, and
oncolite breccias interbedded with stringers of dolomitic

green shale (Plate 9A and B).

The bulk of the stromatolite cap facies consists of thick beds
(0.5 to 1.5 m) of fenestral grainstones. Horizontal elongate
lobes (upto 2 m loung, 0.1 to 0.15 m wide) of grey mudstone,
and boulder-sized, angular, rip-up clasts of fenestral
grainstones (teepee structures) occur throughout the fenestral

strata (Plate 9C).

Pisolites (1.0 to 1.5 cm diam.) occur rarely throughout the
fenestral grainstones. They are often connected 'in series' by
common laminations (Plate 9D). Horizontal intervals of cream
and brown coloured calcrete, 0.10 to 0.50 m thick, are
distributed intermittently throughout the upper 4 m of the
fenestral strata in the Steeprock Bay Dome outcrop. Calcrete
consists of thin plates, crusts and glaebules (Plate 10A)
(Chapter 3).

2.4 BASIN

The basin environment refers to all deeper water environments
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that occur between the reef complexes. Basin sediments are
divided 1into two distinct members of the Winnipegosis.
Formation, the Brightholme Member and the overlying Ratner
Member. The total thickness of these deposits is approximately
10 m (Fig. 11). Basin sediments do not outcrop, and can only
be studied in core (M-3-73, M-5-76).

2.4.1 The Brightholme Member

The Brightholme Member is 5.0 m thick, and lies directly above
the upper carbonate platform subfacies (Figs. 10, 11). It
consists of horizontal, finely laminated bituminous mudstones
identical to those that occur interbedded in buildup-derived
carbonate debris flows in the flank facies (Plate 10B). These
sediments contain up to 6% TOC, and are thermally immature

(Osadetz, pers.comm., 1988).
2.4.2 The Ratner Member

The Ratner Member is 5.0 m thick, and lies directly above the
Brightholme Member (Fig. 10, 11). The lower Ratner sediments
are comprised of varved bituminous laminites intercalated with
thin intervals (1.0 to 3.0 mm thick) of brown dolomitic
mudstones (Plate 10C). Sediments in the upper part of the
Ratner contain calcitized enterolithic horizons (1.0 to 2.% mm
thick) interbedded with dedolomitzed mudstones and laminites
(Plate 10D)

Ratner sediments are overlain by at least two genetically
unrelated solution breccias and the shales of the Second Red
Beds (Figs. 5, 11). The evaporites of the Prairie Evaporite

Formation have been completely removed by solution.
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2.5 SUMMARY

1. The carbonate platform of the Lower Winnipegosis consists
of the lower and upper platform subfacies. The lower platform
subfacies is relatively uniform in thickness (10 to 12 m), and
contains mottled crinoid .jackestones and packstones. The upper
platform subfacies expresses subtle relief due to
accumulations of crinoid packstones (3 to 5 m thick) that lie
adjacent to depressions filled by fossiliferous debris and

convoluted wisps of bituminous mudstones (0.5 to 1.0 m thick).

2. The carbonate buildup, 75 to 100 m thick, is divided into
four facies: interior, organic rim, flank, and stromatolite
cap. The interior facies, 35 to 45 m thick, is well bedded and
contains bryozoan crinoid calcareous algae wackestones and
floatstones. Various forms of cor:ils, stromatoporoids and
other organisms occur in minor amounts. The organic rim facies
occurs toward the upper 20 m of the buildups, and contains
massive coral and stromatoporoid framestones. The flank facies
is divided into three subfacies: laminated, bioturbated, and
cemented. The laminated subfacies, 1 to 35 m thick, contains
bituminous laminated mudstones interbedded with units of
crudely graded fossiliferous wackestones and floatstones. The
dip of these beds increases upward through the subfacies. The
bioturbated subfacies, 8 to 40 m thick, is structureless, and
contains mudstones and fossiliferous floatstones. The cemented
subfacies is very local in extent, and contains fossilferous
grainstones cemented by marine fibrous cements. The
stromatolite cap facies, 5 to 10 m thick, overlies the organic
rim facies at the top of the buildups. These rocks contain
fenestral peloid oncolite grapestone grainstones with varying
amounts of calcareous algae, gastropods and sponges scattered
throughout. In addition, brecciated oncolites, large rip-up
clasts (teepee structures), green shale stringers, erosional

truncation surfaces, elongate mud lobes and pisolites are
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commonly distributed in these facies.

3. Basin sediments, 10 m thick, are divided into the
Brightholme and Ratner Members. The Brightholme, % m thick,
contains finely laminated bituminous mudstones. The lower
Ratner, 4 m thick, overlies the Brightholme, and contains
varved bituminous laminites intercalated with thin intervals
of mudstone. The upper Ratner, 1 to 2 m thick, contains
calcitized evaporites and dedolomites. A thin horizon of

brecciated carbonate overlies the Ratner beds.

2.6 DISCUSSION

2.6.1 CARBONATE PLATFORM

The fossil content and relatively uniform thickness of the
lower platform sediments suggest that normal marine conditions
prevailed throughout the Elk Point Basin during the Eifelian.
Although these mottled sediments are dolomitized, this texture
is also observed in the stratigraphically equivalent non-
dolomitized Elk Point limestones situated 200 km to the south
of the Dawscn Bay area. Norris et al. (1982) attributed these
textures to bioturbation rather than to diagenesis. The
mottled texture 1in the Lower Winnipegosis 1s similarly

interpreted to be due to bioturbation.

The thickness variation of the upper platform corresponds to
the differentiation of the platform into topographic highs and
lows. Whether the distribution of these highs was structurally
controlled is not clear. Norris et al. (1982) suggested that
flexure along the junction between the Churchill and Superior
crustal provinces, the Birdtail-Waskada Axis, may have exerted
some influence on the inception and orientation of the buildup
complexes «n the Dawson Bay area. Regionally however,

Winnipegosis buildups are randomly scattered throughout the
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southern half of the Elk Point Basin, and show little
preferred orientation with respect to structural lineaments in
the basement (Perrin, 1982; Wilson, 1984; Ehrets and Kissling,
1987). It is clear therefore that the influence of tectonic
activity on Winnipegosis buildups is perhaps not as well
defined as for the Upper Devonian reef trends in the Alberta

Basin (e.g., Mountjoy, 1980).

The faunal variety and density on the highs represent the
pioneering stage of buildup development, possibly signifying
the onset of shoal sedimentation. Similar platform thickenings
have not only been identified and interpreted as shoals in
other Lower Winnipegosis platform sediments (Wilson, 1984;
Ehrets and Kissling, 1987; Martindale and Orr, 1987) but also
in the Middle Devonian Lower Keg River Member (Langton and
Chin, 1968; Rhodes et al., 1984; Qing, 1986), and in the Upper
Devonian Flume and Coocking Lake Members (Andrichuk, 1956;
Mountjoy, 1980).

Preservation of bituminous wisps in topongraphic lows marks a
change 1in 1local marine conditions from well aerated to
restricted and anaerobic bottom waters. However, evidence for
bioturbation in these sediments indicate that although
conditions were becoming anaerobic facilitating the
preservation of the organic matter, a more hardy infauna still

existed under these conditions.

The upper platform represents deeper water sedimentation which
correlates with a proposed global eustatic rise in sea level
that occurred in late Eifelian time (Johnson et al., 1985).
Although carbonate systems can maintain growth in optimum
conditions under any increase in the rate of sea level rise
(e.g. Schlager, 1981; Neumann and Macintyre, 1985), this rise
of sea level probably restricted carbonate sedimentation to

the highs developed on the upper platform.
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2.6.2 CARBONATE BUILDUP

2.6.2.1 Interior Facies

The well bedded interior facies is interpreted to represent a
vertical succession of shoals. Although classic framebuilders
such as massive corals and stromatoporoids are rare, organisms
such as bryozoans, crinoids and robust calcareous algae more
suited to sediment stabilization prevailed during the

deposition of this facies.

The role of the bryozoan as a sediment stabilizer and
framebuilder has been largely unrecognized by previous workers
in the Middle Devonian buildups in western Canada. However,
Cuffey (1977) has discussed their ability to stabilize
sediment in many Paleozoic reefs and bioherms. The bulk ot
biohermal cores of Silurian pinnacle reefs in the Michigan
Basin consists of up to 40% bryozoans (Gill, 1985). Similarly,
the dense concentrations of bryozoans in the Winnipegosis
sediments probably played a significant framebuilding role

during the deposition of the interior facies.

A recent reappraisal of calcareous algal taxonomy has resulted
in the reclassification of the genus, Litanaia, to the Family
Udoteacea (Mamet pers.comm., 1988). Although previous workers
on the Winnipegosis have described Litanaia as a codiacean
alga (e.g., Perrin, 1982; Ehrets and Kissling, 1987;
Martindale and Orr, 1987), it is referred to as an udoteacean
henceforth. The distribution of living calcareocus codiaceans
provide a good basis for interpreting environmental re¢ mes of
similar fossil forms such as Litanaia (Wray, 1977). Most forms
colonize sand and muddy substrates where the rhizoids of the
plants penetrate the soft sediments to develop holdfasts. They
tend to live below intense wave agitation under strongly

illuminated coaditions. In the Winnipegosis buildups, the
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udoteaceans probably contributed to the stabilization of the

interior facies below wave base.
2.6.2.2 Organic Rim Facies

Whether the organic framework forms a continuous rim around
the buildup 1is uncertain. Careful documentation of the
distribution of buildup organisms on Knob Two, the Bluff,
indicates that framebuilders form a narrow rim along the
northeastern-eastern margin of the buildup (Fig. 12). However,
the relatively low abundance of framework encountered in core
from other buildups indicates that organic rims are
discontinuous. The distribution of framework in the
Winnipegosis 1is 1likely determined by local environmental
factors such as proximity to nutrient sources, exposure to
well oxygenated waters, and accessibility to sunlight. The
dintribution of framebuilders on the northeast margin of Knob
Two might indicate that this particular margin was
preferentially exposed to nutrient-rich, well oxygenated
waters. The relationship between the windward margins of the
buildups and the distribution of framebuilders is supported by
the southwesterly direction of prevailing winds in the Elk

Point Basin proposed by Heckel and Witzke (1979).

In drill core, the organic rim varies from zero to four metres
in thickness and pinches out across the underlying buildup
flanks. This stratigraphic relationship indicates that the
organic rim facies overstepped the underlying flank sediments
during the late stages of organic rim construction. A similar
development of organic framework occurs in the Winnipegosis
buildups of Saskatchewan and North Dakota (Wilson, 1984;
Ehrets and Kissling, 1987; Martindale and Orr, 1987).
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Fig. 12

Paleowind Direction (Heckel and Witzke, 1979)
N<— \g

o T .

I
& oD S
] AN £ \
o B Op D ARy N
, Co &
I CD<.> VV O £ N = ’
Lo Dy A o,
! £ Oaod s &% 0,
66 & S & &
| % ¥ & an o
! o 620
! 480
!
|
l &0S
! )
\
\
\ 0 260m
\ —
\
~?
LEGEND
(3 Massive stromatoporoid
Massive coral
¥  Branched coral
€3  Solitary ¢ ral
4 Brachiopod
%  Echinoderm

Knob Two, The Bluff. A plan view showing the distribution of frame
builders and other organisms along the northeastern-eastern margin of
the buildups

32




2.6.2.3 Flank Facies

2.6.2.3.1 Laminated Subfacies

The graded bedding and preferential orientation of
fossiliferous clasts in the carbonate beds of the laminated
subfacies reflect hydraulic transportation and sorting of the
constituent allochenms. The carbonate beds represent
fossiliferous debris flows derived from the interior facies
that were shed down the buildup flanks. These relatively
catastrophic episodes of sedimentation (possibly storm-
induced) periodically interrupted the deposition of
pelagically derived organic matter preserved as the bituminous
laminated mudstones. Similar graded debris flows, or
calciturbidutes, interbedded with bituminous laminites occur
on the flanks of Keg River and Winnipegosis buildups in
Alberta and Saskatchewan (Davies and Ludlam, 1973). The
preservation of these sedimentary structures and the organic-
rich mudstones indicate that bottom waters were predominantly
anoxic. Furthermore, the increase in the dips of the internal
stratification of these flank sediments reflect the vertical

accretion of successive shoals in the interior facies.

2.6.2.3.2 Bioturbated Subfacies

The massive cliff forming beds observed on the Bluff represent
the accumulation of carbonate mud and skeletal debris on the
buildup flanks. The increase in the abundance of organic
framework debris situated in the upper third of the
bioturbated subfacies indicates that the organic rim
eventually became a principal source of material for flank
sedimentation. The randomly scattered distribution of skeletal
allochems, and the conspicuous absence of laminated bituminous
mudstones strongly suggest that these sediments were

intensively bioturbated under oxic conditions.
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2.6.2.3.3 Cemented Subfacies

Although the submarine cements in drill core M-18-77 are
diagenetic phenomena, and are discussed in detail in Chapter
3, their distribution 1in the flank facies may be of
sedimentolgical significance. The windward or paleowindward
margins of many modern and ancient carbonate buildups are
cemented by texturally similar submarine cements (e.q., James
et al., 1976; Marshall and Davies, 1981; Marshall, 1983; Walls
and Burrowes, 1985; Aissaoui et al., 1986; Kerans et al.,
1986) The M-18-77 Winnipegosis buildup was exposed to
relatively open marine waters from the north and northwest.
The cemented grainstones possibly represent the buildup margin
which was subjected to strong agitation by prevailing winds
and waters. However, fibrous cement distribution 1in the flank
facies requires further investigation before a clear
relationship between this subfacies and paleowind direction

can be established.
2.6.2.4 Stromatolite cap Facies

Although stromatolites grow in relatively quiet supratidal to
subtidal waters (Kinsman, 1966; Kinsman, 1969; Playford and
Cockbain, 1976; James, 1983), the grainstone texture of the
fenestral strata suggests that these sediments were deposited
in agitated waters. Furthermore, the elongate mud lohes, the
large rip-up clasts (teepees) of fenestral strata, and the
oncolitic breccias represent erosion, brecciation and
deposition by intense bydraulic activity such as storms. This
evidence for peritidal sedimentation is siwmilar to the teepee
structure and related breccia deposits of the Triassic Calcare

Rosso of Val Brembana, Italy (Assereto and Kendall, 1977)

The laterally extensive truncation surfaces also represent

submarine erosion. They are often associated with green shale
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stringers, brecciated oncolites and stromatolitic debris of
possible storm origin. This interpretation of the origin of
the green shale is consistent with that of Wendte and Stoakes
(1982) and Machel (1985) who consider green shales interbedded
with the carbonates of the Upper Devonian Swan Hills and Nisku
buildups to be marine muds stirred up and deposited during
storms. The few occurrences of dissolved oncolites indicate
that some of the surfaces may have been exposed to a
freshwater influence before being buried by more submarine
deposits (Chapter 3). Furthermore, the recementation of
brecciated oncolites by radiaxial fibrous cements reflect a
marine influence during the deposition of these sediments
(Chapter 3).

The laminations that connect individual pisolites indicate
that these structures formed in situ, and are therefore quite
distinct from other coated grains in the Winnipegosis
sediments. Similarly, pisolites are quite distinct from cother
coated grains in the Pisolite Cap facies, Winnipegosis
Formation, south-central Saskatchewan (Wardlaw and Reinson,
1971) . Whether Dawson Bay pisolites formed in marine phreatic
or vadose diagenetic environments is not certain. However,
they do meet certain criteria that would favour a submarine
origin (after Esteban (1974) and Esteban and Klappa (1983): 1.
they are associated with fenestral grain-supported carbonate
rocks; 2. they are not directly associated with caliche; 3.
they are well laminated, whereas calcrete glaebules are poorly
laminated (Chapter 3).

Although the plates and crusts in Winnipegosis calcrete may
resemble similar textures in travertine (e.g., Esteban and
Klappa, 1983; Folk et al., 1985), the occurrence of glaebules
(e.g, Esteban and Klappa, 1983) strongly suggests that these
cream and brown coloured bands are calcrete that modified, and

therefore post-dated, the stromatolite cap facies.
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Furthermore, the considerable amount of sedimentary evidence
for erosion, brecciation and deposition of the cap sediments
by intense hydraulic activity is not typical of the relatively

quiet depositional environments of ho%t spring travertines.

The restriction of calcrete to the upper 4m of the Steeprock
Bay dome and the very rare occurrences of calcrete at the same
stratigraphic levels in core suggest that only the highest
portions of the buildups were ever periodically exposed to
vadose diagenetic processes. This contrasts with the evidence
for karst throughout North Dakota Winnipegosis buildups that
is interpreted to represent sustained exposure of the buildups

in this area at the end of Winnipegosis time (Perrin, 1982).

2.6.3 BASIN

The Brightholme mudstones represent the accumulation and
preservation of pelagically derived organic matter. The lack
of evidence for bioturbation indicates that bottom waters werc

completely anaerobic and unsuitable for infaunal organisms.

These deposits are probably contiguous with the bituminous
laminites interbedded with the buildup flanks. Hence, they are
facies equivalent to the carbonate buildups. Further careful
drilling of the buildup-basin transition would confirm this
important stratigraphic relationship. Although Dawson Bay
Brightholine mudstones are immature with regard to hydrocarbon
generation, the geochemistry of recently discovered oils from
the Winnipegosis Formation in southern Caskatchewan i1ndicate
that the oils may have been derived frowm local petroleum
sources such as the Brightholme Member in the Upper ElK Point
Group (Brooks et al., 1988),

The original mineralogy of the Ratner Member calcitized

horizons was probably gypsum or anhydrite. In Saskatchewan,
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very similar textural evidence for the calcitization of
anhydrite occurs in the Ratner sediments (Shearman and
Fuller, 1969). Noncalcitized varved and laminated evaporites
occur at the base of the Muskeg~Prairie Evaporite formations
in Alberta and Saskatchewan that are texturally similar to the
Dawson Bay basin deposits (Fuller and Porter, 1969; Wardlaw
and Reinson, 1971; Davies and Ludlam, 1973; Kendall, 1984).

The varves of bituminous mudstones may correspond to the
seasonal life c¢ycles of plankton. In modern evaporitic
environments, salinity-tolerant species of plankton tend to
bloom in enormous concentrations usually after an influx of
nutrient-rich, open marine waters (Kirkland and Evans, 1981).
After death, these organisms settle out of the water column,

and are preserved in anoxic waters on the basin floor.

In the Saskatchewan outcrop belt, the Ratner sediments onlap
the flanks of the Keg River-Winnipegosis buildups to heights
of at least 20 m, and thus postdate buildup development
(Kendall, 1984). Despite close well control in the study area,
the stratigraphic relationships between the Ratner Member and
the buildups cannot be established with certainty. However,
the textural similarity between the sediments in the study
area, Saskatchewan and Alberta strongly supports the proposal
that all Ratner sediments throughout the Elk Point Basin
postdate buildup developnent.

The brecciated deposits are interpreted to represent the
remnants of carbonate horizons within the evaporite succession
which collapsed on top of the basin sediments during evaporite
solution; for example, the Quill Lake beds (after Wardlaw and
Reinson, 1971).
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2.6.4 WINNIPEGOSIS WATER DEPTHS

The principal controls on cratonic basin sedimentation are
global eustatic changes in sea level and basin subsidence. 1t
has become clear from work by Sloss (1963) and Vail et al.,
(1977) that eustatic sea level changes are perhaps the most
important of the two controls. Other workers have reported on
the sedimentological, stratigraphic and paleontological
implications of worldwide sea level fluctuations (e.qg.,
Mesolella et al., 1974; McKerrow, 1979; 1lenz, 1982). 1n
particular, Johnson et al. (1985) used conodont
biostratigraphy to demonstrate that Devonian transgressive-

regressive events may have been synchronous around the globe.

Various mechanisms have been proposed to explain subsidence
patterns based on the stratigraphic evidence of basin fill and
the rheological properties cf the earth's 1lithosphere and
asthenosphere (e.qg., Sleep and Snell, 1976; Burke, 1976;
McKenzie, 1978; Quinlan and Beaumont, 1984). Fowler and Nisbet
(1985) suggested that the gabbro/eclogite phase transformation
model, first proposed by Haxby et al. (1976), provided a
possible mechanism for the subsidence history of the Williston
Basin which is inextricably linked to that of the Elk Point

Basin.

The E1k Point Basin was a shallow basin in which wide, gently
sloping shelves restricted marine circulation. In the
northwest of the basin, the Presqu'ile Barrier probably
restricted circulation further by limiting the exchange of
waters between the basin and the open sea (Maiklem, 19/1}).
However, the eastern margin of the basin 1s poorly defined,
and relationships between basin and open marine waters are
uncertain (Williams, 1984) . Basin sedimentation was
characterized by nearshore carbonates, deeper water evaporite

fill, and minimal clastic invasion.

38




Transgressing Eifelian seas covered much of the Mackenzie
platform, and advanced southeastward depositing the Lover Keg
River and Upper Chinchaga Formations in northwestern Alberta
(Grayston et al., 1964; Johnson et al., 1985). In the southern
portion of the Elk Point Basin, argillaceous dolostcones of the
Ashern Formation were deposited unconformably over the Lower
Silurian Interlake Group (Johnson and Lescinsky, 1986) (Fig.
5) . These dolostonec may represent the reworking of a residual
soil formed during the Late Silurian to Early Devonian
erosional period (Norris et al., 1982). As sea level rose, the
Lower Winnipegosis platform carbonates were deposited under

relatively open marine conditions.

Although knowledge of variations of water depth is critical to
the understanding of carbonate platform and buildup
development, few attempts have been made to quantify this
parameter due to: 1) a lack of core control across subsurface
buildup to basin profiles; and 2) the logistical difficulties

of tracing beds laterally in mountain outcrops.

Certain assumptions were made to determine an estimate for
maximum water depth at the end of Winnipegosis time. First,
the water in which the basin sediments were deposited must
have been deep enough to accomodate the preserved thickness of
buildup and basin sediments. Second, the variety of lithotypes
made it impossible to determine a reasonable correction factor
for differential compactional effects; subsequently, the
calculated value for water depth is a maximum value. Third, a
subjective estimate of the depth of water which covered the
buildups was included to determine a total water depth. In the
Upper Devonian Alberta Basin, Stoakes (1980) proposed that
carbonates were immersed in at least 20 m of water based on a
comparison with modern environments. This value may be too
high for an interior basin such as the Elk Point Basin and so

should ke considered a maximum value.
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The faunal assemblage and bioturbated nature of the Dawson Bay
Lower Winnipegosis platform sediments represent deposition 1n
relatively deep subtidal waters. However, 1t is not possible
to determine an accurate water depth 1n which platform
sediments were deposited. Rosenthal (1988) proposed that
depths did not exceed a few tens of metres during deposition.
Wardlaw and Reinson (1971) reported that the presence ot algal
oncoliths and breccias in the Saskatchewan platform scdiments
represented deposition in shallow, agitated waters perhaps

accompanied by periodic exposure.

An estimate of 95 m (assumes that the buildups were submerged
by 20 m of water) for the maximum water depth at the end of
buildup development was determined from a composite core
profile across an idealized Winnipegosis buildup (big. 11).
This calculation is based on the assumption that the Ratner
sediments are correctly interpreted to postdate buildup
development; therefore, the Brightholme laminated mudstones
represent the maximum thickness (5 m) of basin sediments
deposited during buildup development. Kendall (197%)
determined a similar water depth for Winnipegosis deposition
from an outcrop occurrence 1in Saskatchewan "where steeply
dipping, fore-bank deposits pass downward i1nto a thinly bedded
laminated styliolinid-rich argillaceous unit". From this, he
concluded that the basin sediments "must have accumulated
under water at 1least as deep as the thickness of the

neighbouring banks, up to 75 m".

During the deposition of the basal interior tfacies, the
increase in flank dip from 3° at the base to 3% at the top
indicates that sea level was rising during the early Givetian.
At this time, the principal buildup constructors (bryozoans,
echinoderms and udoteacean calcareous algae) were well suilted
to quiet, sub wavebase conditions; furthermore, the classic

framebuilding organisms, better suited to higher enerqgy surf
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zone conditions, were conspicuously absent. Later in the
buildup depositional history, the irnterior fauna were
displaced by the framebuilders as the organic rim facies
developed vertically and laterally over underlying flank and
interior sediments. This ecological succession of deeper water
to shallower water faunal communities indicates that the
buildups eventually ‘'caught-up' to sea level facilitating the
proliferation of framebuilding organisms in shallower, more
agitated waters (after Schlager, 1981; Neumann and Macintyre,
1985). Furthermore, the deposition of the stromatolite facies
and the development of calcrete horizons in the upper few
metres of the buildup indicate that the depositional
environments shifted from subtidal to intertidal waters, and
that sea level may have fallen slightly exposing the buildup

crests to vadose diagenetic processes.

The extent of sea level fall in the Elk Point Basin has been
a contentious issue amongst workers. Fuller and Porter (1969)
and Shearman and Fuller (1969) interpreted the Ratner Member
sediments in Saskatchewan to be sabkha-type stromatolitic
deposits. Similarly, Baillie (pers. comm., 1986) favoured this
1interpretation for the Ratner sediments in the Manitoba
outcrop belt. From this evidence, they inferred that sea level
fell and entirely exposed the buildups. More recently, Kendall
(1989) favours the proposal that desiccation occurred in the
Elk Point Basin after Winnipegosis time. Similarly, Perrin
(1982) interpreted North Dakota inter-reef laminites to be
stromatolitic, and reported extensive evidence for freshwater
karsting in the buildups. However, Wardlaw and Reinson (1971)
and Davies and Ludlam (1973) noted that the abundant cellular
plant tissue in the Saskatchewan laminites was of planktonic
origin representing submarine rather than supratidal
sedimentation. Furthermore, Davies and Ludlam (1973)
demonstrated that the undisturbed laminites and interlaminated

anhydrite could be correlated basin wide and were therefore
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sub wavebase sediments.

In Dawson Bay Brightholme and Ratner sediments, the laminites
cannot be correlated over wide areas due to the lack of core
control, and dolomitization has obliterated all faunal
evidence from the laminites. However, the absence of sabkha-
related sedimentary featurcs such as bioturbated carbonate
muds, aeolian and beach sands, mudcracks, storm-related rip-up
clasts and evidence for caliche development indicate that
these sediments were not deposited in a supratidal
environment. However, the preservation of undisturbed
bituminous laminites represents deposition below wavebase in
anoxic waters. Similarly, Wardlaw and Reinson (1971) and
Davies and Ludlam (1973) proposed that the Saskatchewan basin

sediments are sub wavebase deposits.

In summary, steep flank dips and a relatively deep water
faunal community in the interior facies 1ndicates that the
Givetian sea level rose during the formative stages of buildup
development. As buildups 'caught-up' to sea level, the deeper
water bryozoans, crinoids and calcareous algae were displaced
by massive corals and stromatoporoids better suited to the
shallower, agitated conditions. The deposition of the
stromatolite cap facies represents a shift from subtidal to
intertidal depositional environments. The development of
calcrete in the cap facies suggests that sea level reached a
stillstand or fell slightly during the later stages of buildup
development. However, the preservation of the Brightholme and
Ratner laminites, mudstones and evaporites in subtidal waters
indicate that the adjacent basin waters were up to 9% m decep

during the final stages of buildup development.
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2.7 SEDIMENTOLOGY PLATES

PLATE 1

A) Rock Island, Dawson Bay. The Rock Island outcrop exposure
represents the 1lower portion (interior facies) of a
Winnipegosis buildup. Cliff heights range from five to ten

metres.

B) Upper Platfcrm Subfacies. Thick accumulations of
dolomitized crinoidal (C) floatstones form topographic highs
on the platform wupon which further buildup development
occurred. Centimetre scale. M-18-77 (3). 315 ft..

C) Upper Platform S8ubfacies. Black bituminous wisps were
incorporated into dolomitized stromatoporoid (S) and coralline
(C) floatstones during the earliest stages of buildup
development. Centimetre scale. M-3-85 (4). 285 ft..

D) Upper Platform Subfacies. A well defined burrow (B) and
mottled texture (M) represents bioturbation of the bituminous
and micritic mudstones that accumulated in the topographic
lows of the platform. These 1lows later contained the
birtuminous mudstones of the basin facies. Centimetre scale. M-
I-86 (3). 240 ft..
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PLATE 2

A) Interior Facies. A well bedded outcrop exposure
illustrates the vertical succession of shoals in the buildup
interior facies. Cliff height is approximately ten metres.
Mason Island.

B) Interior Facies. A typical fossil assemblage of dolomitized
branching corals (Thamnopora (T)) and fenestral bryozoans (B)

in early interior facies sediments. Mascon Island.

C) Interior Facies. Extensive meadows of dolomitized bryozoans
(B) cover the bedding planes of individual shoals in the
interior facies. Bryozoans were largely responsible for the

stabilization of interior facies sediments. Mason Island, S-
Bry..

D) Interior Facies. Intact stems of robust crinoids (C) litter
beds throughout the core of the interior facies. These

organisms contributed to the stabilization of buildup

sediments. Mason Island, S-17.
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PLATE 3

A) 1Interior Facies. The 1large and robust (dolomitized)

Udoteacean calcareous alga, Paralitanaia, (P) is similar to

modern calcareous algae that stabilize sediments in strongly
illuminated, sub-wave base waters. Scale bar, 1.13 mm.. Plane

light. S-5-75 (8). 235 ft..

B) Interior Facies. The encrusting calcareous alga,
Wetheredella (W), is widely scattered throughout the
wackestone and floatstone matrices in the interior facies.
This specimen provides an excellent example of allochem
preservation by fabric retentive microcrystalline replacement
dolomite. Scale bar, 0.3 mm.. Plane light. S-5-75 (8). 235
re..

C) Interior Facies. The characteristic chain link texture of

the binding calcareous alga, Sphaerocodium (S), is identified

throughout the dolomitized carbonates of the interior facies.
Scale bar, 0.3 mm.. Plane light. S-5-75 (8). 235 ft..

D) Interior Facies. The floating calcareous alga, Tentaculites

(T'), 1is rarely observed in the interior facies. This specimen
1s  particularly well preserved by fabric retentive
microcrystalline replacement dolomite. Scale bar, 2.69 mm..

Plane light. Mason Island, S-41.
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PLATE 4

A) Interior Facies. The black micritic and clotted fabric
represents the reticulate pattern of the internal structure of
sponges (S). These poorly preserved remnants of sponge debris
are encrusted by laminations of possible algal origin and
several generations of dolomitized acicular fibrous cement

(C). Scale bar, 2.69 mm.. Plane light. M-3-85 (50). 77 ft..

B) Interior Facies. Molds of sponge spicules (S) are rarely
preserved throughout the interior facies. Scale bar, 0.3 mm..
Plane light. S-5-75 (8). 235 ft..

C) Organic Rim Facies. The massive coral, Favosites (F), is
intermittently distributed in the relatively narrow organic

rim facies. Rock Island.

D) Organic Rim Facies. The disphyllid coral, Dendrostella (D),

1s particularly common throughout the upper organic rim
facies. The Bluff, 87S-1.
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PLATE S

A) Organic Rim Facies. The tabulate ccral, Alveolites (A),

encrusts bulbous stromatoporoid debris (S). Scale bar, 2.0
mm.. Mason Island. S-63 B/2.

B) Organic Rim Facies. A cross sectional view across the

corallites of the dendritic coral, Syringopora (S). Scale bar,
2.69 mm.. Plane light. The Bluff, S$-101B.

C) Organic Rim Facies. The enigmatic sponge/coral species,
Chaetetes (C), was a principal framework constructor during
the later stages of buildup development. Note the distinct
growth banding in this specimen (B). The Bluff, S-84.

D) Organic Rim Facies. Bulbous stromatoporoids range in size
from a few centimetres to over a metre in diameter and are
common throughout the organic rim facies. This particular
specimen is approximately the size of a cricket ball. Simons

Island.
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PLATE 6

A) Organic Rim Facies. A typical faunal assemblage of

stromatoporoids (S) and the branching coral, Thamnopora (T),
are cbserved in the outcrop exposures of the organic rim

facies. The Bluff.

B) Organic Rim Facies. Coiled nautiloids are amongst a wide
variety of non framebuilding organisms preserved 1in the

organic rim facies. The Bluff.

C) Flank Laminated Subfacies. Dolomitized bituminous laminated
mudstones (M) are interbedded with 1light coloured
fossiliferous wackestones and floatstones (L). The fossil
content and crude graded bedding in the carbonate intervals
indicate that they were deposited as episodic, buildup-derived
debris tlows shed down the buildup flanks. The bituminous
mudstones were pelagically derived, and are probably
contiquous with the basinal bituminous mudstones. The internal
stratification of these facies increases in dip from 2 to §
degrees at the base (B) to 30 to 35 degrees at the top (T).
The dips represent the continual accretion of flank sediments
during buildup development. The preservation of the bituminous
mudstones suggest that the original sediments were deposited

in anoxic bottom waters. M-6-86, core boxes 160-312 ft..
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PLATE 7

A) Flank Bioturbated Subfacies. Chaotically arranged skeletal
debris (D) derived from organic rim facies was deposited in a
pelleted mudstone ratrix. Bituminous mudstones are
conspicucusly absent in this subfacies indicating that the
original sediments were bioturbated by infaunal organisms in
aerobic waters. M-6-78 (10). 80 ft..

B) Flank Cemented Subfacies. At least two generations of
submarine fibrous cements (C) infills intergranular porosity
in a dipping interval of calcareous alga grainstones. The
grainstones are interbedded with thinner units of
wackestones/packstones (W/P) typical of flank sedimentation.
Centimetre scale. M=-18-77 (20). 22 ft..

C) 8tromatolite Cap Facies. Laminated fenestral strata
represent the final stage of post-buildup carbonate

sedimentation. Birch Point.

D) Stromatolite Cap Facies. Outcrop (0) and core (C) samples
of the coated grain grainstones and associated fenestral
textures. 635-48 (20). 120 ft.. Canadian quarter for scale.
Steeprock Bay Dome Cliffs.







A) Stromatolite Cap Facies. Dolomitized grainstones and

packstones containing a wide variety of coated grains such as
peloids, oncolites (0), and grapestones (G) represent
sedimentation in relatively agitated waters during the final
stages of buildup development. Centimetre scale. M-3-85 (50).
70 ft..

B) Stromatolite Cap Facies. The fenestral texture outlines two
laterally linked cabbage-head stromatolites (S1, S2 defined by
cut lines). The crests of these structures are capped by a
horizontal truncation surface (T) and a unit of very finely

laminated mudstones (M). Steeprock Bay Dome Cliffs.

C) Stromatolite Cap Facies. The calcareous algal cyst, Uslonia
(U). Plane light. Scale bar, 0.3 mm.. M-3-84 (44). 77 ft..

D) Stromatolite Cap Facies. The calcareous algal cysts,
Parathurammina (P) and Biospheras (B). Scale bar, 0.95 mm..
Plane light. M-3-84 (23). 90 ft..
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PLATE 9

A) Stromatolite Cap Facies. Peloid (P), composite grain (C),
and oncolite (0) grainstones. Note generations of submarine
acicular fibrous cement (A) that encrust coated grains; note
also the brecciated cemented coated grains (B). The brecciated
grains suggest that strongly agitated hydraulic conditions
prevailed during the latter stages of post-buildup carbonate
sedimentation. Scale bar, 2.69 mm.. Plane light. Salt Point
Cliffs. SPB 4B.

B) Stromatolite Cap Facies. Thin beds of green shale (S) are
often interbedded with the coated grain grainstones. The green
shales were probably stirred up in deep water environments
during periodic storm activity and deposited in the shallow
water stromatolite cap facies. Centimetre scale. 635-46 (30).

58 ft..

C) stromatolite Cap Facies. Large angular rip-up clasts of
brecciated fenestral strata (teepee structures) (B) are
incorporated into undisturbed fenestral strata. These teepees
represent the destructive force of intense storm activity
during the deposition of these facies. Hammer head for scale.

Steeprock Bay Dome Cliffs.

D) Strematolite Cap Facies. The common laminations between the
pisolites (P) show that these structures formed in situ. The
pisolites' association with grain-supported carbonates suggest
that they were formed in a submarine environment. Steeprock
Bay Dome Cliffs.
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PLATE 10

A) Stromatolite Cap Facies. Calcrete. The limited distribution
of calcrete to the upper four metres of the buildups indicate
that only the uppermost parts of the buildups were exposed to
subaerial diagenetic processes. The crenulated and banded
texture of calcrete and related calcrete glaebules (G) are

observed in this sample. Steeprock Bay Dome Cliffs.

B) Basin. Brightholme Member. The klack bituminous, laminated
mudstones of the Brightholme Member represent basin
sedimentation during buildup development. These deposits are
most probably contiguous with the bituminous mudstones
interbedded with buildup-derived flank sediments in the
laminated subfacies. M-3-73 (3), 87 ft.

C) Basin. Ratner Member. Varved bituminous partings (P) are
interlaminated with thin intervals of dolomitic mudstones in
lower Ratner Member sediments. Centimetre scale. M-3-73 (6),
69 ft.

D) Basin. Ratner Member. Upper Ratner sediments are
interbedded dedolomites (D) and calcitized evaporites (E).
Note the relict enterolithic texture of the calcitized

evaporites. Centimetre scale. M-6-86 (12), 56 ft.
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CHAPTER 3. DIAGENESIS

3.1 INTRODUCTION

The diragenesis of the Winnipegosis carbonates 1s complex. Many
of the early fabrics are modified by later diagenetic
processecs such as dolomitization and dissolution. Often, they
can only be clearly distinguished and photographed under cross
nicol prisms. All dolomites and calcites are nonferrcan. The
limestone buildup calcites are nonluminescent, the dolomites
express a dull and uniform luminescence, and the cavity and
fracture ti1lling calcites show bright luminescence across
crystal terminations and boundaries. A paragenetic sequence of
all the diagenetic features 1s presented 1n Figure 13. The

diagenesis plates appear at the end of the chapter.

The stratigraphic distribution, petrography, and relative
timirg of precipitation of each of the diagenetic fabrics are
presented according to four principal diagenetic
environments: 1) open marine; 2) subaerial/meteoric; 3)
restricted marine/shallow subsurface; 4) deeper subsurface.
The open marine diagenetic environment represents normal sea
waters favourable for the ear’.y lithification of Winnipegosis
sediments by microcrystalline and fibrous cements. Subaerial/
meteoric conditions are associated with the early evaporative
draw down of water in the Elk Point Basin, and the subsequent
exposure and modification ot the upper parts of . he buildups.
The restricted marine/shal low subsurface diagenetic
environments represent conditions in which hypersaline waters
were possibly responsible for dolomitization on the seafloor
and 1n the shallow subsurface. The deeper subsurface
dlagenetic processes 1nclude fracturing, dissoclution, calcite

cementation, dedolomitization and evaporite calcitization.

Under the section, Geochemistry, §!'c, §'%0, and ¥sr/%sr
Y
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1sotopic data, staining and cathodoluminescence are discussed
and 1nterpreted. At the end of the chapter, a general
discussion of the textural and geochemical data investigates
the diagenetilc processes involved in the early submarine
cementation of buildup sediments, (he contemporaneity of
subaerial and submarine diagenetic processes, the evidence for
restricted marine and shallow burial dolomitization, possible
mechanisms for dolomitizing fluid flow, the dissolution
porosity 1n the buildups, and the late stage cementation,
calcitization and dedolomitization of buildup and basin

sediments.

3.2 OPEN MARINE DIAGENESIS

The diagenetic features assigned to open marine diagenesis are
syntaxial cementation, microspar cementation, micritization,

and acicular fibrous and fibrous cementation.

3.2.1 Syntaxial Cement

Dolomitized syntaxial cements occur arocund echinoid oussicles

in mud supported wackestones (Plate 11A).

3.2.2 Microspar Cement

The bulk of the wackestones anu packstones in the lower
Gunnlaugson limestone buildup and platform sediments consists
of grey and brown skeletal debris in a brown mud matrix. The
matrix 1s comprised of a mosaic of micrite and microspar. The
constituent crystals are anhedral, cloudy, and range 1in size
from 3 to 5 um (Plate 11B). It 1s not certain that this cement
mosalc is a primary fabric, but rather a neomorphic fabric. On
the basis of petrographic data alone therefore, it is not
clear whether these textures formed on the seafloor or later

in a deeper burial diagenetic environment. However,
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geochemistry indicates that these fabrics were formed early
from marine waters. These cements are the only cements
preserved s calcite. In other buildups, matrix cement:s,

acicular fibrous and fibrous cements are all dolomitized.
3.2.3 Micrite Envelopes

The evidence for micritization of carbonate grains throughout
the buildups has been largely obscured by fabric destructive
matrix dolomitization, and 1is only preserved 1n the
stromatolite cap facies (Fig. 9). Dolomitized micritic
envelopes form black and grainy films, 5 to 10 um thick, which
outline the cirrculur to ellipsoidal shape ot original host
grains {0.5 to 1.0 mm diam.), possibly peloids and cncolites
(Plate 11C). The interior cavities within the enveloprs are
filled by dolomitized fibrous cements or cavity ftilling
rhombic dolomite. This textural relationship suggests that the
micritization of carbonate grains was one of the very earliest
diagenetic processes to have occurred, predating grain

interior solution and fibrous cement pore filling.
3.2.4 Acicular Fibrous Cement

Dolomitized acicular fibrous cement can only be identiticd 1n
thin section, and is minor 1n occurrence comprising less then
5% of all cavity filling cement types. Commonly, 1t occurs 1n
shelter porosity and sheet cavities in the flank tacies, and
fills the «corallites of coralline debris distributed
throughout the interior and flank facies. Rarely, the cement
separates parallel laminations thet encrust peloids  and

oncolites in the stromatolite cap tacies.

Acicular fibrous cement consists ot 1nclusion-rich crystals
which vary from 75 to 200 gm in length and % tc 10 um 1n

width. The sweeping extinction pattorn across a single
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generation of cement suggests that the constituent crystals
are radiaxial. Inclusion-rich banding 1is parallel to the
cement substrate. In shelter porosity and sheet cavities, the
cement occurs as fans of distally diverging crystals (Plate
11D) . In intraskeletal porosity, it occurs as an isopachous
rim cement which may partially or completely infill the
cavities (Plate 12A). Up to four generations of the cement are
concentrically arranged around the perimeters of some

oncol1ltes, grapestones and relict sponge debris (Plate 12B).

Acicular fibrous cement 1s probably the earliest fibrous
cement becausc: 1) 1t predates the more coarsely crystalline
bladed fibrous cement; 2) it is overlain by carbonate muds in
intrashkeletal cavities; 3) reworked fragments of oncolites and
jrapestones encrusted by the cement are recemented by

coarsely c¢rystalline fibrous cement (Plate 12C).

3.2.5 Fibrous Cement

Dolomitized tibrous cement represents 5% of all cement
fabrics, and 35% of cavity filling cements in the interior and
flank facies. The distribution of these brown and cream
coloured cements 1s facies controlled commonly occurring as
intergranular cements in the cemented subfacies (Plate 12D)
(Fig. 10). It also occurs as a cavity filling spar in shelter
porosity and sheet cavities along bedding planes in the flank
facies. 1t 1s partially preserved as a minor cement in the

reworked storm deposits of the stromatolite cap facies.

Fibrous cement is characterized by crystais which are 275 to
500 pum long, 25 to 75 um wide, inclusion-rich, banded, and
arranged normal to the substrate (Plate 13A). Undulose
extinction across 1ndividual crystals indicate that they
display a radiaxial split crystal growth fabric (Plate 13B).

Otherwise, i1ntercrystalline boundaries and crystal tips have
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been destroyed by neomorphic processes. The cement most
frequently occurs as a single generation precipitate, but can
occur as two generations. Both generations may c¢ontain
internal banding. In a cavity containing two generations ot
fibrous cement, the later generation displays a dense
concentration of inclusions that appears black (Plate 13C). In
addition, an unusual pattern of irregular internal “fractures"
ramifies across the black, 1nclusion-rich fibrous crystals
(Plate 13D). These "fractures" tend to be normal, sub-normatl
or parallel to the substrate. They are 5 to 10 um wide and up
to 400 um long, often extending the length of the host
crystals. Their orientation 1s not necessarily determined by
the intercrystalline boundaries of the host crystals. They are
filled by a highly birefringent microspar which may be related
to the next generation of cement, cavity filling rhombic
dolomite. This texture 1in the cement 1s stratigraphically
restricted to a 50 m interval above the platform 1n the

cemented subfacies (Figs. 10, 11).

Fibrous cement postdates acicular fibrous cement. lLocally, 1t
is observed on a substrate of acicular fibrous cement (Plate
119): and fragments of grapestones encrusted by acicular
fibrous cement are frequently reworked and recemented by
fibrous cement. The timing of formation of the 1nternal
"fractures" 1n the fibrous cements predates the subsequent
precipitation of the cavity filling rhombic dolomite on the

fibrous cement substrate.
3.3 SUBAERIAL/METEORIC DIAGENESIS
The following diagenetic features are assigncd to

subaerial/meteoric diagenesis: dissolution (phase 1), and

calcrete formation (pendant cements, glaebules).
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3.3.1 Dissolution (Phase 1)

Phase 1 dissolution of the cortices of peloids and oncolites
is restricted to the stromatolite cap facies. The rims of
these allochems are preserved as micritic envelopes that are
filled by fibrous marine cements (Plate 11C). The timing of
Phase 1 dissolution postdates the deposition of the peloids,
and predates the precipitation of the cements in the peloidal

cortices.

3.3.2 Calcrete

Horizontal intervals (10 to 25 cm) of calcrete are interbedded
with thicker peloid-oncolite grainstones (50 to 75 cm) in the
upper 4 m of the stromatolite cap facies exposed 1in the
Steeprock Bay dome outcrop. Evidence for calcrete devel opment
in drill core is limited to a single well (M-4-87) on Salt
Point. Calcrete 1is comprised of bkrown and cream bands
containing a chaotic Jjumble of dolomitized <crenulated
laminations and glaebules (Plate 10A). Considerable porosity

1s preserved in the voids of the crenulated fabric.

Calcrete contains two characteristic diagenetic fabrics: 1)

pendant cements; 2) glaebules.

3.3.2.1 Pendant Cements

Dolomitized pendant cements represent less than 5% of all
cavity filling cements. They line the ceilings of voids in the
calcrete horizons (Plate 14A). These cements appear blocky
with rectangular crystals, 75 to 150 pgm long and 50 um wide,
arranged parallel to void ceilings. Successive cement phases
develop downward into the underlying cavities. Internal
sedimentation in the cavities is hard to identify because of

modification by dolomitization.
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3.3.2.2 Glaebules

Severely modified <circular to ellipsoidal dolomitized
glaebules (0.2 to 0.4 mm diam.) are distributed throughout the
calcrete-related matrix dolomites (Plate 14B). Generally, they
are structureless, although vague concentric laminations are
rarely preserved in the glaecbule walls. Invariably, the
glaebules contain central cavities which outline the shape ot
original host grains. These cavities 1indicate that the
glaebules were subjected to a phase of dissolution prior to

their recementation by cavity filling rhombic dolomite.

The relationships between the various textural features and
cements in these calcretes indicate that pendant cementation

was contemporaneous with or postdated calcrete formation.
3.4 RESTRICTED MARINE/SHALLOW SUBSURFACE DIAGENESIS

Microcrystalline replacement dolomite, matrix dolomites, and
cavity filling rhombic dolomite are interpreted to have
precipitated in the restricted marine/shallow subsurtace

diagenetic environments.

3.4.1 Microcrystalline Replacement Dolomite

Fabric retentive microcrystalline replacement dolomite
mimetically replaces and preserves delicate structures such as
micritic envelopes, laminated oncolites and grapestones, and
calcareous algae (Plate 14C). It 1s only clearly resolved
under the scanning electron microscope, and 1s comprised of
anhedral to subhedral crystals less than 5 um 1n si1ze (Plates
15A, 15B). It occurs most commonly in the uppermost interior
and organic rim facies. It is rarely preserved 1n the platform

and the lowermost interior facies.
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Where more coarsely cr stalline matrix dolomites have not
completely obliterated the original diagenetic fabrics, this
fabric retentive type of dolomite has preserved textures such
as fibrous and pendant cements. Although intercrystalline
boundaries may be obliterated by neomorphic fabrics, sweeping
undulose extinction define the width and length of mimetically
replaced radiaxial fibrous and acicular fibrous crystals
(Plates 12A, 13A). Similarly, the dolomitized blocky crystals
of the pendant cements are clearly delimited by their unit
extinction (Plate 14A).

Mimetic replacement of radiaxial submarine and pendant vadose
cements indicates that this generation of dolomitization
postdated the early cementation, and subsequent subaerial

exposure of the buildup sediments.

3.4.2 Matrix Dolomites

Matrix dolomites are widespread throughout the buildup, basin
and platform sediments, and represent 60% of all Winnipegosis
textural fabrics. They occur in a variety of colours and
textures. White matrix dolomite is chalky, and constituent
allochems are poorly preserved. Light to dark brown matrix
dolomite is not -halky, and the cream coloured allochems and
early diagenetic fabrics are better preserved. The platform
sediments are characterized by vyellow, chalky mottles

surrounded by a distinctly different brown matrix.

In the basin sediments, thin (<50 gm), light to dark brown
intervals of matrix dolomite are intercalated with the black,
laminated, bituminous mudstones of the Brightholme Member. In
the Ratner Member, 3.0 te 5.0 mm thick, brown intervals of the

dolomite are interbedded with bituminous laminites.

Matrix dolomite is divided into two categories based on
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crystal size: 1) microcrystalline matrix dolomite (<20 um;
commonly 5 to 10 um); and 2) finely crystalline matrix
dolomite (20 to 50 um; commonly 30 to 40 um) (Plate 15C and

D). Both types of matrix dolomite are inclusion rich.

In buildup sediments, microcrystalline matrix dolomite is
comprised of poorly defined anhedral crystals that form an
interlocking mosaic associated with submicroscopic pin-point
porosity. Under plane light, it most often appears black and

grainy giving the matrix a poorly defined, clotted appearance.

In the buildups, the occurrence of finely crystalline matrix
dolomite ranges from a dense mosaic of tightly interlocking,
euhedral to subhedral rhombic crystals (Plate 15C) to a very
porous fabric of poorly preserved rhombs. The crystal edges of

these rhombs are often solution pitted and rounded.

Platform sediments are comprised exclusively of finely
crystalline matrix dolomite. The distinctive chalky mottles
are characterized by individual rhombs surrounded by
considerable porosity. The brown, non-chalky mottles contain

a less porous, dense mosaic of the matrix dolomite.

In basin sediments, finely crystalline matrix dolomite occurs
as a dense mosaic (Plate 15D). In upper Ratner beds, some of
the dolomite was dedolomitized during the calcitization of

associated evaporite beds.

The fabric destructive naturz of finely crystalline matrix
dolomite affects allochems and early diagenetic fabrics
throughout the buildups. In particular, allochem peripharies
and marine cement intercrystalline boundaries are often the
sites of neomorphic replacement fabrics by the dolomite (Plate
16A and B).
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The distribution of the various types of matrix dolomite does
not appear to be facies controlled. However, the platform,
basin and lowest buildup sediments are characterized by the
dense finely crystalline matrix dolomite, whereas most of the
overlying buildup sediments contain the whole range of matrix

dolomite crystal types and fabrics.

Matrix dolomites neomorphically replace micritic sediments and
mimetically dolomitized fibrous cements. These textural

relationships suggest that matrix dolomitization postdated
both early sediment cementation, and dolomitization by the

fabric retentive replacement dolomite.

3.4.3 Ccavity Filling Rnombic Dolomite

Light brown to white cavity filling rhombic dolomite
represents 20% of all replacement and cement fabrics, and 40%
of the various cavity filling cements in the buildups. It is
difticult to distinguish from other replacement fabrics in
hand specimen. It forms the primary intergranular cement in
the peloid oncolite grainstones of the stromatolite cap
facies. Cavity filling rhombic dolomite occurs as a minor
cement in shelter porosity and sheet cavities in the flank
facies, and rarely in intraske. -tal cavities of skeletal
debris throughout the bulldup. In addition, the dolomite forms
a void filling cement in cavities of uncertain origin in
Ratner sediments and in horizons cf calcrete which occur

intermittently in the buildup cap.

Crystals of cavity filling rhombic dolomite are anhedral to
euhedral. In the intergranular porosity of the peloid oncolite
gralnstones, crystal sizes vary from 5 to 20 um (Plate 16C).
In larger intergranular, intraskeletal and calcrete cavities
or shelter porosity, they range in size from 25 to 200 um

(Plates 16D and 17A). In cavities originally lined by fibrous
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cement, the dolomite cement inherits an undulatory extinction
pattern from its fibrous cement substrate. More commonly, the
dolomite develops directly on a matrix or allochem substrate
and expresses unit crystal extinction. In general, the
crystals are cleaner than the dusty matrix dolomites. Where
present, primary intergranular and shelter porosity 1s either
partially or completely infilled by the cement. in Ratner
sediments, cavity filling rhombic dolomite 15 observed as well
formed rhombs with dusty nuclei, clean rims and sharp crystal
tips indicating at least two periods of crystal growth (Plate
17B) .

Locally in the buildup sediments, rhomb cores have been
removed by dissolution (Plate 17C). The preserved rims vary 1in
thickness from 5 to 25 um, display unit extinction and are
relatively clean. Although the rim tips and boundaries are
poorly defined, their general shape, size and other textural
characteristics resemble modified crystals of cavity fi1lling

rhombic dolomite.

Where fibrous cements and cavity filling rhombic dolomite
occur together in the same cavity, the dolomite cement always
postdates the fibrous cement. Cavity filling rhombic dolomite
infills voids 1r. calcrete norizons, forms 1ntergranular
cements in the peloid-oncolite grainstones that are
interbedded with the calcrete, and occurs as a cement in
varved Ratner laminites. These textural relationships indicate
that the dolomite cement postdates open marine cementation,

buildup exposure, and Ratner sedimentation.
3.5 DEEPER SUBSURFACE DIAGENESIS

Dissolution (phase 2), two fracture generations, cementation
by cavity and fracture filling calcite, dedolomitization,

calcitization of evaporites, and pressure solution are
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assigned to the deeper subsurface diagenetic realm.

3.5.1 Dissolution (Phase 2)

In hand specimen, most of the Winnipegosis carbonates contain
small to coarse vugs, and are extremely porous. The coarse
vugs (1.0 to 1.5 cm) are often enlarged moldic pores of
skeletal grains. Fine vuggy porosity (0.2 to 0.5 mm (after
Choquette and Pray, 1970)) 1is abundant in the matrix

dolomites.

In thin section, intercrystalline porosity in all dolomite
types is greatly enhanced by dissolution; for example, the
dissolved coires of cavity filling rhombic dolomite and the
well rounded crystal tips of finely crystalline matrix
dolomite. However, 1t is unlikely that this porosity can be
attributed to a single dissolution event as Winnipegosis
sediments were probably subjected to more than one period of
dissolution during geologic time; therefore, constraining the
timing of this event is somewhat problematic. Also, the extent

of dissolution due to present day exposure is uncertain.

3.5.2 Fractures

In outcrop, cliff faces exhibit vertical to subvertical
fractures and Jjoints. A major disruption of the flank
sediments occurs at the southwest end of Rock Island where
undisturbed southwesterly dipping flank beds are juxtaposed
along a fracture next to a house-sized block containing

northeasterly dipping flank beds.

In core, at least two generations of fractures are observed.
The earlier, and most common, generation 1is infilled by
secondary cavity and fracture filling calcite cement (Plate

17D); whereas the later generation of fractures are open.
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Fracture orientation is generally vertical to subvertical,
although it is sumctimes random. Where orientation 1s random,
the rock 1s slightly brecciated, and all interclastic cavities
are filled with the calcite cement (Plate 18A). Rarely, ti1ot
generation fractures are cross cut by stylolites. In one
instance, a second generation fracture 1s truncated by a
stylolite (Plate 18B). Fractures of both types c¢ross cut all

facies in both limestone and dolostone buildups.

Some small cavities and all first generation fractures contaln
calcite cement and predate stylolitization. The textural
relationship between bcth generations of fractures and the
stylolites indicates that these rocks were tractured prior to

significant burial.
3.5.3 Cavity and Fracture Filling calcite

Cavity and fracture filling calcite cement represents about
15% of all Winnipegosis cement types, and about 1%% of cavity
filling cements in the buildups. It f1lls moldic, vuqgqgy,
intercrystalline, and intraskeletal porosities, and tirst
generation fractures. In very large cavities (2.0 to 3.0 c¢m
diam.), grey, euhedral, calcite crystals several millimetres
in size are observed. 1In thin section, the cement 1s readily
identified by its large (0.9% to 1.0 mm), euhedral crystals
with rhombohedral cleavage (Plat 18C).

The calcite cement is the last cement to be precipitated 1n
the buildups. It fills, and therefore postdates, the tirst
generation fractures. It predates the development of second

generation fractures that lack cement.
3.5.4 Dedolomite and Calcitized Evaporite

Dedolomite occurs within a 0.5 to 8.0 m interval of the top of
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some builldups in the Dawsnon Bay area (e.g., Steeprock Bridge
pDome, dri1ll core $-5-75). The original carbonate precursor is
often completely obliterated by the very coarse crystalline,
brown and grey, sugary calcite. In upper Ratner sediments,
laminations of calcitized evaporite contain anhedral calcite
crystals that cross cut and preserve thin dusty units that
were associlated with the precursor evaporite (Plate 18D). In
these basinal sediments, the original textures of the

dedolomites resemble finely crystalline matrix dolomite

3.5.5 8tylolites

Rare stylolites are observed in both buildup and basin
sediments. In the buildup sediments, horizontal stylolites are
restricted to the Gunnlaugson limestone buildup and the
limestone 1ntervals which cap the dolomitized buildups.
similarly, stylolites have developed in the dedolomitized
intervals of the Ratner Member. In addition, microstylolites
occur along the bituminous partings contained by the
calcitized and dedolomitized 1ntervals of the basin sediments.
Significantly, stylolites are not observed in any dolomitized
Winnipegosis carbonates in the Dawson Bay area. However, they
are observed in the more deeply buried dolomitized carbonates
in Saskatchewan. 1In both buildup and basin settings, the
lateral extent of stylolites 1s uncertain as they are only

observed 1n core.

In buildup and dedolomitized sediments, stylolites have
amplitudes which vary from a few microns to 1 to 2 cm, and
wavelengths which vary from a few microns to 0.5 cm. They
often contain a black, petroliferous, insoluble residue most
probably comprised of clays and organic matter (Plate 19A). In
the Gunnlaugson limestone buildup, first generation fractures
containing cavity and fracture filling calcite cements are

truncated by a horizontal stylolite. In the Bell River Bay
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dolostone buildup, stylolites also cross cut first generation

fractures and an interval of dedolomite.

Along bituminous partings in the basin sediment:,,
microstylolite amplitudes and wavelengths vary from 2% to 500
gm. Microstylolites are heavily stained with a red-brown -
black insoluble residue acquired from the original bitumin

partings. In the limestone intervals of the Ratner Member,
calcitized evaporaite (calcite crystals >»250 um) are otten
abruptly juxtaposed against finely crystalline dedolomites

(<100 um) along stylolites.

Stylolites cross cut and, therefore, post date calcitized
evaporite and dedolomite cement fabrics 1n all dolomitized
buildup and basin sediments. Furthermore, the textural
relationship between fractures, calcite cement:. and stylolite:
in the Gunnlaugson limestone builldup Iindicates that
stylolitization postdated fracturing and c¢alcite cement

precipitation.
3.5.6 Dissolution (Phase 3)
The timing of the dissolution events is highly problematic.

The Winnipegcsis carbonates in Dawson Bay were undoubtedly

subjected to at least one, if not many, different phases of

dissolution late in their diagenetic history. However, it is
hard to differentiate between the ovidence tor d.ssolution
caused during the removal of the overlying Prairile Evaporite

and similar effects caused by present day ground waters. There
are several possible episodes during which the buildups were
exhumed and subjected to dissolution, the Mississipplan, the
Permian/Triassic boundary, the Lower Cretaceous, and the
Tertiary (Fig. 14). In the Dawson Bay area, all traces of the
Prairie Evaporite Formation have been completely removed hy

one or more solution events that caused the collapse of
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Bural history of Winnipegosis buildups. Solid lines represent preserved
rock record, and cut lines re srasent rock record that was later eroded
Although the exact amount of erosion and extent of uplift is not known,
the buiidups were probably subjected to dissolution during the
Mississippian, the Permian/Triassic boundary, the Lower Cretaceous,
and the Tertiary From stable isolope data, fabric destructive matrix
dolomite and cavity filling rhombic dolomite were probably formed
between 100 and 600 m burial. Textural evidence suggests that fabric
retentive dolomitization may have started on or just below the seafloor.
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younger Paleozoic stratigraphy over underlying Winnipeqosis

carbonates.
3.6 SUMMARY

The various stages of diagenesis are summarized below in their

order of occurrence:
3.6.1 Open Marine Diagenesis

1. Rare syntaxial cementation of monocrystalline echinoid
ossicles.

2. Cementation and neomorphic replacement of lime muds by
microspar cements.

3. Micritization of carbonate grains to formmicrite envelopes
4. Precipitation of rare acicular cements.

5. Precipitation of fibrous cements ir cemented subfacies.
6. Development of internal "fractures" in inclusion rich

generations of fibrous cements.
3.6.2 Bubaerial/Meteoric Diagenesis

1. Phase 1 dissolution of carbonate allochems in stromatolite
cap facies

2. Development of calcrete in uppermost stromatolite cap
facies

3. Precipitation of pendant cements and calcrete glaebules 1n

calcrete horizons.
3.6.3 Restricted Marine/Shallow Subsurface Diagenesis

1. Precipitation of fabric retentive microcrystalline
replacement dolomite throughout all buildup tacies.
2. Precipitation of fabric destructive microcrystalline and

finely crystalline matrix dolomites in buildup, basin and
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platform sediments.
3. Precipitation of cavity filling rhombic dolomite in
stromatolite cap facies, calcrete horizons, Ratner sediments,

and locally in buildup sediments.

3.6.4 Deeper Subsurface Diagenesis

1. Phase 2 dissolution of all dolomite fabrics generating
uncertain amount of observed porosity in buildups; e.g., the
di1ssolved rhomb cores of cavity filling rhombic dolomite.

2. First generation fracturing.

3. Local precipitation of cavity and fracture filling calcite
cement.

4. Calcitization of uppermost kuildup dolomites and Ratner
evaporites and dolomites.

5. Second generation fracturing.

6. Stylolitization of limestones, calcitized evaporites and
dedolomites.

7. Extensive phase 3 dissolution of dolomites generating most

o! observed porosity.

3.7 GEOCHEMISTRY

3.7.1 Radiogenic Isotopes

The results of the */Sr/%Sr radiogenic isotopic analyses are
summarized in Appendix 1. They are all 0.7080 for Dawson Bay
and Saskatcliewan limestones and dolomites. They plot on the
Burke et al. (1982?) curve for *sr/%sr variations in
Phanerozoic seawater (Fig. 15) suggesting that: 1) the primary
carbonates were precipitated in chemical equilibrium with
Middle Devonian marine waters; and 2) the dolomitizing fluids

wore derived from Middle Devonian marine waters.
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3.7.2 8table Isotopes
3.7.2.1 Dolomites

The results of the §!0 and é6!’C stable isotopic analyses for
all Dawson Bay and Saskatchewan dolomites are summarized in
Appendix 2, and plotted in Figure 16 according to diagenetic
texture and host grain type. All measurements are reported in

permil (%) PDB values.

The 6'%0 of the dolomitized fibrous cements, allochems, finely
crystalline matrix dolomites and cavity filling rhombic
dolomites selected from both Dawson Bay and Saskatchewan
buildup interior, buildup platform, buildup flank and kasin
sediments ranges from -4.1 to -6.4% . The §'’C ranges from +0.5
to +2.9%. Although the dolomite types can be differentiated
petrographically, their isotopic compositions are all quite

similar and are therefore discussed together.

An original marine 60 signature (-4.3%) for the Dawson Bay
limestones was determined by averaging the isotopic
compositions of low-Mg calcite brachiopods. In general, the
brachiopods contained little evidence of neomorphism, and were
better preserved texturally than other shelly constituents as
revealed by petrography and cathodoluminescence. Therefore,
this value 1s 1nterpreted to represent the isotopic
composition of primary biogenic calcite precipitated in
equilibrium with Middle Devonilan marine waters. It corresponds
to isotopic values proposed tor Middle and Upper Devonian
marine waters, for example &'"0 -4.5% (Lohmann, 1985), é'%0 -
3.7% (Popp ct al., 1986), § 0 -5.1% (Qing and Mountjoy, 1989).
The heaviest value (-3.7%) 1s probably the most representative

for the Middle Devonian.

As the matrix dolomites formed from the neomorphic replacement
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of limestones, their isotopes represent some combination of
the isotopic compositions of the dolomitizing fluids and the
limestones, reaction temperatures, and water/rock ratios
(after Land 1980, 1983).

The influence of evaporation on the isotopic compositions of
Winnipegosis dolomitizing fluids 1is uncertain. Dolomites
formed from hypcrsaline evaporative sea water are typically
enriched in 60 (e.g. McKenzie, 1981; Botz and van der Borch,
1984). However, the relatively depleted 6'°0 isotopes of the
Winnipegosis dolomites might suggest that the original
dolomitizing fluids were not derived from evaporative waters,
although hypersaline brines were available for dolomitization
in the Elk Point Basin following buildup deposition.
Alternatively, the lack of enriched 60 that might be derived
from hypersaline Elk Point brines may be attributed to the
limitations of sampling fabric retentive microcrystalline
replacement dolomite with crystal sizes less than 5 um (see

later discussion).

The effect of mixi1ng fresh and marine waters on the isotopic
composition of the resultant dolomitizing fluid has been well
documented for both modern and ancient rocks (Land, 1973;
Margaritz et al., 1980; Ward and Halley, 1985; Given and
Lohmann, 1986; Coniglio et al., 1988;). Carbonate sediments
that are dolomitized in mixed solutions of meteoric and sea
water are characterized by depleted 6'°0 and relatively light
and often variable &§''C values. Although 60 (mean -5.2%) for
Winnipegosis dolomites are deplete by 1% compared to the §!%0
(mcan -4.3%) for non-dolomitized marine fossils and might
indicate a meteoric influence, the very narrow range of §°C
in Winnipegosis buildup dolomites does not represent
dolomitization in CO.-rich meteoric waters. The unlikelihood
of a mcteoric water influence on Winnipegosis dolomitization

s further supported by the limited amount of vadose textures
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and meteoric cements in the buildups.

Dolomite depleted by more than §'%0 2% compared to 1ts
precursor may have formed at elevated temperatures (Land,
1980, 1983). In Upper Devonian buildups, Mattes and Mount joy
(1980) and Machel (1985) interpreted a 2 to 3% §'"0 depletion
in dolomites to represent shallow burial dolomitization at
elevated temperatures. Similarly, Qing and Mountijoy (1989)
interpreted a 5 to 8% §!%0 depletion in Middle Devonian Rainbow
dolomites to represent dolomitization at shallow to
intermediate burial depths. For Winnipegosis dolomites, the
§'%0 of Middle Devonian marine waters was about -4.0%, and the
range of §'°0 for the dolomites varied from -4.1 to -6.4%. &'Y0

SMOW (-2.5%) for Middle Devonian marine waters was determined

from:

10° In Q. j-watey = 2.78 X 10° T™?(°K) - 2.89 (Friedman and
O'Neil, 1977)

and:

§%0 SMOW = 1.03 60 PDB + 3C.4 (Hudson, 1977)

From the Middle Devonian 6!*0 SMOW and Winnipegosis dolomite
§'%0 PDB, a temperature range of 45 to 65°C for dolomitization
was determined (after Land, 1980, 1983, 1985) (Fig. 17) from:

10° 1IN 0y yuer = 2-78 X 10° T?(°K) + 0.91

Using an average surface temperature of 30°C and a geothermal
gradient of 33°C/km, the calculated temperatures correspond to
burial depths of about 600 m. If average surface temperatures
in the Elk Point Basin approached the higher value of 40 C
recordad for modern day Persian Gult waters, the calculated
temperatures indicate that dolomitization may have started at
even shallower (< 200 m) burial depths. In conclusion, the

isotopes suggest that the §'"0 of the dolemitizing fluids were
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modified by elevated temperatures at very shaliow Lurizl
depths.

3.7.2.2 Calcites

The results of the §!®0 and é63C isotopic analyses for all
calcite specimens are summarized in Appendix 2, and plotted in
Figure 18. The cavity and fracture filling calcite cements
range in 60 from -7.2 to -10.0%, and in §C from -6.0 to -
8.2%. 6!°0 of calcitized evaporites and dedolomites in basinal
Ratner sediments ranges from -3.2 to -6.6%, and 6'°C ranges
from -3.3 to =7.7%.

Both &6'®%0 and §6'C of the calcite cements are significantly
depleted relative to normal marine waters. The §'%0
compositions indicate that the <cements were probably
precipitated from either fresh waters or at elevated
temperatures. The range of depleted 6°C values may be due to
light carbon derived from either soil~gas reactions during
periods of subaerial exposure, bacterial reduction of organic
matter under reducing conditions during burial (Hudson, 1977;
Anderson and Arthur, 1983), or hydrocarbons (e.g. Budai et
al., 1984).

The isotopic compositions of the dedolomites and calcitized
evaporites are also significantly depleted relative to normal
marine waters. The §'®0 suggests that dedolomitization and
calcitization of evaporites occurred in either fresh waters or
at elevated temperatures; the 6'”C indicates that these
processes took place under the influence of either sulphate
reducing bacteria, soil-gas reactions, or during hydrocarbon

maturation and migration.
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3.6 SUMMARY

1. The mean %sr/%sr value (0.7080) for the analyzed Dawson
Bay and Saskatchewan limestones and dolomites indicate that:
1) the primary carbonates were precipitated in equilibrium

with Middle Devonian marine waters; and 2) the dolomitizing
fluids were derived from the same Middle Devonian marine

waters.

2. The mean §!%0 composition (-4.3%) for unaltered Winnipegosis
brachiopods represents the isotopic composition of primary
biogenic calcites precipitated in equilibrium with Middle

Devonian marine waters.

3. The relatively depleted oxygen isotopic compositions of the
Winnipegosis dolomites suggest that the dolomitizing fluids
were not derived from evaporated waters. However, the isotope
data may reflect a sample bias due to the impossibility of
accurately sampling microcrystalline replacement dolomite

crystals (< 5 um)

4. The very narrow range of enriched carbon isotopic
compositions of the dolomites suggests that freshwater
probably did not influence the isotopic compositions of the

dolomitizing fluids.

5. The depleted oxygen isotopic compositions of both Dawson
Bay and Saskatchewan dolomites suggest that Winnipegosis
dolomitization occurred at very shallow tco shallow burial

depths and elevated temperatures.

6. The significantly depleted isotopic compositions of cavity
and fracture filling calcite cements, calcitized evaporites
and dedolomites represents cementation and calcitization

either in a near-surface diagenetic environment under the
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influence of fresh waters and soil-gas reactions or at depth
under the influence of elevated temperatures, sulphate

reducing bacteria and hydrocarbon generation.

3.9 DISCUSSION

The petrographic and isotopic investigation of the
Winnipegosis carbonates reveals that: 1) the original
sediments were cemented in an open marine environment during
and shortly after their deposition; 2) the upper parts ot the
buildups were modified by subaerial and meteoric diagenetic
processes; 3) three general types of dolomitization occurred -
fabric retentive, fabric destructive and cavity tilling; 4)
the buildup, platform and basin sediments were locally

modified by relatively deeper burial diagenetic processes.
3.9.1 Early Submarine Cementation

Although considerable evidence for early submarine cementation
by microspar has been documented for modern ind ancient
carbonates (e.g., James et al., 1976; Walls et al., 1979;
Marshall, 1983; Kerans et al., 1986; Aissouai et al., 1986),
it is difficult to determine the extent of this type of
cementation in Winnipegcsis buildups due to the limnited amount
of preserved limestone in the study area. Tt 1s clear from the
isotopes and cathodoluminescence that the limestones were
precipitated from Middlfs Devonian marine waters. However,
destructive neomorphic processes have rendered the
relationship between the fine textured microspar and later
stages of submarine cement difficult or 1mpossible to

identify.

The occurrence of aragonitic acicular fibrous cements in the
growth chambers of corals and gastropods in modern reefs

(James et al., 1976; Marshall, 1983) might suggest that the
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original mineralogy 1in similar Winnipegosis cements was
aragonite. However, Sandberg (1983) and James and Choquette
(1983) proposed that so-called 'calcite seas' prevailed during
the Devonilan in which aragonitic cements would not be expe: ted
to predominate. In addition, square-ended fibrous crystals
represeonting the orthorhombic crystal habit of aragonite were
not obsecrved (e.g. Sandberg, 1983):; however, these may have
been obliterated by later neomorphic processes especially
dolomitization. Furthermore, microdolomites were no'
identi1tied 1n the calcite textures indicating that the
original mineralogy of the primary carbonates was probably not
high-Mg calcite (e.g. Lohmann and Meyers, 1977). Due to the
lack of distinctive criteria, the original mineralogy of

Winnipegosis cements remains uncertain.

Untortunately, undolomitized fibrous calcite cements were not
preserved in the study area. Although the isotopic signatures
of the dolomitized cements indicate that the dolomitizing
fluids were derived from Middle Devonian marine waters, the
textural similarity between these cements and other Mg-calcite
cements observed in Devonian carbonates (e.g. Walls et al.
1979, Playford, 1980; Machel, 1985, Carpenter and Lohmann,
1989) suggest that they were not precipitated as primary

dolomitic cements.

In both modern and ancient marine settings, a facies specific
distribution of fibrous cements has been observed along the
seaward margins of modern and ancient carbonate platforms and
buildups exposed to prevailing wind and current activity
(e.qg., James et al., 1976; Playford, 1980; Lighty, 1985;
Machel, 1985; Marshall, 1985; Aissouai et al., 1986; Kerans
et al., 1986). Similarly, the distribution of fibrous cements
in the Winnipegosis cemented subfacies may represent the

exposed seaward margin of these carbonate buildups.
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How the internal "fractures" 1in tibrous cements tormed is
uncertain. It 1is unlikely that they represent desiccation
features as they occur well below the estimated extent of sea
level draw down as defined by evidence for subaerial exposure.
Similar internal ‘'fractures" that c¢cut across several
generations of submarine cements in Silurian reet plattorm
rocks were identified by Savard and Bourque (1989). They
proposed that this type of fracturing may be 1nduced by
mechanical readjustments associated with physical compaction.
The internal fracturing of Winnipegosis cements may have

formed in a similar manner.
3.9.2 Subaerial/Meteoric Diagenesis

The 1local dissolution of peloids and oncolites and the
development of calcrete in the uppermost few metres of some
buildups suggests that meteoric diagenesis mod1f 1ed
Winnipegosis carbonates during a period of subaerial exposure
at the end of buildup construction. In particular, pendant
cements, calcrete glaebules and the thin <c¢renulated
laminations are distinct diagenetic characteristics of
subaerially exposed carbonates (Esteban, 19/4; Esteban and
Klappa, 1983). Subsequent episodes of dolomitization appears
to have erased freshwater 1isotopic signatures from these

pendant cements.

Diagenetic and sedimentological evidence indicates that all
Winnipegosis sediments were deposited in marine waters. At the
end of Winnipegosis time, only thin intervals (< 1 m thick) of
the uppermost stromatolite cap facies represent sediment
modification by calcrete during periods of subaerial exposure.
The presence of acicular fibrous cements around many oncolites
and grapestones, and the subsequent precipitation of f{ibrous
cements between reworked oncolite clasts 1n these facies

represents cementation in marine waters. These textural
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relationships <shcw that the oncolites, grapestones and other
related allochems such as peloids were deposited as
grainstones 1n agirtated marine waters. Furthermore,
depositional and erosional textures such as cross laminated
and qgraded bedding, grainstones, sand to boulder sized rip-up
clasts (teepee structures), laterally extensive truncation
surfaces, and hardgrounds represent marine processes. Capping
the buildups, fenestral textures, oncolites, and grapestones
indicate that water depths shallowed (possibly with
intermittent periods of non deposition), and that
sedimentation occurred 1in intertidal waters. As waters
shallowed turther, the bands of calcrete were formed by vaidose
diagenesis during intermittent periods of subaerial exposure.
Thus both subaerial and submarine diagenetic and depositional
processes were 1nextricably linked and contemporaneous during

late Winnipegosis time.

The evidence of submarine sedimentological and diagenetic
processes 1n the stromatolite cap facies challenges the
proposal by Kendall (1989) that these uppermost sediments are
travertine deposits derived from subaerial springs. One of
several 1important controls that strongly influence the
delicate balance between the physio-chemical and/or
biochemical processes that precipitate calcium carbonate to
form travertine 1is water turbulence (Julia, 1983). 1In
travertine, water turbulence is carefully controiled by walls,
dams and dykes to create a relatively quiet environment suited
to the maintenance of algal colonies and other organisms
involved in travertine formaticn. In Winnipegesis stromatolite
cap cediments, the boulder-sized rip-up clasts, erosional
truncation surfaces, and grainstone textures represent
strongly agitated, high energy waters 1n which travertine
would not form. Tt 1is therefore unlikely that the

stromatolite cap facies represents travertine deposition.
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3.9.3 Dolomitization

Interpretation of the origin of the pervasive Winnipegosis
dolomites is made difficult by complex petrography and isotope
geochemistry, especially the wide range of fabric retentive
and fabric destructive types of dolomite. In their review ot
possible models for dolomitization, Machel and Mount joy (1986)
ascribed the origin of dolomites to: 1) treshwater and
seawater mixing zone fluids; 2) hypersaline brines derived
from evaporated waters in sabkha environments; 3) subtidal
marine to hypersaline brines; 4) a wide variety ot subsurtace
fluids. Machel and Mountjoy (1986) discussed the 1mprobability
of the mixing zone hypothesis due to reaction Kkinetic
constraints and the very limited evidence for dolomitization
in modern freshwater/seawater mixing zone environments. They
demonstrated that these fluids were more suitable agents tor
carbonate dissolution than carbonate precipitation. The
pervasive character of Winnipegosis dolomites, thelr 1sotope
compositions, and the lack of extensive textural evidence for
freshwater diagenesis in these rocks preclude the possibility
of significant freshwater influence on Winnipegosis
dolomitization. Although marine waters were probably
hypersaline at the end of Winnipegosis time, a lack of
diagenetic and sedimentary evidence for builldup exposure and
sabkha deposition suggests that the dolomitization of
Winnipegosis sediments did not occur under evaporated sabkha
conditions. Furthermore, the limited areal extent ot modern
sabkha-related dolomites does not adequately account tfor thick
sequences of pervasively dolomitized carbonates (Machel and

Mountjoy, 1986)

Fabric retentive dolomitization of Winnipegosis fabrics (e.q.
fibrous cements) by microcrystalline replacement dolomite
possibly occurred in normal to slightly hypersaline subtidal

waters shortly after the end of buildup development. Although
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the §'0 data tend not to represent an evaporative influence
on the original dolomitizing fluids, the difficulties of
accurately sampling these extremely small (< 5 um) crystals
may account for a sample blas toward the more depleted &0
coarsely crystalline matrix dolomites that were probably
precipitated at depth. Early subtidal dolomitization by
restricted marine hypersaline waters has been suggested for
similarly well preserved textural detail in carbonates
throughout the rock record (e.g. Morrow, 1982; Sass and Katz,
1982; Coniglio et al., 1988). Although "'Sr/*"Sr compositions
(mean 0.7080) for all Winnipegosis dolomites represent fluids
derived from Middle Devonian waters, 60 compositions (-4.1
to -6.4%) are depleted compared to normal marine limestone
values (-4.0%), and may not be affected by evaporation.
Subsurface dolomitization at slightly elevated temperatures
(4 to 65°C) may account for the depleted §"0 as the narrow
range of &''C (+0.5 to +2.9%) rules out any significant
meteoric influence. If these temperature data are valid, they
suggest that subsurface dolomitization occurred at about 600
m depth or less. By comparison, the more depleted §%0
compositions of Middle Devonian Rainbow matrix dolomites
represent burial dolomitization at depths between 650 to 1500
m (Fig. 14) (Qing and Mountjoy, 1989).

In the Winnipegosis buildups, the distribution of the fabric
reteirtive and fabric destructive types of matrix dolomites
appears to be stratigraphically controlled. In upper buildup
sediments, the fabric retentive microcrystalline replacement
dolomite preserves delicate biological and cement textures,
and the fabric destructive matrix dolomites only occur locally
in patches. Lower in the buildup sediments and throughout the
platform and basin sediments, finely crystalline matrix
dolomite predominates obliterating most of the original
textures and non-skeletal allochems. This stratigraphically

controlled distribution of the dolomite types suggests that
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the more deeply buried lower parts of the Winnipegosis
Formation were exposed to the fluids that precipitated the
matrix dolomites for longer than the upper less buried parts
in which the fabric retentive microcrystalline replacement

dolomite was preserved.

The corollary of these geochemical, textural and otratigraphic
relationships is that the dolomitization of the Winnipegosis
sediments started with the microcrystalline replacement of
organic allochems and early diagenetic fabrics in normal to
hypersaline waters on or Jjust below the sea floor. As the
buildups were buried, dolemitization continued at elevated
temperatures as slightly more coarsely crystalline matrix
dolomites (N.B., the crystal size of finely crystalline matrix
dolomite rarely exceeds 50 um) replaced the earlier
microcrystalline replacement dolomites (- 5 um) from the
bottom of the buildups upward (see section 3.9.4 for possible

subsurface fluid flow mechanisms).

Cavity filling rhombic dolomite 1s the third and latest type
of Winnipegosis dolomite. Rhombs of this dolomite cement are
texturally distinct from the other dolomite types, and arc
characterized either by zonation or by hollow rhombs (rhombs
with dissolved cores). Isotopically, the depleted oxygen
signature of cavity filling rhombic dolomite (-%.4%) 1ndicates
that it was precipitated at shallow burial depths. ''Sr/"sr
isotopic values (0.7080) support that 1t was also derived from
Middle Devonian marine waters. Rhomb zones, comprised of
dusty, inclusion-rich nuclel and clear epitaxtal rims, may
represent dolomitization by two fluids of distinct chemical
composition. Similarly, the hollow rhombs may have formed in
at least two distinct phases, an earlier, less stable,
inclusion and calcian-rich phase that formed the original
rhomb cores, and a later, magnesian phase that formed the

rhomb rims (e.g. Ward and Halley, 1985; Coniglio et al.,
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1988) .

3.9.4 Subsurface Fluid Flow Mechanisms

In the shallow burial environment, mechanical compaction of
the carbonates and overlying evaporites may have provided
Winnipeqosis dolomitizing fluids of marine origin. Illing
(19%9) and Jodry (1969) proposed that differential compaction,
stch as off-reef compaction exceeding reefal compaction, will
expel large volumes of fluid into the less compacted reefal
strata. Machel and Mountjoy (1986) demonstrated that
compaction fluids are capable of dolcmitizing carbonates,
provided the reaction kinetics are suitable for
dolomitization. Machel and Anderson (1989) demonstrated that
all petrologic and geochemical characteristics, and mass
balance calculations show that the dolomitization of Upper
Devonian Nisku buildups by burial compaction is a plausible
dolomitization mecdel for these carbonates. Similarly, Qing and
Mountjoy (1989) proposed that some early dolomite rhombs and
patches in the Keg River buildups were precipitated from
solutions derived from mechanical compaction. Although fabric
retentive replacement dolomitization probably started on or
just below the seafloor, the distribution of fabric
destructive matrix dolomites in the 1lower Winnipegosis
sediments suggests that this phase of dolomitization began in
fluids derived from the mechanical compaction of surrounding
sediments as soon as the puildups were encased in evaporites

at very shallow depths.

Various workers have 1investigated dolomitization by fluids
generated by the dehydration of gypsum. Morrow (1978)
determined that the brines from which Muskeg sulphates were
precipitated had high Mg/Ca ratios, and would be suitable
dolomitizing fluids for nearby Keg River buildups. During the

conversion of gypsum to anhydrite at elevated temperatures and
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pressures, significant volumes of water of crystallization is
released and pore pressure is increased (Blatt ¢t al., 1980;
Sonnenfeld, 1984). Qing and Mountjoy (1989) suggested that
this increase in pore pressure may have caused microfracturing
that would facilitate the mobilization of the diluted brines
into the Keqg River carbonates. The typical association between
anhydrite <caps and Saskatchewan Winnipegosis buildups
(Martindale and Orr, 1987, Kendall, 1989) indicates that the
Dawson Bay buildups were probably encased by similar anhydrite
caps prinr to extensive dissscliution. However, 1t is unlikely
that waters of crystallization derived from gypsum dehydration
influenced Winnipegosis dolomitization because- 1) the
dolomites do not have an evaporative §'%0 signature, and 2)
mass balance constraints 1indicate that the volume of
dolomitizing fluid required to ©pervasively dolomitize
Winnipegosis buildup and basin carbonates (after Machel and
Mountjoy, 1986; Machel, 1989) vestly exceeds the overall
volume of the locally distributed anhydrite caps.

Some dolomitization of Devonian carbonate sequences has also
occurred by tbe funnelling of intermediate or deeper burial
subsurface fluids up fault and fracture systems (e.g., Barss
et al., 1970; Machel, 1986; Halim-Dihardja, 1986; Qing and
Mountjoy, 1989). However, the marine isotopic signatures of
Winnipegosis dolomites do not represent fluids derived from
significant burial depths. Therefore, it appears unlikely that

deeper burial fluids influenced Winnipegosis dolomitization.

Kendall (1989) proposed that dolomitization may have occurred
in Mg-bearing fluids derived from the mixiny of formation
waters and marine brines. These fluids migrated beneath a
desiccated Elk Point basin and flowed up through the
Winnipegnsis to emerge at the top of the buildups to form
travertine. In the Dawson Bay area, there is limited evidence

for travertine deposits above and on the flanks of
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Winnipegosis buildups. However, the upward movement of
dolomitizing fluids through the buildups could explain the
distribution of the two main types of dolomite present, the
fabric retentive replacement dolomite and the fabric
destructive matrix dolomite. The pervasive distribution of the
matrix dolomites in lower Winnipegosis sediments may be due to
the continuous exposure of these sediments to dolomitizing
formation waters that funnelled into the bases of the buildups
from the underlying older Paleozoic carbonates. Higher in the
buildups, these fluids may have preferentially selected more
permeable upward flow paths that avoided sediments previously
dolomitized on or Jjust below the sea floor by the fabric

retentive replacement dolomite.

If the distribution of matrix dolomites can be explained by
this model of fluid flow, their isotope signatures then become
more difficult to explain. Carbonates dolomitized by fluids
derived from depth should be more deplete in §'®0 (e.g. Qing
and Mountjoy, 1989) than the recorded Winnipegosis wvalues
(mean §'°0 -5%). Furthermore, the isotopic signatures of fluids
exposed to deeper Paleozoic carbonates may have re-
equilibrated to assume the isotopic signatures of the older
rocks. If these contaminated fluids then dolomitized
Winnipegosis rocks, their 6'®0 would no longer represent the
isotopic composition of Devonian marine waters and further

problems of interpretation would ensue.

In summary, there were at least two phases of Winnipegosis
dolomitization. Phase one was the precipitation of the fabric
retentive dolomites that probably began in normal to slightly
hypersaline marine waters on or just below the seafloor. Phase
two was the precipitation of the fabric destructive matrix
dolomites that occurred at shallow burial. Cavity filling
rhombic dolomite was also precipitated at this time. Phase two

dolomite fluids were possibly derived from either mechanical
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compaction of surrounding carbonates and evaporites or the

upward passage of formation waters derived from beneath the
buildups.

3.9.5 Later Diagenetic Events

Dissolution has probably affected Winnipegosis rocks during
the Mississippian, at the end of the Permian, during the Lower
Cretaceous, and since the Tertiary. It is largely responsible
for the considerable porosity observed in the buildup and
platform sediments. However, the regional extent of
dissolution related fabrics and their relative timing of
formation is unknown. Thus the distribution of porosity and
permeability in deeper subsurface Winnipegosis reservoir rocks

can not be predicted with accuracy.

The relative timing of first and second generation fracturing
is poorly constrained by cavity and fracture filling calcite
cementation and stylolitization. Fracturing may be related to
the solution and collapse of the overlying Prairie Evaporite
Formation. Isotopic data indicate that the calcite cement
precipitated in either a near-surface or deeper diagenetic
environment. The original calcite-bearing fluids may have
travelled up the fracture system from depth and precipitated

out the cement thereby infilling the fractures.

Limited §C isotopic data indicate that the calcitization of
evaporites and dedolomitization may have occurred under
reducing conditions in the presence of sulphate reducing
bacteria, or in the presence of hydrocarbons. The association
between organic-rich sediments, sulphate reducing bacteria,
and calcitized evaporites and dedolomties has been recognized
throughout the rock record (e.g., Kirkland and Evans, 1981;
Pierre and Rouchy, 1988). However, the spread of depleted §''C

derived from methanogenesis in most of these documented cases
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is far greater than that observed for Dawson Bay Ratner
sediments. Budai et al. (1984) proposed that depleted §'3C (-2
to -6%) in stylolite and bitumen related Mississippian
dedolomites may be attributed to a 1light carbon source
associated with hydrocarbon migration. The depleted 6'%0 (-6
to -11%) in Ratner rocks represent dedolomitization at higher
temperatures. Although the evidence for hydrocarbon generation
is limited in the Dawson Bay Ratner sediments, the bituminous
residue that lines the stylolites may have provided the source
for light carbon in these rocks. As Brightholme bituminous
mudstones are thermally immature, light carbon may be derived
from hydrocarbons generated from older source rocks. Further
isotopic and petrographic work 1is required before the
influence of sulphate-reducing bacteria on Ratner evaporites

and dolomites 1s understood.
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3.10 DIAGENESIS PLATES

PLATE 11

A) syntaxial Cement (C). A poorly preserved echinoid ossicle
is outlined by the syntaxial cement overgrowth. Scale bar,
0.61 mm.. Cross nicols. Mason Island, S-30.

B) Microspar Cement (M). The original lime mud matrix of this
fossiliferous wackestone was neomorphosed to microspar. Scale
bar, 2.78 mm.. Plane light. Gunnlaugson limestone buildup, M-
2-87 (4). 120 ft..

C) Micritic Envelopes (M). The rims of allcchems, possibly
peloids or oncolites, were micritized and preserved while the
cortices of allochems were dissolved. The cavities were later
infilled by early submarine fibrous cements (C). Scale bar,
0.69 mm.. Plane light. Inco 635-48 (24), 103 ft..

D) Acicular Fibrous Cement (A). A sheet cavity is partially
occluded by fans of distally diverging acicular crystals. The
fans provide a substrate for a later generation of more
coarsely crystalline radiaxial fibrous cement (F). All cements
are preserved by fabric retentive microcrystalline replacement

dolomite. Scale bar, 0.78 mm.. Plane light. Mason Island, S-48
(3).
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PLATE 12

A) Acicular Fibrous Cement (A). Isopachous rims of dolomitized
acicular fibrous cement form in the intraskeletal cavities ot

Thamnopora coralline debris. Scale bar, 1.17 mm.. Cross

nicols. Simons Island, S-81 (2).

B) Acicular Fibrous Cement (A). Several generations ot
isopachous acicular fibrous cement encrust peloids, oncolites,
and composite grains. Each generation 1is separated by a
larnination of wuncertain origin, possibly algal, that s
parallel to the original allochem substrate. Note the
brecciated allochems (B) with cement rims representing
evidence for early submarine cementation prior to brecciation
by hydraulic processes. All textures are preserved by fabric
retentive microcrystalline replacement dolomite. Scale bar,

2.69 mm.. Plane light. Salt Point, SPB-4B.

C) Acicular Fibrous Cement (A) and Fibrous Cement (F).
Dolomitized radiaxial fibrous «crystals (note undulose
extinction pattern) cement brecciated clasts with isopachous
rims of dolomitized acicular fibrous cement. This textural
relationship indicates that fibrous cements postdate acicular
fibrous cements. Scale bar, 2.0 mm.. Cross nicols. 635-48
(28). 96 ft..

D) Fibrous Cement (F). At least two generations of brown and
cream coloured, dolomitized fibrous cement infi1ll the
intergranular porosity of these Udoteacean grailnstones that
occur in the cemented subfacies of the buildup flank. M-18-77
2(27). 123 ft..
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PLATE 13

A) Fibrous Cement (F). A single generation of inclusion-rich
and banded fibrous cements occurs as an 1sopachous rim around
poorly preserved remnants of Udoteacean calcareous algae (A).
The cements were dolomitized by fabric retentive
microcrystalline replacement dolomite. Scale bar, 0.9% mm..
Plane light. M-18-77 87(2). 293 ft..

B) Fibrous Cement (F). Undulose extinction across individual
crystals of dolomitized fibrous cement indicate that they
exhibit a radiaxial split crystal growth fabric. Scale bar,
2.69 mm.. Cross nicols. M-18~77 2(27). 123 ft..

C) Fibrous Cement (F). The first generation of fibrous cements

(F1) provides a substrate for the second generation of

inclusion-rich fibrous cements (F2). All cements are
dolomitized. Scale bar, 1.39 mm.. Plane light. M-18-77 (7).
294 ft..

D) Internal "Fractures" (I). A pattern of internal "fractures"
are arranged across a generation of inclusion-rich fibrous
cements. Note how the '"fractures" do not extend across the
substrate surface of the calcareous alga fragment (A) or
across the next generation of relatively clear cavity tilling
rhombic dolomite (C). Scale bar, 0.95 mm.. Plane light. M-18-
77 2(22). 178 ft..
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PLATE 14

A) Pendant Cement (P). Blocky, rectangular crystals of pendant
cements line the ceilings c¢f voids in a calcrete horizon. All
cements are preserved by microcrystalline replacement
dolomite. Scale bar, 0.69 mm.. Cross nicols. Steeprock Bay
Dome Cliffs.

B) Calcrete Glaebules (G). Dolomitized circular to ellipsoidal
calcrete glaebules are distributed throughout the calcrete
horizons in the stromatolite cap facies. The hollow glacbule
centres outline dissolved host grains. Scale bar, 1.13 mm..

Steeprock Bay Dome Cliffs.

C) Microcrystalline Replacement Dolomite. The fine textural

detail of the calcareocus alga, Tentaculites, is well preserved

by fabric retentive microcrystalline replacement dolomite.

Scale bar, 1.25 mm.. Plane light. Mason Island, S-41.
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PLATE 15

A) Microcrystalline Replacement Dolomite (M) . High
magnification photomicrograph (X 1.5K) of the fabric retentive
microcrystalline replacement dolomite. Scale bar, 5 um..
S.E.M.. Mason Island, S-41.

B) Microcrystalline Replacement Dolomite (M). Very high
magnification photomicrograph (X 5.0K) of fabric retentive
microcrystalline replacement dolomite. Scale bar, 5 fm.
S.E.M.. Mason Island, S-41.

C) Finely Crystalline Matrix Dolomite (F). The matrix of the
carbonate platform <crinoidal wackestones is completely
replaced by tightly interlocking crystals of this fabric
destructive type of dolomite. Scale bar, 2.69 mm.. Cross
nicols. M-18-77 (2). 319 ft..

D) Finely Crystalline Matrix Dolomite (F). The non
dedolomitized carbonate mudstones that are interbedded with
bituminous laminations (B) in basinal Ratner beds contain
finely crystalline matrix dolomite. Scale bar, 1.35 mm.. Cross
nicols. M-3-73 87(8). 71 ft..
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PLATE 16

A) Finely Crystalline Matrix Dolomite (F). A crinoid ossicle
is gradually replaced by this type of fabric destructive
dolomite. Scale bar, 0.61 mm.. Cross nicols. M-18-77 (2). 310
ft..

B) Finely Crystalline Matrix Dolomite (F). Radiaxial fibrous
cements, dolomitized by microcrystalline replacement dolomite,
are later partially replaced by the fabric destructive matrix
dolomites. Scale bar, 0.69 mm.. Cross nicols. M-3-85 (49-2).
78 ft..

C) Cavity Filling Rhombic Dolomite (C). The relatively clear
primary dolomite cement partially occludes the intergranular
porosity (P) in peloid oncolite grainstones. Scale bar, 1.39
mm.. Plane ligh%t. M-3-84 (23). 55 ft..

D) Cavity Filling Rhombic Dolomite (C). A single generation of
this dolomite cement forms isopachous rims inside and outside
an ostracod and around other poorly preserved allochems. Scale
bar, 0.95 mm.. Cross nicols. M-3-84 (23). 55 ft..
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PLATE 17

A) Cavity Filling Rhombic Dolomite (D). This finely
crystalline dolomite forms a void-filling primary cement in
calcrete horizons. Scale bar, 1.39 mm.. Cross nicols.

Steeprock Bay Dome. SBD-1 (1).

B) Cavity Filling Rhombic Dolomite (C). Well formed rhombs of
this dolomite cement partially infills cavities in non
dedolomitized basinal Ratner carbonates. Note the dusty rhomb
nuclei (N) and their relatively clean epitaxial rims (E)
indicating at least two periods of crystal growth. Scale bar,

0.30 mm.. Plane light. M-3-73 (7). 69 ft..

C) cCavity Filling Rhombic Dolomite (C). The cores of the
cement rhombs have been preferentially dissolved. The
preserved rims (R) retain unit extinction inherited from their
host nucleii (N). Scale bar, 0.30 mm.. Cross nicols. Mason
Island. S-59.

D) First Generation Fracture (Fl). These fractures are
distinguished from other generations of fractures by the grey,
secondary calcite cement (C) that fills all first generation
fractures. 635-47 (22). 63 ft..

115




v ¢
Y o
e




PLATE 18

A) First Generation Fractures (Fl1). Fracture orientation 1s
often random resulting in the brecciation of the rock and
cementation of the clasts by cavity and fracture filling
calcite (C). M-5-76 (3). 274 ft..

B) Second Generation Fractures (F2). The F2 fracture cross
cuts the F1 fracture filled by cavity and fracture filling
calcite cement. The F2 fracture is also truncated by the
stylolite (S). M-5-76 (2). 294 ft..

C) Cavity and Fracture Filling Calcite Cement (C). The cement,
characterized its by coarse crystal size and rhombohedral
cleavage, completely infills a cavity. Scale bar, 1.17 mm..
Cross nicols. M-5-76 (6). 255 ft..

D) calcitized Evaporite (C). Laminations of calcitized
evaporite contain anhedral calcite crystals that cross cut and
preserve thin dusty units (D) that were probably associated
with the precursor evaporite. Scale bar, 0.61 mm.. Plane
light. M-5-76 (6). 255 ft..
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PLATE 19

A) Stylolite (8). Stylolites are pressure solution features
that are observed in Winnipegosis limestones, calcitized
evaporites and dedolomites. Typically, a black residue (R),
most probably comprised of clays and bituminous organic
matter, is preserved along the stylolite. Scale bar, 0.75 mnm. .
Plane light. M-8-86 (19). 182 ft..
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CHAPTER 4. SUMMARY AND CONCLUSTIONS

1. The Winnipegosis reef complexes in the Dawson Bay area are
comprised of individual carbonate buildups that probably
coalesced during their development to torm larger composite
reef structures. The buildups are local 1n extent and range in
thickness from 75 to 100 m; they are located on reqgionally
extensive platform sediments of relatively unitorm thickness,
10 to 15 m. Basin sediments, 10 m thick, are situated between
the reef complexes and on the carbonate platform. These
carbonate sediments were initially deposited in shallow water
that increased to a maximum depth of about 9% m at the end ot

buildup development.

2. Six environmental facies are i1dentified in the Winnipegosis
carbonates. They are: 1) platform (Lower Winnipegosis Member) ;
2) interior, 3) flank, 4) organic rim, and 5) stromatolite cap
(Upper Winnipegosis Member); and 6) basin (Brightholme and
Ratner Members). The platform facies is subdivided into lower
and upper platform subfacies. The flank facies 1s subdivided
into bioturbated, cemented, and laminated subfacies. The
basin facies consist of two subfacies, the Brightholme Member
bituminous mudstones, and the Ratner Member varved mudstones,

dedolomites and calcitized evaporites.

3. Winnipegosis carbonates 1n the Dawson Bay area are almost
exclusively dolomitized with the exception of some locally
distributed dedolomites and one 1limestone buildup at

Gunnlaugson's Farm.

4, At least twenty phases of diagenesis are 1dentified 1n the
Winnipegosis carbonates. They are interpreted to have occurred
in four principal diagenetic environments: 1) open marine, 2)
subaerial/meteoric, 3) restricted marine/shallow subsurface,

and 4) deeper subsurface.
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. Open marine diagenetic processes modified the carbonate
sediments during the deposition of platform, basin and buildup
sediments. Although all textures are dolomitized, many are
preserved: syntaxial cement, microspar cement, micritic

envelopes, and acicular fibrous and fibrous cements.

6. The crests of the buildups were modified by dissolution,
minor pendant cement precipitation, and calcrete formation
during periods of subaerial exposure and meteoric diagenesis
at the end of Winnipegosis time. The calcrete horizons are
also dolomitized, but textures such as the crenulated

laminations, pendant cements, and glaebules are preserved.

7. Three types of dolomite occur: 1) fabric retentive
microcrystalline replacement dolomite that replaces and
preserves delicate algal and skeletal forms and fibrous
cements, 2) fabric destructive matrix dolomites
(microcrystalline and finely crystalline matlrix dolomites)
that tend to obliterate all original textures, 3) cavity
filling rhombic dolomite, a primary dolomite cement, that
partially occludes intergranular, intraskeletal and moldic
porosity. The matrix dolomites obliterate textures previously
dolomitized by the fabric retentive dolomites, and are

therefore considered to postdate the earlier dolomite phase.

8. The §''C (+2.5%), 60 (-4.3%), and *Sr/*Sr (0.7080)
isotopic signatures of Winnipegosis limestones suggest that
the carbonates were originally deposited in normal marine

Middle Devonian waters.

9. The range of §'"0 (-4.1 to -6.4%), %Sr/®sr (0.7080) and
related temperature/burial depth data of Saskatchewan and
Dawson Bay Winnipegosis dolomites suggest that dolomicization
occurred in fluids derived from normal to slightly hypersaline

marine waters either under the influence of fresh water or
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elevated t . 2ratures at depth. However, the narrow range of
§C (+0.5 to +2.9%) and the limited textural evidence for
meteoric diagenesis do not favour dolomitization by freshwater
mixing. Therefore, elevated temperatures at depths of 600 m or
less are considered the most likely influence on the §'"0O.
This interpretation does not preclude the possibility that
dolomitization, particularly fabric retentive dolomitization,
occurred 1in marine waters during or very shortly after
Winnipegosis deposition and prior to shallow burial. The
problems inherent of sampling crystal sizes of less than 5 um
prevents accurate isotope analysis of the fabric retentive
dolomites to establish under what conditions this type of
dolomite formed. However, the unusually well preserved fabrics
of this type of dolomite may represent dolomitization at

sedimentary temperatures on or just below the seafloor.

10. The exact source of dolomitizing fluids is not clear.
85r/%sr isotopes indicate that all Winnipegosis
dolomitization occurred in fluids derived from marine waters.
The fabric retentive microcrystalline dolomite may have
precipitated on or Jjust below the seafloor in normal to
slightly hypersaline waters. However, 60 isotopes indicate
that the matrix and cavity £filling rhombic dolomites were
precipitated at slightly elevated temperatures. Therefore,
these slightly modified dolomitizing fluids derived from
marine waters may have: 1) funnelled into the carbonates by
the early mechanical compaction of the evaporites that encase
the buildups, 2) sank by gravity into underlying platform
sediments, or 3) funnelled upward through the buildups as

formation waters from older Paleczolic carbonates.

11. The textural relationships between fractures and
stylolites, and the 6'°0 isotopes (-7.2 to -10.0%) of late
cavity and fracture filling calcite cements suggest that all

these diagenetic phenomena took place at intermediate burial
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depths. However, extensive dissolution in the Dawson Bay
Winnipegosis dolomites may have occurred 1later 1in the

subsurface or near ground level.

12. The 6¥C (-2.0 to -6.0%) of Winnipegosis dedolomites and
calcitized evaporites was possibly derived from a light carbon
source associated with the bituminous residue along through-
going stylolites. The 60 (-6.0 to =-11.0%) suggests that
dedolomitization and calcitiz.tion of evaporites occurred at

elevated temperatures during shallow to intermediate burial.
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¥sr/®°sr radiogenic isotope analyses
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Appendix 1. "'sr/®sr radiogenic isotopes

Sample No. Sample Description 8sr/%sr
M-18-77 2(23) DOL Dol. fib. cmt 0.70795
M-18-77 87-26 DOL Dol. f£ib. cmt 0.70800
M-2-87 24 CAL Brachiopod 0.70804
M-8-86 20 DOL FCMD 0.70804
635-46 13 DOL FCMD 0.70795

Sask. 87-9 DOL FCMD 0.70800



APPENDIX 2

C and O stable isotope analyses
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Appendix 2.

Sample No.

22X
1
N
!

M-17-81 1
M-3-84 9
M-3-8% 22

SB 3

M-18-/7 2(20)
635-48 36
M-18-77 11
M-18-/7 11
M-18-77 14
M-18-77 14
M-18-77 23
M-18-77 23
M-3-85 26
635-46 22
635-46 22
M-18-77 23
4/7-76-14 9
M-18-77 3
M-3-84 9
M-3-85 14
M-3-8% 26
M-7-86 23
Sask. WM §7-9
Sask. WM 1
Sask. WM 2
47-76-2 S1
M-5-87 36
sBb1T 1
SB 2
S5-5-75
M-3-85
635-46
635-46 32
M-3-73 (87)8
M-3-73 4
M=-3-73 7
M-3-73 7
M-3-73 (87)6
M-5-76 13
M-5-76 13

24
26
22
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CA I_J
CAL
CAL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DbOL
DOL
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DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
DOL
CAL
CAL
CAL
CAL
CAL
CAL
CAL
CAL
CAL
CAL
CAL

Description
Brachiopod
Brachiopod
Brachiopod

Crinoid grn

Crinoid grn

Crinoid grn

Crinnid grn
Brachiopod

Peloid
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Dol. fib. cmt
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APPENDIX 3

Outcrop cross sections showing distributions of fauna,
sedimentary features and diagenetic textures for Mason Island,
Rock Island, Simons Island, The Bluff, and the Steeprock Bay

Dome Cliffs. A legend for all symbols used appears at the end
of the appendix.
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APPX. 3. FIGURE 1. Mason island, northern exposure. Buildup intenor facies contaiming a vertical series of well bedded shoals
of crinoidal, bryozoan, coralline and calcareous algal floatstones. Scattered massive stromatoporoids are

distributed thrcughout. Note that bedded sediments dip northward away from buildup core at north end of
the exposure.
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APPX.3  FIGURE 2. Mason Isiand. southern exposure. Buik up interior facies containing a vertical seres of well bedded

shoals of crinoidal, bryozoan, coralline and calcareous aigal floatstones. Note that bedded sediments

dip southward away from buildup core at south end of exposure.
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APPX. 3.

FIGURE 3. Mason lsland, northern exposure. Relative amounts (by percentage) of various doicmite and cement
types observed petrographically in collected outcrop specimens. Dolomitized submarine cements and
tabnc retentive dolomites are common at this stratigraphic interval. Fabric destructive and cavity filling

rhombic dolomites occur in iesser amounts.
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FIGURE 4. Mason Island, southern exposure. Relative amounts (by percentage) of various dolomite and
cement types observed petrographically in collected outcrop specimens. Dolomitized submarine
cements and fabric retentive dolomites are common at this stratigraphic interval. Fabric destruc

and cavity filling rhombic dolomites occur in lesser amounts.
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Plan view of cliff rim ortentation
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APPX. 3 FIGURE 5 Rock Isiand. Buildup interior facies contain a vertical senes of weli bedded shoals of crinoidal, bryozoan, and
calcareous algal floatstones. Pebble to boulder—sized massive coralline and stromatoporoid debris is commonly
scattered throughout these sediments. Toward the top of the outcrop exposure, the enigmatic sponge/coral,
Chaetetes, massive corals and stromatoporoids are preserved 'n situ, and represent the early development
of the orgamic nm facies. The poorly defined beds of comminuted skeletai debns and peloidal wackestones and

mudstones on the outcrop flanks represent the buildup flank facies. Note how these beds dip east and west

away from the buildup core. Aiso note the upturned block of sediments on the east flank of the outcrop.
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APPX. 3. FIGURE 8. Rock Island. The relative amounts (by percentage) of various dolomite and cement types observed
petrographically in collected outcrop specimens. Submarine cements and other textures preserved by
the fabric retentive microcrystalline replacement dolomites are common. The high occurrence of cawvity
filling rhombic dolomite may represent a sample bias as this dolomite cement type was not observed in

significant amounts in core
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APPX. 3. FIGURE 7. Simons Island. The organic rim facies contains in situ and disturbed massive corals,
stromatoporoids and the enigmatic sponge/coral,Chaetetes, echinoderms, branching
and tabulate corals, brachiopods and a plethora of non—framebuiliding organisms. Large
volumes of skeletal debris and muds are interbedded with the framebuilders. The apparent
doming of the beds may represent the exposed core of the buildup.
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APPX. 3. FIGURE 8 Simons Island The relative amounts of the various cement and dolomite types observed
petrographically in coliected specimens are recorded by percentage. Submarnne cements
and other textures are preserved by the microcrystalline replacement dolomite. Cavity
filng rhombic dolomite commonly occurs as primary dolomite cement in various porosity
types Fabric destructive matnx dolomites occur in small amounts only
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APPX. 3. FIGURE 9. The Bluff. The organic rnm facies contains in situ and disturbed massive corals,

stromatoporoids and the enigmatic sponge/coral. Chaetetes, echinoderms,
branching and tabulate corals, brachiopods and many non-frarnebuilding organisms.
Fossiliferous wackestones and cross laminated mudstones are interbedded with the

framestones.
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FIGURE 10. Knob One. The Bluff A plan view of the distribution of frame and
non-framebuillding organisms in the organic rim facies.
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APPX. 3. FIGURE 11. Steeprock Bay Dome Cliffs. The stromatolite cap facies represents peritidal sedimentation accompanied by
intermittent periods of subaenal exposure, meteoric diagenesis and calcrete development. These sediments
are predominantly coated grain grainstones with a well developed fenestral fabric throughout. Bioclastic debris
is interbedded with the fenestral grainstones. Laterally extensive truncation surfaces, boulder—sized teepee
clasts and green shale stringers represent intense erosional activity possibly during storms. Cross laminated
mudstones, elongated mud lobes, coated grain grainstones, and laminated pisolites all represent submarine
depositional processes. Thin (< 0.5m) hornizons of banded calcrete occur within the fenestral grainstones
representing periods of subaenal exposure during which calcrete plates, crusts, and glaebules were formed.
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APPX. 3. FIGURE 12. Steeprock Bay Dome Cliffs. The relative amounts of the vanous freshwater and submarine
cements and dolomite types observed petrographically in collected outcrop specimens are
given by percentage. Dolomitized freshwater pendant cements are common in calcrete
horizons. Cawvity filhing rhombic dolomite 1s very common as an intergranular cement in the
coated grain grainstones The fabric retentive and fabric destructive dolomite types may
occur more commonly in the cap facies that extend over the buildup flanks
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LEGEND

Diagenetic Fabrics

Symbol Description

M X Microcrystalline replacement dolomite
(fabric retentive)

X Matrix dolomites (fabric destructive)

(> Cavity filng rhoi.ibic dolomite

Radiaxial fibrous zement

Shad (sheiter porosity)

'NC\ Radiaxial fibrous cement

Ay (intergranular porosity)

@ Radiaxial acicular fibrous cement

MIC  Mcritic envelope
&= Pendant cement

() Calcrete glaebule

[ ] Minor quantity
(1) Porosity

IC Intercrystalline

//\\ Missolved nucler of cavity filing
rhombic dolomite rthombs

G Intergranular
Inorganic/indeterminant Components
Q Peloid

Pisolites

S ee Oncolites




Biogenic Components

77

Y
U
<&
Y
2
D
N

@

| s

N

Echinoderm

Bryozoan

Udoteacean calcareous algae
Brachiopod

Branched coral

Massive coral

Solitary coral

Massive stromatoporoid
Fenestral Algae/Cyanobacterial
Gastropod

Orthocone

Ostracod

Sedimenta,y Structures

R

<

%

|

[
L J
*
L

:

|9

Interbedded wackestones/
floatstones with mudstones

Rippled sediments
Normal graded bedding
Calcrete

E Hsional surface

Finely laminated muds




APPENDIX 4

Locations of wells, and logs for all ccies described in Dawson
Bay and surrounding areas. All cores :1ogged irn Imperial units
(ft). A legend for the log symbols appears at the end of
Appendix 3.
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Locations of wells with logged cores

M-18-77
M-10-72
47-76-14
47-76-2
M-17-81
M-8-86
M-7-86
5-5-75
M-5-87
635-48
M-4-87
635~47
635-46
M-~2-84
M~3-84
M-3-85
M-6-78
M-12-71
M-3-73
M-2-87
M-5-76

03-17-45-25W1M
08-17-45-25W1M
14-12-45-26W1M
10-11~45-26W1M
08~-14-44-25W1M
08-14-44-25W1M
05-13-44-25W1M
03-01-44-25W1M
06-17-44-24W1M
Salt Point

06-21-44-24W1M
Salt Point

Salt Point

16-33-43-24W1M
09-33-43-24W1M
09-33-43-24W1M
13-21-30-17W1M
12-07-48-25W1M
09-15-46-22W1M
05-35-24-10W1M
10-22-30-16W1M
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