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ABSTRACT

Historically, the Dawson Bay Formation has always been considered a good cap

rock for the underlying Prairie Evaporite Formation, but recent flooding of potash mines

suggests that this assumption is invalid. This study describes the sedimentology,

mineralogy, and diagenetic history of the Dawson Bay Formation in the Saskatoon Potash

Mining District, and was undertaken to provide a detailed geological background for

future mine planning.

The Dawson Bay Formation in the study area ranges in thickness from 53 metres

in the east to 31 metres in the west. It is divided into three (locally four) members.

They are, in ascending order, the Second Red Bed, Burr, and Neely Members, capped

locally by the Hubbard Evaporite Member.

The red to grey dolomitic mudstones of the Second Red Bed Member are

disconformably overlain by the carbonates of the Burr Member. These carbonates are

rich in hardgrounds and a marine fauna of crinoids, brachiopods, and corals. The

contact between the Burr and Neely Members is represented by a major hardground.

The lower Neely sediments are argillaceous carbonates, which are overlain by a

dolomitized, bituminous limestone that contain abundant stromatoporoids and

Stringocephalus brachiopods. Overlying these carbonates are organic-rich, peloidal

carbonates which contain dolomitized microbial mats; these, in tum, are overlain by

interbedded dolomitic mudstone and anhydrite. Locally the Neely Member is overlain

by the Hubbard Evaporite which is composed primarily of halite. When the Hubbard

Evaporite Member is absent there is a transitional contact between the Neely Member



and the First Red Bed of the Souris River Formation.

The Dawson Bay sediments were deposited as shallow water carbonates in an

epeiric seaway. The presence of hardgrounds suggests periods of little or no

sedimentation. Open marine conditions were present during the deposition of the upper

Burr and lower Neely sediments. Sabkha-like conditions prevailed during the deposition

of the Second Red Bed and upper Neely Members.

The main diagenetic events that led to porosity formation in the Dawson Bay

Formation are dolomitization, and post-depositional leaching of evaporitic and unstable

minerals. Most porosity is secondary, although minor primary intrapartic1e porosity is

present. The most significant diagenetic event that affected porosity and fractures was

filling by a late halite event. This event significantly reduced the porosity but did not

block it completely.

Petrography and SEM reveals that the Dawson Bay Formation is more porous

than originally thought. There are significant fractures and porosity within the

formation. Although most of the porosity is filled with halite, its removal through

dissolution would create a reservoir that could prove detrimental to the potash mining.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION AND AIMS

The sedimentary sequence described in this thesis is the Dawson Bay Formation,

an upward-shallowing carbonate unit of Middle Devonian age that overlies the potash

bearing Prairie Evaporite Formation. There has been only marginal interest in the

Dawson Bay Formation, in the past, because of its limited hydrocarbon potential.

However, recent flooding of several potash mines by brines flowing through and from

the Dawson Bay Formation has aroused considerable concern and sparked new interest

by the potash industry. Historically, the Dawson Bay Formation has always been

considered to be a good cap rock for the underlying Prairie Evaporite Formation.

Very little is known about the diagenetic history and the petrophysical

characteristics of the Dawson Bay Formation. The objective of this study is to provide

a detailed examination of the mineralogy, sedimentology, and diagenesis of the

formation. This involves the determination of the petrography of the carbonates,

including porosity and permeability characteristics, and the origin of their pore-filling

minerals.

A better understanding of the petrophysical properties of the Dawson Bay

Formation, including how formation fluids might respond to any artificial chemical or

physical barriers constructed to contain brine flow. This may assist in the planning of

1
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any remedial action to prevent the fluids from entering the potash mining levels.

1.2 PREVIOUS WORK

Some of the earliest work on the Dawson Bay Formation was by Whiteaves

(1891, 1892), Tyrrell (1892) and Kindle (1914) who described limestone outcrops in

Manitoba, which were later defined as the Dawson Bay Formation by Baillie (1953).

Initially, Baillie described the lithology of the Dawson Bay Formation from outcrops

along Lake Winnipegosis and then traced the formation into the subsurface of

Saskatchewan. Subsequently, several other authors, including Andrichuk (1951), Powley

(1951), Crickrnay (1954, 1960, 1961), Warren and Stelk (1956), Walker (1957), Edie

(1958, 1959), Lane (1959, 1987), Dean (1982), and Dunn (1982a) contributed to the

understanding of the stratigraphy, sedimentology, palaeontology, and depositional history

of the Dawson Bay Formation.

The only detailed studies of the Dawson Bay Formation in Saskatchewan are those

by Lane (1959) and Dunn (1975, 1980, 1982a). Lane's study was carried out in the

Quill Lakes-Qu'Appelle area, where he outlined the stratigraphy and depositional

environment. Lane's study area overlaps slightly the eastern margin of the study area

of this thesis. Dunn (1975a; 1982a,b), studied the lithology, depositional history, and

general characteristics of the Dawson Bay Formation from core in the Saskatoon area.
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1.3 STUDY AREA AND GENERAL STRATIGRAPHY

lane (1959) divided the Dawson Bay Formation into six members, designated in

ascending order DBI to DB6 (Figure 1). Bannatyne (1975) recognized four correlatable

lithologic boundaries in the type section in Manitoba, which do not correspond to lane's

boundaries. Bannatyne's (1975) divisions can be recognized in rocks from Saskatchewan

except his unit C (an argillaceous unit), which loses its character in the west where

carbonates dominate.

Dunn (1982a) revised the stratigraphic terms for the members within the Dawson

Bay Formation (Figure 1). He divided the Dawson Bay Formation into four members

which are, in ascending order: Second Red Bed Member, Burr Member, Neely Member

and the Hubbard Evaporite Member. Dunn's stratigraphic nomenclature (Figure 1) will

be used here because his subdivisions have the widest regional application, linking the

Dawson Bay Formation in the subsurface of northwestern Saskatchewan with the

southeastern portion of the province and the outcrop belt of western Manitoba.

The area studied in this thesis is shown in Figure 2. Dunn (1982a,b) refers to

this area as the Saskatoon Potash Mining District. The study area encompasses a

24,OOOkm2 area from townships 30 to 40 and ranges 20W2M to 12W3M inclusive.

Within these boundaries, there are approximately 325 wells that either penetrate or pass

through the Dawson Bay Formation, with the greatest density of drilling around the six

potash mines.

The Dawson Bay Formation was defined by Baillie (1953) as being the lowest

sequence of strata in the Middle Devonian Manitoba Group (Figure 3). The Manitoba
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Group is characterized by repetitive sequences of shales and argillaceous limestones that

grade upward into lighter colored limestones which, in some places, are reef forming

(Baillie, 1953). Evaporites, comprising both anhydrite and halite, commonly mark the

upper boundary of the cycles.

The sediments of the Middle and Upper Devonian are commonly cyclical and of

a "restricted" nature. Each evaporitic cycle usually begins with green and red shales at

the base, grading upwards into an argillaceous carbonate, followed by fossiliferous

limestone. The upper beds commonly include a stromatoporoid rich zone, capped by an

evaporitic sequence.

The rocks of the Dawson Bay Formation conformably overlie the rocks of the Elk

Point Group (Lane, 1959). This group constitutes a similar evaporitic cycle, with the

basal shale unit (Ashern Formation), a carbonate unit (Winnipegosis Formation), and an

evaporitic unit (prairie Evaporite Formation). The Dawson Bay Formation represents

a complete cycle of sedimentation within a single stratigraphic unit. The overlying

formations of the Souris River, Duperow, and Birdbear, ranging from Middle to Upper

Devonian in age, also have similar sedimentation patterns to that of the Dawson Bay

Formation. The pronounced cyclicity of these Devonian units was probably caused by

minor eustatic or tectonic adjustments.

1.4 STRUCTURE

A structural contour map of the top of the Dawson Bay Formation shows a gentle,
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regional dip of approximately 4 m/km to the south and southwest, with a strike in a

northwesterly direction (Figure 4). Upon the regional structural trend of the formation

there is considerable local relief, which most readily can be explained by the dissolution

of the underlying Prairie Evaporite Formation. This resulted in local subsidence, post

dating Dawson Bay sedimentation. To the west of Saskatoon is the "Rosetown low",

which is a circular depression attributed to dissolution of the underlying Prairie

Evaporite.

The Dawson Bay Formation, because of its relatively uniform thickness of 45

metres and the unvaried lateral extent of its facies, has been interpreted to be a broad,

shallow marine, carbonate shelf deposit (Braun and Mathison, 1986). Structural lows on

the Dawson Bay surface coincide with a reduction in the thickness of the underlying

Prairie Evaporite (Dunn, 1982a). Dunn (op. cit.) examined cores from those areas where

he had noted structural lows, often fmding the Prairie Evaporite to be missing, or the

Dawson Bay Formation to be extensively fractured and brecciated. Commonly, the

breccias in the sinkholes contained both Dawson Bay and Souris River strata. Dunn

(1982a) also found that where there had been dissolution of the Prairie Evaporite, the

carbonates of the Dawson Bay were fractured. An example of a well where fracturing

likely resulted from the local dissolution of the Prairie Evaporite is the 7-4-38-11W3M

well. The sediments within the Burr Member are fractured and tilted, with beds dipping

from 10 to 25°. The fracture planes dip from 20 to 70°. Some crinoidallimestones

within this core show vertical strain suggesting that they have been affected by tectonic

stresses.
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The dolomitic mudstones of the Second Red Bed Member are also fractured and

the fractures are filled with orange fibrous halite. Locally, slickensided surfaces are also

present.

Dunn (1982a) noted that fracture patterns in the Dawson Bay Formation are

dominantly near-vertical and that any tectonism that has occurred lacks a lateral

component. In the study area, he claims that fracturing of the Second Red Bed and Burr

Member carbonates appears to be the rule rather than the exception. However, most of

the fractures have been healed with halite, reducing the permeability.

1.5 :METHODS OF STUDY

Approximately 180 wells within the study area contain partial or complete

Dawson Bay Formation core, which are held at the Subsurface Geological Laboratory

in Regina. Altogether, cores from 21 wells were used in this study, totalling over 700

metres of core. Additionally, a recent core, drilled upward at an angle of about 30° , was

donated to the Department of Geological Sciences by the Cominco potash mine and it

was used in this study to determine porosity and permeability. A list of the cored wells

used in this study is presented in Table 1, Appendix I, and their locations are shown on

Figure 5.

Well 16-21-34-27W2 was chosen as the reference well because Dunn (1982a) used

it as the type section for both the Second Red Bed and Neely Members. Since the

Dawson Bay Formation is lithologically similar throughout the study area, it is also
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suitable for the Burr Member reference section. The core from this well was logged

thoroughly and 41 samples were taken and examined petrographically, 5 of the samples

were probed with the scanning electron microscope, and 17 were examined under the

cathodoluminescence microscope. The other wells were selected throughout the study

area according to quality core and location. Additional samples were taken where

observations suggested that they were likely to yield useful information about the

diagenesis in the Dawson Bay Formation.

Two hundred and thirty thin-sections were made for petrographic study. Most

samples were mounted on 5 X 7.5 em glass slides with cold epoxy resin, which was used

because of the high salt content within most samples. Each chip was left to dry and

ground to 30 to 40 micron thickness. Half of each thin-section was stained with Alizarin

Red S and potassium ferricyanide, according to the method outlined by Dickson (1966).

This stain is used to distinguish calcite and dolomite.

The classification scheme used throughout the study for carbonate rocks is that

of Dunham (1962), which is based upon depositional textures. The porosity was

described using the terminology of Choquette and Pray (1970). The terminology used

to describe the quartz textures is that of Wilson (1966). The classification of the

anhydrite textures used in this study is that of Maiklem et al. (1969).

Once the general diagenetic sequence had been determined from petrographic

examination, fifty-three samples were selected for carbon and oxygen isotope analysis

(Table 2, Appendix Il), Core samples that appeared homogeneous under the microscope

were preferentially selected for analyses. Samples, both of calcite and dolomite, were
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powdered by using a hand-held dental drill. Each sample was analyzed by X-ray

diffraction to determine the mineralogy, including a semi-quantitative estimate of the

amount of calcite, which commonly is intimately associated with the dolomites. Each

sample was reacted individually with anhydrous phosphoric acid using the procedure

described by McCrea (1950). The calcites were reacted in an agitated water bath at

25°C for at least 4 hours. The pure dolomites were left to react at 50°C overnight. For

dolomite samples that contained> 10% calcite, a time dissolution technique, similar to

that of Al-Assam et ale (1990) was used. Depending on the amount of calcite

(determined from XRD calibration curves) the samples were left to react in the water

bath at 25°C from 1 to 3 hours. The CO2 gas liberated from the calcite fraction was

then pumped away on a vacuum extraction line. The remaining sample was then left to

react at 50°C overnight in order to obtain the dolomite fraction. After the samples had

reacted, the CO2 gas was collected. All stable isotope analyses were conducted using

conventional isotope ratio mass spectrometry on a Finnigan Mat 251 mass spectrometer

at the University of Saskatchewan, and are reported using the 0 notation, relative to PDB

(carbonates) for oxygen and carbon isotopic compositions or relative to SMOW for

oxygen in waters. Replicate analysis are reproducible to +0.3%0 for 0180 and +0.2%0

for 013C.

Cathodoluminescence examination was carried out on 40 thin sections using a

Nuclide Luminoscope. This method was used to detect the presence of Mn and Fe which

are activators and quenchers, respectively, of luminescence (Machel et al., 1991).

X-ray diffraction analyses were made on 22 samples of dolomitic mudstone from
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the Second Red Bed Member to identify the clay minerals. All samples were hand

ground to a very fine powder, then placed into an ultrasonic bath with a dispersant for

1 to 2 days. The dispersant aids in deflocculating the clays. Each sample was then

placed in a centrifuge for 2 minutes to separate the < 2 I'm fraction. The < 2 I'm fraction

was returned to the centrifuge for a further 15 minutes, then collected for mounting as

a smear on a glass slide for XRD. Each sample was X-rayed using a Rigaku Rotaflex

X-ray diffractometer with Cu Ko radiation. Samples were analysed at 40Kv and 80mA

and an interval of 10Iminute. About 25 % of the samples were treated with hot HCI,

which destroys chl�rite but not kaolinite. Each treated sample was then X-rayed.

Twelve samples were glycolated to determine the possible presence of swelling chlorite.

Several rock chip samples were observed by scanning electron microscope (SEM).

Each sample used for the SEM analysis was coated with approximately 100A of carbon

and gold. Some polished thin-sections were analysed using energy-dispersive (EDS)

methods on a JEOL JXA 8600 electron microprobe to observe trace element variations.

These thin-sections were coated with approximately 400A of carbon.

Porosity and permeability measurements were carried out on 12 samples selected

from the Cominco uphole core. These were chosen to represent the different lithologies

in the Dawson Bay Formation, excluding the Hubbard Evaporite Member. The porosity

measurements were made using a Ruska Mercury Injection Porometer, and the

permeability with a Ruska Liquid Permeameter. The calculations and results are listed

in Table 3, Appendix ill.

A subset of 10 samples from various lithologies within the Dawson Bay
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Formation in the study area were used to determine what the porosity would be if the

pore filling salt was leached. The initial porosity measurements of each sample, before

the salt was leached out, were carried out on the Ruska Mercury Injection Porometer.

The mercury was removed by vacuum suction. Each sample was then placed into a flask

and leached with tap water to remove any pore-filling salts. Each sample was then re

injected with mercury to obtain the consequential porosity, again using the Ruska

Mercury Injection Porometer.

1.6 SUMMARY OF THESIS OUTLINE

This section summarizes the structure of the thesis. Chapter 2 outlines the

regional geology of the Elk Point Basin and related sediments, provides a detailed

account of the stratigraphy, and explains some of the problems of associated with

correlations.

The Dawson Bay Formation is divided into three members and locally into four

members. Chapters 3 to 6 describe in detail the lithology, petrography, and the

depositional environment of each of the four members.

Chapter 7 discusses the diagenesis of the Dawson Bay Formation which is based

on petrographic relationships, light stable isotopes, cathodoluminescence, and SEM data.

Chapter 8 considers some of the implications of this study to the potash industry. This

is followed by a summary of the depositional history of the Dawson Bay Formation and

its diagenesis in Chapter 9, with the main conclusions in Chapter 10.



CHAYfER2

REGIONAL GEOLOGY, STRATIGRAPHY,
AND CORRELATIONS

2.1 REGIONAL GEOLOGY

The Dawson Bay Formation occurs only in the subsurface in Saskatchewan, but

crops out at Dawson Bay, Manitoba, which is located along the northwest shores of Lake

Winnipegosis. It is preserved as part of the sedimentary package deposited in the Elk

Point Basin of Western Canada. During the Middle Devonian, Saskatchewan and

Manitoba were part of the Elk Point Basin -- an elongate intracratonic basin, trending

NW-SE, that extended from the Northwest Territories through northeast British

Columbia, Alberta, southern Saskatchewan and southwest Manitoba, and into the

Dakotas. The basin was bounded by the West Alberta Arch and Peace River High in the

west, the Tathalina Arch in the north, and the Precambrian Shield to the east (Figure 6).

The Elk Point Basin was sub-divided into smaller, subsiding basins by positive

features within the basin. Two of these sub-basins, the Saskatchewan and Alberta sub-

basins, were separated by the Meadow Lake Escarpment. The sedimentary successions

of Saskatchewan and Manitoba occur within the Williston Basin. The Williston Basin

was an ellipsoidal depression centered in North Dakota. The Williston Basin covers most

of the area that is covered by the Saskatchewan sub-basin, shown in Figure 6.

Uplift in Late Silurian-Early Devonian time caused a retreat of the seas from the

Western Canadian craton. Deposits of this age are found in the Yukon and Alaska

16
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(Lane, 1985). A period of erosion of the Paleozoic surface occurred prior to the

deposition of the Middle Devonian sediments. The Middle Devonian seas then flooded

the northwest and western margins of western Canada and into the Elk Point Basin. In

the Early Devonian the floor of the Williston Basin was above sea level, but by Middle

Devonian, the Elk Point seas had transgressed southeastward through Saskatchewan and

into North Dakota from the northwest (porter et al., 1982). The Devonian is

characterized by a steady transgression broken by brief regressive pulses (Moore, 1988).

The initial sediments of the Williston Basin are the carbonate-bank deposits of the

Winnipegosis Formation, which succeeded the thin, red and grey dolomites and shales

of the Ashern Formation. These sediments, in tum, unconformably overlies a brick red

paleosol at the top of a brecciated post-Silurian exposure surface. The Winnipegosis

Formation is overlain by 200 metre-thick salt deposits of the Prairie Evaporite

Formation. The Second Red Bed Member of the overlying Dawson Bay Formation

marked a change in the depositional style of the Elk Point Basin to cyclical

sedimentation. This is represented in the sediments of the Manitoba and Saskatchewan

Groups. Figure 7 shows the regional facies relationships and the distribution of Middle

Devonian formations in the Elk Point Basin.

There was brief, widespread, tectonic stability during most of late mid- and late

Devonian time. A Late Devonian regression was followed by an Early Mississippian

transgression, which is marked by a thin, but widespread, veneer of dark organic shales

of the Bakken Formation.
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2.2 STRATIGRAPHY OF TIlE DAWSON BAY FORMATION

Baillie (1953) first described the Dawson Bay Formation from outcrops that are

well exposed at the northwest end of Lake Winnipegosis. Generally, the Dawson Bay

Formation ranges in thicknesses up to 60 metres, with the thickest sediments in southeast

Saskatchewan (Figure 8). The Dawson Bay Formation consists of red and green shales

at the base, overlain by dolostones and dolomitic limestones that grade into fossiliferous

limestones, with the uppermost sediments consisting of interbedded dolomite and

anhydrite. The Dawson Bay sequence is then capped by halite evaporites. The Dawson

Bay Formation becomes a thin sequence of red beds with sparse fauna in western

Saskatchewan and also thins to the northwest (Walker, 1957; Dunn, 1982a,b). Over the

eastern portion of Saskatchewan, the Dawson Bay Formation thickens because it includes

an uppermost halite member, named the Hubbard Evaporite Member. The depocentre

of the formation is in southeastern Saskatchewan near the town of Hubbard, where it

reaches a maximum thickness of 70 metres (Lane, 1959).

There appears to be a direct relationship between the thickness of the Dawson Bay

Formation and the thickness of the underlying Prairie Evaporite Formation. The Dawson

Bay Formation is thickest where the Prairie Evaporite Formation exceeds 150 metres

(Lane, 1959), indicating the possible presence of a sub-basin within the Elk Point Basin.

The strata of the Dawson Bay Formation are largely restricted to the central part

of the Williston Basin and extend a short distance into north-central Montana (Sandberg

and Hammond, 1958). The name, Dawson Bay Formation, is also used in the northern
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United States, where it exists only in the subsurface.

In the Saskatoon Potash Mining District, the Dawson Bay Formation ranges in

thickness from 56 metres in the east, to 31 metres in the west, and the top of the

formation, generally lies at a depth of about 945 metres. Dunn (1982a) subdivided the

Dawson Bay Formation into three (locally four) members, which are in ascending order,

the Second Red Bed, Burr, and Neely Members. The Hubbard Evaporite Member only

occurs locally (Figure 5). Figure 9 summarizes the stratigraphy of the Dawson Bay

Formation, and is taken from the well 16-21-34-27W2. Other representative stratigraphic

logs of cored wells used in this study are located in Appendix I.

The Dawson Bay Formation is underlain unconformably by the Prairie Evaporite

Formation and is overlain unconformably by the Souris River Formation. Where the

evaporites have been removed by dissolution, the Dawson Bay Formation unconformably

overlies the Winnipegosis Formation. Two cross-sections are shown in Figures 10 and

11 (in back pouch), one north-south and the other east-west across the study area. These

illustrate the regional variations in the lithology and thickness of the members. The

location of the cross-sections is shown on Figure 5.

Overall, the lithology of the Dawson Bay Formation is relatively uniform

throughout the study area. It exhibits considerable lateral continuity with some minor

lateral variation.
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2.3 PROBLEMS OF CORRELATION

The Dawson Bay Formation has been correlated with several different rock units,

including the Slave Point Formation (Baillie, 1951), the upper part of the Muskeg

Formation (Graystone et al., 1964), and either part or all of the Watt Mountain

Formation (Kramers and Lerbekmo, 1967; Dunn, 1982a). In western Saskatchewan, the

Dawson Bay Formation thins to red beds and can be traced only a short distance into

Alberta. In central Alberta, the Dawson Bay Formation is normally correlated with

clastic deposits of the Watt Mountain Formation (Dunn, 1982).

However, Braun and Mathison (1986) have recently recognized problems in the

traditional correlations of the Dawson Bay sediments with other formations. There is a

problem with correlating the open marine limestones of the Dawson Bay Formation with

the Muskeg anhydrites of northern Alberta because the opening of the basin is usually

considered to be located in the north. The sediments of the Muskeg Formation should,

therefore, be less restricted in character than the Dawson Bay Formation limestones to

the south. Braun and Mathison (op. cit.) suggest that the Dawson Bay sediments should

be an evaporitic sequence if it is equivalent to the Muskeg Formation, especially if one

believes the path of the Devonian transgression into Western Canada was supposedly

from north to south, and given the basin configuration and epeiric sedimentation. They

comment that some geologists have tried to solve this enigma by postulating a direct link

to the Dawson Bay Formation sea in the lower Mackenzie Valley and Great Slave Lake

areas, but there is no supporting evidence preserved in the geological record. Williams
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(1984) summarized four of the possible paleogeographic settings for sedimentation within

the Elk Point Basin. He claims that the Elk Point seas entered the basin, in part and at

times, from northern Saskatchewan. These may also have provided waters for the

deposition of the Dawson Bay carbonates.

The correlation of the Watt Mountain Formation clastics with the Dawson Bay

Formation suggested by Dunn (1982a) is also enigmatic. Williams (1984) claims that the

Watt Mountain Formation and the Second Red Bed Member record episodes of subaerial

erosion, and that the amount of section removed cannot be estimated. Thus, a great deal

of the record may have been eroded, making correlation between the two difficult.

Correlation with the Slave Point Formation is also a problem in that both the megafauna

and microfauna of this rock unit are younger than the Dawson Bay sediments (Braun and

Mathison, 1986).

Based on ostracod biostratigraphy, Braun and Mathison (op. cit.) suggest that the

basal unit of the Watt Mountain Formation is laterally equivalent to the Second Red Bed

Member, and that the Burr Member is equivalent to most of the Watt Mountain

Formation in the Peace River Arch area. The Neely Member has been correlated with

the Fort Vermilion Formation in the Peace River Arch area. The Hubbard Evaporite

Member is then correlated with the Slave Point Formation. Figure 12 summarizes the

stratigraphic correlations of the Dawson Bay Formation. As is evident from this

discussion, correlation of the Dawson Bay sediments with other time-stratigraphic

equivalent sediments is complex, and many questions remain unanswered.
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CHAPrER3

THE SECOND RED BED MEMBER

3.1 LITHOWGY AND SEDIMENTARY FEATURES

In the study area, the Second Red Bed Member ranges in thickness from 3 to 7

metres with an average thickness of 4 metres. There is little regional lithological

variation. The sediments of the Second Red Bed Member are superficially homogeneous,

but detailed petrographic examination reveals a different story. The strong gamma-ray

log deflection associated with this lithology reflects its high argillaceous component,

which is absent in the other members (Figures 10 and 11, in back pouch).

The major lithology of the Second Red Bed Member is dolomitic mudstone, which

will be referred to as facies A. It grades in color from red at the base to grey at the top.

It is microcrystalline, poorly consolidated and locally shaly. Fractures occur throughout,

and are filled with orange fibrous halite. Locally, there are scattered anhydrite nodules.

A generalized lithologic sequence of the Second Red Member is illustrated is Figure 13.

The contact between the Prairie Evaporite Formation and the Second Red Bed

Member is disconformable. The presence of brecciation at the base of the Second Red

Bed Member may suggest that the area was subject to exposure intermittently before the

deposition of the mudstone suggesting that there was a period of erosion before the

deposition of the Dawson Bay Formation.

The contact between the Prairie Evaporite Formation and the Second Red Bed

27
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Formation is usually sharp, but in some cores the contact appears to be a gradational

lithologic transition from the underlying evaporites to the dolomitic mudstones. Where

the salts of the Prairie Evaporite Formation are absent due to dissolution, the Second Red

Bed Member overlies the carbonates of the underlying Winnipegosis Formation.

Commonly a collapse breccia is present at this contact, which is likely related to the

removal of the Prairie Evaporite Formation. The remaining green shale, at the contact

between the Winnipegosis Formation and the Second Red Bed Member, probably

represents insoluble residues of the Prairie Evaporite Formation.

The contact between the Prairie Evaporite Formation and Second Red Bed

Member is commonly composed of brecciated dolomitic mudstone and crinkly microbial

laminations (plate I-A). Above this zone, there is a 30 to 40 centimetre unit of mixed,

red dolomitic mudstone and halite. As one moves up-section from this contact there is

a gradational change with diminishing mixtures of halite. The laminated sediments

consist of anhydrite dispersed through the microbial material and dolomitic muds

alternate with microbial layers. A similar pattern of sedimentation was observed in the

modern environment of the Trucial Coast by Butler, et al. (1982), except its original

mineralogy is gypsum and it is dispersed throughout the microbial layers and with

increasing temperatures the gypsum eventually dehydrates into anhydrite.

The most abundant features in the mudstones are desiccation features, wispy

laminae, and vertical to sub-vertical fractures filled with orange fibrous halite. The wavy

laminated mudstone has a distinct birds-eye fenestral texture. The pore space has been

filled with white anhydrite or, less commonly, with clear halite.



PLATE 1

Second Red Bed Member
Dolomitic mudstone

A: Crinkly microbial laminations at the base of the Second Red Bed Member. Arrow

indicates way-up. Location 3-27-38-27W2M, depth 956 m. (Dime is 18 mm across).

Band C: Color change in the Second Red Bed Member from brick red at the base

(lower right - Figure C) to grey at top of the facies (top left - Figure B). Note the

unconsolidated nature of the sediments. Location 16-21-34-27W2M, depth 1005.8-

1010.1 m. (One core box is 0.76 m long and core diameter is 10.1 em).
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The mudstones of the Second Red Bed Member are brick red at the base and

grade upward into brown and grey mudstones (plate I-B,C). This color change

presumably indicates a change in the oxidation state of iron within the sediments. The

red beds average 2.5 metres in thickness and owe their color to finely disseminated ferric

oxides, usually in the form of hematite. The presence of hematite was confrrmed by X-

ray diffraction analysis. Commonly, the red colored beds are mottled with green,

probably due to local reducing conditions. These red beds change abruptly upward to

brown mudstones, which rarely exceed 1.5 metres in thickness. These, in turn, grade

into grey mudstones which make up the upper 2.5 metres of this member. The grey

mudstones are generally more cohesive than the red beds. The color gradation from red

to brown to grey may result from a change of strongly oxidizing conditions to reducing

conditions, possibly associated with an increase in water depth. At the top of the grey

beds, microbrecciation is observed in some wells.

In core, the mudstones of facies A are typically poorly consolidated (plate I-B,C),

except for the upper one to two metres and lower 0.5 metres. The poor consolidation

of the core may be the result of a higher percentage of shale which makes the rocks more

susceptible to drilling processes.

The dolomitic mudstones of facies A are fissile and separate readily into small

platy blocks with conchoidal surfaces. They are usually intensely fractured; most

�

fractures have been filled with orange fibrous halite (plate 2-A).

Halite occurs in two forms throughout facies A: as translucent white crystals and

as orange fibrous needles. The translucent crystals usually fill primary and secondary



PLATE 2

Structure and Sedimentary Features of Facies A

A: Orange fibrous halite, commonly found filling fractures throughout facies A.

Location 14-23-34-3W2M, depth 1060.7 m. (Camera lens is 40 mm across).

B: Angular brecciated intraclasts occurring at the top of facies A. Location 4-18-35-

8W3M, depth 1073 m. (Dime is 18 mm across).

C: Microbial mats commonly found at the top of facies A. Note the domal shape

suggesting that they formed on some topography. Location 3-27-38-27W2M, depth

951.6 m. (Camera lens is 40 mm across).
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intergranular and vuggy porosity. The orange fibrous needles occur as fracture fill. The

crystals are euhedral and up to 7 mm in length. The orange halite occurs as bands of

acicular crystals that are oriented normal to the vein walls.

Orange halite is common in the Prairie Evaporite Formation (Utha-aroon, 1990).

The halite in the Second Red Bed Member has a similar color to that of the upper section

of the underlying Prairie Evaporite Formation. It is possible that some of the underlying

orange salt was dissolved and reprecipitated in pre-existing fractures of the overlying

unit.

In core, the anhydrite occurs as isolated milky white nodules, up to 3 em in

diameter. Locally, brown euhedral blades of anhydrite were observed as a replacement

in the dolomite matrix. The euhedral crystals are up to 10 mm in length. The anhydrite

is probably replacive because it contains abundant inclusions suggesting that it replaced

a precursor.

X-ray diffraction scans by Dunn (1982a) revealed that sediments of the Second

Red Bed Member are 50 to 90 % dolomite with subsidiary anhydrite and halite, and

minor quartz. Twenty-one X-ray diffraction analyses of the < 2 micron (clay) fraction

were undertaken for this study, which revealed that the main clay minerals are illite,

chlorite, and swelling chlorite (Figure 14). Swelling chlorite was confirmed by

glycolation. Its presence is seen in the peaks 16.35 and 15.44A (Figure 15). Kaolinite,

previously reported by Dunn (1982a), was not found in any of the samples. The

mineralogy of the Second Red Bed Member is similar to that reported from the Patience

Lake Member of the Prairie Evaporite Formation (Mossman et al., 1982; Boys, 1990).
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A similar clay mineral assemblage has also been reported by Handford and Bassett

(1982b) in the Permian evaporites in Texas. They claim that the association is unique

to evaporite facies.

The main structures within the Second Red Bed Member are fractures. The

fractures are rarely> 1 em in width. The maximum length observed in core was 10 em,

but many fractures likely extend beyond the core margins. The orientation of the

fractures is commonly difficult to ascertain because much of the core is broken into

blocks, but in the longer core pieces, most fractures appear to be sub-vertical in

orientation. Most fractures are usually single and many are cross-cutting. Rarely,

anastomosing fractures were observed. Slickensides are present on many fracture planes.

These indicate displacement, which was likely the result of collapse, associated with salt

dissolution in the Prairie Evaporite Formation. Some fractures could have resulted from

the rock volume reductions, associated with mineralogical changes (e.g. gypsum to

anhydrite).

The contact between the Second Red Bed Member and the overlying Burr

Member is unconformable and attributed to a depositional hiatus (Dunn, 1982a). This

contact is usually sharp and commonly angular. In some cores, microbrecciation occurs

just below the contact, in a zone <0.5 metres in thickness. The clasts of the

microbreccia vary in size from 0.5 to 1 mm in diameter and are somewhat angular

indicating that they likely formed in situ and probably represent an exposure surface

(plate 2-A). At this contact there may also be finely laminated dolomites. The

laminations « 5 mm thick) are mostly horizontal, but in some cores there is primary
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depositional dip of 30°. These are interpreted to represent microbial laminites or

stromatolites (plate 2-C).

3.2 PETROGRAPHY OF THE SECOND RED BED MEMBER

The Second Red Bed Member has a clay content of approximately 15%, which

made thin-section preparation and polishing to the normal 30 to 40 "m troublesome.

Also, while the sediments were drying during thin-section preparation, artificial cracks

formed making it difficult to differentiate original microfractures from artifacts.

Therefore, some caution was taken in making interpretations.

The dominant lithology is dolomitic mudstone (plate 3-A,B). The dolomite is

predominately microcrystalline, composed of interlocking anhedral dolomite crystals,

which can be slightly iron rich, as seen from the staining of the thin sections with

potassium ferricyanide. Toward the top of the formation, the dolomite becomes coarser

grained and more distinct euhedral crystals occur.

3.2.1 FAUNA AND ALLOCHEMS

The Second Red Bed Member is essentially non-fossiliferous, although Dunn

(1982a) noted traces of borings and silicified ostracod tests in the upper few centimetres

of the member. Braun and Mathison (1986) mentioned that a few conodonts were also

found.



PLATE 3

Dolomitic Mudstone Petrography

(Scale Bar is 500 I'm)

A: The dominant lithology of facies A is dolomitic mudstone. Note the detrital

grains (d). Location 3-27-38-27W2M, depth 954.6 rn.

B: As above except with fewer detrital grains. Location 3-27-38-27W2M, depth

953.9 m.
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The predominant allochems are micritic, sub-rounded to angular intraclasts

varying in size from 30 to 70 I'm. The lower 0.5 m and the upper 0.25 m of the

member commonly have wavy laminations which, as previously stated, were probably

formed as the result of microbial activity.

Peloids are a minor component. The peloids are distinguished from the matrix

by their darker color; locally they are concentrated. Many are probably fecal pellets but

their origin is difficult to establish.

3.2.2 SILICA CEMENT

Quartz was seen in several thin sections, but only as a minor component. Most

of the quartz occurs as megaquartz mosaics lining or filling microfractures. It also fills

or lines secondary vuggy porosity (plate 4-A). Commonly, the pore-filling cements have

crystals that increase in size toward the centre of the vug. Rarely, the quartz is

inclusion-rich possibly indicating that, in those instances, it is replacive. The precursor

could not be identified but quartz commonly replaces evaporites (Folk and Pittman,

1971).

3.2.3 ANHYDRITE

Anhydrite is the most common non-carbonate mineral present. In some thin

sections, it constitutes up to 90% of the rock. Anhydrite is commonly seen in two main

- .



PLATE 4

Petrographic Features of Facies A

(Scale bar is 500 I'm)

A: Quartz (Q) lining secondary porosity. Location 16-21-34-27W2M, depth 1009.5 m.

Crossed nichols.

B: Anhydrite laths encompassing lithified clasts suggesting that the anhydrite occurred

after lithification but before compaction. Anhydrite laths are commonly found in

facies A. Location 16-21-34-27W2M, depth 1009.2 m. Crossed nichols.
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forms in thin section: 1) nodules, which are aggregates of felted to subfelted masses of

acicular crystals, and 2) as scattered euhedral crystals throughout the matrix. The

nodular anhydrites exhibit a tight interlocking fabric of elongate to microcrystalline laths

that radiate from a central point. The most common types of anhydrite are the felted to

subfelted masses with aligned felted laths. The scattered euhedral crystals have a random

orientation throughout the matrix. The laths range from 10 to 150 I'm in length.

The anhydrite appears to be result of in situ growth displacing the mud in the host

sediments. The laths are generally aligned parallel with bedding but where there are

coarse intraclasts, the anhydrite drapes around the clast (plate 4-B). The clasts

themselves rarely incorporate the anhydrite suggesting that the anhydrite emplacement

postdates early lithification and compaction.

3.2.4 POROSITY

The most common porosity type seen throughout the Second Red Bed Member

is fracture porosity, but it is usually filled by halite. Secondary vuggy porosity occurs

rarely, but it is usually filled with anhydrite or quartz. The dolomite is cryptocrystalline

with no observable porosity. Overall, the member is tight with very little effective

porosity in the matrix.
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3.2.5 STRUCTURE

The main structure seen in thin section are microfractures. At least two fracturing

events were observed from cross cutting relationships. There is an early fracturing

event, probably associated with penecontemporaneous desiccation and at least one later

event that likely results from dissolution of the underlying salts.

Also observed in several thin sections are argillaceous and carbonaceous

materials, which occur as thin streaks, usually parallel with thebedding, or in irregular

patches and disseminated through the matrix.

3.2.6 ACCESSORY DETRITAL MINERALS

One accessory mineral found within this member was quartz. The quartz found

within the groundmass is likely to be detrital and derived from the adjacent land by

deflation. It occurs as scattered silt-sized grains, but constitutes a very minor portion of

the total quartz seen in the Second Red Bed Member. There are also clay minerals.

3.3 DEPOSITIONAL ENVIRONMENT

The fracturing in the Second Red Bed Member resulted in poor core recovery,

this hampered the reconstruction of the depositional environment. However, the thin

sections have provided clues that aided in the interpretation.

- I
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The sediments of the Second Red Bed Member are probably best explained as

evaporitic mudflats with similar modem day counterparts occurring in the sabkhas of the

Arabian Gulf and the extensive mudflats in Baja California. In the early stages of

sedimentation the Second Red Bed Member is envisaged as a vast emergent saline mud

flat or sabkha that extended for hundreds of kilometres. Toward the end of Second Red

Bed times the mudflats became submerged for progressively longer periods. The red to

greenish clays became saturated with brine, leading to evaporite precipitation within the

pre-existing sediments. The absence or near absence of fossils indicates the harshness

of the environment. Ponded waters on the surface would have dried-up periodically

under the existing arid conditions, firmly establishing dry mud-flat conditions over the

prevailing area.

The source of the Second Red Bed sediments is not known with certainty. It is

probable that some of the lower sediments are the residue from the dissolution of the

underlying Prairie Evaporite before the sedimentation pattern of the Second Red Bed

Member became firmly established. Other possible sources for the sediments include

eolian material or the precipitation of carbonates within the water column. Dunn (1982a)

suggested that the dolomites were primary precipitates, but provided no supporting

evidence.

By the end of Prairie Evaporite time, hot arid conditions prevailed and the

sediment surface became a periodically submerged mudflat. An unknown amount of salt

was dissolved from the underlying Prairie Evaporite Formation before the deposition of

the mudstones of the Second Red Bed Member. The surface waters on the mudflats were

-
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ephemeral or very shallow, so the initial sediments commonly contain evidence of

intermittent exposure, such as intraclast breccias. Similar features are reported by

Handford (1988) in Baja California.

Utha-aroon (1990) found that the uppermost halite of the Prairie Evaporite

Formation had been recrystallized during a period of freshening. This interpretation is

further supported by the basal sediments of the Second Red Bed Member, which are

microbial-laminated mudstones and anhydrite, suggesting waters that could support life.

Sediments of ephemeral salinas can be well-laminated, possibly explaining the

laminations that occur in the lower section of the Second Red Bed Member.

In hot, arid, emergent areas red beds tend to develop because of the generally low

water table and oxidizing ground waters. The sediments of Baja California are a modem

example of red beds forming in situ in a hot, arid climate that can be used as a modem

analogue of many ancient red beds. In Baja California the iron oxide pigments (hematite)

are predominantly diagenetic in origin; they are forming in areas with low water tables

and alkaline groundwaters (Walker, 1967). Handford (1982) described red beds from

Bristol Dry Lake in California which were interpreted as saline mud flat deposits and

appear similar to the red beds in facies A.

A gradually deeper sea advanced across the platform, and this situation is partially

reflected in the color change from red at the base, to brown and then to grey at the top

of the member, indicating progressively less oxidizing conditions. Also the depositional

environment changed from a periodically emergent mudflat into a shallow, evaporative,

marine lagoonal environment at the top.

_�J
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About half a metre of intraclast breccia is seen in some cores just below the

contact between the Second Red Bed Member and the overlying Burr Member. These

breccias likely represent subaerial exposure and desiccation. These breccias may also

represent contemporary dissolution of underlying evaporites, causing a collapse of the

surrounding sediments. Shinn (1983), suggest that intraclasts are also produced by

erosion and redeposition in storms. But they are probably representative of subaerial

exposure.

At the end of Second Red Bed sedimentation, deposition ceased and there was a

hiatus of unknown duration before the Burr Member sediments were laid down (Dunn,

1982a). The oil shale seen at the base of the Burr Member represents an episode of

basin stagnation, severe restriction and the development of euxinic bottom conditions.

Dunn (op. cit.) used the following evidence to support an unconformity between

the Second Red Bed and the Burr Members:

1. angular discordance (in most wells)

2. borings into the Second Red Bed, indicating lithification prior to deposition of the Burr

carbonates, and

3. compaction and dissolution of the uppermost Second Red Bed strata, giving rise to

organic and clay-rich veneers.

--



CHAPTER 4

THE BURR MEMBER

4.1 LITHOLOGY AND SEDIMENTARY FEATURES

This chapter describes the lithology, petrography, and depositional environment

of the Burr Member. It is based both on the megascopic and microscopic details seen

in core and thin sections.

Using the well data provided by Dunn (1982a), the Burr Member in the study

area has a calculated maximum thickness of 24 metres, a minimum thickness of 12

metres, and an average regional thickness of 17 metres. It is bounded by a basal

unconformity with the Second Red Bed Member and an upper disconformity with the

overlying Neely Member. On geophysical logs, the upper and lower contacts of the Burr

Member are determined by sharp gamma-ray responses (Figures 10 and 11, in back

pouch). The base of the Burr Member commonly includes a thin band ( < 2 em) of black

argillaceous and bituminous material; locally the sediments above the contact are crypto

laminated carbonates. These laminated mudstones have a maximum thickness of 0.75

metres. The laminations are either parallel or dome-shaped, suggesting a microbial

origin (plate 5-A). In some cores, the contact is brecciated; the brecciation may have

resulted from the boring of a hardground (plate 5-B). The intraclasts in the breccia are

up to 3 em in length. The basal sediments grade upward into drab olive-brown,

bioturbated mudstone.

50



PLATE 5

Sedimentary Features of Facies B and C

(Dime is 18 mm across)

A: Finely laminated microbial sediments at the base of facies B. Note the domal shape.

Location 13-11-33-23W2M, depth 974.1 m.

B: Intraclasts at contact between the Second Red Bed and Burr Members. Note the

oil shale (0) at the base. Location 15-36-32-29W2M, depth 1098.2 m.

C: Facies B is a bioturbated mottled dolomitic mudstone. Note the abundant

bioturbation. Location 13-11-33-23W2M, depth 972.3 m.

D: Facies C is a bioclastic wackestone. The fossils include; thamnoporoid corals (T),

crinoids (C). Note the nodular texture throughout (N). Location 8-7-30-20W2M,

1020.5 m.
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The Burr Member can be subdivided into two major facies which comprise (in

ascending order):

B). Bioturbated Mottled Dolomitic Mudstone

C). Bioclastic Wackestone to Packstone

There is an abrupt upward change from unfossiliferous bioturbated carbonate of facies

B to the highly fossiliferous wackestone/packstone of facies C. The change in facies is

also easy to recognize in cores because of a marked color change across a hardground.

Figure 16 outlines the general lithology of the Burr Member.

The dolomitic mudstones of facies B range from greyish brown to drab olive-

brown to green, and are microcrystalline to sucrosic. They are slightly calcareous in the

upper few metres, but grade downward into dolomitic bioturbated mudstone. The

mudstone averages 4 metres in thickness. There is a noticeable increase in the

argillaceous material of this facies compared to facies C, as seen by the deflection on the

gamma-ray log. The most distinctive feature in this facies is the extensive reworking of

the sediments by burrowing organisms (plate 5-C). The burrows exhibit both horizontal

and vertical orientations, but the horizontal direction is the more prominent. Most

burrows are unbranched and are < 3 mm in width. This sequence was identified as the

"Lingula phase" by Lane (1959), although no Lingula have ever been found.

Facies C is a medium brown to grey, microcrystalline to cryptocrystalline,

slightly dolomitized, bioturbated, fossiliferous limestone (plate 5-D). It is primarily a

wackestone but has localized interbedded lenses of packstone and grainstone. Some of

the features of facies C includes mottling, a wavy laminated to pseudo-nodular or nodular

appearance, and the presence of up to 18 hardgrounds. Facies C has a diverse marine

- I
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Figure 16: Generalized lithology of the Burr Member.
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fauna. Brachiopods are dominant, accompanied by crinoids, corals, and bryozoans in

a generally mud-supported matrix. The thin lenses of grainstone to packstone range from

a few em to 40 em thick, composed primarily of disarticulated brachiopod shells,

prominently aligned parallel to the bedding plane (plate 6-A).

Overall, the lithological sequence of the Burr Member is consistent throughout

the study area. However, in the 3-27-38-27W2M, 15-36-32-29W2M and 1-2-39-8W3M

well locations there are portions of facies C, up to 4 metres thick, that have been almost

totally dolomitized. These lithologic units are drab brown, finely sucrosic, and

indistinctly laminated to homogeneous. These local units may have originally been

higher-energy deposits (i.e., carbonate sands) that developed on topographic highs on the

seafloor. They would have been more susceptible to dolomitization because the original

sediments would have been coarser-grained, probably with higher primary porosity and

permeability.

Burrows and bioturbation give core from both facies a mottled appearance. The

burrows are usually lighter in color than the surrounding matrix. The mottling is the

result of a color change, a textural change, or the result of selective dolomitization

(Enos, 1983). Most of the sediments forming the burrows, in both facies, have been

replaced by fine-grained dolomite. The selective dolomitization of the burrows occurs

because they are usually filled with coarser, more permeable sediment, which make them

more susceptible to the dolomitizing fluids. Some of the color difference within the

burrowed sediments of facies B may be attributed to the concentration of finely

crystalline pyrite within the host sediments (Dixon, 1976) (plate 6-B). The bioturbation

- .
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PLATE 6

Sedimentary Features of Facies C

(Dime is 18 mm across)

A: Brachiopod packstone (B) of facies C. Note the parallel alignment of many of the

brachiopod shells. Location 5-22-34-1W3M, depth 1010.4 m.

B: Finely disseminated pyrite (P) in a burrow mottled matrix. Location 5-15-30-

23W2M, depth 1036.3 m. (Scale bar is 5 cm.).

C: Planar hardground surface with grey sediments below and buff colored sediments

above. The change from buff to grey sediments may indicate reducing conditions

or a change in sediment supply. Location 3-27-38-27W2M, depth 934.8 m.

D: Two hardground surfaces (H) displaying a concentration of coarse debris along the

undulating hardground surface. Location 3-27-38-27W2M, depth 935.7 m.
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of facies B differs from that in facies C in that individual discrete burrows are prominent

in the former, giving the core in C a more massive appearance.

The most obvious features in facies C are the abundant hardgrounds. They

represent local non-depositional unconformities, or times of slow or bypassed

sedimentation (Land and Moore, 1980). There are up to 18 hardground surfaces present

in the Burr Member, irregularly spaced from a few centimetres to several metres apart.

Dunn (1982a) noted that some appear to be laterally continuous at the same stratigraphic

level, such as that at the contact between the Burr and Neely Members, and another 4

to 6 metres above the contact with the Second Red Beds. He noted that these two

hardgrounds could be traced over several kilometres.

The hardgrounds occur primarily in the muddier sediments, and were not

observed in the packstones or grainstones. Most of the hardground surfaces are easily

recognizable in core by the contrast in coloration from grey beneath and buff above the

surface (plate 6-C). The darker color of the sediments below the hardground may be a

result of reducing conditions, possibly because of an increase in water depths. It may

also be the effect of a change in sediment supply. The typical hardground surface has

a dark discoloration which is likely caused by the presence of disseminated pyrite or

manganese oxides (Moore, 1989). Microprobe scans were made across the hardground

surfaces to try to determine the chemical compositions of these surface coatings, but the

scans failed to detect significant amounts of Fe or Mn. This may reflect low

concentrations of these elements rather than their absence. Hardgrounds found on the

modem Jamaican slope contain abundant Fe and Mn (Land and Moore, 1980; Moore,
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1989). The presence of Fe and Mn are commonly documented in ancient hardgrounds

(e.g. Hallam 1969; Palmer 1978; Wilkinson et al., 1982).

The hardgrounds were formed in a submarine environment. This can be

demonstrated by the associated facies, lithology, and the fabric of the sediments

associated with the hardground. There is no evidence suggesting subaerial exposure and

cementation in the vadose zone, such as: keystone vugs, pendulous or microstalactitic

cements, solution cavities, and remnants of paleosols (Read and Grover, 1977; James and

Choquette, 1983). Hardgrounds with similar features have been recorded in the

Ordovician (Wilkinson et al., 1982) and in modem environments (e.g. Shinn, 1969;

Dravis, 1979; land and Moore, 1980; and Schlanger and James, 1978).

Some of the features associated with the hardgrounds include (observations based

on core and thin sections descriptions): (1) eroded surfaces where matrix and allochems

are truncated, (2) planar to low relief hummocky surfaces, (3) surficial coating of either

manganese or pyritization (4) rare occurrences of encrusting corals on the surfaces, (5)

borings at the upper surface which penetrate both allochems, marine cements, and

matrix, (6) presence of pyritized pebbles derived from the hardgrounds, and (7) marine

cements.

The hardground surfaces are commonly cut by vertical borings up to a few

millimetres below the surface. The hummocky surfaces that commonly define the

hardgrounds are usually filled with coarse skeletal debris, consisting primarily of corals,

brachiopods, crinoids, and other unidentified shell debris (plate 6-0). Commonly,

blackened pebbles occur in the surface depressions or in the overlying sediments.
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Usually, the carbonates above the hardground are more coarsely crystalline, fossiliferous,

and peloidal than the carbonates below, which are microcrystalline, poorly fossiliferous,

and more mottled in appearance. The coarser debris possibly represent lag deposits.

There is abundant evidence in core to show that the hardgrounds were subject to

early lithification. The presence of truncated corals at the upper surfaces of hardgrounds

(plate 7-A) suggests that the skeletal material was firmly cemented in the matrix of the

hardground and that the matrix was at least as lithified as the allochems prior to scour

and erosion on the seafloor. The preservation of borings indicate that the hardground

was partially lithified. The effects of early marine cementation decreases downwards.

Some of the borings are filled with carbonate different from the surrounding matrix, also

suggesting that lithification occurred before boring.

There are surfaces within the Burr Member that resemble the hummocky surfaces

of the hardgrounds (plate 7-B), but lack the dark stain and most of the other features

associated with the hardgrounds. It is possible that these surfaces may have been storm

induced as suggested by Wanless et al. (1988). These deep storm scours are generally

filled with coarse skeletal debris. Tudhope and Scoffin (1984) suggest that the

concentration of the coarser debris at the base of the scours results from recycling of fine

sediment to the surface, which modifies the nature of the sediment, thereby leaving the

coarser, reworked fraction at the base.

In core, facies C is characterized by its pseudo-nodular to well-defined nodular

appearance. Light grey to brown nodules, generally with irregular to sharp boundaries,

are locally surrounded by wispy, dark brown, argillaceous mudstone. Within this facies,



PLATE 7

Sedimentary Features of Facies C

(Dime is 18 mm across)

A: Hardground surface with a truncated coral (C). Location 10-21-32-25W2M, depth

1043.9 m.

B: Hummocky (HU) surfaces within facies C that resemble hardground surfaces but may

have formed by a different process. Location 1-2-39-8W3M, depth 918.9 m.

C: Faint nodular bedding lacking the ovoid form as seen in D and Plate 5-D. Location

15-36-32-29W2M, depth 1092.4 m.

D: Distinct nodular bedding seen throughout the matrix of the Burr and Neely

Members. Location 8-20-33-20W2M, depth 920.9 m.
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the development of the nodules seems to progress through several stages. The texture

of the sediments varies from massive through to the occurrence of distinct nodules with

ovoid form (plate 7-C,D). Many of the nodules exhibit the "pinch-and-swell" textures

that are described by McCrossan (1959), and explained as sedimentary boudinage. They

resemble the "Type A" nodules described by Kaldi (1980). The nodules are pale light

brown and micritic, and are found in a darker brown, commonly argillaceous matrix.

The nodule to matrix ratio is variable throughout this facies. These nodular beds are

typically bounded on their upper and lower surfaces by organic and/or argillaceous

microstylolites (often referred to as "horsetail" stylolites). The nodules occur in irregular

layers parallel or sub-parallel to the planes of bedding. Internally, the nodules are

generally structureless.

Nodular bedding has been interpreted in several ways. McCrossan (1959) claims

that nodules form as a result of pressure loading. More recently, their genesis has

commonly been attributed to rhythmic variations in carbonate production and argillaceous

sediment supply, which have been enhanced or distorted by the activity of burrowing

organisms, thus developing inhomogeneities in the permeability of the sediment and

making them susceptible to early cementation (Moore, 1989).

Nodules also form by diagenetic effects, such as the differential compaction of

limestone and shale layers (Kendall, 1976; Kaldi, 1980; Rieken, 1986). Differential

compaction occurs because the lime mud-rich beds become cemented earlier than

argillaceous layers (Rieken, 1986). The cemented lime mudstones are subsequently less

affected by compaction than the uncemented sediments. Post-depositional compaction
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causes the non-burrowed material to compact preferentially, which results in the draping

of the softer sediment around the more competent cemented nodules. This type of

nodular bedding, resulting from burrowing and early cementation, has been documented

in Recent carbonate sediments by Taylor and Illing (1969), Mullins et ale (1980),

Bathurst (1987), and Enos (1983).

Within the Burr Member, there are limited occurrences of stylolitization and

pressure solution. The style used to describe these features is based on the classification

by Wanless (1979). He proposed three styles of basic pressure solution: 1). sutured seam

solution (common stylolites and grain contact sutures).

2). non-sutured seam solution (microstylolites, microstylolites swarms and

clay seams).

3). non-seam pervasive solution (pervasive thinning of a unit).

Most of the pressure solution features in the Burr Member are types 1 and 2.

Type 1 is seen in thin-sections, where it is observed at grain boundaries. Type 2 is most

commonly seen in core. The stylolitization is typically of very small amplitude and with

a wispy, anastomosing habit (plate 8-A). Commonly, these stylolites are very

argillaceous. Wanless (1979) stated that microstylolites are commonly associated with

nodular limestones, and typically occur as swarms of subhorizontal, interconnected

surfaces. The non-sutured seam solution stylolites in the Burr Member are most

abundant in the argillaceous matrix. The insoluble residues of pressure dissolution are

concentrated between the nodular layers.

The main deformational features within the Burr Member are fractures. The
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by the positive gamma-ray deflection (Figure 10 and 11, in back pouch).

4.2 PETROGRAPHY OF THE BURR MEMBER

The petrographic discussion in this section refers both to facies B and C, except

where specifically noted. The typical petrographic appearance of facies B and C are

illustrated in Plate 9-A,B.

4.2.1 FAUNA AND ALLOCHEMS

Skeletal grains are the most abundant allochems in the Burr Member and most

commonly occur in the facies C. They are commonly broken into fragments, although

some of the fossils remain whole. The dominant faunal elements are crinoids and

brachiopods. Atrypid brachiopods dominate, but also include punctate and

pseudopunctate forms. Brachiopod spines are also commonly found. Foraminifera,

trilobites, ostracods, coralline algae, bryozoans, calcispheres, stromatoporoids, corals,

sponge spicules, and rare conodonts have also been identified. Corals include rugose

forms and Thamnopora. Two forms of bryozoans were recognized, a stick form and a

fenestrate bryozoan. There is also abundant fossil debris which could not be identified.

Most fossils throughout facies C are now calcite. The rest were originally low to high

Mg-calcite. The sponges are composed of silica. Overall, there is no preferred

orientation to the fossil remains except in the brachiopod-rich packstone to grainstones,



PLATE 9

Petrography of facies B and C

A: Petrographic representation of facies B. A fine-grained dolomite. There is no red

staining indicating the lack of calcite and the presence of dolomite only. Location

16-21-34-27W2M, depth 1005.9 m. (Scale bar is 250 /lm).

B: Petrographic representation of facies C. It is a bioclastic wackestone. The fossil

fragments include crinoids (C), brachiopods (B), and other unidentifiable fragments.

The matrix is stained red indicating the presence of calcite. Location 5-15-30-

23W2M, depth 1038.4 m. (Scale bar is 500 /lm).
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which display horizontal bedding, probably as a result of compaction.

Abundant pellets and lumps of cryptocrystalline calcite are scattered throughout

facies C. The pellets are probably fecal, but their origin is difficult to establish. In

places, the pellets aggregate and resemble texture grumeleuse first described by Cayeux

(1935, cited in Bathurst (1971».

Commonly, sub-angular to rounded intraclasts are associated with the hardground

surfaces. They generally have an opaque coating and are of the same mineralogy as the

surrounding matrix.

4.2.2 DOLOMmZATION

Dolomite is Ubiquitous throughout the Burr Member, and the degree of

dolomitization varies from 100% dolomite at the base of facies B to less than 10%

dolomite in facies C. Facies B is almost completely dolomitized but many of the sections

stained a slight pink color, indicating the presence of minor amounts of calcite. The

calcite is cryptocrystalline and individual crystals could not be identified petrographically.

The dolomite occurs as finely crystalline rhombs from 10 to 60 JLm and as mosaics of

tightly interlocking crystals.

Throughout facies C, there are patches of dolomite in the matrix (plate 10-A).

It most commonly occurs as subhedral to euhedral crystals that range from 30 to 120 "m

in size. The dolomite occurs as discrete euhedral rhombs floating in, or completely

replacing, the calcite matrix, and rarely affects the allochems. Patches of finer and



PLATE 10

(Scale bar is 500 #-,m)

A: Patchy matrix dolomite (0), found throughout a calcite matrix (red stain). This is

the most common form of dolomite in facies C. Location 5-15-30-23W2M, depth

1043.5 m.

B: Stylolite (S) acting as a barrier to dolomitizing fluids. Dolomite is unstained.

Location 3-27-38-27W2M, depth 946.4 m.
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coarser-grained dolomite may reflect differences in the original grain-size of the

sediment, or the amount of competitive space available for crystal growth. Generally,

the crystals have a cloudy grey appearance, probably due to inclusions of the precursor.

Under cathodoluminescence, the dolomite rhombs generally exhibit dull to moderate

luminescence.

The low-Mg calcite particles have generally resisted dolomitization, although a

few dolomite rhombs impinge on the grain margins. This is seen in many ancient

carbonates, where fossil shells remain as calcite but the matrix is dolomitized. Tucker

and Wright (1990) suggest that this could be the result of more nucleation sites in the

matrix compared to fossil shells because of the crystal size difference. Other possible

explanations include: the difference in permeability of the matrix at the time of

dolomitization.

The burrows seem to playa prominent role in the pattern of dolomitization. The

selective dolomitization of the burrows is probably the result of preferential flow of

interstitial Mg-rich fluids through the relatively permeable burrows because of their

greater primary porosity, suggesting that the dolomitization likely occurred early in the

diagenetic history (Kendall, 1977). Dolomitic mottling is common throughout facies B

and C, but is most pervasive in the former. The dolomite within the burrows is

commonly euhedral and < 50 #Lm in size. The dolomite is not strictly confined to the

burrows; it can be found scattered in the surrounding matrix. In facies C there are sharp

boundaries where dolomitization occurs on one side of the barrier, but not on the other

(plate to-B). The barrier is commonly bituminous laminae, that are the result of

_1__
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compaction of organic matter in the sediments. The barrier prevented or inhibited the

dolomitizing fluids from migrating across the boundary, suggesting that dolomitization

occurred after compaction of the sediments.

Individual rhombs and clusters of rhombs commonly occur along the low

amplitude stylolites associated with the nodular bedding. The association of dolomite

with the stylolites indicates late dolomite, associated with compaction. This is a common

feature of other carbonates (Wanless, 1979).

4.2.3 CALCITE CEMENTS

The most common form of calcite cement found in the Burr Member is equant

to drusy, mosaic sparry calcite, which develops in secondary vuggy, moldic, and

microfracture porosity (plate ll-A). The crystal diameters vary from 10 to 80 I'm.

Associated with the hardgrounds there were two forms of cements identified

petrographically: a) marine equant sparry calcite, and b) cryptocrystalline cements whose

crystal shapes could not be seen under the petrographic microscope. The equant sparry

crystals are rarely greater than 70 I'm in diameter (plate ll-B). The crystals have a

drusy texture in some of the pore spaces.

Syntaxial calcite overgrowths occur on some of the crinoid fragments, but these

cements are generally confined to the brachiopod grainstone lenses in facies C because

of the presence of high primary porosity (plate 12-A). The syntaxial overgrowth rarely

is > 90 I'm in thickness.

_L___ _



PLATE 11

Calcite Cements

A: Equant to drusy sparry calcite (0) is the most common form of calcite cement in the

Burr and Neely Members. Here it occurs filling moldic and interparticle porosity.

Location 10-7-32-5W3M, depth 1121.1 m. (Scale bar is 250 ",m).

B: Low Mg-calcite equant sparry calcite (BC) associated with a burrowed hardground

(H) suggesting a marine origin for the cement. Large arrow indicates way-up.

Location 16-21-34-27W2M, depth 987.3 m. (Scale bar is 500 ",m).



 



PLATE 12

Calcite Cements

(Scale bar is 500 JLm)

A: Syntaxial overgrowths (S) on crinoid fragments. Location 16-36-30-2SW2M, depth

1151.6 m.

B: Bladed calcite cements (B) perpendicular to a brachiopod shell. Note the equant

sparry calcite (Be) infilling the top of a geopetal feature. Location 1-2-39-SW3M,

depth 914.6 m.
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Bladed marine calcite rim cement was also occasionally found. It usually occurs

on the inner side of brachiopod shells (plate 12-B), as < 10 J.Lm scalenohedral crystals

with their long axes perpendicular to the walls of the fossil. The cement is typically

isopachous. This form of cement is most common in the localized brachiopod

grainstones, but is also found on scattered brachiopods throughout facies C.

Micritization commonly envelopes fossil fragments. There are also scattered

patches of very fine grained microsparite found within the matrix throughout facies C.

The microsparite occurs as irregularly-bounded patches of cement.

Under cathodoluminescence, no zoning is evident in any of the cements. Staining

indicates that the cements are dominantly non-ferroan. All the cements are generally

clear, which usually indicates that they are pore-filling and not replacive (Bathurst,

1971).

4.2.4 ANHYDRITE

The most common type of anhydrite found in the Burr Member consists of

inclusion-rich euhedral laths or wheatsheaf fabric. Holliday (1973) interpreted similar

anhydrite in Upper Permian evaporites as selective recrystallization of the finer anhydrite

crystals. Commonly, the euhedral crystals are found cross-cutting framework material,

especially crinoids (plate 13-A). Nodular anhydrite is also found occluding vuggy

porosity, but this is relatively uncommon. This anhydrite is milky white and composed

of fine felted euhedral laths less than 80 J.Lm in length. The laths exhibit a, tight



PLATE 13

(Scale bar is 500t'm)

A: Anhydrite laths (A) cross-cutting a crinoid fragment. This association may occur

because of localized sulphate reduction due to local organic deterioration. Crossed

nichols. Location 8-20-33-20W2M, depth 925.8 m.

B: Vuggy (V) porosity. Location 10-7-32-5W3M, depth 1118.3 m.



 



83

interlocking, radiating fabric.

4.2.5 POROSITY

The common porosity types in thin section are interparticle, vuggy, moldic,

microfracture and intercrystalline porosity (plate 13-B; Plate I4-A,B; Plate I5-A).

Rarely, shelter porosity occurs beneath elongate grains such as brachiopods (plate 15-B).

However, most of the porosity is occluded with halite and, in places, with anhydrite or

calcite cements.

Porosity in the Burr Member is not evident in core but some.is seen in thin

section. Low porosity is also indicated on the sonic logs. Most of the porosity is

ineffective either because the rock has low permeability or because the porosity has been

occluded by cements. The best porosity is developed in the packstone and grainstone

lenses, including possible primary porosity. In the wells with significant dolomite in

facies C (as mentioned above), good intercrystalline porosity is developed.

4.2.6 STRUCTURE

In thin section, scattered microfractures were observed in facies C. They are up

to 200 ",m in length, but commonly are filled with blocky, equant calcite (plate 16-A).

Microstylolites are common and most abundant in the nodular mudstones, where

they are concentrated in zones parallel with bedding. Microstylolites and grain contact
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which are easily distinguished by staining. They include: (i) neomorphosed botryoidal to

fibrous acicular marine cement, (ii) isopachous rims of bladed calcite cement, (iii) equant

to drusy calcite spar (the most common form), and (iv) syntaxial overgrowth on crinoids.

The earliest cements are botryoidal spherulitic to fibrous acicular marine cements

(plate 21-A,B). They occur in primary porosity in facies F. The cements are inclusion

rich, with crystals forming isopachous layers that radiate perpendicular to the substrate.

The "brush" extinction of the cements may be a relic of an original fibrous crystal

structure. The crystals are very fine grained and rarely exceed 50 ",m in length.

The bladed isopachous rim cement occurs in brachiopods similar to facies C in

the Burr Member. The bladed crystals may have prismatic terminations, and are oriented

perpendicular to the substrate. The crystals vary from 10 to 30 ",m in width, and from

100 to 150 ",m in length.

Equant sparry calcite cement is the most common void- filling cement found in

the Neely Member. It occurs as a non-ferroan, clear sparry calcite, usually as a tight

mosaic of crystals that are equidimensional or as drusy spar marked by a gradational

increase in crystal size toward the center of the pore. It is found filling interparticle,

intraparticle, shelter, moldic porosity, and small fractures. It displays a uniform dull

luminescence.

The syntaxial cements are similar to those found in the Burr Member. However,

they are less common in the Neely Member but where present are found in facies E.

As in the Burr Member, micritization is commonly found enveloping fossil

fragments. There are, also, rare examples of microspar within the matrix.



PLATE 14

Porosity types

(Scale bar is 500 I'm)

A: Moldic porosity. Location 16-21-34-27W2M, depth 985.4 m.

B: Microfracture (M) porosity. Location 3-27-38-27W2M, depth 930.9 m.



 



PLATE 15

Porosity types

A: Intercrystalline (I) porosity within the dolomitized matrix of facies E. Location 1-2-

39-8W3M, depth 900.4 m. (Scale bar is 250 /Lm).

B: Shelter porosity (P) underneath a brachiopod shell. Location 16-21-34-27W2M,

depth 987.5 m. (Scale bar is 500 /Lm).



 



PLATE 16

Structural features in facies C

(Scale bar is 500 I'm)

A: Microfracture across a brachiopod shell which has subsequently been infilled with

equant sparry calcite. Location 1O-21-32-25W2M, depth 1038.5 m.

B: Solutional boundary due to pressure solution between two crinoids. Location 16-21-

34-27W2M, depth 995 m.
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sutures occur throughout. The microstylolites occur both as scattered individuals or

swarms. Grain-contact sutures are found in the packstones, where a solutional boundary

due to pressure solution is often observed (plate 16-B). Commonly, the swarms or

microstylolites act as permeability barriers to later fluid flow (plate 10-B). The

microstylolites are composed of clay residue remaining after compaction and pressure

solution.

4.2.7 ACCESSORY MINERALS

Pyrite is disseminated throughout the entire section. Associated with the

hardgrounds, pyrite or manganese oxides occur as finely disseminated crystals. X-ray

diffraction of samples from the hardgrounds, however, failed to confirm this

mineralogy. Pyrite mottling is associated with bioturbation and is commonly seen in the

facies B. There is much also carbonaceous material, which generally occurs as wispy

anastomosing lamellae throughout the Burr Member.

4.3 DEPOSITIONAL ENVIRONMENT

Sedimentation of the Burr Member commenced with the deposition of alternating

laminae of bituminous material and peloidal carbonate. In some cores there is a thin

« 1 mm) oil shale directly above the contact between the Burr and the Second Red Bed

Members (plate 5-B). The presence of the oil shale may indicate that the initial waters
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were probably restricted and had low circulation. It is difficult to know what the water

depths were during initial deposition. The layered bituminous material and peloidal

carbonates, may suggest that the initial waters were stratified with oxic over anoxic

conditions and somewhat deeper water depths. Possibly the 'waters were shallow,

indicated by the presence of the microbial laminites. The basal sediments of facies B are

often overlain by a hardground surface suggesting that there was a hiatus before

sedimentation continued.

Most of the sedimentological evidence in facies B represents deposition on a

restricted shelf, as described by Enos (1983). He characterizes restricted shelves as

environments with slow water circulation which may result in abnormal salinity, depleted

nutrients, or temperature extremes. Scoffin (1987) characterizes restricted shelf

environments by biota with low diversity and large populations. The sediments of facies

B are mud-supported, providing evidence for slow water circulation, and the low

diversity of biota also suggests the absence of open marine conditions.

As the seas deepened the carbonates were extensively churned producing mottled

carbonates. Collins (per. comm.) has observed mottled carbonates in several Devonian

sediments which he suggests formed in very shallow water. Overlying this are the more

open marine sediments of facies C.

There is a gradational change from the restricted environment of facies B into the

more open marine sediments of facies C. The conditions became more favorable for the

establishment of a normal marine fauna that was present in facies C. Facies C is more

characteristic of the middle shelf deposits described by Wilson and Jordan (1983). This
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environment is distinguished by normal marine conditions, including normal salinities and

temperatures that could support a more diverse range of organisms. The most common

biota found in facies C are brachiopods and echinoids, which are believed to be salinity

sensitive (Wilson, 1967). The dominance of mud-supported sediments, poorly developed

bedding, abundance of bioturbation, and unabraded fossil shells, indicate subtidal

conditions that were of relatively low energy.

There are thin lenses of brachiopod-rich packstones to grainstones which occur

as local accumulations throughout the study area. These thin grainstones to packstone

consist of imbricated skeletal debris, composed primarily of brachiopod shells. The

abundance of skeletal grains and the grain-supported nature of the sediments suggest that

bottom currents were responsible for the sorting of the skeletal fragments, winnowing

most of the mud. These isolated lenses probably developed on localized highs on the sea

floor.

Cyclic sedimentation in the Burr Member is demonstrated by the occurrence of

the numerous hardgrounds found in facies C. They represent periods of non-deposition

or erosion. The fauna and sediments suggest that within each depositional cycle

conditions became restricted, and sedimentation ceased. A diastem is inferred from the

abrupt facies change and color change across the surface, from reducing conditions

represented by the grey pyrite-bearing, sediments to more oxidizing conditions above the

hardground, shown in the buff colored sediments. Braun and Mathison (1982, 1986)

related the development of the hardgrounds in the Burr Member to upward movements

of the Peace River Arch in Northern Alberta. They suggested that this movement had
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a "destabilizing influence" on the basin and that the effects could be felt into

Saskatchewan. They did not make it clear, however, how this movement could have

initiated the hiatus responsible for the hardground formation. Possibly, the tectonic

instability in northern Alberta could have caused a relative rise in sea level hindering

sedimentation in the surrounding areas, thus promoting a hiatus.

Open marine shelf conditions present during the deposition of facies C prevailed

into deposition of the Neely Member (facies D). The top of the Burr Member is

represented by a regional hardground (Dunn, 1982a), which suggests another hiatus

preceded deposition of the overlying member.



CHAPTERS

THE NEELY :MEMBER

5.1 LITHOLOGY AND SEDIMENTARY FEATURES

This section describes the lithology and sedimentary features seen in core from

the Neely Member. Using the well data provided by Dunn (1982a), the Neely Member

has a calculated average thickness of 15 metres in the study area and varies from 9 to 18

metres in thickness. The contact with the underlying Burr Member is disconformable

and can be easily picked on gamma ray logs (Figures 10 and 11, in back pouch). In

core, the contact is commonly recognized by a clearly defined hardground and an

apparent change from the fossiliferous crinoid-brachiopod-coral wackestones and

floatstones of the Burr Member to the less fossiliferous, argillaceous mudstones of the

lower Neely Member. The contact is also evident because of the apparent loss of the

nodular texture in the Neely Member.

The general lithology of the Neely Member is illustrated in Figure 17. It is

characterized by rapid vertical changes in lithology and has been sub-divided into four

general facies, with local variations within each unit. In core, the contacts between each

of the facies are usually abrupt. In ascending order the facies are:

D) Argillaceous mudstone to wackestone

E) Fossiliferous floatstone to wackestone

F) Bioclastic wackestone to grainstone
G) Interbedded anhydrite and dolomitic mudstone

Facies D is represented by argillaceous mudstones to wackestones, which average
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NEELY MEMBER

HUBBARD EVAPORITE (halite)

Interbedded dolomitic microbial laminites
with felted nodular anhydrite

Microbial laminites; dolomitic mudstones

Peloidal wackestone; bituminous; vuggy
porosity filledwith halite

Large reefoid stromatoporoids (not
in situ)

Bioclastic floatstones and wackestones

Bioturbated wackestone with large
. gastropods

Argillaceous carbonate mudstone
bioturbated; few fossils

BURR MEMBER

Figure 17: Generalized lithology of the Neely Member.
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3 metres in thickness in the study area and vary from 1.5 to 4.5 metres in thickness.

This facies is correlated easily across the study area on gamma-ray logs because of an

increase in the argillaceous material, when compared with the underlying and overlying

lithologies. In core, it is recognized by a lower abundance of fauna compared to the

underlying Burr Member, and a color change due to the increase in the argillaceous

content (plate 17-A). The carbonate is microcrystalline to cryptocrystalline, medium

brown to grey, is generally massive with some nodular bedding, and is partially

dolomitized. The facies is poorly fossiliferous, but there are scattered crinoids, corals,

and brachiopods. Where this unit is extensively burrowed it exhibits a mottled

appearance. In some cores, a few indistinct hardgrounds are observed in the lower metre

of facies D. The contact with the overlying facies is easily identified by a change from

a medium brown mudstone to a medium to dark brown, bituminous, commonly

stromatoporoid-rich, fioatstone to wackestone (plate 17-A).

Facies E is a fossiliferous fioatstone to wackestone, averaging 7 metres in

thickness in the study area, and varies from 3 to 10 metres in thickness. The matrix

contains abundant unidentified skeletal debris. The carbonate is sucrosic to

microcrystalline and medium to dark brown. The matrix is bituminous-rich, with bands

of bituminous wispy laminae throughout. The dolomitization within the matrix varies

from 80 to 100%. This facies contains abundant fossils; most remain as calcite.

Bedding is usually massive but nodular bedding is present throughout the study area.

The Neely Member contains brachiopod, crinoid, and coral assemblages similar to those

in the Burr Member. The Neely Member varies from the Burr Member by having two



PLATE 17

Sedimentary features of Neely Member

A: Black straight line represents the contact between facies D and E. Note the grey

color and the lower abundance of fossils in facies D (D) compared to facies E (E).

It is a dark brown, bituminous, fossiliferous floatstone. Location 15-36-32-29W2M,

depth 1073.2 m - 1076.2 m.

B: Characteristic lithology of facies E. Note the Thamnoporoid corals (T),

tabular stromatoporoids (S), massive stromatoporoid (M) and Stringocephalus

brachiopods (B). Location 8-20-33-20W2M, depth 915.4 m. (Dime is 18 mm across).

C: White isopachous calcite (IC) cement lining secondary porosity in facies F. Location

8-7-30-20W2M, depth 1004.6 m. (Quarter is 24 mm across).

D: Microbial mudstone of facies G. Location 5-15-30-23W2M, depth 1014.3 m. (Scale

bar is 5 ern).
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new, distinct fauna, which include stromatoporoids and the large brachiopod,

Stringocephalus, which is an index fossil for the Givetian stage (Price and Ball, 1971).

The corals include solitary rugose forms, Thamnopora, and tabulates. Typical core from

facies E is shown in Plate 17-A,B.

Stromatoporoids are commonly seen in facies E, but were not seen in core east

of township 35. The stromatoporoids in the study area were not apparently reef forming,

but occur as fragmental accumulations in units from 3 to 5 metres thick. In places,

isolated corals are found but not in growth position (plate 17-B). The stromatoporoids

commonly occur as bulbous to nodular forms, which can be up to 25 centimetres in

height, and larger than the core diameter. Rarely, tabular and massive forms of

stromatoporoids are present. Stromatoporoid fragments, whose morphological affinity

is uncertain, are common. In places, the stromatoporoids are observed encrusting coral

fragments. Commonly in facies E, large vugs, up to 3 em across, are present, which

.

may have resulted from the leaching of stromatoporoids. Usually these cavities are filled

with halite.

The thickness of facies F varies throughout the study area from less than a metre

to 4.5 metres, but averages - 3.5 metres. This facies is a bioclastic wackestone to

grainstone. The carbonate is sucrosic, dark brown, usually bituminous with abundant

wispy lamellae, and is nodular bedded. This facies is usually peloid-rich; although the

peloids are commonly masked by' the rich organic content of the core, they are

identifiable in thin section. The abundance of microbial matter within the sediments

gives the core a dark brown to black color. Dissolution features in this zone are
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common, and the resultant secondary porosity is commonly lined with isopachous calcite

cement, with the remaining porosity filled by halite (plate 17-C). Facies F is a

gastropod, ostracod, and microbial-rich zone with rare stromatoporoid fragments. The

fossil assemblage suggests that the waters were more "restricted" because of the reduced

faunal diversity compared with the underlying facies E. Gastropod shells are commonly

dissolved and the resultant moldic porosity is normally filled with halite. Facies F is

illustrated in Plate 17-C and Plate 19-A.

Facies G consists of interlaminated and interbedded anhydrite and dolomitic

mudstones, and varies from less than a metre to 4 metres in thickness, but averages 3

metres. There are several sub-facies within this facies. The lower metre consists of

dolomitic microbial mudstones (plate 17-D), which grade upward into interbedded felted

anhydrite and buff colored, dolomitized mudstones. The dolomite within the laminated

sediments is microcrystalline, usually tan to light brown: the laminations within the

mudstone are on a millimetre scale. The thinly laminated carbonate mudstones contain

variable proportions of fine bituminous partings. They are commonly bound on their

upper and lower surfaces by very thin, organic or argillaceous layers. Individuallaminae

typically pinch and swell across the width of the core, and are usually barren of ripple

laminations, grading, scouring or bioturbation. The microbial laminated mudstone can

be wavy laminated or can have fme, even laminations.

The anhydrite of facies G is thinly laminated and is interbedded with dolomite

(plate IS-A). The anhydrite can also be massive, with faint laminations and usually

contains many impurities, resulting in color variations within the anhydrite (plate IS-B).



PLATE 18

Sedimentary features of the Neely Member

A: Interbedded anhydrite and dolomite of facies G. Note the desiccation features at top

of core. Location 8-20-33-20W2M, depth 908.6 m. (Dime is 18 mm across).

B: Color variation within the anhydrite due to impurities. Location 5-15-30-23W2M,

depth 1014.3 m. (Scale bar is 5 ern).

C: Fracture infilled with green shale (GS) in facies G. Location 10-7-32-5W3M, depth

1098.5 m. (Dime is 18 mm across).

D: Mud cracks seen here at the top of the core occur in facies G indicating subaerial

exposure. Location 15-36-32-29W2M, depth 1065.7 m. (Dime is 18 mm across).
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Distortion of the laminae is visible in places, which may indicate a displacive origin.

The cryptocrystalline dolomite interbedded with the anhydrite occur as patches, stringers

or disrupted laminae. Some cores have sub-vertical fractures which may have formed

from dissolution during subaerial exposure. These fractures can be infilled with green

clays which resembles a "soil" residue (plate 18-C). Desiccation features, such as mud

cracks, are common and are indicative of subaerial exposure (plate 18-D). The

laminations are commonly irregular with a crinkled appearance, and may be outlined by

a thin bituminous film,

Near the top of facies G in the 5-15-30-23W2M, 16-21-34-27W2M, and 15-36-

32-29W2M wells, there are thin (up to 4 em) bands and veins of orange fibrous halite

interbedded or intermixed with the anhydrite and dolomite. In several cores, facies F

and G are interbedded, individual beds ranging from tens of centimetres to 3 to 4 metres

in thickness (plate 19-A).

Locally, Facies D and E are extensively dolomitized and occur as stylo-nodular

mudstones. This extensive dolomitization was observed in the 10-21-32-25W2M and 1-

2-39-8W3M wells, and Dunn (1982a) reported similar findings in the 3-4-39-13W3M and

the 8-3-40-14W3M wells. Some thin sections stained slightly pink, which indicates the

presence of calcite. Skeletal fragments of crinoids and corals were observed in thin

sections. Vuggy porosity (up to 10%) is commonly present and the vugs range in size

from < 1 mm up to 8 mm across. Most of the porosity has been filled with halite or

anhydrite.

Abundant bituminous material occurs in all four facies. It occurs as wisps, wavy



PLATE 19

Sedimentary features of the Neely Member

A: Core illustrating the interbedded nature of facies F (F) and G (G). White straight

lines delineate the contacts between the facies. Arrow shows the way-up and the top

of core. Location 5-15-30-20W2M, depth 1015.3 - 1018.3 m. (One core box is

0.76 m. long and core diameter is 10.1 cm.).

B: Mixture of carbonate and anhydrite fragments. This feature probably represents a

microkarst feature. Location 16-21-34-27W2M, depth 976.3 m. (Scale bar is 5 ern),

C: Contact between the Neely Member and the overlying First Red Bed of the Souris

River Formation is shown by the white straight line. Location 16-21-34-27W2M,

depth 971. 7 - 972.9 m. Top of core is upper right corner. (One core box is 0.76 m

long and core diameter is 10.1 cm.).
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laminations, and bands. As in the Burr Member, the bituminous material is commonly

associated with the nodular bedding. The nodules are typically bound on their upper and

lower surfaces by microstylolites or swarms of microstylolites.

Anhydrite is a common constituent in the Neely Member, occurring as white-blue

grey nodules or scattered, dark brown, translucent euhedral laths. The laths are up to

100 I'm in length. Usually this form of anhydrite is associated with coarser sediments

suggesting that some of the anhydrite is growing in the primary porosity. Some of the

large vugs within the Neely Member are filled with anhydrite, but more commonly

halite. Facies G is composed primarily of felted anhydrite.

Deformational features in the Neely Member include fractures and brecciation.

The brecciation occurs in a few isolated wells at the contact between facies F and G.

Most probably results from desiccation and subaerial exposure, which produces

microkarst or slumping of the sediment into tidal flat channels (Shinn, 1983).· The

polymictic breccia has clasts that occur within a micritic matrix, which is displaced by

abundant felted anhydrite. Some clasts are composed of thinly laminated mudstones,

which appear to be microbial in origin (plate 19-B). The largest clasts are up to 4 em

long.

Fracturing is less common in the Neely Member than the Burr Member.

Fractures were found in the 8-20-33-20W2M, 4-18-35-23W2M, 16-8-35-8W3M, and 7-4-

38-11W3M wells. They are most common in facies D and E. Most are subvertical and

filled with halite. They range in length from a few em to 40 em, from 0.5 to 1.5 em in

width.
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Facies D and E are usually characterized by a nodular fabric similar to that of the

Burr Member. The carbonate mud ranges from slightly to intensely bioturbated, giving

cores a mottled appearance. The nodular bedding is wavy to indistinctly laminated; the

laminae are compressed in places to form the "pinch and swell" structures also observed

in the Burr Member.

The Neely Member is overlain by the Hubbard Evaporite Member east of the

third meridian, from townships 28-38. The contact is abrupt. In regions where the

Hubbard Evaporite is absent, there is a transitional contact with the overlying reddish

green mudstones of the First Red Beds of the Souris River Formation (plate 19-C).

5.2 PETROGRAPHY OF THE NEELY l\1EMBER

5.2.1 FAUNA AND ALLOCHEMS

Many bioclasts are found in the Neely Member. Among the most common are

brachiopods, crinoids, stromatoporoids, corals, ostracods, calcispheres, and foraminifera.

Of lesser abundance are gastropods, trilobites, bryozoans, sponge spicules and microbes.

Some of the microbes identified petrographically may possibly be Giranella and Renalcis

(Scholle, 1978; Pratt, 1984). There is abundant bioclastic debris which could not be

identified.

Facies D contains the unusual "two hole" crinoid ossicle known as the genus

Gasterocoma. This fossil is diagnostic of late Lower Devonian and early Middle
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Devonian (Nelson, 1975). It also is found up to 1 metre into the overlying carbonates

of facies E.

The matrix consists primarily of micrite, dolomite, and to a lesser degree, fine

skeletal fragments. Peloids and intraclasts are also scattered throughout the matrix.

Peloidal grainstones merge into the 'structure grumeleuse", as noted in the Burr Member.

Commonly, they are associated with microbial mats, where they are transported from the

subtidal environment by storm activity and become trapped and bound by filamentous

cyanobacteria and microbes (Shinn et al., 1969).

The Neely Member varies in mineralogy from entirely calcite to entirely

dolomite. Usually, it is the matrix and not the allochems that have been totally or

partially replaced with dolomite.

Generally, bioclasts are well preserved, indicating that the depositional

environment was probably of low energy. The gastropods were originally aragonite, and

the ostracods, stromatoporoids, foraminifera, crinoids, and bryozoans were originally

composed of high Mg-calcite (Scoffin, 1987; Rush and Chafetz, 1991). However, as in

the Burr Member, the majority of the fossil fragments in the Neely Member have

neomorphosed to low Mg-calcite. Locally, stromatoporoid fragments have been partially

replaced by chalcedonic quartz and megaquartz (plate 20-A).

5.2.2 DOLOMffiZATION

In the Neely Member, dolomite occurs in two fabrics in facies D and E: a) as



PLATE 20

Petrography of the Neely Member

(Scale bar is 250 /Lm)

A: Primary porosity within a stromatoporoid fragment filled with megaquartz (Q).

Cross nichols. Note the bladed sparry calcite (B) lining the porosity suggesting the

quartz precipitated later. Location 16-8-35-8W3M, depth 1037.2 m.

B: Euhedral to subhedral dolomite rhombs with cloudy centers and clear rims. Location

10-21-32-25W2M, depth 1022.5 m.
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selective dolomite that replaces only the matrix, and b) pervasive dolomite that replaces

all fabric elements. Also selective dolomite occurs in facies F and pervasive dolomite

seldom occurs in facies E and most commonly in facies G.

The dolomite that selectively replaces the matrix in the Neely Member is coarser

grained than that of the Burr Member. On the microscopic scale, dolomite rhombs are

seen floating in a micrite matrix. They are mosaics of brown, cloudy, subhedral to

euhedral dolomite crystals that range in size from 70 to 500 #Lm, and are non-ferroan.

Generally, the mosaics are loose fitting, resulting in good intercrystalline porosity.

Inclusions trapped in the dolomite crystals give them a cloudy, dusty appearance.

Commonly, the euhedral rhombs have a higher concentration of inclusions in their

centers than their outer rims (plate 20-B). Under cathodoluminescence, the rhombs

exhibit dull to moderate luminescence. Some rhombs under cathodoluminscence display

fine zonations, some of which can be correlated with greater densities of inclusions

present in the centers of rhombs.

The dolomite that selectively replaces the matrix contrasts with the

microcrystalline dolomites of facies G. The microcrystalline dolomite is a tight mosaic

of inclusion-rich anhedral crystals. There is no significant intercrystalline porosity

present in these sediments.

5.2.3 CALCITE CEMENTS

Four main types of calcite cements have been identified in the Neely Member,
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which are easily distinguished by staining. They include: (i) neomorphosed botryoidal to

fibrous acicular marine cement, (ii) isopachous rims of bladed calcite cement, (iii) equant

to drusy calcite spar (the most common form), and (iv) syntaxial overgrowth on crinoids.

The earliest cements are botryoidal spherulitic to fibrous acicular marine cements

(plate 21-A,B). They occur in primary porosity in facies F. The cements are inclusion

rich, with crystals forming isopachous layers that radiate perpendicular to the substrate.

The "brush" extinction of the cements may be a relic of an original fibrous crystal

structure. The crystals are very fine grained and rarely exceed 50 #Lm in length.

The bladed isopachous rim cement occurs in brachiopods similar to facies C in

the Burr Member. The bladed crystals may have prismatic terminations, and are oriented

perpendicular to the substrate. The crystals vary from 10 to 30 #Lm in width, and from

100 to 150 #Lm in length.

Equant sparry calcite cement is the most common void- filling cement found in

the Neely Member. It occurs as a non-ferroan, clear sparry calcite, usually as a tight

mosaic of crystals that are equidimensional or as drusy spar marked by a gradational

increase in crystal size toward the center of the pore. It is found filling interparticle,

intraparticle, shelter, moldic porosity, and small fractures. It displays a uniform dull

luminescence.

The syntaxial cements are similar to those found in the Burr Member. However,

they are less common in the Neely Member but where present are found in facies E.

As in the Burr Member, micritization is commonly found enveloping fossil

fragments. There are, also, rare examples of microspar within the matrix.



PLATE 21

Marine cements in facies F

(Scale bar is 100 ILm)

A: Early marine botryoidal marine cement (B). Note the fan shape. Cross nichols.

Location 16-21-34-27W2M, depth 974.4 m.

B: Early marine fibrous cements (F) lining a micritized fossil fragment. Note the

corroded surfaces (CS) suggesting a dissolution event before the precipitation of

equant sparry calcite (BC). Location 16-21-34-27W2M, depth 974.6 m.
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5.2.4 SILICA CEMENTS

Silica is a minor constituent of the Neely Member. It occurs in facies E, where

it is seen as pore and fracture-lining or -filling cements. The silica occurs in the forms

of megaquartz (>75 J'm) and spherulitic chalcedony. The pore-filling quartz occurs as

euhedral to subhedral equant crystals, usually < 100 J'm in length (plate 20-A). The

spherulitic chalcedony is easily distinguished by its characteristic rosette form.

The spherulitic chalcedony is a replacement cement. The spherulites partially or

completely replace skeletal fabrics. They are found only in association with

stromatoporoids. Similar diagenetic replacement of carbonate in skeletal stromatoporoids

by quartz has been reported by Henderson (1984). The chalcedony appears to have

precipitated initially in small cavities of the stromatoporoids, then replaced the calcite

surrounding the pores, because the chalcedony occupies an area much larger than the

original cavity.

5.2.5 ANHYDRITE

Anhydrite occurs in two forms; (i) as a cement filling secondary porosity, or (ii)

as crystals displacing the matrix or replacing allochems. The crystals are characterized

by their euhedral shape and they occur primarily as scattered blades throughout the

matrix. The euhedral crystals are < 120 J'm in length and are commonly inclusion-rich.

The anhydrite also occurs in places as scattered nodules filling vugs and moldie porosity.
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The nodules are composed of subfelted anhydrite laths and up to 1 em across. The

nodular anhydrite is also seen replacing leached stromatoporoids.

5.2.6 POROSITY

The best porosity development in the Neely Member occurs in facies E, followed

in turn by facies F, G, and D. Visual porosity estimates based on petrographic analysis

range from > 25 % in facies E to < 3 % in facies D. The porosity types found in the

Neely Member include intercrystalline, vuggy, moldic, intrapartic1e, shelter, and

microfracture porosity, in order of their significance. These are the same basic porosity

types which occur in the Burr Member except for fenestral porosity, which is seen in

facies F and G, and intrapartic1e which occurs, in facies E and F (plate 22-A,B, Plate

23-A).

The porosity seen in facies E commonly is reflected in the petrophysical logs.

The porosity is the result of the diagenetic replacement of the matrix by dolomite. This

produces intercrystalline porosity (plate 23-B). The permeability measurements of this

facies (Table 3, Appendix III) show values of approximately 1 millidarcy. Together with

the matrix porosity, there may also be additional intraparticle porosity within the

stromatoporoids and corals.

The most prominent porosity types in facies F are moldic and vuggy, which

resulted from the selective dissolution of fossils, especially gastropods. However, most

of this porosity is occluded by diagenetic calcite, anhydrite, and halite. This type of



PLATE 22

Porosity types in the Neely Member

(Scale bar is SOO I'm)

A: Fenestral (F) porosity within a microbial laminite. Red staining indicates the

presence of calcite. Location S-IS-30-23W2M, depth 1019.9 m.

B: Intraparticle porosity within a Thamnoporoid coral. Location 8-7-30-20W2M, depth

1008.4 m.



 



PLATE 23

Porosity types in the Neely Member

A: Intraparticle porosity within a stromatoporoid fragment. Some porosity is filled with

sparry calcite (S). Location 3-26-38-27W2M, depth 937.5 m. (Scale bar is 500

JLm).

B: SEM photo of the intercrystalline porosity within the matrix dolomite of facies E.

Location 8-7-30-20W2M, depth 1008.3 m. (Scale bar is 20 JLm).
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porosity is well developed in facies F and has a high potential of transmitting fluids,

where it is not plugged with halite.

In places, shelter porosity is developed below elongate grains, such as brachiopod

shells. When both valves remain together, geopetal fabrics are present where the space

has not been filled completely with matrix. The base of the geopetal feature is usually

filled with matrix micrite, while the top is cemented with sparry calcite (plate 12-B).

Fenestral porosity is present in facies F and G. Most has been filled with halite,

anhydrite, or calcite cements.

5.2.7 STRUCTURES

Sutured contacts resulting from grain-to-grain pressure solution (Wanless, 1979)

are seen between allochems and are similar to those found in facies C (plate 16-B).

Non-sutured seams (or microstylolites) are the most common microstructure in the Neely

Member. They are very common in facies D, E, and F. They are found within the

argillaceous matrix, where they occur as wispy laminae and microstylolite swarms. They

are especially common in the nodular bedding, as in the Burr Member. The abundance

of mud and argillaceous material in the Burr and Neely Members, and the lack of

grainstones, favor the development of non-sutured seams, as suggested by Wanless

(1979). The microstylolites can have high concentrations of dolomite rhombs along their

surfaces. The dolomite crystals are generally cloudy, euhedral, and are 10 to 50 JLm in

diameter. Wanless (1979) suggests that the Mg required for dolomitization may have
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come from the compaction of clays, releasing Mg-rich fluids.

5.2.8 ACCESSORY MINERALS

The most common accessory mineral present within facies D and E is pyrite,

which is most commonly found disseminated throughout the matrix. Pyrite mottling is

less common than that found in the Burr Member. Most commonly, the pyrite is

associated with bioturbation within the matrix.

5.3 DEPOSITIONAL ENVIRONMENT

The Neely Member represents a general upward-shallowing sequence from the

marine conditions of facies D and E to the sediments of facies F and G that show

evidence of shallower water to subaerial exposure. As in the Burr Member, the Neely

Member sediments are mostly mud-supported, which indicates a quiet, low ,energy

environment.

The presence of a regional hardground between the Burr and Neely Members

suggests a hiatus before the deposition of the Neely Member. The Neely sedimentation

commenced with a increase of argillaceous content. This increase in argillaceous

material in facies D may record deposition during a relative low stand in sea level or a

slight lowering in the sea level, when more terrigenous material was being delivered to

the basin (Wilson, 1975). The non-argillaceous mudstones of facies E may record



123

deposition during a high stand in sea level, when only minor amounts of terrigenous

clays were introduced into the basin.

As the clastic component diminished, the seas returned to open, shallow marine

conditions by the end of the deposition of facies D and during the deposition of facies

E. This is suggested by the relative abundance and diversity of the fossil assemblage

(crinoids, brachiopods, bryozoans, stromatoporoids), which require normal salinity and

well oxygenated waters.

The presence of small biostromal units « 5 metres thick) of stromatoporoids in

facies E represents an attempt to colonize the sea floor in shallow subtidal conditions.

There was probably too little agitation of the water, which may have had a high clastic

component and this may have inhibited the growth of reefs, or possibly the flow pattern

was slightly restricted leading to unfavorable conditions for reef formation (Wilson,

1975). The Neely Member lacks the hardground surfaces that are so apparent in the

Burr Member so possibly the substrate was not sufficiently lithified, making it difficult

for reefs to become established. All of these may have made conditions unfavourable

for the formation of larger biostromal mounds or the formation of stromatoporoid reefs.

There is an abrupt change in color and faunal content from facies E to F. This

change marks the beginning of more restricted sedimentation. There is a change from

the medium brown sediments of facies E, to the dark brown to black sediments of facies

F. There is also the loss of the brachiopod-coral-stromatoporoid fossil assemblage to a

gastropod-ostracod fauna.

Deposition of facies F probably occurred in a restricted, marine shelf lagoon
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environment, as described by Wilson and Jordon (1983). These are characterised by a

brackish microfauna of ostracods, calcispheres, and gastropods. Also peloidal and

clotted lime muds dominate.

Local variations of facies F are seen throughout the study area. In some wells

there are thin zones « 1 metre thick) at the top of this facies that are composed of

brecciated sediments. The brecciation may be the result of slumping of sediments into

tidal channels or may result from subaerial exposure, producing desiccation of carbonate

mudflats and microkarst.

Vertical accretion of the sediments created very restricted conditions by the end

of the deposition of facies F. The gradual shallowing of the seas caused less favorable

conditions to arise which led to rapidly deteriorating living conditions and the eventual

drying up of the sea by the end of Neely time. The seas could no longer support the

diverse marine life of the earlier seas except for gastropods, and ostracods, which could

tolerate the more saline conditions. By the beginning of the deposition of facies F,

conditions were relatively hypersaline, but not yet saline enough to precipitate or

preserve salts.

Supratidal sedimentation is very complex, both laterally and vertically and consists

of several sub-environments (Shinn, 1986). This suggests rapidly moving and repetitive

environmental conditions. The environmental interpretation of facies F and G is difficult

because of the rapidly changing conditions. Each facies is not always represented in each

of the cores, the thickness of each facies varies and many facies are interbedded with

each other. The upper part of facies F and facies G may have been deposited in a
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subtidal to intertidal environment, and modified in a supratidal environment, and are

characterized by laminated sediments, microbial remains, brecciation, desiccation

features, fenestrae, laminated beds of interbedded anhydrite and dolomite or laminated

anhydrite. They lack skeletal remains and bioturbation.

Generally, facies F and G show the distinctive, shallowing-upward signature, with

a progression of pelleted limestones with ostracods and gastropods, through microbial

mats and stromatolitic beds, to cryptocrystalline dolomitic mudstones and finally with

anhydrites at the top of the sequence, representing the last vestiges of a marine incursion.

With time, infilling of the evaporitic lagoon will ultimately allow sabkha-style

sedimentation to prevail. Similar depositional sequences are reported from modern

Persian Gulf sediments (Kendall and Skipwith, 1968, 1969; Butler et al., 1982).

The laminated sediments that are common at the top of facies F and the base of

facies G have features which suggest a microbial origin. These include well laminated

and crenulated sediments with well developed, fine fenestrae. The microbial mats are

similar to those found in modern shallow to intertidal conditions, and they represent the

final stage of carbonate deposition before sulphate precipitation becomes dominant. The

salinity was high enough to inhibit normal marine organisms which burrow and

homogenize the sediments. There is also evidence of desiccation, such as mud cracks,

thus indicating a intertidal or supratidal environment. The fenestrae, laminated

sediments, and desiccation structures are common features of modern tidal flat

environments and they have been extensively described, for example, by Shinn (1983),

on Andros Island of the Bahamas; Davies (1970) at Shark Bay in Western Australia; and
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Schreiber et ale (1986) in the Persian Gulf.

Kendall (1976) has described laminated to fmely bedded anhydrites from the

Ordovician Bighorn Group. He believes that this form of anhydrite was most likely

deposited subaqueously in very shallow waters of calm lagoons. Subaqueous evaporites

generally have been characterized as having laminated textures, whereas sabkha

evaporites reportedly have a nodular texture (Schreiber et al., 1982, Warren and Kendall,

1985). Nodular evaporites were not observed in facies G. A subaqueous depositional

environment for laminated anhydrites is also suggested by Wilson (1975) for anhydrites

of the Upper Devonian Birdbear Formation.

The microbially-laminated sediments give way to wavy-to-even-Iaminated

sediments at the top of facies G. The laminated sediments are commonly composed of

interbedded anhydrite and cryptocrystalline dolomite, and have been interpreted to be

deposited in a hypersaline lagoonal environment (Kendall, 1992). The interbedded

anhydrite and dolomite usually indicates variations in brine concentration (Warren,

1985). The hypersaline conditions during their deposition were probably subject to

temperature extremes and nutrient depletion, resulting in the deposition of sulphates such

as anhydrite, and probably the subsequent dolomitization of the fine-grained carbonate

as the Mg/Ca ratio increased (Kinsman, 1969). In these deposits, small crystals of

anhydrite and gypsum develop as displacive masses forming nodules within the sabkha

muds. But in facies G these nodules did not coalesce into enterolithic beds.

In a few cores within facies G, there are thin cycles that characterize drying

upward cycles. Each cycle starts with fmely laminated subaqueous anhydrite and at the
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top of the cycle are desiccation features with associated detrital clays. Each cycle

illustrates a change in environments from intertidal at the base to supratidal sediments at

the top.

By the end of the deposition of the Upper Neely Member evaporitic conditions

were prominent, as shown by the deposition of the overlying Hubbard Evaporite

Member. In areas where the evaporite is absent there is a very gradational contact with

the overlying First Red Bed of the Souris River Formation, indicating that, once again,

continental conditions predominated.
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CHAPTER 6

THE HUBBARD EVAPORITE :MEMBER

6.1 LITHOLOGY AND SEDIMENTARY FEATURES

The Hubbard Evaporite Member was named by lane (1959) and was described

as being the uppermost member of the Dawson Bay Formation. Its maximum recorded

thickness is 19 metres, which occurs in the 1-28-24-20W2M well, and a minimum

thickness of less than a meter was reported in several wells throughout the study area

(Dunn, 1982a). The Hubbard Evaporite Member is composed of translucent white halite

(plate 24-A). A map showing the regional extent of this member in the study area is

shown in Figure 5. The contact with the underlying Neely Member is generally very

sharp and is commonly represented by a residual layer of clay or carbonate, which is < 1

mm in thickness.

The Hubbard Evaporite Member is composed of 80% translucent halite and 20%

of chaotic dolomitic mudstones and anhydrite bands. The halite is typically granoblastic

and coarsely crystalline. Irregular clasts of the red and green mudstones are locally

observed floating in the halite matrix (plate 24-B). Most of the salt appears to have been

recrystallized during diagenesis because of the lack of bedding and paucity of zoned fluid

inclusions. No thin sections of the Hubbard Evaporite Member were made because of

the poor recovery of this member, making it difficult to find suitable samples.

The chaotic mudstone-halite is a disorganized mixture of halite crystals and clay,
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PLATE 24

Hubbard Evaporite Member

A: Translucent halite is the main lithology of the Hubbard Evaporite Member. Location

8-7-30-20W2M, depth 999.1 m.

B: Clasts of mudstone (M) floating in a halite matrix (H). Location 8-20-33-20W2M,

depth 906.3 m. (Quarter is 24 mm across).

C: Black straight line shows the contact between the Hubbard Evaporite Member and

the underlying Neely Member. Location 8-7-30-20W2M, depth 1000.4 m. (Scale

bar is 5 ern).
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with the latter making up about 15 to 95 % of the whole rock. Commonly, the halite

crystals contain mudstone inclusions. Modem examples occur in the Bristol Dry Lake,

California (Handford, 1981, 1982).

In the area where the Hubbard Evaporite Member is present, the contact with the

underlying Neely Member is generally sharp (plate 24-C). The top of the Dawson Bay

Formation is not taken at the first appearance of the Souris River Red Beds, but at the

last appearance of halite (Dunn, 1982a). This contact is gradational with intimate mixing

of the overlying First Red Beds and the halite.

6.2 DEPOSITIONAL ENVIRONMENT

Since the halite has recrystallized it is difficult to make an environmental

interpretation based on observations because most primary depositional features have

been masked. There is no definitive evidence indicating whether the depositional basin

was cut-off from the seas during the deposition of the Hubbard Evaporite or whether

there was a gradual shallowing of the seas allowing for the vertical accretion of the

sediments.

However, the eventual filling of the basin by sediments likely produced an

extensive evaporitic sabkha or salina leading to the deposition of the Hubbard Evaporite

Member on top of the underlying Neely Member. During the deposition of the Hubbard

Evaporite the basin was cut off from normal water circulation, but continued to receive

a supply of water which was capable of precipitating the evaporites. The depositional
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period probably represents a time of stillstand, which together with slow basin

subsidence, allowed for the thick accumulation (up to 19 metres) of halite. This period

may also represent rapid deposition because some salts can accumulate at up to several

dm/yr (Renaut, per. comm.). The salinities were high enough to precipitate salts and too

toxic to support most organisms. The conditions were not saline enough to deposit K-Mg

salts or, if they were present, they were subsequently dissolved. The presence of the

clay residues is probably the result of periods of salt pan emergence and partial

dissolution.

Handford and Bassett (1982) claim that the chaotic mudstone-halite sequence in

the Permian basin was the result of a crystal and matrix mixture that developed as a

result of displacive crystal growth in brine-soaked sediment. A similar origin is proposed

for comparable textures in the Hubbard Evaporite. They claim that this facies probably

records deposition in brine-soaked, low-lying saline mud-flats. Warren (1989) states that

most sedimentary structures are destroyed by the growth of evaporite crystals. The only

feature seen in core is the disrupted bedding, forming the chaotic mudstone-halite

succession.

In core, the Hubbard Evaporite does not exist in the eastern portion of the study

area and this could be because the halite never was deposited in this region or else it was

deposited and has since been removed. In the cores from the western portion of the

study area there is a transition from facies G into the red and green mudstones of the

overlying First Red Bed Member of the Souris River Formation, indicating a return to

continental sedimentation. In the areas with the Hubbard Evaporite Member there is also
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CHAPTER 7

DIAGENESIS OF mE DAWSON BAY FORMATION

7.1 INTRODUCTION

Diagenesis can be defmed as natural changes that occur in sediments after initial

deposition and prior to the alterations created by elevated temperatures and pressures

(pray and Murray, 1965). These changes are important because they are responsible for

porosity changes such as occlusion by cementation or enhancement by dissolution,

dolomitization, and fracturing.

This chapter aims to integrate observations from thin sections, macroscopic

features seen in core, and light stable isotope analyses. The observations are used to

piece together a possible interpretation of the diagenetic history of the Dawson Bay

sediments. This is based on the evidence seen in the Second Red Bed, Burr, and Neely

Members.

An examination of the cements and their mineralogy and textures seen in thin

sections can reveal clues to the environment in which they formed (Longman, 1982;

Moore, 1989; Tucker and Wright, 1990). Recognition of the stages of cement

precipitation and dissolution can also be a powerful tool in ascertaining the sequence of

diagenetic environments. For example, in the phreatic zone, pores are always filled with

water so they form well developed isopachous layers of calcite crystals (Fliigel, 1978).

These cements are commonly coarser grained than those formed in the vadose zone.
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With further burial depth, the cements precipitated are commonly coarse, mosaic sparry

calcites (Choquette and James, 1987).

The Dawson Bay sediments are carbonate platform deposits. Platform sediments

are susceptible to early diagenetic modification because they can be maintained near sea

level for extended periods. This increases the possibility for periodic fresh water

flushing of the sediments, which in tum can complicate the diagenetic history. Most of

the diagenetic alteration and porosity development of shallow water carbonate sediments

occurs prior to deep burial, because they are initially chemically very reactive. Once

sediments come into contact with circulating meteoric waters, intense diagenetic

processes can begin.

Several diagenetic events or phases are recognized throughout the Dawson Bay

Formation. The relative time of inception of the diagenetic events is shown in Figure

18. It should not be assumed that each event was completed before others that followed

began or that each process occurred only once (e.g., at least two anhydritization events

are recognized: an early phase related to hypersaline conditions and a later phase related

to subsurface brine circulation). The diagenetic environments (vadose, marine phreatic,

etc.) follow the definitions given by Longman (1982).

7.2 DIAGENESIS OF THE DAWSON BAY FORMATION

The diagenetic features observed in thin sections are described under three major

environments:
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Figure 18: Sequence of diagenetic events in the Dawson Bay Formation.
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a) submarine

b) meteoric

c) burial

The next sections will discuss the diagenetic processes that occurred in the submarine

environment, the meteoric environment, which includes both phreatic and vadose

diagenesis, and the burial environment, respectively. This is then followed by separate

discussions on dolomitization and porosity evolution.

7.2.1 SUBMARINE DIAGENESIS

Submarine diagenesis refers to the diagenetic changes that were influenced by the

physico-chemical environment and the biologic activity at the site of deposition, and

includes all other diagenetic changes which were contemporary with these. In the

Dawson Bay Formation these include marine cementation, formation of hardgrounds, and

extensive micritization.

James and Choquette (1983) claim that submarine cementation is not a common

or widespread feature of ancient limestones. Submarine cements are most commonly

documented in fossil reefs and reef-mounds, where marine cements may make up to 50%

or more of the rock volume (op.cit.). The main submarine diagenetic features present

in the Burr and Neely Members are early marine phreatic cements, and microbiological

erosion, causing extensive micritization.

The hardgrounds in the Burr Member are the main evidence for early marine
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syndepositional cementation. Hardgrounds generally form just below the seafloor with

the most intense lithification occurring within tens of centimetres of the sediment-water

interface (Tucker and Wright, 1990). Most cementation associated with the hardgrounds

in the Burr Member is inferred but could not be demonstrated at the petrographic level

in most cases, probably because the cements are cryptocrystalline or microcrystalline.

However a notable exception is the occurrence of coarse equant sparry calcite cements

below some hardground surfaces (plate l l-B). In some examples these cements have

been bored (plate 25), demonstrating their early marine origin. Other features supporting

early marine lithification include abundant bored surfaces, coated intraclasts (reworked

hardground fragments) and colonization of the cemented surfaces by encrusting organisms

(e.g., corals).

There has recently been some consideration of the possibility that the mineralogy

of non-skeletal carbonates precipitated directly from seawater may have changed through

the Phanerozoic. Sandberg (1983) postulated that there was a secular variation in the

composition of the seas with aragonite and high Mg-calcite precipitating during the Late

Precambrian to Cambrian, Middle Carboniferous through to Triassic, and Tertiary to

Recent, whereas low Mg-calcite was precipitated during the Middle Paleozoic, and

Jurassic to Cretaceous (Figure 19).

The equant sparry calcite associated with hardgrounds in facies C infills primary

interparticle porosity. This cement is usually considered a typical meteoric and burial

cement rather than a marine cement. The sparry calcite is clear and lacks inclusions

suggesting that it was originally precipitated as a low Mg-calcite cement and was not
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PLATE 25

Hardground in the Burr Member illustrating the diagenetic sequence of events that

suggest that the equant sparry calcite is of a marine origin. Below the hardground

surface is a brachiopod shell (B) that has subsequently been inftlled with internal

sediment and filling the primary porosity is equant sparry calcite (C). The brachiopod

shell had been eroded and above the hardground surface is an encrusting organism (E)

which has subsequently been bored. The burrow continues through into the internal

sediments filling the brachiopod shell and also cross-cuts the sparry calcite cement.

This suggests that the cement predates the burrow, suggesting a marine origin for the

low Mg-calcite cement (Scale bar is 500 ",m).
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neomorphosed from a high Mg-calcite cement. Since the Middle Devonian seas are

considered to be "calcite seas" (Figure 19), a low Mg-calcite sparry calcite forming in

the submarine environment is possible (Sandberg, 1983). Similar marine cements have

been described in some Ordovician and Jurassic hardgrounds (Wilkinson et al., 1982;

Wilkinson et ai., 1985).

Bladed, non-ferroan, isopachous, calcite rim cement, is found lining the inner side

of several brachiopod shells. The crystals form a rim of uniform thickness around the

pore wall. This cement is found throughout facies C of the Burr Member, and facies D

and E of the Neely Member. It is interpreted as a marine cement because of the

association with hardgrounds. Many cement-lined brachiopod shells are filled with

internal sediments and this sediment is commonly bored, suggesting that the cement and

the internal sediment were formed in the submarine environment (plate 25). This

isopachous bladed rim cement is also found lining compacted brachiopods in packstone

to grainstone lenses in facies C (plate 29-B). It is probable that these cements formed

early because these sediments would have been subject to further compaction without

their presence.

Botryoidal calcite cements were identified in primary porosity in facies F. Facies

F has been interpreted as a restricted peloidal, algal-rich sediment. The primary porosity

may have been created by shrinkage during desiccation of the sediments or the pore

space may be fenestral porosity. This botryoidal calcite cement was likely precipitated

as aragonite and not low Mg-calcite, as previously suggested for the equant sparry

calcite. Aragonite is favored by elevated Mg/Ca ratios in fluids, this occurs when the
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solution reaches twice the concentration of seawater (40 to 60%0 IDS) (Warren, 1989).

Aragonite is forming in the lagoons of the Persian Gulf today (Bush, 1973).

The botryoidal cement in facies F has been interpreted as an early marine cement

because it occurs in primary porosity and it resembles the 'fan-druse' of aragonite fibres

in the interstices of subtidal sands of the Persian Gulf described by Shinn (1969). The

radiating fibres give the cement a brush extinction and are likely a relic of the fibrous

crystal structure. This cement was subsequently neomorphosed to calcite in a near

surface environment.

The syntaxial overgrowths are commonly considered products of the meteoric

phreatic zone, but they may also form in a marine environment (Tucker and Wright,

1990). In the Dawson Bay Formation there is no clear evidence to support either setting.

Syntaxial overgrowths occur in facies C, and are restricted to the grainstone lenses,

where they occur in primary porosity. Since this cement is closely associated with the

rim cements, which have been interpreted as marine, a marine origin is plausible.

Evidence for biological diagenesis is represented by the burrowing, bioturbation,

and boring of grains by micro-organisms. Bioturbation commonly gives the carbonate

mud a mottled appearance and may completely homogenize the sediment, with the

destruction of lamination and other sedimentary structures.

Biological alteration commonly affects bioclasts on the seafloor. A variety of

boring or endolithic organisms (especially microbes) burrow into skeletal grain margins;

the microborings become filled with fine-grained sediment or cement (plate 26-A), thus

forming a micritic envelope that preserves the shape of the original shell. The



PLATE 26

(Scale bar is 500 #Lm)

A: Bioerosion (B) of fossil fragments is a common marine process in the Dawson Bay

Formation. Location 1O-7-32-5W3M, depth 1121.1 m.

B: Clotted (C) peloidal texture in the matrix of facies F. Location 8-7-30-20W2M,

depth 1007.1 m.
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development of these envelopes is commonly critical in preserving grain shape as the

sediments undergo later diagenesis (Bathurst, 1978; James and Choquette, 1983).

Biological alteration grades from the formation of micrite envelopes to total grain

micritization, in which the original allochem cannot be identified.

Peloidal textures are common in the Second Red Bed, Burr, and Neely Members.

The peloids occur within the matrix either as discrete particles ranging from 20 to 75 ",m

in diameter, or as a clotted texture. The origin of peloids is still being debated. Some

may be fecal pellets or formed as a result of thorough micritization of the grains by

boring organisms. Alternatively, MacIntyre (1985) claims they are chemically

precipitated because of their shape, size restriction and the isolated locations of

deposition. Chafetz (1986) claims that they are the result of bacterial precipitation.

Pyrite is commonly found as small patches disseminated in the matrix and coating

hardground surfaces and associate intraclasts. The amount of pyrite rarely exceeds 2 %

in a given thin-section. Pyrite is likely an early diagenetic product associated with

sulphate reduction in shallow seafloor sediments. Pyrite forms by bacterial reduction of

pore water sulphates (Scoffin, 1987). Anaerobic bacteria attack the sulphates to obtain

oxygen and free sulphur which combines with available Fe+2•

7.2.2 METEORIC DIAGENESIS

This section includes diagenetic events in both vadose and phreatic environments.

Early meteoric diagenesis is a very important stage because the sediments are
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mineralogically unstable or are in the process of stabilization. Porosity modification by

dissolution, cementation, and possibly dolomitization, is quickly accomplished in the

meteoric environment.

Commonly, shallow water marine carbonates sequences bear the mark of meteoric

diagenesis. However, the source of the freshwater in an arid environment, which was

the setting during the deposition of the Dawson Bay Formation, is problematic.

Paleogeographically, the study area was likely located too far from the paleo-hinterland

to provide the hydrostatic head required to circulate meteoric water through the

formation. The likely source of the freshwater was thus rainfall during storms. It is

possible that some years were wetter than others: during these wetter periods dissolution

and precipitation of the carbonates occurred. On the Trucial coast, today, there is

evidence of meteoric diagenesis indicating a freshwater influence on the sediments

(McKee and Ward, 1983).

Once the original marine pore-fluids were replaced by fresh meteoric waters,

neomorphism, dissolution, silicification and cementation followed. This resulted in the

formation of both fabric and non-fabric selective porosity, and neomorphism of unstable

marine carbonates, such as Mg-calcite to calcite. Some phreatic cements were identified

tentatively, but not conclusively, because they may also represent a submarine or burial

origin. There is also evidence for early dolomitization and evaporite formation, which

were associated with hypersaline conditions. This resulted in the formation of sabkha

related dolomites, anhydrite, and halite.

The anhydrite found in facies A and G represents a period of greater evaporation.
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Displacive and replacive growth of evaporite minerals was widespread. Continuous

layered and nodular anhydrite were forming in the sediments from shallow saline

groundwater. Isolated anhydrite crystals grew within the carbonate mudstones of the

lagoonal and sabkha settings. These evaporites are early diagenetic and grew in situ

within the brine-soaked muds. The precipitation of the evaporites likely resulted from

brine evaporation from the capillary fringe (Kendall, 1992). The timing of the anhydrite

is difficult to resolve petrographically because it is not always possible to distinguish

syndepositional anhydrite from later burial anhydrite. There is evidence for at least one

phase of early anhydrite precipitation. This early anhydrite is found in facies A, F, and

G. There is evidence of compaction of anhydrite laths suggesting that the anhydrite

formed before compaction. There is also evidence of at least two later phases, one

associated with a later dolomitization event, where anhydrite and dolomite are both found

cross-cutting each other, thus are contemporary. Also, anhydrite is found cross-cutting

later calcite cements, suggesting a later origin.

7.2.2.1 Vadose Diagenesis

Facies F and G of the Neely Member show clear evidence of vadose diagenesis.

In facies F there is evidence of subaerial exposure, such as brecciation. Microscopically,

the prominent fabric of the exposure surface is clotted peloidal micrite (plate 26-B), with

microspar-filled channels and cracks. James and Choquette (1984) state that clotted

micrite is a common feature associated with vadose diagenesis. Facies F shows extensive
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dissolution and leaching, resulting in non-fabric selective wggy porosity (plate 21-B).

Some of this wggy porosity is partially infilled with vadose silt (plate 27-A). In facies

G dolomitic muds contain desiccation features, such as mud cracks (plate 18-C). This

facies also has some fractures, which likely occurred during subaerial exposure; some

are now filled with green shale (plate 18-D).

Vadose crystal silt forms when percolating meteoric waters mechanically deposit

silt-sized particles derived from the internal erosion of host sediment (Grover and Read,

1983). It has been interpreted as having a vadose origin because it is found in peritidal

beds and it occurs in association with solutional features. Similar sediments were found

in Ordovician carbonates of Virginia and were interpreted as vadose deposition (Grover

and Read, 1983).

Cementation in the vadose zone reflects the incomplete filling of pores by water.

Meniscus and pendant cements, characteristic of the vadose environment, were not

identified petrographically in the Dawson Bay sediments. However, if cementation is

prolonged, pores become occluded and they become increasingly difficult to recognize.

7.2.2.2 Phreatic Diagenesis

Before and during early burial, the Dawson Bay sediments would have been

subjected to meteoric water, dissolving both matrix and allochems to create moldic and

vuggy porosity. As the waters became saturated with respect to calcium carbonate,

calcite cements began to precipitate. Evidence for dissolution is in the form of enlarged



PLATE 27

(Scale bar is 500 Jlm)

A: Vadose silt (VS) lining primary porosity. Sparry equant calcite overlying the vadose

silt suggesting that it was a later diagenetic event. Location 16-21-34-27W2M, depth

974.5 m.

B: Secondary porosity lined with equant sparry calcite (Be). Petrography and stable

isotope data suggest a meteoric origin for the cement. Note the anhydrite (A) laths

cross-cutting the cement suggesting that it occurred later. Location 16-21-34-27,

depth 975.2 m.
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moldie and vuggy porosity, and selective leaching of fossils.

Neomorphism is an important diagenetic process in carbonate sediments.

According to Folk (1965), neomorphism refers to "all textural transformations between

one mineral and itself or a polymorph". Examples of neomorphism are the

transformation of aragonite and high Mg-calcite to low Mg-caleite, and the

recrystallization of micrite to microspar. When aragonite and Mg-calcite are precipitated

from marine waters, they remain relatively unaltered until affected by waters of radically

different character (James and Choquette, 1983). The transformation of aragonite to

calcite and the precipitation of sparry calcite are thought to represent a change from the

marine phreatic to the freshwater phreatic zone (Fliigel, 1982; Bathurst, 1971). In fresh

waters the Mg+2 concentration is normally low and precipitation of low Mg- calcite is

no longer inhibited. The more soluble phases (aragonite and high Mg-calcite) dissolve,

and are replaced by calcite.

Evidence of neomorphism in the Burr and Neely Members is the transformation

of high-Mg calcite skeletons (echinoids, trilobites, stromatoporoids) to low Mg-caleite.

Microscopically, the allochems are generally very well preserved. The allochems that

were precipitated originally as aragonite (i.e., gastropods, ostracods) generally are totally

dissolved, and the moldic pore is usually cemented by low Mg-calcite. Neomorphism

of botryoidal aragonite cements from facies F also possibly occurred under meteoric

phreatic conditions. The transformation of the unstable calcite mineralogy to the more

stable form of low Mg-calcite is difficult to show petrographically, but the assumption

that this transformation takes place is inferred from studies on modern analogues (see
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Pingitore, 1976, for example). The evidence for an aragonitic precursor of the

botryoidal cements was discussed previously.

There is also evidence for aggrading neomorphism in thin sections. Aggrading

neomorphism generally occurs when fresh waters occupy the pores, and causes an

increase in crystal size (Bathurst, 1971). This was observed in thin-sections from facies

C, D and E, where there is a transformation of micrite to microsparite.

Silicification is a minor diagenetic feature of the Dawson Bay Formation,

occurring in facies A and E of the Second Red Bed and Neely Members, respectively.

It includes precipitation of chalcedony and microcrystalline cement in fossil cavities and

secondary porosity, and the replacement of carbonate. The solubility of silica typically

increases with pH and temperature. Knauth (1979) and Carozzi (1989) suggest that

dissolved silica can be deposited from alkaline solutions that move through the sediments.

The silica may be locally derived from silicates present within the sediments (i.e., clays),

or from siliceous skeletal particles (i.e., sponge spicules). Replacement by silica is

commonly seen in stromatoporoid skeletons and this may reflect their greater porosity

and permeability than the surrounding matrix. Similar replacement of stromatoporoids

by quartz in Devonian sediments was reported by Henderson (1984).

During the time that facies G was exposed subaerially and away from the direct

influence of seawater, meteoric water dissolved allochems and probably some of the

evaporites, resulting in the formation of secondary porosity that was later filled with

coarse-grained equant sparry calcite (plate 27-B). Equant calcite precipitated as

isopachous rims lining non-fabric selective secondary porosity. This cement is restricted
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to facies F.

The isopachous cements found in facies F have been interpreted as phreatic

cements because they are found as isopachous layers lining non-fabric selective corroded

secondary porosity, suggesting that there was an extensive leaching phase before the

precipitation of the phreatic cement. Some of the calcite crystals are rich in inclusions,

some of which may be organic matter that were enclosed in the crystal lattice (plate 28-

A). The sediments of facies F are very organic-rich, containing abundant microbial

material (plate 28-B). Similar inclusion-rich cements have been described in the

Winnipegosis Formation (Shearman and Fuller, 1969).

The origin of these isopachous cements is not known with certainty. About 60 %

of the rock is composed of secondary porosity filled with halite. Thin-section preparation

was difficult, and because of the high porosity so very little of the original sediment is

preserved.

7.2.3 BURIAL DIAGENESIS

Burial diagenesis is generally taken to begin below the depth where sediments are

affected by near-surface processes of the marine and meteoric environments (Scoffin,

1987). The effects are progressive and it is usually not possible to pinpoint the onset of

the burial diagenetic events to precise depths (rucker and Wright, 1990). Some of the

effects attributed to early burial diagenesis in the Dawson Bay Formation include burial

cementation, dolomitization, and compaction. The later diagenetic events include



PLATE 28

(Scale bar is 250 I'm)

A: Organic-rich sparry calcite (SC) found in facies F. Location 5-15-30-23W2M, depth

1019.7 m.

B: Algae found throughout facies F making the sediments very organic-rich giving them

a dark brown to black color. Location 3-27-38-27W2M, depth 921.6 m.
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anhydrite precipitation and infilling of porosity by halite, the formation of non-sutured

seam microstylolites, and fracturing. Minor dolomitization is associated with the

stylolites. Most of the anhydrite and halite precipitation occurred after fracturing as

many of the fractures are filled with clear halite and orange fibrous halite.

The most abundant form of cement found in the Dawson Bay Formation is non

ferroan, equant to drusy, clear sparry calcite, with crystal sizes from 10 to 100 Ilm. It

is found filling interparticle, intrapartic1e, moldic, shelter, fenestral, and microfracture

porosity. The sparry calcite cement also fills the interior of some of the moldic pores

that are lined with the bladed calcite. This indicates that the drusy sparry calcite

precipitated after the first generation of the bladed cement.

The equant to drusy sparry calcite is usually thought to represent a phreatic

meteoric cement. Choquette and James (1987) suggest that this form of cement may be

an early burial cement. This form of cementation is Ubiquitous and is seen in several

thin sections from the Burr and Neely Members (plate II-A; Plate 29-A). Bathurst

(1971) states that the dissolution of aragonite produces CaC03 in solution, which is

precipitated locally as a microcrystalline cement both inside and between particles, and

in new secondary porosity created by the aragonite dissolution.

Equant to drusy sparry calcite cements can precipitate in near surface meteoric

or in burial environments. In the Ordovician and Jurassic, there is evidence that they

precipitated on shallow seafloors (Wilkinson et al., 1982; Wilkinson et al., 1985). The

equant to drusy sparry calcite commonly found in the Neely and Burr Members, likely

formed in the deeper phreatic zone, out of the influence of fresh water. The cements



PLATE 29

A: Equant sparry calcite (BC) filling primary porosity between peloids (P). Location

1-16-36-6W3M, depth 1013.8 m. (Scale bar is 250 ILm).

B: Compaction of brachiopod shells within facies C but without the early precipitation

of the bladed calcite (B) cements further compaction likely would have occurred.

Location 15-36-32-29W2M, depth 1086.6 m. (Scale bar is 200 ILm).
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have a uniform dull luminescent pattern, in contrast to the strongly zoned, brightly

luminescent cements which would be found in a shallower phreatic environment, where

the waters are more prone to variations in oxidation state. A phreatic origin for the

equant sparry calcite requires active circulation of freshwater through the sediments and

this is difficult to explain when the environment, for much of the time, was probably a

vast arid, flat sabkha. It is possible that some of the equant sparry calcite formed in the

phreatic environment in facies E and F, but is more difficult to explain further down

section in facies C and D. Thus the equant calcite spar in facies C and D is more likely

to have formed in an "intermediate" burial environment.

There are several possible sources for the CaC03 in the cements (Bathurst, 1971)

a) meteoric waters that have dissolved CaC03 at a higher level or elsewhere in the

sediments, b) dissolution of carbonate particles in shale beds, which promotes

supersaturation of pore waters in adjacent limestones, c) marine pore waters in carbonate

sediments that are already supersaturated and which during burial, precipitate calcite, d)

pressure dissolution providing the carbonate for precipitation (Tucker and Wright, 1990).

In the Dawson Bay Formation it is likely that a combination of many sources was

responsible for cementation.

There is no convincing evidence for late burial cements, which are typically clear,

coarsely crystalline, ferroan, and usually do not coarsen toward pore centres (Longman,

1982). Sparry calcites or saddle dolomites of burial origin are commonly found in other

Devonian sediments in Alberta (e.g., Walls et al., 1979, and many others) but the latter

(saddle dolomite) was not found in the Dawson Bay Formation.
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Other features resulting from burial diagenesis include products of mechanical and

chemical compaction, fracturing, anhydritization, and halite infilling fractures and vugs.

The Dawson Bay sediments are predominantly mud-rich, and show only minor

effects of compaction during burial such as grain breakage or pressure solution. The

effects of compaction on modern muddy sediments were shown in experiments by Shinn

and Robbin (1983). They concluded that fine-grained limestones could withstand

considerable compaction without experiencing such responses as shell breakage.

Chemical compaction is seen on the microscopic scale by grain-to-grain pressure

solution, solution seams, wispy stylolites, and anastomosing seams. Overburden stress

at grain contacts is accommodated by grain deformation. Carbonates are susceptible to

stylolitization during burial because of the relatively high solubility of CaC03• The

abundance of mud and argillaceous material in the Dawson Bay Formation and the

general absence of grainstones have favored the development of non-sutured seams.

In the Second Red Bed Member there is petrographic evidence for the physical

compaction of the sediments. There is draping of anhydrite laths over earlier lithified

intraclasts (plate 4-B). Since anhydrite laths are not incorporated into the intraclasts, this

suggests that the clasts were lithified before anhydritization.

The textural relationships between compactional features and cements can be

important in determining the timing of diagenetic events. For example, the cements

within the grainstone to packstone beds in facies C likely formed quite early because

without their precipitation, further compaction of this unit would have followed (plate

29-B).
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In the Burr and Neely Members, irregular stringers of organic matter are

commonly deformed and drape over rigid grains. Petrographically, there is evidence for

some rearrangement and rotation of elongate grains due to compaction, especially in the

grainstones (plate 29-B). These bioclasts have preferred elongate orientation. Some

compressed burrows have also been observed.

Compactional stress on the Dawson Bay Formation has caused grain-to-grain

pressure solution and non-sutured seam solution. The pressure solution at grain-to-grain

boundaries is commonly observed in thin sections. The non-sutured seams include

microstylolites, which are abundant in the nodular wackestones and mudstones of facies

C and D, where wisps of argillaceous material surround the nodules. These non-sutured

seams tend to be anastomosing, display wispy laminae, and lack the distinctive sutures

(pillar and socket penetrations) of stylolites (Wanless, 1979). Usually, dolomite rhombs

are associated with the seams, indicating that they were pathways for dolomitizing fluids.

There is also fracturing within the Second Red Bed and Burr Members. Most

open fractures have been filled with clear halite in the Burr Member and orange fibrous

halite in the Second Red Bed Member. The color is possibly the result of hematite

coatings and inclusions.

Most of the remaining porosity and macro-fractures within the Dawson Bay

Formation have been infilled with halite or minor anhydrite. This is almost certainly a

late diagenetic event because late fractures are infilled with halite. The source of the

fluids is likely related to dissolution of the underlying evaporites.
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7.3 DOWMITIZATION

7.3.1 Occurrence of Dolomite within the Dawson Bay Formation

Dolomite is present in all members of the Dawson Bay Formation. Facies A, B,

and 0 are totally dolomitized and the dolomite occurs as very fine grained anhedral

crystals. The most common form of dolomite found in facies C and D is single euhedral

rhombic crystals floating in the lime mud matrix or as isolated patches. In facies E the

dolomitization is most prevalent in the matrix and the fossils remain as calcite. In facies

F the percentage of dolomite varies from complete dolomitization to 30 % .

Based on thin section analyses, three main types of dolomite fabrics are identified

in Table 4. Their petrographic characteristics and relative abundances in the facies are

also included.

Type I dolomite is observed in facies A, B, and 0, where the sediments are

totally dolomitized (plate 30-A). They are commonly associated with evaporites or

restricted sediments, such as microbial mats.

Type 2 dolomite is found in facies C, D, and F. It is characterized by rhombic

crystals scattered randomly as single euhedral crystals or patches of crystals within the

matrix (plate 100A).

Type 3 is a coarse, matrix dolomite and is most commonly found in the Neely

Member of facies E (plate I5-A, Plate 30-B). This dolomite is matrix selective and

produces good intercrystalline porosity. The dolomite can also occur as tight interlocking
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Dolomite Type Relative Petrography
Abundance

1) Fine, Gray, anhedral, < 50jlm,
Crystalline 40% non-ferroan, cloudy rhombs,
Dolomite dull luminescence.

2) Dolomite
25%

Euhedral, to subhedral, 75 to

Rhombs/Patches 200jlm, inclusion-rich, non-

ferroan, dull luminescence

with some banding.

3) Matrix 35% Euhedral, 100 to 500Jl.m, oft

Dolomite cloudy centers and clear rim

non-ferroan, dull luminescen

en

s,

ceo

Table 4: Three main types of dolomite identified in the
Dawson Bay Formation.



PLATE 30

Dolomite types

(Scale bar is 250 ILm)

A: Fine-grained dolomite which is associated with evaporites in facies A, B, and G.

This dolomite precipitated very early in the diagenetic history and is associated with

sabkha-salina deposits. Location 16-21-34-27W2M, depth 1005.9 m.

B: Coarser-grained dolomite than above which occurs within facies C, D, E, and G,

with the coarsest dolomite found in facies E. This dolomite usually occurs within

the matrix and either occurs completely replacing it producing good intercrystalline

porosity (P) or as fine grained rhombs scattered throughout the matrix. Location 16-

21-34-27W2M, depth 977.8 m.
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crystals and no visible porosity was observed petrographically. Most of the dolomite

crystals are cloudy, but some crystals have cloudy centers and clear rims. The

cloudiness results from the presence of inclusions, probably mineral relics of the Caco3

precursor. Sibley (1982) and Tucker and Wright (1990) suggest that the mineral relics

imply that during the early stages of dolomitization, the fluids initially were unable to

completely replace or dissolve the calcite. The bulk solution was saturated with respect

to calcite at the onset of dolomitization, incorporating inclusions of calcite into the

dolomite rhombs.

Fine-grained dolomites, with crystal sizes of < 25 ILm, are commonly very early

replacements of sediments (Morrow, 1982). In contrast, the more coarse-grained crystals

commonly represent a later dolomitization event.

Microstylolites and non-sutured seams contain brown, insoluble residues and

dolomite rhombs. Rhombs within these seams are 10 to 75 ILm in diameter. As

suggested, the stylolites acted as conduits for some dolomitizing fluids, and is likely to

be a form of burial dolomitization. Wanless (1979) suggested that the Mg+2 was derived

from high-Mg calcite that had not stabilized.

Microstylolites can also act as permeability barriers; in thin-section it was

observed that sediments on one side of the microstylolites may be partially dolomitized

while those on the other side are not (plate 10-B). The same phenomenon is found with

hardgrounds, suggesting that they too acted as barriers to dolomitizing fluids.

Two factors appear to control the general distribution of dolomite: burrows, and

the grain size of the micritic sediments. There are many porosity and permeability
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inhomogeneities that result from burrowing within the original sediment (Scoffin, 1987).

The burrows most commonly provide the conduits by which the dolomitizing fluids can

move through the sediments. The distribution of the dolomite is also controlled by the

size of the micrite particles within the carbonate mud. The fine particle size allows

dolomitizing fluids greater surface contact, and hence sites of dolomite nucleation. As

the degree of dolomitization increases, the number of crystals within the matrix increases

until they form an interlocking mesh, producing pervasive dolomitization.

Former high Mg-calcite is preferentially dolomitized relative to low Mg-calcite.

In places in facies E there are echinoid fragments that have been selectively dolomitized.

Similar occurrences were reported by Land and Epstein (1970) and Sibley (1980, 1982).

Sibley also observed coralline algal grains (originally high Mg-calcite) completely

replaced by micro-crystalline dolomite.

7.3.2 Environments and Mechanisms of Dolomitization

This section will discuss the models and environments that have been proposed

for dolomitization and some of the problems with their application to the Dawson Bay

sediments. The principal models are: (i) evaporative (sabkha); (ii) seepage-reflux; (iii)

meteoric-marine mixing and the environments include: (iv) various burial environments;

and (v) sea-water.

Dunn (1982a) suggested a primary origin for the dolomites of the Second Red Bed

Member. Although there is evidence that primary dolomite can precipitate in saline lakes
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(Renaut, 1989; Last, 1990), direct precipitation in normal seawater has not been yet

documented. A primary origin for the dolomites in the Second Red Bed Member is

possible only if the waters were of elevated salinity and consequently had a different

composition from normal seawater.

(i) Evaporative (sabkha) model- this model (Hsu and Siegenthaler, 1969) suggests

that evaporative drawdown of the water table causes a reduction in hydrostatic pressure

at shallow horizons, leading to the upward movement of groundwater through the sabkha.

The supply of Mg ions is replenished by the subsurface flow of sea water (evaporative

pumping). The evaporitic (sabkha) model is based on modem day examples from tidal

flats of Bahamas (Shinn et al., 1969) and the Arabian Gulf sabkhas (patterson and

Kinsman, 1982), and is restricted to environments where the dolomite is associated with

evaporites.

Although the evaporative (sabkha) model is a feasible method of dolomitization

of facies A, B, and G, because of their close association with evaporites, the model is

not without limitations. One problem is the precipitation of evaporite minerals in the

supratidal zone, which would effectively seal the underlying sediments from penetrating

brines. However, breaks in the evaporite seal may have allowed sufficient vertical

permeability to permit the fluids through. Another problem is that the scale in which

they operate in modem day environments is much smaller than what was found in the

past (Machel and Mountjoy, 1986b). It is possible to explain the dolomitization in facies

A, B, and G using this model on a local basis, but it is unlikely on a regional setting.

(ii) Seepage-reflux model - this model (Adams and Rhodes, 1960) postulates that
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seawater evaporates as it passes landward across a hypersaline lagoon. The resulting

increase in density of these evaporated waters causes them to infiltrate the underlying

sediments and to move seaward by reflux. The source of the Mg+2 is evaporated

seawater.

The seepage reflux model may explain the occurrence of some of the dolomite in

the Dawson Bay Formation. The descent of the dense waters into the underlying

carbonate sediments soon after deposition causes dolomitization of both the supratidal and

underlying sediments. Similar dolomitization occurs in the Mississippian Red River

Group of the Williston Basin where carbonates underlying nodular anhydrites are

dolomitized (Asquith, 1979) and in the Mississippian Mission Canyon Formation

(Lindsay and Kendall, 1985).

Seepage-reflux may explain some of the dolomitization that occurs in facies A,

B, and F because of their close proximity to evaporitic conditions, but it becomes more

difficult to explain the dolomitization in facies C, D, and E. The stylolites in facies D

and E that acted as barriers to dolomitizing fluids suggest that dolomitization occurred

after compaction. Seepage-reflux generally occurs early in the diagenetic history before

compaction. In the Trucial Coast (patterson and Kinsman, 1982), reflux dolomitization

takes place in the upper 1 to 1.5 metres of the sediments, and is usually incomplete and

variable across the area, which makes this a difficult model to accept, given the vast area

which the study encompasses.

(iii) Meteoric-marine mixing model - the mixing of meteoric and marine waters

which results in dolomitization, was developed by Hanshaw et ale (1971) and Land
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(1973) to explain Quaternary dolomite in limestones of Florida and Jamaica. It was

subsequently applied by many others, including Badiozamani (1973), who used the term

"Dorag" dolomitization. This model involves the mixing of normal marine waters with

fresh water to create brackish water undersaturated with respect to calcite and saturated

with respect to dolomite. The Mg+2 ions are derived primarily from seawater and the

delivery mechanism is the continual circulation of seawater induced by the flow of fresh

groundwater (Land, 1973).

The fundamental problem with using the mixing-zone model to explain the

dolomitization within the Dawson Bay sediments is the availability of freshwater in an

arid setting and the presence of a hydrostatic head. It seems unlikely that an extensive

water lens or sufficient hydraulic head would be developed to provide the pumping

mechanism for the dolomitization.

(iv) Burial environments - the principal mechanism in burial dolomitization is the

compactional dewatering of basinal mudrocks and the expulsion of Mg+2-rich fluids

adjacent to shelf-edges and platform carbonates. Burial dolomitization is difficult to

prove because it requires large volumes of water to account for the magnesium, and one

must be able to eliminate near-surface dolomitization as the cause. Burial dolomitization

likely explains the dolomite associated with the argillaceous stylolites seen throughout

facies C of the Burr Member, and D and E of the Neely Member. These fluids could

probably be responsible for dolomitization proximal to the stylolites but would not

explain the extensive dolomitization found in facies E.

A possible explanation for the dolomitization in facies C, D, E, and F is the
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release of Mg-rich fluids associated with the dissolution of carnallite. Koehler and Kyser

(1991) have suggested that the dissolution of carnallite, could supply concentrated Mg

rich fluids for dolomitization of the overlying Dawson Bay Formation. The Dawson Bay

sediments have been affected by fluids that have interacted with the Prairie Evaporite

sediments, as demonstrated by the high bromine concentrations in interstitial brines

(Wittrup and Kyser, 1990).

(v) Sea water - Land (1985) suggested that with little modification, seawater itself

may be able to dolornitize if there is an efficient mechanism for pumping it through

carbonate sediments. The source of the Mg+2 is seawater. Some of the driving

mechanisms used for modem day examples are oceanic tides, thermal convection, and

reflux (Tucker and Wright, 1990).

Much of the appeal of using seawater as the primary agent of dolomitization lies

in its relatively high Mg concentration and high Mg/Ca ratio. But during Devonian time

the seas were considered to be "calcite seas" (Figure 19), which makes it difficult to

explain how seawater with lower Mg/Ca ratios are capable of dolomitization. Given and

Wilkinson (1985, 1987) suggested explanations using seawater as a dolomitizing

mechanism but never stated clearly their reasons.

Seawater seems to be the only fluid capable of large scale dolomitization

(Morrow, 1982; Land, 1985; Machel and Mountjoy, 1986a). The amount of fluid

circulation needed is significantly less than that required for other models. Given and

Wilkinson (1987) claim that seawater or modified seawater must have been the main

dolomitizing agent throughout the Phanerozoic. Seawater dolomitization is favored
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because of the availability of the seawater over and beyond the study area. One driving

mechanism that may be applicable to the Dawson Bay Formation is the "reflux" model

proposed by Simms (1984). This proposed mechanism can occur on carbonate platforms

with shallow waters which may have slightly elevated salinities resulting from their large

areal extent, evaporation, and restriction due to poor circulation. On the Bahamian

platform salinities up to 42-45%0 are regularly achieved (Gebelein, 1974). Simms (1984)

showed experimentally, that if porewaters within the platform were of normal marine

salinity (35%0), downward reflux of only slightly hypersaline seawater (420/'00) would

occur. Morrow (1978) calculated that dolomitization can result from mixing between

evaporitic brine (- 2000/'00) and seawater. Mixing of this brine and seawater is capable

of dolomitization unless the proportion of sea water is high. A given volume of brine

would have to be mixed with more than 11.5 equivalent volumes of normal seawater for

the resulting solution to be incapable of dolomitization. Simms (1984) claims that if the

reflux conditions occur over a long period of time, large quantities of dolomite should

occur. It can affect several thousands of metres in thickness and large areas of several

thousands of square kilometres.

The abundance of dolomite in the Dawson Bay Formation is greatest at the top

and the bottom of the sequence (Figure 20). This includes facies A, B, and G, where

sediments are pervasively dolomitized. Several authors (patterson and Kinsman, 1982;

Land, 1983; Ruzyla et al., 1985) have suggested that very fine grained anhedral dolomite

( < 20 /lm) represents early dolomitization in a sabkha environment. Facies A, B, and
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G are composed of very fine-grained anhedral dolomite and the dolomitization appears

to be closely related to the sabkha evaporative environment in which the sediments were

deposited. The evaporitic and the seepage-reflux models usually suggest early

dolomitization.

The dolomite in facies C, D, E, and F does not appear to be controlled by the

environment because this dolomitization is not pervasive, and appears to be more

controlled by permeability differences in the sediments, due to the different degrees of

lithification of the original sediments. The dolomitization within these facies possibly

took place during shallow-burial diagenesis through mixing of seawater and brines. The

availability of seawater and the likely lack of fresh water favor this model.

7.4 POROSITY

The most common porosity types observed in the Dawson Bay Formation are

vuggy, microvuggy, intercrystalline, intraparticle, fracture and fenestral. Primary

porosity is generally fabric-selective and includes intraparticle, fenestral, and shelter

porosity. Most of the effective porosity in the Dawson Bay Formation is secondary in

origin and is non-fabric-selective. Porosity developed in several stages and was

controlled by dolomitization, and post-depositional leaching of evaporites and CaC03

grains by meteoric waters, to create moldic and vuggy porosity. The gypsum and

anhydrite crystal molds are recognized by their characteristic straight edges.

Porosity development and modification in sabkha-related sediments commonly is
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associated with the dolomitizing fluids. The occurrence of moldic porosity from the

leaching of mineralogically unstable allochems, in association with fine crystalline

dolomite, suggest the preferential dolomitization of the muddy matrix as well as the

introduction of fresh water into the sediments. Fresh water would tend to dissolve

evaporites and increase the porosity. Also associated with the porosity production was

the destruction of porosity by calcite cementation. When aragonite and Mg-calcite are

precipitated from marine waters, they remain largely unaltered until affected by waters

of radically different character, which results in neomorphism to a more stable

mineralogy which is usually low Mg-calcite. Bathurst (1971) states that the dissolution

of aragonite is accompanied by the precipitation of calcite sparry cement. This cement

is seen throughout facies C, D, E, and F and is the most significant of the calcite pore

filling cements.

Most of the porosity in the Dawson Bay Formation occurs within the Neely

Member, which underlies the evaporitic sediments. The main porosity types in the Neely

Member are moldic, vuggy, intercrystalline, with minor fenestral and intraparticle

porosity.

Infilling by halite is the single most important event affecting the porosity in the

Dawson Bay Formation. Anhydrite cements locally reduce the porosity. The early

anhydrite and halite likely originated from the fluids contemporary with the sabkha

environments, whereas the halite that infills fractures probably was derived from

subsurface brines.

Twelve porosity and permeability measurements were determined from a drill
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core obtained from the Corninco Mine from 4-18-35-8W3 (fable 3, Appendix Ill), A

series of samples was selected to represent the most common lithologies found in the

Dawson Bay Formation. The values for the porosity varied from 0.3 to 33.9%. The

higher porosity values occur within the Neely Member (facies E) where the matrix is

dolornitized, providing good intercrystalline porosity. The permeabilities vary from

2.7xlO-3 mD to 149.6 mD. Again, the highest permeabilities corne from the dolomitized

Neely Member. In comparison, the Burr generally has low porosity and permeability

values. The values measured were taken from the matrix and if fractured samples were

measured they would yield much higher permeability values.

7.5 STABLE ISOTOPES

Light stable isotopes (0, C, H) can potentially be a useful tool in diagenesis

because they can reveal information about the fluids from which the carbonates

precipitated. The values obtained can be used to help interpret the burial history. Stable

isotopes can, for example, discriminate between carbonate sediments and cements of

marine environments (enriched in 13C and 180) from those precipitated in fresh water

(relatively depleted in l3C and 180).

The prevailing isotopic trend in limestones undergoing burial diagenesis is toward

lower 0180 values, and is generally (but not necessarily) accompanied by a change toward

lower Ol3C values. These trends have been documented by several authors (e.g.,

Choquette, 1968; Dickson and Coleman, 1980; Sears and Luccia, 1980; Lohmann,
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1988). This can be explained by "exposure" to, and re-equilibration with waters, of

increasing temperature or dilution by meteoric waters. Degens and Epstein (1964)

showed that for carbonates, 13e is more resistant to depletion than 180, because of the

larger reservoir of carbon in the marine sediments relative to the HC03- in the diagenetic

environment.

0180 values remain fairly constant through the freshwater lens, but with increasing

temperatures, 0180 values become lighter. 013C values vary considerably through the

vadose zone, especially within short distances (metres or less). 13e then stabilizes and

remains relatively constant through the shallow phreatic zone into the deeper burial zone.

The isotopic trends seen in the Burr and Neely Members is toward lighter 0180 with

burial, and a small change in ol3e throughout.

Both calcite and dolomite were chosen from various depths from the Burr and

Neely Members and were analyzed for their isotopic compositions. Table 2 (Appendix

IT) shows the samples chosen and their isotopic values; Figure 21 illustrates the results.

Such 0180 versus ol3C crossplots are commonly created to determine trends within

co-genetic suites of diagenetic carbonates. The narrow ol3e range probably reflects the

resistance of carbonates to changes in 13eP2e ratios during diagenesis. However, the

spread in ol3e values may possibly be explained by the oxidation of organic carbon (not

necessarily soil carbon). In meteoric waters there is a large available oxygen reservoir

so that the oxygen isotopic compositions of calcites are dominated by the isotopic

composition of meteoric waters.

The isotopic composition of seawater during Devonian time is still being debated.
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Some authors claim that the isotopic composition of Devonian water was lighter than

modem day sea water -- up to 5%0 lighter. These authors base their conclusions on

studies of sedimentary carbonates, cherts, and phosphates (e.g., Popp et al., 1986;

Hurley and Lohmann, 1989) Conflicting ideas regarding the secular change in the

isotopic composition of sea water have come from other workers who claim there has

been no or little change in the isotopic composition from present values (e.g.,

Muehlenbachs, 1986; Gregory, 1991). This debate is beyond the scope of this study so

the isotopic values obtained from brachiopods likely represent the most pristine of the

carbonates sampled, thus they will be taken as the datum to which other isotopic values

are compared.

The isotopic composition of fossils (e.g., brachiopods) are used in determining

the original isotopic composition of marine components, because they are believed to

give an estimate of the isotopic composition of paleo-oceans (popp et al., 1986;

Carpenter and Lohmann, 1989). Brachiopods are commonly chosen because they secrete

a skeleton of low Mg-calcite, which is the most stable form of calcite (popp et al., 1986;

Veizer et al., 1986). The brachiopods from the Dawson Bay Formation are generally

free of neomorphic or recrystallization textures and do not luminesce. In principal, they

should maintain their original isotopic composition, and should not have been affected

by diagenesis.

The isotopic compositions of brachiopods from the Dawson Bay Formation range

from -4.59 to -5.45%0 0180 (average -5.12%0), and from +2.11 to +0.93%0 013C

(average + 1.5%0) (Field 1, Figure 21). These values are in agreement with other values
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obtained from other Middle Devonian brachiopods, which have an mean values of -

5.0%o(±1.0) for al80 and +2.5 %o(±1.0) for a13c (popp et al., 1986).

The calcite from the mud matrix has al80 values of -5.3 to -7.03%0 (average -

6.4%0) and al3c values of +0.83 to -0.58%0 (average +0.240/'(0) (Field 2, Figure 21).

When isotopic compositions of the matrix are compared to the brachiopod compositions,

the matrix values are isotopically lighter in both s=o and s=c, The 180 contents of

marine and subsurface carbonates are normally controlled by equilibrium exchange

reactions between water and carbonate. The lower al80 values of the muds suggest that

they are a product of diagenesis attributed to: (1) changing composition of the original

fluids during burial, or (2) increase in temperature. The lower a13c values relative to

normal marine 13C values may reflect the influence of oxidation of organic matter in the

sediments (Mussman et al., 1988).

The third population of calcites has alBa values of -7.24 to -9.020/'00 (average -

8.50/'(0), and a13c of +1.87 to +0.65%0 (average +1.30/(0) (Field 3, Figure 21).

Relative to the brachiopods, Field 3 is also depleted in lBO, and again the lower alBa

values are obtained either from meteoric waters or increased temperatures.

Petrographically, these marine cements were deposited as isopachous rims on leached,

secondary, non-fabric selective porosity suggesting that they are not marine, but are

likely meteoric (phreatic) in origin because of their isopachous nature. They are

relatively close to the top of the Dawson Bay Formation so fresh water may have been

available for cementation. Similar equant calcite cements have been interpreted as

meteoric cements in Pleistocene reefs (Land and Epstein, 1970; McCullough and Land,



--"
"

182

1992).

Qualitative interpretation of the isotopic data for dolomites is tenuous. a180

values of precipitating dolomite in sedimentary rocks can be affected by the isotopic

composition of the water, temperature, type of carbonate precursor (Mg-calcite, calcite,

or an earlier dolomite) and water/rock interactions (Land, 1983). Land (1983) and

Hardie (1987) state that one must take into the account the possibility that the

geochemical record could be reset by burial diagenesis. Petrographically, Sibley and

Gregg (1987) suggest that few, if any, ancient dolomites are original mosaics and that

most are products of later diagenetic events.

In dolomites, carbon is normally inherited from the precursor (Land, 1980).

Oxygen is assumed to reflect that of the surrounding fluid. In an open aqueous system,

the dolomite rarely recrystallizes homogenously. Therefore, it does not accurately retain

the chemistry of the precursor (Land, 1983). Morse and Mackenzie (1990) state that

dolomite commonly originates as a metastable phase (disordered) that seems to be

susceptible to recrystallization, and hence isotopic re-equilibration during subsequent

diagenesis.

Land (1980) suggests that most carbonate platforms have been flushed by meteoric

waters early in their history. This is a result of carbonate platform sedimentation

generally being punctuated by shoaling-upward cycles, separated by subaerial exposure

surfaces. The freshwater interaction is usually reflected in the chemistry of the dolomites

by the isotopic values.

Dolomite can be synthesized hydrothermally at about 300°C, with reaction times
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of only a few days. Progressively slower reactions are observed at lower temperatures

and below 100°C very long experiments are required (Land, 1983). Since dolomite has

yet to be synthesized at 25°C, it is difficult to determine directly the equilibrium oxygen

isotopic fractionation between dolomite and water at sedimentary temperatures (Land,

1980, 1983). Generally, dolomite-water fractionation factors are determined

experimentally at high temperatures and then extrapolated to the temperature of interest.

These extrapolations assume that the fractionation equation behaves in a linear manner.

The experiments made by the various authors suggest that at 25°C dolomite should be

enriched in 180 relative to coexisting calcite by about 3 %0.

The isotopic data for dolomite in this study fall into two general groupings (Fields

4 and 5, Figure 21). Field 4 has 0180 of -3.72 to -5.08%0 (average -4.5%0) and Ol3C

values of +2.03 to +0.37%0 (average + 1.3%0). Field 5 has 0180 values of -7.05 to -

5.6%0 (average -6.3%0) and Ol3C values of + 1.51 to +0.480/00 (average +0.90/00).

Outliers are also represented in Figure 21.

If field 4 dolomites equilibrated with marine fluids with a 0180 value -50/00, or

even if the marine signature was that of modern sea water of 00/00, then the precipitating

dolomite should have isotopic values 30/00 heavier than coexisting equilibrated calcite.

This does not occur, indicating that these dolomites did not equilibrate with marine

waters unless they formed at higher temperatures. The oxygen isotopic compositions are

heavier relative to -50/00, but only by 1 to 20/00.

McKenzie et ale (1980) claim that an increase in 0180 in dolomites relative to

seawater follows an increase in salinity, as a consequence of evaporation. Data from
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modern tidal flats show that surface-formed dolomites are generally characterized by high

alSo values relative to the host Caco3 sediment. These trends are seen in modern

dolomites from the Arabian Gulf, which have also values higher than the marine Cac03

sediments by +0.4 to +3.9%0 with generally very little difference in the a13c values

(McKenzie, 1981). Based on petrography, most of the dolomites in field 4 are finely

crystalline and modern analogies of these fine crystalline dolomitic rocks are believed to

be syndepositional in hypersaline peritidal sediments (Morrow, 1982). also values of the

dolomites formed in field 4 are lighter than modem hypersaline dolomites. This does

not preclude that hypersaline brines were absent. These rocks could have reacted with

solutions of elevated salinity penecontemporaneously with deposition, but their chemical

character has been modified during later post-depositional stages of diagenesis. Land

(1980) claims that this happens as a result of neomorphism of earlier formed dolomite

phases during later diagenesis. Distinguishing the different products in ancient rocks is

often difficult (Mazzullo, 1992). Dolomites in field 4 may have been altered by 180-

depleted fluids, or altered by higher temperature fluids.

The dolomites in field 5 have average alSo values of -6.3%0 and a13c +0.9%0.

Petrographically, most of these dolomites are coarser grained than those in field 4 and

these dolomites are interpreted to have occurred later in the diagenetic history. Morrow

(1982) claims that coarser grained dolomites usually represent a later diagenetic event.

The most likely interpretation of the observed dolomite alSo compositions in field 5 is

that the dolomitizing fluids were of marine origin and have been affected by slightly

elevated temperatures, which is characterized by more negative s=o values reflecting
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precipitation at higher temperatures. The range in the stable isotopic values could also

be explained by a temperature influence during the recrystallization event. Therefore,

the 8180 values is a function of the oxygen isotopic composition of the solution and the

limestone precursor, the water/rock ratio, and temperature. Similar isotopic values have

been reported for matrix dolomites in other Devonian sediments of Western Canada

(Mattes and Mountjoy, 1980; Qing and Mountjoy, 1989; Kaufman et al., 1991). They

all interpreted the relatively lower a180 values in dolomites to be the result of elevated

temperatures associated with burial.

Chipley and Kyser (1991) claim that the stable isotopic compositions of the fluids

within the Prairie Evaporites reveal that the fluids that most affected the Western Canada

Sedimentary Basin are complex mixtures of meteoric waters, evolved basin brines, and

seawater. It is likely that these fluids are responsible for the isotopic compositions of

many of the Dawson Bay sediments. The Dawson Bay Formation has been affected by

fluids that have interacted with the Prairie Evaporite and this is suggested by the high

bromine concentrations in interstitial brines (Wittrup and Kyser, 1990).

7.6 DISCUSSION OF STABLE ISOTOPE DATA

There is reasonable agreement between the petrography and the isotopic

interpretation for the calcites but correlation between the isotopes and the petrography

is less satisfactory for the dolomites. As stated earlier, the petrographic interpretation

of the dolomites are: Field 4 dolomites have an evaporitic origin and are fine grained,
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anhedral crystals associated with evaporites. Field 5 has been interpreted to be a

replacement matrix dolomite with the coarser dolomite rhombs that are euhedral to

subhedral. Most of the samples show agreement between petrography and isotopic

values, but there are scattered data points in fields 4 and 5 which are exceptions: some

data points in field 4, should be in field 5 and vice versa. A possible explanation may

be contamination of other minerals in sampling. Alternatively, dolomites that look

similar petrographically have different isotopic values because they were reset different

fluid events. As mentioned previously, Land (1983) and Hardie (1987) state that one

must take into the account the possibility that the geochemical record could be reset by

burial diagenesis.

Many problems were encountered with sampling for isotopic analysis because the

sediments are very fine grained, making the extraction of distinct mineral phases very

difficult. Most reported stable isotope analyses for Devonian carbonates are from coarse

grained cements. Because the Dawson Bay sediments are muddy platform carbonates

precipitation of coarse grained cements is unlikely. The coarse late cements, such as

those filling fractures, are halite or other evaporitic minerals, not calcite or dolomite.

There remains a certain degree of uncertainty about fractionation factors in

dolomites and there is the potential of extensive recrystallization of the early formed

dolomites. The isotopic composition of ancient, evaporite-related dolomite sequences

may thus only reflect a gross representation of the chemistry of recrystallizing fluids

rather than the composition of the original fluids (Moore, 1989).



CHAPTERS

APPLICATIONS TO THE POTASH INDUSTRY

8.1 INTRODUCTION

The Dawson Bay Formation has always been considered by the mining industry

to be a good caprock for the underlying Prairie Evaporite Formation, but recent flooding

in potash mines has shown that this is only partly true. The porosity within the Dawson

Bay Formation is generally low, but there are zones within the formation that have fair

to good porosity, and which could provide a pathway through which fluids could migrate.

The main diagenetic events that have led to open porosity formation in the

Dawson Bay Formation are dolomitization, and post-depositional leaching of evaporitic

and unstable minerals. Most open porosity is secondary, although minor primary

intraparticle porosity is present in facies C, E, and O. The fractures which are present

would serve as major subvertical conduits for fluids but are fortunately filled with halite.

8.2 POROSITY AND PERMEABILITY

Using drillstem data (Dunn, 1982a) completed in the Dawson Bay Formation

recovered mud, indicating the tight character of the formation. Locally, there were

recoveries of salt water in the Neely and Burr Members, indicating the presence of

porosity.

187
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Figure 22 shows each of the porosity types and how they are distributed

throughout each of the facies. Figure 23 uses gamma-ray and sonic logs from the 15-36-

32-29W2M well to illustrate where some of the porous zones occur within the Dawson

Bay Formation. This well was chosen because it is represented on cross section A-A',

and was also cored and examined for this study. Figures 10 and 11 show several of the

logs in the area. Other well logs from the study area were compared to these and

examined to see the extent of some of the porous zones. It appears that the porous zone

at the top of Neely Member can be correlated over most of the study area. The porosity

is not well developed, but could provide a good lateral conduit for fluids to migrate

through the Dawson Bay Formation. The porous zone seen in facies C lacks regional

continuity, but could still provide a pathway for brines to migrate.

8.2.1 NEELY MEMBER

The Neely Member has the best developed porosity of all of the members. The

best porosity occurs in facies E, which is a fossiliferous floatstone to wackestone. Many

of the stromatoporoids provide good primary intraparticle porosity but the dominant

porosity is secondary, intercrystalline matrix porosity formed by dolomitization.

Dolomitization of the matrix produced euhedral to subhedral crystals with large pore

throats. The scanning electron microscope (SEM) observations reveal good micro

porosity between the dolomite rhombs (plate 23-B). The average thickness of this

interval is 3 to 4 metres. In this facies, vuggy, moldic, microfracture, and shelter
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porosity are also present.

Facies D is an argillaceous mudstone with minor vuggy, moldic, microfracture,

and intercrystalline pore types, but commonly little total porosity is present. Facies F

is a bioclastic wackestone to grainstone with < 5 % porosity, but the porosity within this

zone is sporadically developed, and includes moldic, vuggy and fenestral. Facies G is

interbedded anhydrite and dolomite with limited potential of transmitting fluids. There

may be minor porosity (intercrystalline and fenestral) within the dolomitized microbial

mats.

8.2.2 BURR MEMBER

The Burr Member as a whole has little porosity except for three wells, previously

mentioned, that have extensive dolomitization in facies C. Facies B and C are

cryptocrystalline dense carbonates with minor porosity and permeability. Facies B, a

dolomitic burrowed mudstone, has a trace of microscopic porosity. Facies C has minor

porosity which includes vuggy, microfracture, and moldic porosity. This porosity is

more evenly distributed, so the conduit may be more continuous than that found in facies

E.

The average porosity and permeability that were measured in the Burr Member

were 6% and < 1 mD, respectively (Table 3, Appendix Ill). The overall porosity of the

Burr Member is probably < 3 % and not the measured 6 % . Results measured in the

laboratory must be interpreted with caution, because the values obtained for the porosities
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and permeabilities were based only on one well. The lenses of brachiopod

packstoneslgrainstones within facies C can have primary interparticle porosities > 10%.

This zone averages 0.5 to 1 metre thick. The Burr Member has subvertical to vertical

fractures filled with halite, but would provide good conduits for fluids if the salt was

dissolved away. The Burr Member overall lacks significant permeability because of the

lack of extensive matrix dolomitization as seen in facies C.

Some of the measured porosity values obtained in the Dawson Bay Formation

were up to 33 % and this occurred in facies E. The average measured porosity of all the

Dawson Bay Formation samples was 18% and the average permeability is < 1 mD,

however, two measured values exceed 50 mD. The samples of dense carbonate from

lithofacies C and D have porosities of < 1 % and permeabilities were < lxlO-3 mO.

Gendzwill and Szczepanik (1983) determined porosity and vertical permeabilities

measurements on 24 samples of Dawson Bay carbonates. The samples they used and

their measured values are tabulated in Table 5, Appendix ill. They obtained an average

porosity 10.7% and the vertical permeability was less than 1.0xlQ"6 mD. As documented

from the measured values, the permeability of the Dawson Bay Formation is low and the

porosities are fair to good. This is supported by macroscopic and microscopic

examination of the rocks. Some of the high porosities that were recorded may be the

result of the dissolution of halite.

However, in core, it appears that most of the porosity within the Dawson Bay

Formation has been filled with calcite cement, anhydrite, and most commonly halite.

This limits the ability of all the members to transmit fluids but dissolution of the halite
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would create much open pore space with the Dawson Bay Formation.

8.3 IMPLICATIONS FOR l\fINING

The Dawson Bay Formation is not as tight previously thought. A potential

conduit for fluids is present within facies E of the Neely Member, with limited potential

in the other facies. The Burr Member has the lowest potential.

In core and thin-section, it appears that most porosity (primary and secondary)

within the Dawson Bay Formation has been filled with calcite cement, anhydrite, and

most commonly, halite. This is fortunate for the potash operations because the pore

filling material could act as barriers to fluid movement. However, this does not apply

for the entire Dawson Bay Formation because there is leakage at the mining levels and

it is likely that most of the flooding is due to the direct leakage of Dawson Bay waters

(Wittrup and Kyser, 1990). These brines have found pathways along which to migrate;

this may be attributed to only partial filling of the porosity with halite. Possibly,

undersaturated brines from overlying formations are flowing through the Dawson Bay

sediments, resulting in dissolution of halite which may result in open pore spaces through

which brines could migrate. Any undersaturated fluids that leak into the mines could

then result in a great damage, through dissolution, at the mining levels.

Wittrup and Kyser (1990) proposed a model to explain how these unsaturated

fluids reached the Dawson Bay Formation. They state that large portions of the Prairie

Evaporite Formation have been subject to dissolution events that are believed to be
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responsible for the formation of collapse structures. Once these collapse features form,

they become conduits for vertical movement of fluids under brine-density flow

conditions. These collapse features and fractures could provide the conduits for the

Dawson Bay brines to communicate with the mining levels, and for brines from

stratigraphically higher formations to pass through the Dawson Bay Formation and

eventually leak into the underlying mine.

The origin of fluids are tracked by their stable isotopic compositions. In general

0180 and oD values of a fluid will increase downward and with distance away from a

source in a basin. If water depleted in D and 180 is found below an aquifer exhibiting

normal isotopic increases with depth, this suggests that there has been some major

disruption of the flow pattern (Wittrup et al., 1987). Wittrup and Kyser (1990) refer to

this disruption as
" shortcircuiting "

, which is a mechanism where waters from a

stratigraphically higher formation can be channelled downward to the mining levels.

This "shortcircuiting" , within the Williston Basin, is likely caused by the vertical

movement of fluids through the collapse structures and related features. The danger of

this is that the fluids entering the formations lower down may be relatively

undersaturated with respect to chloride salts and can create a great deal of damage

(Wittrup and Kyser, 1990).

Fluids undersaturated with respect to halite in the Dawson Bay Formation could

result in localized dissolution of halite filling the pores in the formation. Any Dawson

Bay sediments that are adjacent to these collapse features could be susceptible to

dissolution of halite and, therefore, opening up of pore spaces which could provide a
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pathway for the brines. Once the fluids equilibrated with the surrounding rock no further

dissolution should occur. However, the extent to which the Dawson Bay Formation is

affected by dissolution will also be dependent on the flushing rate of these

"shortcircuited" waters. If the rates are slow there should only be dissolution of halite

in the immediate area of the collapse features because the fluids would likely equilibrate

quickly with the rocks. But if the flushing rates are rapid the Dawson Bay sediments

may not be able to re-equilibrate rapidly with the fluids, and these fluids would likely

affect the formation further from these collapse features.

Although there was no visible porosity observed in facies A, Dunn (1982a)

reported that the clays provide a good conduit in which the fluids can move. Cashman

(per.comm.) has found Cretaceous spores in clay seams from the Dawson Bay Formation

in several of the potash mines, demonstrating conclusively that fluids can migrate along

them. If the halite-filled fractures in the Dawson Bay Formation became open, possibly

from pressure release due to mining or there was halite dissolution, they could provide

a major conduit system in which fluids from facies A could flow through, into the

underlying Prairie Evaporite Formation. The high porosity values that were measured

in the Second Red Bed Member by Gendzwill and Szczepanik (1983) (Table 5)

demonstrate what resulting porosities might be.

Figure 24 illustrates what could happen to various lithologies within the Dawson

Bay Formation ifpore-filling salt was leached away. It demonstrates that there could be

an increase of matrix porosity from 1 to 5 %. This demonstrated that there can be a

significant increase in porosity if halite was removed by any natural or artificial methods.
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The results from this experiment must be used cautiously because it is possible that not

all the salt was removed during the leaching process, and there may also have been

residual mercury in the pore space which would have affected the final porosity values.

Upward drilling in the Dawson Bay Formation in the Central Canada Potash mine

has shown that water is flowing horizontally between the Second Red Bed and Burr

Members and also along sub-vertical fractures in the Burr Member (Dunn, 1982a). The

flow along this surface may have started recently, by the release of hydrostatic stress by

creep due the mining. This release of stress may also explain the opening of the

fractures within the Burr and Second Red Bed Members, which are generally filled with

halite. A similar flow pattern has been observed in the Cory mine (Dunn, 1982a). It

may be that the contact between the Second Red Bed Member and the Prairie Evaporite

Formation is a horizontal conduit for fluids to move laterally, and once the fluids reach

an anomalous structure, the water begins to seep into the underlying mine.

There are many bituminous seams within the Burr and Neely Members which may

also provide horizontal pathways for fluids. There is an increase in the dolomite content

along these bituminous seams indicating that brine migration took place along these

planes during diagenesis.

Figure 25 illustrates the possible horizons within the Dawson Bay Formation

through which fluids may, or are known to, migrate downward into the mining levels.

Although most of the porosity in the Dawson Bay Formation is filled with halite, there

is still some open pores, especially in facies E of the Neely Member, that would allow

for the lateral migration of fluids. If this halite was removed from circulating brines, the
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permeability within the formation would then become very effective. Wittrup (1987)

stated that the Dawson Bay Formation waters were responsible for some of the leaks

within the mines, so there are permeable zones or conduits within the formation that have

allowed these waters through. Any remedial work that is planned to stop the fluids

leaking into the mining levels from the overlying Dawson Bay Formation, must consider

that parts of the formation have potential to transmit fluids.



CHAPTER 9

SUMMARY OF THE DEPOSmONAL AND DIAGENETIC
HISTORY OF THE DAWSON BAY FORMATION

9.1 INTRODUCTION

This chapter will attempt to reconstruct the depositional environment of the

Dawson Bay Formation by integrating the sedimentary structures, fossils, petrography,

and the diagenesis of the four members of the Dawson Bay Formation. The information

is only based on cores in the Saskatoon area, providing limited regional extent to the

depositional history.

During the Middle and Upper Devonian, Saskatchewan was an extensive shelf

area bordered by the Precambrian craton to the north and east, and the Alberta Basin-

Cordilleran Geosyncline to the west. Within this intracratonic sea the pattern of

sedimentation remained generally uniform, characterized by sediments composed almost

entirely of carbonates and evaporites.

The water depths in these shallow epeiric seas were globally less than 10 metres

so that shallow subtidal to intertidal environments dominated (Jones and Desrochers,

1992). The intertidal areas consisted of tidal flats a few kilometres wide. The subtidal

zone would mainly have been a nearly-flat, but with some topography reflecting the pre-

existing surface. Most of the time, epeiric platforms are affected by little wind-wave

activity (Tucker and Wright, 1990).

Irwin (1965) summarized epeiric sea sedimentation as having: a lack of

200
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terrigenous clastics with minor influences from land areas, shelves with great widths,

sediments with abundant shoaling, and restricted circulation and low energy levels.

Generally the sediments are muddy.

The sedimentary features found in ancient rocks can be compared with their

modern day equivalents found in the Bahamas and Florida Key. However, Gerhard

(1972) cautions using modern analogues to interpret ancient environments because

modern environments have small areal extent compared to vast areal expanses seen in the

ancient record. There is no modern day analogue that can be used to completely describe

the deposition of the Dawson Bay Formation.

9.2 REGIONAL DEPOSITIONAL mSTORY OF THE DAWSON BAY

FORMATION

During the Middle Devonian the Williston Basin was located between the equator

and 300S (Heckel and Witzke, 1979). The sediments of the Dawson Bay Formation

reflect the hot, generally arid conditions that prevailed.

There was a regression at the beginning of the Givetian which filled the Williston

Basin with the Prairie Evaporite Formation. The Dawson Bay Formation was deposited

during the Givetian and its top and bottom boundaries are marked by an argillaceous silty

mudstone. The Dawson Bay Formation was deposited at the distal end of a landlocked

seaway (Figure 26). The opening of the seaway was located to the north in the

Mackenzie valley region, and considering the great distance, one would expect to see
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more restricted sediments from northwest to southeast, where the rock units to the north

are more marine than those in south (Braun and Mathison, 1986).

The Dawson Bay sequence is similar to the lime mud-to-sabkha cycle of Wilson

(1975), with carbonates being deposited within a shallow epeiric sea, while the evaporites

are deposited within lagoon-sabkha environments. These shallow water carbonates have

also been referred to as peritidal sediments, which generally form shallowing-upward

sequences (pratt et al., 1992).

The complete dominance of mud-supported sediments in the Dawson Bay

Formation implies that the depositional environments were relatively quiet, below

effective wave base, and sheltered from major current activity. The lack of oolitic bars

suggests that there was a lack of high current activity. The limited diversity of fauna and

the common occurrence of unfossiliferous beds suggest that optimum ecological

conditions such as open marine waters with unrestricted circulation and good nutrient

supply were not always present.

The restricted nature of the platform sediments of the Dawson Bay Formation

likely resulted from the slow water circulation, leading to long residence times, and this

consequently lead to abnormal salinities, depleted nutrients, and increased temperatures.

The restriction that reduced the hydraulic energy may have been a physical barrier, such

as reefs, or the dampening effect created by the vast expanses of shallow water (Scoffin,

1987). Braun (per. comm.) believes that the restriction that occurred during the

deposition of portions of the Dawson Bay sediments was the result of poor water

circulation in a broad epeiric seaway.
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The Dawson Bay Formation is remarkable because of the great lateral extent and

vertical persistence. Vertical accretion is most typical on carbonate shelves because new

environments may be created simply by shallowing or restricting water movement (James

and Kendall, 1992). Pratt et ale (1992) suggest that some carbonates can produce enough

carbonate sediment both to aggrade and cause progradation of the sediments.

The distribution of the facies within the Dawson Bay Formation is laterally

consistent, with few local variations. Overall there appears to be little vertical or lateral

facies change in the Dawson Bay Formation. The absence of significant vertical and

lateral variations indicates uniformity of tectonic and environmental conditions over wide

areas (pratt et al., 1992). However, there is a lateral change in facies E across the study

area. In the western portion of the study area fewer stromatoporoids are seen in core

relative to the core in the eastern area. This may have occurred because the water depth

in the west was deeper and less favorable for stromatoporoid development.

The initial sediments of the Dawson Bay Formation were deposited over salt beds,

hundreds of metres thick, with a veneer of residual dolomitic mud at the base, between

the Second Red Beds and Prairie Evaporite Formation. A marine transgression from the

north, under hot arid conditions, caused some erosion of the Prairie Evaporite. The

mudstone residue intermixed with the underlying salts before the mud veneer became

thick enough to seal the salt. Hypersaline conditions as this time are indicated by the

lack of fossils in the Second Red Beds, except for small ostracods near the top, and the

presence of evaporites.

Figure 27 illustrates a schematic of the depositional setting of the Second Red Bed
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Member. In summary, the Second Red Bed Member is a dolornitized mudstone which

grades from red to green to brown at the top of the member. The sediments were

probably deposited under near continental to intertidal conditions in the early stages, to

very shallow subtidal during later deposition. The presence of red and green mudstones

and desiccation features suggests periodic subaerial exposure or near exposure conditions.

Dunn (1982a) believes there was a hiatus and sedimentation was halted between

the top of the Second Red Bed and the base of the Burr Member. This is inferred by the

presence of a burrowed hardgrounds at the base of the Burr Member in some of the cores

and other evidence discussed in Chapter 3.

Sedimentation continued with the deposition of the Burr Member, which consists

of a lower unit of extensively bioturbated carbonate and is overlain by a wackestone to

packstone which contains several hardgrounds throughout. The reconstruction of the

depositional setting of the Burr Member is shown in Figure 28. The basal sediments of

the Burr Member likely represent restricted lagoonal conditions. The salinities or

temperatures were not sufficiently high to prevent organisms from inhabiting the waters

and sediments, causing extensive burrowing and bioturbation of the bottom sediments.

After deposition of facies B, there was a major change from the almost unfossiliferous

lower Burr sediments to the highly fossiliferous, upper Burr sediments, suggesting that

more normal marine conditions prevailed. Crinoids, brachiopods and corals flourished

possibly indicating a major transgressive pulse. Accumulation of these organisms formed

wackestone and packstones. The packstones probably accumulated on topographic highs

that were subject to higher energy.



A)Upper unit (facies C)
Normal salinity, well oxygenated, subtidal

Low energy

6 Abundant fauna
o

: Water depth:
�

�
greater than 10m?

hardgrounds form during depositional hiatus

B)Lower unit (facies B)
Restricted: elevated seawater temperature and/or salinity

quiet carbonate sedimentation

few organisms

Shallow?
few metres?

Figure 28: Reconstruction of the depositional setting of the Burr

Member from the deposition of facies B in figure B to

facies C in figure A.
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There are several hardgrounds within the Burr Member. The fauna and sediments

within each of the hardgrounds suggest that within each hardground cycle normal marine

conditions became increasingly restricted, and eventually, sedimentation ceased.

Braun and Mathison (1986) stated that the main source of the waters during the

deposition of the upper Burr Member was from the east. They reached this conclusion

because some of the fossils found in this formation have been traced to the Michigan

Basin. However, some of the fossils, including ostracods and megafossils, are from the

western stock. This implies that neither the Peace River Arch, nor the sediments it shed,

ever totally blocked the entire seaway. They believe that without the marine influence

from the east, the Dawson Bay depression likely would have become a highly restricted

basin, due to the limited influence from the north.

The boundary between the Burr and the Neely Members is unconformable and is

represented by a well defined and widespread hardground, which is the last major one

in the Dawson Bay Formation. The depositional setting of the Neely Member is

illustrated in Figure 29. Neely sedimentation commenced with an influx of argillaceous

lime mud. The lower Neely Member is an argillaceous wackestone to mudstone with a

limited faunal assemblage. When the clastic component disappeared open marine

conditions prevailed and another diverse fauna appeared. The presence of the crinoidal

brachiopod-stromatoporoid rich wackestone to floatstone marks the return to more normal

marine waters. Also, during this time, there was the reassertion of the Devonian axis,

which extends from northwest to southeast in Western Canada (Braun and Mathison,

1986). There was an areal expansion of the large brachiopod, Stringocephalus, due to
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the major transgressive pulse reaching Saskatchewan when the mid-Neely Member was

being deposited. Also associated with the Neely sediments are stromatoporoids, but the

lack of well defined reefs suggests that conditions were less than ideal and prevented

sensitive organisms such as stromatoporoids and corals to colonization in "reefal"

structures. When the Neely Member was being deposited, the eastern marine connection

appears to have had minimal influence. Braun and Mathison (1986) suggested that the

Peace River Arch had lost its eminence, both as a sediment source and physical barrier,

so that the main marine incursion was again from the north. The upper Neely

Member sediments show a well defined shallowing-upward sequence from carbonates at

the base grading into microbially-laminated mudstones, with evaporites at the top.

Although a general environment of deposition can be established for the upper Neely

Member it often has a complex distribution of facies making it difficult to develop

specific depositional subenvironments.

The abundance of mudstones in the upper Neely Member indicates that energy

levels were low to moderate. The shallowing sea restricted the fauna to ostracods and

small gastropods in a pelleted lime mud facies. Gastropods are common in the intertidal

zones of the sabkhas in the modern Arabian Gulf, where they consume microbial mats

(Evans et al., 1973). The low diversity of the fauna suggests that the depositional

environment was hostile to most organisms. Gradually, salinities and temperatures were

elevated to the point where faunal diversity and abundance became even more restricted.

Eventually, there was deposition of laminated mudstones, microbial mats, which were

capped by interbedded cryptocrystalline dolomite and anhydrites. When the salinities
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become too high, microbial mats ceased to form. At times of higher salinities, gypsum

begins to form and thicken (Schreiber et al., 1982). Then, when the salinities decrease

the mats form again, hence the cyclical sedimentation at the top of the Neely Member.

Halite was precipitated forming the Hubbard Evaporite Member. The conditions

occurring at this time may have been comparable with the modern salina environments

of the MacLeod Basin in Australia (Logan, 1987).

The Hubbard Evaporite Member caps a typical shallowing-upward sequence of

sedimentation. The present distribution of the Hubbard Evaporite Member may have

resulted because the eastern section of the basin was the deepest portion of the basin; the

hypersaline waters persisted, until with increasing evaporite concentration, halite

precipitated. Alternatively, the Hubbard Evaporite may have existed throughout the

study area but was preferentially removed in some areas.

Where the Hubbard Member is absent, the dolomites and anhydrites of the upper

Neely Member form a transitional contact into the First Red Beds of the Souris River

Formation. This represents another marine regression and beginning of the next cyclical

sequence of the Souris River Formation.

9.3 DIAGENESIS

The sediments of the Dawson Bay Formation were strongly affected by

diagenesis. The diagenetic transformation began soon after deposition with biological

diagenesis. Significant marine cementation led to the formation of hardgrounds and the
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precipitation of other marine phreatic cements. Early in the diagenetic history, the

sediments were affected by processes both in the vadose and phreatic meteoric zones.

Secondary porosity resulted from the dissolution of carbonate minerals and evaporites,

especially in the upper Neely Member. This porosity was subsequently partially to

totally occluded by calcite cements.

The presence of strongly saline groundwater resulted in the precipitation of the

abundant early anhydrite found in facies A and 0, early in the diagenetic history of the

Dawson Bay Formation. The removal of Ca from the waters with the formation of

gypsum eventually increased the Mg/Ca ratio, leading to dolomitization of these

sediments.

Burial diagenesis involved further dolomitization of the matrix, producing good

secondary porosity. Also, further phases of calcite cementation, compaction,

stylolitization, and fracturing occurred, mainly in the Second Red Bed and Burr

Members. Some of the fracturing may have resulted from subsidence of the sediments

into cavities formed by local salt-dissolution events in the Prairie Evaporites. The latest

diagenetic events involved the filling of fractures and pores with halite and minor

anhydrite. Halite is the most significant pore- and fracture-filling cement in the Dawson

Bay Formation. There were two major events of halite cementation: an early event

associated with the evaporitic conditions that occurred during deposition of the Second

Red Bed and the upper Neely Members, and a later event that filled the late fractures.

The later fluid migration events were probably induced by tectonic activity (Chipley and

Kyser, 1991). Reactivated deep structures probably provided access for the fluids to the
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Dawson Bay Formation.

Diagenesis resulted in a decrease in the 180f160 ratio of the marine carbonates.

This shift occurred because most of the calcite cementation and the recrystallization of

the calcite matrix took place in fluids depleted in 180 with respect to seawater (e.g.,

meteoric waters) or at elevated temperatures. The recrystallized calcite matrix was

depleted in 180 by less than 2 %0 relative to the brachiopods, suggesting that

contemporaneous seawater was an important component of the diagenetic fluid. The

meteoric calcite cements were depleted in 180 by more than 4 %0 relative to the

brachiopods, suggesting a greater influence of freshwater in the diagenetic fluid.

Most of the dolomites fall into two fields. One field is slightly enriched in 180

by 1 %0 relative to the brachiopods, suggesting a possible evaporitic origin. These

dolomites are generally associated with facies B and G, whose sediments were deposited

in hypersaline conditions. The second field is depleted in 180 by 2 %0 relative to the

brachiopods, suggesting that seawater may have had an influence on the diagenetic fluids.



CHAPTER 10

CONCLUSIONS

- The Dawson Bay Formation is an upward shallowing carbonate unit that was deposited

on a broad, shallow-marine, carbonate shelf under warm and arid conditions.

- It is divided into four members (in ascending order): Second Red Bed, Burr, Neely,

and Hubbard Evaporite members.

- The Second Red Bed Member has an average thickness of 4 metres and shows little

regional variation in thickness and lithology. It is a poorly consolidated dolomitic

mudstone which grades from red at the base to grey at the top. For the most part it is

unfossiliferous. The Second Red Bed Member has significant fractures that are filled

with halite. It is interpreted to represent a vast emergent sabkha-saline mudflat complex

that was periodically submerged.

- The Burr Member has an average thickness of 17 metres and is divided into two

facies, B and C. Facies B, a bioturbated, mottled, dolomitic mudstone, with limited

fauna, has been interpreted as a "restricted" carbonate unit. Facies C is a bioclastic

wackestone to packstone with several hardgrounds. The Burr Member is an upward

deepening cycle, deposited subtidally under open marine conditions.

- The Neely Member has an average regional thickness of 15 metres and is separated

into four facies (D, E, F, and G). Facies D, an argillaceous mudstone to wackestone,

was deposited during a relative low stand in sea level or a slight lowering of the sea

level. Facies E, a fossiliferous floatstone to wackestone, is interpreted to be an open
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marine deposit. It contains two different faunal elements from the Burr Member,

stromatoporoids and Stringocephalus brachiopods. Facies F is a bioclastic wackestone

to grainstone that has been interpreted to represent sediments in a more restricted setting

with slightly higher salinities and reduced fauna. Facies G, an interbedded anhydrite and

dolomitic mudstone, was deposited in intertidal to supratidal environments.

- The Hubbard Evaporite is a largely massive halite unit that is restricted to the eastern

portion of the study area, and has a maximum thickness of 19 metres. It was probably

deposited in a salina or a brine-soaked saline mudflat.

- Multi-stage salt dissolution of the underlying Prairie Evaporite Formation may have

produced some compartmentalized depositional topography. Packstone to grainstones

were deposited in the positive high relief areas, which had higher energy. Some

fracturing in the Second Red Bed and Burr Members may also have resulted from

subsidence of the sediments by local salt-dissolution events.

- Limestone is the dominant lithology of the Dawson Bay Formation. There is an

increase of evaporitic minerals and dolomite towards the top and bottom of the

formation.

- Submarine diagenetic processes include marine cementation and micritization of

allochems. The presence of hardgrounds suggests that cementation was a significant

process. Forms of marine cement include syntaxial overgrowths, low-Mg sparry equant

calcite, and botryoidal forms.

- A change to the meteoric environment from the marine environment and increasing

freshwater influence resulted in the formation of secondary porosity, minor silica
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cementation, precipitation of evaporitic minerals (i.e., anhydrite), and carbonate

neomorphism. Vadose diagenesis is suggested by the presence of brecciation and vadose

silt infilling secondary porosity.

- Most of the burial diagenetic processes were relatively early events and included

dolomitization, calcite cementation, and compaction. The latest diagenetic events were

fracturing and the filling of secondary porosity and fractures with halite.

- There were two major phases of dolomitization. An early phase, associated with a

sabkha environment, developed in facies A, B, and G. These dolomites are very fine

grained and have an average 0180 value of -4.5 %0 and oUe value of + 1.3 %0. The

reflux model and the evaporative models likely explain the formation of this dolomite on

a small scale, but regionally seawater was probably the major contributor of the Mg-rich

fluids. The later dolomite phase occurred later in the diagenetic sequence in facies e,

D, E, and F. These dolomites are more crystalline and coarser grained than those of the

earlier phase. They have an average 0180 value of -6.3%0 and oUe of +0.90/00.

Locally, dolomite is associated with stylolites and a local source of the fluids is probable.

Modified seawater was probably the fluid that provided the Mg for dolomitization.

- Brachiopods have the most pristine isotopic values with 0180 values of -4.6 to -5.50/00

and o13e values of +2.1 to 0.9%0. Their signature either represents Devonian seawater

or a freshwater influence or increasing temperatures. Meteoric calcite cements found

lining secondary porosity and they have isotopic values of 0180 of -7.2 to -9.00/00 and

values for ol3e of + 1.87 to +0.650/00. The lighter 0180 isotopic values suggest a

freshwater influence. The calcite matrix of the Burr and Neely Members have 0180
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values of -5.3 to -7.00/'00 and a13c values of +0.83 to -0.58%0. The lighter a180 isotopic

values, relative to the brachiopods, are controlled by both pore-water temperature and

the composition of the burial fluids.

- Stable isotopic analyses of very fine-grained sediments, such as the Dawson Bay

Formation, are difficult because of the possibility of contamination of surrounding

diagenetic phases during sampling.

- Petrographic and SEM analysis reveals that the Dawson Bay Formation has significant

porosity, such as, vuggy, moldic, intercrystalline, intraparticle, fenestral, fracture and

fenestral porosity. Porosity developed in stages and was controlled by dolomitization and

post-depositional leaching of evaporites and calcium carbonates grains by meteoric

waters. Porosity and permeability measurements suggest that the best porosity is

developed in facies E, where dolomitization had produced intercrystalline porosity.

- Most of the porosity within the Dawson Bay Formation is plugged by halite.

- Isotopic compositions of the waters from the Dawson Bay Formation and the Prairie

Evaporite Formation are similar, suggesting that they have closely related fluids systems.

Most of the fluid flow into the mines are through salt collapse features. The presence

of Dawson Bay Formation fluids at the mining levels and Cretaceous spores in the clays

of the Second Red Bed Member suggest that fluids are, in fact, flowing through the

formation. Thus, the Dawson Bay Formation is not entirely non-porous and has

significant potential for transmitting fluids into the mining levels.
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CORED WELLS USED IN STUDY

8-7-30-20W2M lO-7-32-5W3M

5-15-30-23W2M 5-22-34-1W3M

16-36-30-28W2M 9-33-34-1W3M

10-21-32-25W2M 14-23-34-3W3M

15-36-32-29W2M 16-8-35-8W3M

8-20-33-20W2M 4-18-35-8W3M

13-11-33-23W2M 4-22-35-8W3M

16-21-34-27W2M 1-16-36-6W3M

4-19-36-26W2M 8-11-37-6W3M

3-27-38-27W2M 7-4-38-11W3M

1-2-39-8W3M

Table 1: Cored wells used in study.
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dns Dense tr Trace

dol Dolomite (ized) tmsl Translucent

f Fine (Jy) tmsp Transparent
fib Fibrous unCos UnCossiliferous

fis Fissile v Very
fl Fill (ed) vn Vein

fos Fossiliferous vrtl Vertical

{rac Fractured I With

fri Friable w Well

g Good wh White (ish)
Gast Gastropod wvy Wavy
grdg Graded xl Crystal (line)
gn Green

gy Grey
hardgnd Hardground
hi Highly
hrtl Horizontal
inc Increased
indst Indistinct
intbd Interbedded
intcl Intraclasts
intend Intercrystalline
intmixed Intermixed
lam Laminated
lchd Leached

lrg Large
It Light

Abbreviations defmitions used in stratigraphic columns and Figure 9 (after Canadian Stratigraphic Service, Calgary).
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8-7-30-20 W2

trollp. xl up to seyeral CII clta.eter.

- bl-If, clos 1otbcl/trosp haltte , .f crpsl dol.

- bl-11. cln., lntbd/buff to If crpKl dol.

dol. IItexl, buff, ?A18 lall. tr aobf , halite fl YUIS.
- dol, IItell, d br, Y bit. cl15s01'0 features, rr Stroll, Brae.
- bl-11. dns, IInr buff clol.

- top i & lower � Is. lIiCl1 to f sue, buff, vIall, IInr aohy.
- f eue, cI br to bl, • bit, nocl, scat Cast. YUIS fl/halite.

- IItell to f auc, II to dk br, ara, Scat Cor, erin, Ir8 Stroll,
bit.

- lIiell, drab 011.e br. rr erin, Cor, ara. bloturb.

-.·f suc, • b r , Scat Strolll, Cor. "ec e Crtn. sOlie b Le t e r b ,

- lIiclI, drab II br. lrgvyugs & frae fl/haltte. rr Brach.

- lIicll, II br to a1 below hardgnds, 13 hard8nds, scat erin,
Cor, BT8ch, rr aohy noi, noclular, bur. bit. Hardgnds
lined/org or Mn.

- a.8. except drab olive br, bioturb/rr fos, 3 hardgnds,
1I0r aoby tbru.

- salle 85 3330.5-3367.S'/3hardgncls, lIot, Irg Brach, f sue

10 places.

IIlcsl. drab 011.e br, • bioturb, unfos, IInr anh1 blebs thru.

dol,8Y, flail, COD soli dated upper foot. Depositional dip
of 15-20· •

dol, br. core broken into blky frags, occ orDg fib ha11te
YD •

dol. reddish-br, oce Ir 1I0t, poorly consolidated, (18 to

blkr, oee orog fib halite 'D •

dol. reddish-br/50% aY-lr .udstone. blky fra, etcept basal
6" 1.11 gy-go lIudstone/1nclusions of halite

IE EVAPORITE
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5-15-30-23 "'2

rOllp. Ira sl. few atreaked hand. of Ir dol lIudlltoae.

- latbd/I' dol lIudlltone. Aoh, - hi-". dOli. hrtl 1all.
orne fib helite pre.ent.

- dOli. buff. lotbd/buff dol. All lIata. tr halite

- IIlcsi. buff to dk br. blt. Brac. Cast. Stroll. YUill fl/bal.
- intbd/buff dol. 7Al. lall.
- IIIcxl. lamioatioos 15 to 20·

-lIicsi. dk br.Y bit. YIIY, 11111. Yugs fl/halite & aoh,.
- IIlexl. dk br. Y bit. Yh lsopacbouB ellt 110inl YUIS. Stroll.

I por. lehd Strolls.

- lIie�l. drab II br. Stroll. Brae. Cor thru. rr Crin. bit.
Aoh, bleba thru.

- .,lcxl to crpxl. sl IIfg. Arab Ir-br. Cor. rr Crln & Brae.

- erpsl to lIicxl. drab g,-br. mot. 4 hardlnds/one at base.
intel. Brach. Crin. rr Cor. p}r networks thru • .,nr halite
& anh,. blebs.

- IIIcxl, drab. to pale br, 14 hardlods/one at base. Host

hardgods lined/org or Kn, intcl. 1I0t. Dod tnru. Brach.
bioturb, Anh} blebs & needles thru.

-lIicsl. drab I'. Y bloturb. Crin. lrl Brach scat thru.
- .,lcxl. drab I' to drab. br, rr Crin. Cor, Y botturb.

drab oliye sr • .,iexl. unfos. Y bloturb. rr aDh, bleb.

dol. Iy-br, core broken 1nto blky frasments.
- .lcxl. drab II br, consolidated Y f la., s., frae, YUSs fl/hal.
- dol •• lesl. &1.

dol •• tex!. reddish-br.
- dol, .1exl, sr-IJ. yns orng cubic halite. Basal 4" con30l

idated/tnel�sioQs of clear' ornl halite.
APOUTE
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10-21-32-25 V2

.m, +t.
<1.0 II.� 3�1 ,

Halite - truel',

I AnhldrUe - b1..-1
u '-'

'I

�i
Anhldr1te & dol

(I

Limestone - lIiclI
I hali

I I .

I I Limestone - f suc

Kur a
I I

I

I I

Dolomite -suc, dr
, halit

,

I

Limestone - lIicBU
I

I I

I

I I

Limestone - lIIicxlI
I Brac.

defin

,

I
I I .

Limes tone - 1111cxl
Brach

I

I I
I

I I
I

I

I
I

I

I I

I I

Lilllestone - IIItcxlI I

Lilllestone - IIItcxl
b10tu

I
I . ,

X KISSIHG COITE

-L. Kudstone - dol, p
brokea

.J..

.....

PRAIRIE EVAPORITE

oDly 20S recoyery. thn la. buff dol & aahy.

(10 f7. '])3331
y, dns, 1ntbd/red lo Irey dol lIudstone

Mudstone - intbd. abnt balite. Gast fl/bit 'halite,
dol ?Al& mats at top.

uc. buff to nearly bSk. carb & b1t, YUill fll anhy &
teo Abnt Gast, Stroll 1n lvr part.

, drab. br, dol, bit. Scat1trolls/few Brach. Cor,
ahy & balite. Basal contact bur hardground.

ab III br, fev scat fos. Cood porI sOllie YUill fII aah,
II

c, drab m b r , bit. Scat s t r e e
, Brach. rr auh,. bleb

• dol. argo lIIot,SY to drab olive br. Scat Crin &
Laminations of bit lIIat'l. 3 ••� hardarounds/vell

ed one at base:

(IO�'?flsn
• buff/SY 1II0t. 12 hardsrds & one at base. Scat Crin,

rr Cor. Hardgrnds lin�d/ora or Kn.

, 8Y grading to buff. Scat Cria.

• dol drab oliye hr. argo Fev fOil at top. Elt�nsiyelJ
rbated

redo.insDtly reddish-brIar & ., lIudstoae, Core wery
up/appro" 30% recoyery.
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15-36-32-29 V2

1. dna. intbd/a1 dol. Vns o�na halite.

crp:rl. dol All heads plugged/bit balite.

as. Intbd/buff .Scxl dol

to sue. dk br. 7ellal .ata. Plugled/btt halite.

to g1 •• 1c:rl. Scat Cor. Brach. CrSn. Stroa. Bit
te thru. anr aahy. Vugs ll/helite. Hardgad et base.

r at top Irdg to buff. atcxl, nod and aot thru. Scat
Crin. Hardgnd at base.

• buff to g1 ••ot. bnd. Scat Cor. Brach. Crin. 9

nds lined/org or MD. Vugs fl/hallte.

• drab oliwe br. Unfos. b�urb.
c. buff. al fos, Lr&/l bur. Halite repl towards the

rr anhy bleb. hardgnd at base.

to micsuc. buff above 7 hardgnds & 81 below. nod to

scat Brac, Crin/rr Cor. LTg yrtl to 30' frae fll
e or anh,. rr anhy bleb. Incr fos towards tase.
nd at base.

• IJ-br Irdg to drab oliYe-br, bioturb. unfos. rr

bleb.

1. crpxl. al ar8. core broken into lrl fraga
t br. top J' consolidated below broken Into ani

• arg top O.S'. occ anhy bleb & ornl halite Yns,

ed, core broken into blocks, riddledl sks, ace ornl
s halite yn •

ed, a.a.except consolidated/basal 1.S' IT lIudstone
edlred .udatone. Ralite inclusions.
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Hudstooe - red. dol.

oJ

..I

Vfffil/!P
Anhldrtte & Do10llite

Lillestone - dol. erp
I Stroll, GI

0 Anhldrite & Dolomite
�

I Lillestone - 111e11 to
I Stroll.

o I Limestone .-
I 111c11, b

features

• I I

Limestone - drab &J
I

Crin. Br
I

hardgnd
I

I

I
I Lillestone - mlcs1, d

I lIost har
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hard gildsI
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0 I

I

I

I

0 I

I I
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I

L I

LimestoDe - crpr1, sr
I

I
Lillestone - 111C11. do

bllse.
I I I Do10llite - l11cx1. 81-.

, I I

I I

I I
HudstoDe - dol • crpx1

... .J.

..L _. Hudstone - dol. lIiexl

HISSING CORE
..L .t.

HudstoDe - dol, 1I1crl
..... below bloc

Kudstooe - dol. IIle1l
stone thru

PRAIRIE EVAPORITE
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8-20-33-20 \(2

iotbd/ & lotlli1edl trGsl halite

- lntbd & lntrllized. lall. Aohy - dk br. dns.
Dol - buff. crp1l. Hnr halite fl YOIS & frae.

11 to 111e11. buff to dk bra blt. ?A1& 1all, rr

ast. Dls01'0 features. Hallte (1 YUla.
- intlli1ed. ADhy - bl-17. dDa. Dol - buff.

crp11.
( aac, drab to dk br. bit. Scat Cor, lr&

Oce open fracl sOlie healed/hallte.

uff to dk br. bit. Top 7w flail. Diso1'o
lisopachous Cllt 11niol Yala. Gast.

oliye·br. 111c11.to·f suc, argo Scat Stroll,
ach. Cor. 'Frac & yugs fl/halite. Well defined
at base.

rab .. br e1cept crpzl & g; seyeral CII. below

dgnds. Scat Brach, Cor, Crin. 9 well de"flDed
thru. Kot to Dod. VUIS & frec plugged/halite

-br. mot. bioturb. rr'Cr1�. Brach.

1. drab pale br. biDturb. Unfos. hardgnd at
"

ollye br ••ot, bioturb. rr Crio. Brac.

• top foot gy & cODsol1dated below yery fls.

, g7-br. core broken into Ira aDg blocks.rr hal.

• reddlch-br. ar IIOt thru. Top 3' consolidated
frags.

, gr-sy, orng halite YOS, lIot/reddish-br lIud-
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I I lI.e.
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S" _I 1

Lillestone - micxl
1 I

occ a

I oue e

S I

I

I

S _I I

I

I

'IS 1

Limestone - IIled
I biotu

I
Lillestoae - a.a.

dol.
5 Dolomite- lIicxl t

I
y biotu

I I

,

'5
_.__ Mudstone - poor r

..L.

.J...

..L.

'>
PRAIRIE EVAPORITE
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b-III-)()-6 \/3

Y. dna. 1.1111, atra bufr crpzl dol at base.

1 to aue, pale to dk br. bit. All lIats/bit dol
een a18al heads. por Il/hallte.
1. II br. bit. ebnt Crin. akel wackestone in places.
1 fl yrtl frac. por {l/hellte. iutcl •

1 to suc. II br. dol in part. blt. Abnt StrOll, Cor.
Crin thru, One .nr hllrdgud. IIDr halite.

1 to f sue, s11 dol, II br, burrowed. 511811 nodules
nhy thru.

except 1I0re argo 1�1 burrows/scat Crin.

, pale br, psdo-nod-bd. mod fos/Crin. Srec. Cor.
nhy nodule & blades thru. bioturb, seyerlll hardgnds/
t base.

• sr-gy. s11 arg, sli dol. Scat Crin. Brach.
rb in pIeces.
except sl 1I0re argo unfos. exteasiyely bioturb & lIore

o f sue, 8y-br to br, distinctly lam, bit ars.
rb, spar.

ecoyery of broken Crags of gy dol lIudstone
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3-27-38-27 "'2

u
Dololliite - suc,

I I 118tS.
Limestone - 8UC,

Limestone -dol,
I. I Brach,

I
I

I I

2 I I

I I

I
Limestone - a.a.Z. I

gnd a

Limestone - 51 do

I I

Z. I
Limestone - mie.!.1

which
I

below

Z.
I I

h-L'T
I

I r

I

, I

I I
Lilliestone - dol,I I

I g par
I r

� I I

Limestone - a.s.
I I

I

Limestone - micIlI r
J I hardg

r I

I

I I

l.
I

Limestone - gJ, m

Limestone - dol.I
I scat

I r

L I I

J.. Mudstone - dol, d
J

..

Mudstone dol,..
- m

.L

n � Mudstone - dol, III
.I

..L.
�

'"'- Mudstone - a. a. e
..L..

'42- ..L- contac
PRAIRIE EVAPORITE

buff to It br, frio top 7" intbd anh, & dol. ?Alg

bit, drab II to dk br, flattened TUBS lined/calc.

.ic.l.l to suc, lIod bit •• to dk br. Strom. Cor,
occ Crin. Scat bl-wh snhJ nod.

except gy-br, micsuc. Strom. occ erin, bur. hard
t base.
1, a r g , mic.l.l. 8J. T b t o t u r b , scat Cr t n .

, drab pale br. 51 bit & argj 7 hardgnds above
fos (Cor, Crin, Brsch) are CODC. Scat fos fev in.

hardgnds, bur & mot thru.

SUC. drab br, Indst lalll to featureless. Unfos,

except frae, fos (Brach), f suc.

, buff, mot. Hod fos - Cor, Brach, Cr Ln , Fe u r

nds & one at base which are lined/org or Mn.

iCIl. skel wackestone,lDot, Brac, Crin.

micsuc, drab 011Te br to 81, mot due to bioturb,
crin top 7' below uofos. Distinct hardgnd at base.

k 8J, micxl, top 8" laID. top 5" red, consolidated.

Sy-br, crp.r.1 to micxl, core broken into frags.

1csuc, red/lr mudstone mot, consolidated.

xcept inclusions of halite present. Abrupt lwr
t ,
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1-2-J9-8 VJ

.L Mudst.one
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...L

Anh,drite
Dolo.ite

I Dolomite

I
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I I,
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II I
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Lillestone
I

I

I

I I

Limestone

I
I

I I

I
I I

I I

I ,

I

Limestone.

I I

Limestone
I

I I
-

I ..l". Mudstone -

-'-
J..

� .L Mudstone -

...L
.J-

I -L Mudstone -

.4

tUUIE EV

- dol, sr, intbd/bl aohy .

- bI, dos, intbd/pale br .icll dol.
- .1c%l, • br, por fl/halite.

- aiell to aue, bl. bit & carbo por fl/bit halite. HiDts of
hrtl bd. ?bur. rr aDhy blebs.

- .icil to suc. pale a br to 81. abnt YUaS fll bit halite.
acat aDhy nod. scat CriD. Cor. bur ••ot.

- sue, drab oliye br, rr Crin. e%tensiyely bioturb •• scat

nod anhy, networks of pyr. Basal few CID calcl Cor.

- dol ... iCll to suc. d�ab br, aDhy needles. networks of pyr.
scat erin. 4 hardgnds thru.

- dol. micll, pale 8y-br below bardgnds , buff aboye. scat

Brach. Crin. rr Stroe. intcl. 3 bardauds and one at base.
nod ••ot. bioturb.

(.'f20,gp02.1
- dol at top, IDicll. gy. , b Le t u r b , ua f e s , argo

- drsb oliye br to�buff. f la•• bur. uafos. Abrupt contact

into Second led Beds.

dol. IY, top 1.8' consolidated below fis. halite 810na bd
planes.
dol. a.a. e%cept IY-ar. core brokea into blky fraas.

dol. red, IntrIDiled/ly-sr .udstone. top 7w consolidated belo�
blky frags. Halite 11 thru. aka at base.

APORITE
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RERUNS

LOCATION I DEPrn I DESCRIPTION 113C CAL I 13CDOL 1180 CAL 1180 DOL I 13C I 180

16-21 3187.8 -0.29 -5.65 -0.31 -5.45
16-21 3208.1 1.84 -4.40
16-21 3210.1 1.78 -4.13 1.75 -4.40
16-21 3212.8 2.03 -4.38
16-21 3287.5 1.36 -3.n 1.19 -3.88
1-2 2983 0.48 -6.76
1-2 2948.5 0.81 -6.64
1-2 2989.5 0.77 -4.80 1.17 -5.01
10-21 3379 1.18 -4.37
8-20 3002.5 1.57 -6.70
8-20 3017.5 0.88 -4.25
8-20 3021.8 1.08 -4.30

8-20 3080.1 0.36 -5.22

15-36 3567.8 COARSE GR. 1.30 -4.35

15-36 3567.8 FINEGR. 1.22 -4.01

4-22 3404.5 0.37 -4.32

5-15 3343 1.56 -4.98

5-15 3440 1.48 -5.65 1.47 -5.80

3-27 3041 0.83 -6.12

3-27 3050.8 0.64 -5.60

8-7 3308.5 1.27 -6.66

8-7 3315 1.51 -S.08

6-18 3224.3 1.21 -5.07 1.38 -4.89

16-8 3412.8 0.66 -5.76

13-11 3190.2 0.57 -7.0S

13-11 3190.5 0.67 -6.78

10-7 3681 0.97 -4.95

16-21 3197.3 CAl-CEMENT 1.13 -7.24

16-21 3232.9 BRAOIIOPOD 1.68 -4.59

16-21 3232.9 0.13 -6.66 -0.10 -6.80

16-21 3253 0.39 -6.39

16-21 3264.4 0.27 -6.36

10-21 3384.5 0.47 -6.21

10-21 3407 0.48 -6.29

8-20 3025 -0.02 -7.03

8 20 3025 BRAOIIOPOD 2.11 -4.97

8-20 3037.5 0.29 -6.40

8-20 3055 0.33 -6.82

8-20 3068 BRACHIOPOD 1.41 5.30

4-14 3163 -0.58 6.84

5 15 3338 CAL. CEMENT 1.87 -9.02

5 15 3345.5 CAL. CEMENT 0.6S 8.84

5-15 3391 0.51 6.09

7-4 3422.7 -0.07 5.47

7 4 3450.1 -0.30 -6.05

10 7 3669 . 0.83 6.33

6 18 3178.5 0.50 -6.11

8 7 3296 CAl-CEMENT 1.36 -8.89

8 7 3347.5 0.06 -6.42 0.00 -6.42

1-2 3OOO.S -0.40 -6.08

1-2 30005 BRACHIOPOD 0.93 -5.45

15-36 3577 0.11 -6.16 0.16 -6.09

16-36 3778.3 BRACHIOPOD 1.17 -5.29

Table 2: List of stable isotope samples and their isotopic values.
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The porosity measurements were performed on a Ruska Mercury Injection
Porometer. The volume reading at the high pressure was corrected for the change in
volume of the testing system at the pressure for which the reading was made (lSoo psi).
A volume correction value CVe) was also obtained.

The volume of the chamber without a sample and the correction of the
deformation of the system of the sustem at 1500 psi CV1SOO) were calculated and remained
as constants. These values were 46.58 and 0.723, respectively.

The porosity measurements were calculated using the following equation:

46.577 - CVi - Vr) = Volume of sample CVJ. Where Vi and Vr are the
initial CVJ and final CVr)
volumes for each sample.

Then, Vr - VlSOO - 0.723 = Volume correction CVe).

Porosity (%) = Y: X 100

V.

The permeability measurements were performed on a Ruska Liquid Permeater .

The calculations were completed using the following equation:

K = ILVL where,
APT

K = permeability (mD).
p. = viscosity of liquid used. The liquid used

isopropyl alcohol and its viscosity is 2.2@24 C.
V = volume of liquid flowed through sample during

on time interval (V = Scc).
L = length of sample (em).
A = x-sectional area of sample (em').
P = pressure gradient (=2atm).
T = time for fixed amount of liquid to flow through

sample (sec.).
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Sample Number Facies Porosity Vertical
(%) Permeability

Average (1 Ox -6mD)
1A 23.3 1.1

18
A 22.2 22.S 4.5

1C 22.S 3.9

2A 21.8 2.4

28 A 21.5 21.7 7.0

2C 21.7 1.9

3A 5.3 ...

38 C 5.5 5.7 1.7

3C 6.1 3.3

4A 6.7

48 E 6.7 6.7 ...

4C 6.7

5A 7.0 5.5

58 E 7.2 7.2 6.0

5C 7.1 6.9

6A 7.2
F 7.2

...

68 7.4

6C 7.0

7A 7.2 4.1

78
G 6.9 7.1 ...

7C 7.0 *

SA
G

7.S
S8 5.S 6.6 ...

se 6.7

*No data available.

Table 5: Porosity and vertical permeability values
from 6-18-36-6W3M (after Gendzwill and
Szczepanik, 1983).
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Sample Number Facies Porosity Permeability
(%) (mD)

1 B 16.7 0.5

2 B 0.25 *

3 C 7.3 *

4 C 6.8 *

5 C 7.1 *

6 0 6.2 0.3

7 E 12.7 0.03

8 E 32.7 146.9

9 E 24.0 0.117

10 E 13.0 0.129

11 F 7.2 0.003

12 F 33.9 68.8

·Samples with < 10 -SmD permeability.

Table 3: Cominco core porosity and permeability calculations.
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