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ABSTRACT

Oil and gas production in Middle Ordovician Trenton and Black River strata of the 

Michigan Basin occurs where the limestones have been fractured, made porous by 

dissolution and locally dolomitized. Reservoir seals are provided by the overlying shales of 

the Blue Mountain Formation and by non-porous limestones.

The initial alterations to the sediment include hardground development, formation of 

dolomite seams, reduction of primary porosity by sparry calcite cement and chertification. 

Hardgrounds are developed throughout the sequence including the Trenton-Blue Mountain 

contact. The dolomite seams are located in the lower Black River Group. Primary porosity 

was reduced by isopachous equant, syntaxial overgrowths and equant, initially non-ferroan 

and then moderately ferroan calcite. Generally no porosity remained following sparry 

calcite cementation except for rare microporosity. Cross-cutting relations between stylolites 

and fractures indicate that fracturing occurred at depth following the initial development of 

stylolites.

Two types of dolomite are present: 1) cap dolomite located in the upper few metres 

of the Trenton Group; and 2) dolomite developed in the near vicinity of fractures. Fracture- 

related dolomite includes both replacement dolomite and saddle dolomite cement. The 

fracture-related replacement dolomite is porous in grainstone interbeds and along fractures 

but non-porous elsewhere. In hand sample dolomitized grainstone beds display partial 

preservation of original fabric or are sucrosic with the original fabric completely obscured.

Two types of porosity are recognized in the dolomitized units: 1) fades-independent 

fracture porosity; and 2) facies-controlled, pinpoint to vuggy porosity developed in 

grainstone beds.

Fracture-occluding precipitates include saddle dolomite, sulphides, anhydrite, 

sparry calcite, fluorite and barite. Sulphides may precede or coat saddle dolomite and are

xv





followed by anhydrite and sparry calcite. Replacement phases include dedolomitization and 

calcitization of anhydrite.

Petrographic and geochemical (stable C and O isotopes, trace element) evidence 

indicate that 1) the cap dolomite is distinctly different from the fracture-related dolomite; 2) 

cap dolomitization preceded fracture dolomitization; 3) where fractures transect the upper 

few metres of the Trenton, the cap dolomite is overprinted by fracture-related 

dolomitization; and 4) the fracture-related dolomite and saddle dolomite cement have a 

similar range of stable isotopes indicating a continuum of replacement followed by 

precipitation from warm hypersaline brines.

There is no conclusive evidence to indicate the dolomitizing brine was hydrothermal 

or at ambient burial temperatures, but a combination of factors support hydrothermal 

dolomitization. The fracture-related dolomitizing brines were probably derived from 

elsewhere, possibly the underlying Cambrian sands that acted as an aquifer.

Cap dolomitization may have been the result of seawater circulating through the 

sediment during the period of submarine exposure before deposition of the Blue Mountain 

Formation. These dolomites were subsequently recrystallized during burial. The current 

isotopic signature indicates the dolomitizing fluid was at an elevated temperature, 

supporting dewatering and illitization of the overlying shales of the Blue Mountain 

Formation as the mechanism of cap dolomitization.
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CHAPTER l INTRODUCTION

The first Ordovician gas production in Ontario occurred in the year 1900 with the 

discovery of the Hepworth gas pool in Bruce County. Following this there were 

numerous discoveries in Middle Ordovician strata of Ontario including the Dover oil and 

gas pool (1917), Acton gas pool (1954) and Colchester oil pool (1959). During the 1980's 

Middle Ordovician oil production increased from a low of S.6% of total Ontario 

production to 72.59k in 1989 (Carter and Campbell, in press). The total 1989 Ordovician 

oil production was 176,690 m3. The rise in production resulted from the discovery of the 

Hillman, Renwick, Wheatley and Dover 7-5-VE pools in Essex and Kent counties 

(Figure 1). Ordovician gas production reached a high of S.5% of total Ontario production 

in 1989, during which time gas production reached a maximum of 27 million m3 (Carter 

and Campbell, in press).

Middle Ordovician production occurs where the usually non-porous limestones of 

the Trenton and Black River groups have been fractured, solution-enhanced and 

dolomitized. Following fracturing, solution-enhancement and dolomitization the resultant 

porosity was partially occluded by saddle dolomite, hydrocarbons, anhydrite, sparry 

calcite and minor sulphides. Similar hydrocarbon traps are found throughout North 

America. Churcher and Majid (1989) noted similarities in style of hydrocarbon trap 

between the Middle Ordovician of Michigan Basin (Albion-Scipio field) and the Upper 

Devonian Wabamun Group in the Peace River Arch area of northwestern Alberta 

(Tangent field). The Wabamun Group produces oil and gas from fractured limestones that 

were solution-enhanced and dolomitized (Halim-Dihardja, 1986, 1990; Stoakes, 1987;
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Majid, 1987, 1989; Halim-Dihardja and Mountjoy, 1990; Packard et al., 1990; Mountjoy 

and Halim-Dihardja, in press). There is also similar fracture-related gas production from 

the deeply buried and dolomitized Lower Ordovician Ellenburger Formation (Pegasus 

field) in western Texas (Loucks and Anderson, 1980, 1985; Tobin, 1985; Kerans, 1988, 

1990; Hurley, 1990; Mazzullo, 1990).

This fracturing or brecciation and paragenetic sequence of minerals is also typical 

of Mississippi Valley-type deposits, but in this case there is an abundance of sulphides 

rather than hydrocarbons. Mazzullo and Gregg (1989) indicate that sulphides are 

commonly associated with ancient shelf carbonates which adjoin basins and that there is a 

relationship between carbonate diagenesis and Mississippi Valley-type mineralization. In 

fact there is a Middle Ordovician non-economic Mississippi Valley-type deposit in 

Wyandot county, Ohio, not far from southwestern Ontario (Haefher et al., 1988) and 

Middle Silurian dolomites of southern Ontario (Farquhar, 1987).

The most important aspect of this study is fracture-related diagenesis due to the 

association of hydrocarbons with fractured limestones. In order to determine exactly what 

alterations are fracture-related the pre-fracture diagenesis must also be observed. The 

emphasis is therefore threefold: first, to describe and determine the relative order of the 

various pre- and post-fracture diagenetic phases; second, to evaluate the models best 

suited to explain porosity development and hence the type of karstification and 

dolomitization; and third, to examine the possible migration paths of the fluids 

responsible for porosity development and dolomitization.



STUDY AREA

The study area is located in the extreme southwest corner of Ontario (Figure 2). 

Ordovician oil and gas pools are found throughout southern Ontario, but the majority of 

currently producing pools are located here. Many of the earlier discovered pools, such as 

Hepworth and Acton, are no longer in production. From southwest to northeast the wells 

examined include those located in the following pools: Malden, Colchester, Hillman, 

Goldsmith-Wheatley, Renwick, Dover and Lambton. Each pool typically has one or two 

cores available with the exception of the Hillman pool which has four cores. In order to 

observe the pre-fracturing characteristics and compare pre- and post-fracturing diagenesis a 

core (OGS-82-2 Harwich 25-DECR in Kent County) located away from the oil pools was 

also examined.

METHODOLOGY

A list of the wells used in the study and core descriptions are presented in 

Appendix 1. Approximately 350 thin sections were produced and stained with potassium 

ferricyanide to indicate relative iron content and Alizaran Red-S to distinguish between 

calcite and dolomite. The microscopic examination includes transmitted light and 

cathodoluminescence. Geochemical analyses include major and trace elements (Ca, Mg, 

Fe, Mn and Sr) of limestone and dolomite examined with microprobe and stable isotopes 

(C and O) of limestone and dolomite.

Thirty-two samples of dolomite and sixteen of limestone were drilled with a 

modified dental drill for bulk analyses of stable carbon and oxygen isotopes. The analyses 

were performed at the University of Waterloo on a VGMM903 mass spectrometer.





Approximately 10 mg of each sample were reacted with 1009fc phosphoric acid at 500C, 15 

minutes for calcite and 48 hours for dolomite. The evolved CO2 gas was analyzed for 

18Q/16O and 13C712C using a standard method (McCrea, 1950). The samples were not 

pretreated in any way. The 518O and 513C values are reported in parts per mil relative to the 

Peedee belemnite standard. Dolomite 18O corrections (40.8 *ko) were applied to the results. 

Precision, based on selected replicate analyses, is better than   0.2 9fcc for both 818O and 

813C values. The samples and results are listed in Appendix 3.

Microprobe analyses were carried out at the University of Western Ontario on a Jeol 

JXA-8600 Superprobe with Tracer Northern TN500 automation, using a zero alignment 

feature correction routine. Operating conditions were 15 KV, 10 nA, 10 Jim-wide beam, 

and 20 second counting time. Smithsonian Institute carbonate standards were used for Ga, 

Mg, Fe and Sr analyses and an in-house rhodonite standard was used to analyze for Mn. 

Thirteen samples were examined by doing traverses of up to 13 spots across pore- 

occluding cements; otherwise 6 to 10 spots were analyzed per thin section. These samples 

are listed in Appendix 4.

GEOLOGICAL SETTING

Stratigraphy

The Trenton Group is equivalent to the Lexington Limestone, Galena Group and 

Kimswick Limestone, south of the Michigan Basin; all are part of a widespread limestone- 

dolostone sheet located west of the Appalachians and as far east as the Trans-continental 

Arch (Wilson and Sengupta, 1985). The Trenton is underlain by the Black River Group,



equivalent to the Platteville Group, High Bridge Group and the Plattin Limestone Group to 

the south. Trenton terminology varies. It is referred to as Trenton Limestone in northern 

and southwestern Indiana and northwestern Ohio, whereas in Michigan it is either Trenton 

Group or Trenton Formation. In southwestern Ontario the Trenton and Black River are 

termed groups; the Trenton Group consists of the Cobourg, Sherman Fall, and Kirkfield 

formations and the Black River Group consists of the Coboconk, Gull River and Shadow 

Lake formations. The Trenton and Black River groups are Champlainian to early 

Cincinnatian in age and together range up to 280 m in thickness with the top of the Trenton 

Group at depths varying from 665 m in the extreme southwest (Malden pool) to 950 m in 

Lambton County, just north of Lake St. Clair. Equally extensive Cincinnatian shales and 

limestones overlie the limestones of the Trenton Group. In southwestern Ontario these 

shales and limestones include the Queenston Shale, Georgian Bay and Blue Mountain 

formations and range in thickness from 152 m on the Bruce Peninsula to 549 m under the 

eastern end of Lake Erie (Sanford, 1961). Subsurface stratigraphic charts of Russell and 

Telford (1983) depict the Cobourg Formation as the Lindsay Formation (outcrop 

terminology); but the name Lindsay has never been used in the subsurface and the 

uppermost formation of the Trenton Group continues to be termed the Cobourg (Figure 3). 

The Trenton Group in the subsurface of southwestern Ontario exhibits a sharp, 

irregular contact with the overlying deep-water black shales of the Blue Mountain 

Formation (Utica Shale equivalent). Beards (1967) termed this shale unit the Collingwood 

Member. Based on lithology, however it was renamed the Blue Mountain Formation by 

Russell and Telford (1983). The Trenton-Blue Mountain contact is readily picked in core 

and on gamma ray log as a rapid change from limestone to shale. In contrast, to the north 

of southwestern Ontario, core, gamma ray log and outcrops exhibit a gradual transition 

from limestone to shale due to the presence of the Collingwood Member (Russell and
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Telford, 1983; Churcher, 1984). The Collingwood Member, consisting of interbedded 

calcareous black shale and bioclastic limestone, was suggested by Russell and Telford 

(1983) to be a member of the Lindsay Formation. The same sharp Trenton-Blue Mountain 

contact as is present in the subsurface of southwestern Ontario exists throughout the 

Michigan Basin except in the central to northern section where the Collingwood Member is 

present (Wilson and Sengupta, 1985; Taylor and Sibley, 1986; Prouty, 1988). Although 

Russell and Telford (1983) suggest the Collingwood is a member of the Lindsay Formation 

there is no inference made by these authors as to correlation with the subsurface. Three 

possibilities exist: the Collingwood Member may be equivalent to the upper Trenton 

Group, or to the lower Blue Mountain Formation, or that time equivalent strata are missing. 

There is some evidence based on graptolites that the Collingwood Member is at least partly 

equivalent to shales of the Blue Mountain Formation (M. Melchin, per communication, 

1990), indicating a facies change in the northeastern section of the basin, rather than 

erosion of the Collingwood Member to the south as has been suggested by Churcher 

(1984) and DeHaas and Jones (1988).

The upper few metres of the Trenton Group in southwestern Ontario is marked by 

an increase in phosphate and pyrite and is dolomitized ("cap dolomite"). This contact, 

similar to that described in Indiana, (Keith, 1986,1988b), northwestern Ohio (Haefher et 

al., 1988) and Michigan (Taylor and Sibley, 1986), has become the subject of much 

debate. Rooney (1966) suggested that this contact is an unconformity. DeHaas and Jones 

(1988) recently proposed that the contact represents meteoric karstification to explain 

cavernous porosity developed in oil and gas fields of central southern Michigan. Trevail 

(1988a, 1988b) suggested a similar origin for the contact in southwestern Ontario. Fara and 

Keith (1988), however indicated that the nature of the erosional surface, as well as the 

presence of phosphate and pyrite, represents extensive submarine exposure.
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The Black River Group is directly underlain by Cambrian sands. The absence of the 

Lower Ordovician in the subsurface of southwestern Ontario is due to the widespread 

Knox unconformity. This unconformable contact is recognized in southwestern Ontario by 

an upward change from either sandy oolitic dolostone or carbonate-cemented sandstone 

(Cambrian) to green glauconitic sandstone of the Shadow Lake Formation (Trevail, 1990).

Regional Structure

Middle Ordovician sediments in southwestern Ontario were deposited into the 

Michigan Basin. The Middle Ordovician sequence throughout Michigan and southwestern 

Ontario are the oldest strata to have an overall basinal configuration; and therefore, are the 

earliest strata to have been deposited in the newly-formed Michigan Basin (Nunn et al., 

1984).

Southwestern Ontario lies on a southwest- to northeast-trending basement high 

known as the Algonquin Arch. This arch is separated from the north- to south-trending 

Findlay Arch, located in Michigan and the extreme southwestern corner of Ontario, by a 

basement low termed the Chatham Sag. The Chatham Sag contains the youngest Paleozoic 

strata (Upper Devonian Port Lambton shales) preserved in Ontario (Bailey Geological 

Services Ltd. and Cochrane, 1983). The Algonquin and Findlay arches separate the 

Michigan Basin to the west from the Appalachian Basin to the southeast The strata dip 

from the Algonquin Arch at 6.21 m/km (33 ft/mi) into the Michigan Basin and 5.08 m/km 

(27 ft/mi) into the Appalachian Basin (Sanford, 1961).

The Algonquin Arch extends southwestward from Lake Simcoe to Lake St. Clair 

and became prominent in the Late Cambrian (Sanford, 1961), whereas the Findlay Arch 

became active from the late Middle Ordovician to the Devonian (Sanford et al., 1985). 

During the Middle Ordovician the Michigan and Appalachian Basins began subsiding,
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however the low relief of the Algonquin Arch was such that deposition occurred over it 

without significant variation in thickness (Bailey, 1984). In fact, Bailey (1984) suggests 

the Algonquin Arch was not a true lineament but was there simply because the adjacent 

basins subsided.

RESERVOIR CHARACTERISTICS

Middle Ordovician oil pools form linear trends up to 6 km by l km. Sanford et al. 

(1985) suggests the reservoirs are located along the flanks of the Findlay Arch and to a 

lesser extent along the Algonquin Arch at intersecting fracture systems; specifically, on the 

downdropped side of fault-blocks.

Middle Ordovician oil produced in southwestern Ontario is of exceptionally good 

quality with oil gravity between 38.2 and 43.0 deg API and sulfur content of 0.11 to 

G.25% (Bailey Geological Services Ltd. and Cochrane, 1983).

In 1983 an oil shale assessment project was carried out by the Ontario Geological 

Survey, in conjunction with the University of Waterloo and Geological Survey of Canada 

(Powell et al., 1984; Snowdon, 1984). The Ordovician Collingwood Member of the 

Lindsay Formation, Middle Silurian Eramosa Formation and the Devonian Kettle Point 

Formation were considered to be potential hydrocarbon source rocks. The Collingwood 

Member appears to be the most suitable source of Middle Ordovician hydrocarbons based 

on its geochemical characteristics and maturation level. Although the Kettle Point 

Formation has a similar geochemical character, the Devonian strata did not reach suitable 

maturation levels for hydrocarbon generation. Both Nunn et al. (1984) and Powell et al. 

(1984) found the hydrocarbons of the Middle Ordovician and Devonian to be very similar 

but those of the Silurian appear to have been derived from a different source. Devonian and
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Ordovician hydrocarbons were derived from marine organic matter, whereas those of the 

Silurian were derived from a mixture of restricted evaporitic (Salina Formation) and open- 

marine settings (underlying platform).

The pools to the southwest, such as Hillman, Wheatley and Renwick, are located in 

the vicinity of the Findlay Arch, and produce oil from the middle to upper Trenton Group, 

whereas Dover to the north is located in the vicinity of the Algonquin Arch and produces oil 

and gas further downsection from lower Trenton Group and upper Black River Group. 

This indicates that some fundamental differences exist between the extreme southwest and 

the more northerly fields. Further north, the Hepworth pool produced gas from upper to 

middle Black River Group and the Acton gas pool to the northeast produced from the lower 

Black River Group (Sanford, 1961). This leads one to the conclusion that the differences in 

production to the north and northeast are twofold: firstly, production occurs at greater 

depths with distance from Essex county; and secondly, production switches from oil to 

combined oil and gas to gas production further north and northeast
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DOLOMITIZATION (PREVIOUS WORK)

The same types of dolomite are found throughout the Michigan Basin. These 

include: 1) cap dolomite, 2) fracture-related replacement dolomite, and 3) fracture- 

occluding saddle dolomite cement. In addition the Middle Ordovician sequence in the 

extreme south and west portion of the Michigan Basin is massively dolomitized ("regional 

dolomite*1). The diagenesis in Michigan, Indiana and Ohio has been described by Shaw, 

1975; Taylor and Sibley, 1986; Keith, 1986,1988b; Budai and Wilson, 1988; DeHaas and 

Jones, 1988; Fara and Keith, 1988; Haefner, et al., 1988; and Prouty, 1988. In 

southwestern Ontario the same dolomite types have recently been investigated by Bailey 

Geological Services Ltd. and Cochrane (1983); Dollar (1988); Trevail (1988a, 1988b); 

Colquoun and Brand (1989a, 1989b); and Middleton et al. (1989,1990a, 1990b).

In a study of dolomitization of Ordovician strata in Michigan, Taylor and Sibley 

(1986) provided convincing evidence to explain dolomitization of the cap via magnesium- 

and iron-rich waters expelled during dewatering and illitization of the overlying Utica 

Shale. The source of the brines responsible for fracture-related dolomitization is still in 

question. Sanford et al. (1985) suggested the source of the dolomitizing solutions to be 

either Cambrian sandstones or an influx of meteoric water during a hiatus at the end of the 

Middle Ordovician. Dollar (1988) and McNutt et al. (1987) noted the strontium isotopes of 

the brines and the fracture-filling precipitates to be slightly radiogenic, suggesting either a 

clastic or basement influence. Prouty (1988) suggested the most logical explanation is 

upward migration of hydrothermal brines which become dammed beneath the Utica Shale. 

This damming resulted in the maturation of organic matter in the Utica Shale and further 

upward migration through fractures into the Middle Devonian Dundee Formation.
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Ongoing studies of the Middle Ordovician carbonates of southwestern Ontario 

include one by Cathy McKenna at McMaster University who is examining the strontium 

isotopes of the various diagenetic alterations and precipitates. lan Colquoun at Brock 

University is studying the geochemistry of the brines and fracture precipitates in the 

Hillman Pool. The results of both these studies will assist in clarifying the source of the 

brines and the relationship between the cap and fracture-related dolomites. At the 

University of Waterloo fractures and fracture-related dolomite, as well as disseminated 

dolomite rhombs and saddle dolomite, are being examined in Middle Ordovician outcrops 

on Manitoulin Island by Coniglio (1989). In outcrop it is possible to examine the extent and 

pattern of dolomitization with distance from fractures which is not possible when dealing 

with core.



CHAPTER 2 FACIES AND DIAGENESIS

FACIES

Black River Group

The 200 to 300 m thick Trenton and Black River groups include supratidal 

through shallow subtidal bioclastic carbonates. The Shadow Lake Formation at the base 

of the Black River Group is characterized by silty to sandy glauconitic limestone or 

dolomite. The Gull River Formation consists of monotonous brown or grey and rare 

black carbonate mudstones, generally bioturbated and containing scattered bioclasts 

(Plate la). Dispersed bioclasts, possibly originally aragonitic bivalves, and the central 

portions of burrows are infilled by sparry calcite. In thin section the Gull River carbonate 

mudstones are revealed to be peloidal. Near the base of the Gull River Formation there 

are several distinctive beds: a small bed of micrite-coated grains; a bed in which there are 

empty molds of former gypsum laths; and seams of dolomite. Argillaceous seams and 

bioclastic packstone or grainstone beds are a minor component and are dispersed 

throughout, becoming volumetrically more important towards the top of the Black River 

Group.

The depositional environment for the Black River Group exposed in southern 

Ontario has been described in great detail, whereas the depositional environment for the 

equivalent subsurface strata is not defined. Lake Simcoe region strata are described by

15
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Brett and Brookfield (1984), Brookfield and Brett (1988), Noor (1989) and Coniglio et 

al. (1990) as a shallow water, supratidal and tidal flat-lagoonal sequence deepening 

upward to an open shelf in the Verulam Formation (Sherman Fall equivalent). Mukherji 

(1969) described features in the outcrop belt such as gypsum casts and dolomite beds as 

indicative of a highly saline sabkha environment Similarity of subsurface and outcrop 

facies indicates the interpretations of Brett and Brookfield (1984), Mukherji (1969) and 

Brookfield and Brett (1988) also apply to the subsurface indicating the Black River 

Group continued to deepen upward following deposition of the Shadow Lake Formation.

Trenton Group

The Trenton Group is characterized by grey or brown, interbedded, argillaceous 

bioclastic carbonate mudstones, wackestones, packstones and grainstones that exhibit the 

following features:

(1) Grainstones with sharp, irregular lower contact fining upward to carbonate mudstone, 

commonly overlain by another fining upward bed with sharp lower and upper 

contacts (Plate Ib).

(2) Grainstone with sharp upper and lower contacts interbedded with wackestone or 

carbonate mudstone (Plate le).

(3) Packstone-grainstone nodules enclosed by argillaceous seams within carbonate 

mudstone-wackestone (Plate Id).

The grainstone interbeds, important due to their preferential secondary porosity 

development, have the following characteristics: a lighter grey or tan colour in contrast to 

the surrounding darker grey or brown carbonate mudstone or wackestone; a thickness up 

to 50 cm; and an increase in abundance towards the middle of the Trenton Group. Similar 

grainstones are also found in the upper Black River Group. The packstone-grainstone
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nodules enclosed within mudstone-wackestone are characteristic of the upper Trenton 

Group, whereas the interbeded and fining-upward bioclastic carbonates are more 

characteristic of the middle Trenton Group. Bioclasts in both the Trenton and Black River 

groups include fragments of echinoderms, brachiopods, bryozoans, and to a lesser extent, 

trilobites, nautiloids, corals, gastropods and bivalves.

Lake Simcoe region outcrop equivalents to the Trenton Group are described by 

Brett and Brookfield (1984) and Brookfield and Brett (1988) as an overall deepening- 

upward succession from open shelf to deep shelf with a shallowing-upward sequence in 

the Verulam Formation (Sherman Fall Formation equivalent). Brett and Brookfield 

(1984) and Brookfield and Brett (1988) suggest the shelf had topographic highs and 

deposition was commonly influenced by storms.

Common to both the Trenton and Black River groups are altered volcanic ash 

beds (K-bentonites) and submarine exposure surfaces (hardgrounds). Trevail (1988a) 

indicated the altered volcanic ash beds are located mainly near the contact between the 

Trenton and Black River groups and range from 5 to 35 cm in thickness. Middle 

Ordovician hardgrounds in outcrop have been described in detail by Wilkinson et al. 

(1982) and Brett and Brookfield (1984).

Overall, the Black River and Trenton groups form a deepening-upward sequence 

of supratidal through shallow subtidal environments recording deposition in an epeiric 

sea. This deepening-upward sequence is overlain by the deep subtidal shales of the Blue 

Mountain Formation.
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DIAGENESIS

Diagenetic alterations have been divided into the following three stages: 1) seafloor 

to shallow burial; 2) syncompactional, including fracturing; and 3) post-fracturing. 

Products of seafloor to shallow burial diagenesis include hardgrounds, dolomite seams, 

sparry calcite cements, replacement of bioclasts and silicification. Syncompactional 

processes include both chemical compaction and fracturing, whereas post-fracturing 

includes all fracture-related processes such as porosity development, dolomitization and 

precipitation of porosity occluding cements. Dolomitization and porosity-occluding cements 

are discussed separately in chapters 3 and 4. Figure 4 depicts the relative order of 

diagenetic alterations which coincide approximately with the order of description.

Comparison of diagenetic alteration before and after fracturing as well as the extent 

of alteration away from the fractured area requires the examination of core located away 

from the oil pools and presumably away from the fractures. The OGS-82-2 Harwich 25- 

IECR core from Kent County was chosen to represent the unaltered limestone. This core is 

located 15 km from the Dover pool and 30 km from the Renwick pool and is composed of 

limestone except for the upper two metres of the Trenton Group which is cap dolomite and 

two 10 cm thick bands of dolomitized grainstone approximately thirty metres below the 

Trenton-Blue Mountain contact. Examination of this core provides information on:

(1) Seafloor to shallow burial diagenetic alterations as these are commonly obscured in 

dolomitized core located in the fracture zones.

(2) The two dolomitized grainstone beds and how they relate to pervasive dolomitization of 

the upper few metres of the Trenton or dolomitization in the vicinity of fractures.
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DIAGENETIC ALTERATION EARLY LATE

HARDGROUND ———
PHYSICAL COMPACTION ——————
SPARRY CALCITE (NONFERROAN) ———
CEMENTS (SLIGHTLY FERROAN) —————
FRACTURING ———
CHEMICAL COMPACTION ———————————————————————
CAP DOLOMITE —————————-——^^^

SYNCOMPACTIONAL FRACTURING
POROSITY ENHANCEMENT ————————

MASSIVE DOLOMITIZATION ——
SADDLE DOLOMITE
HYDROCARBONS ? ?
SULPHIDES ——————————

FLUORITE 4 BARITE ?- ?
ANHYDRITE —————————————————
DEDOLOMITIZATION —
SPARRY CALCITE —

Figure 4: Relative timing of the major diagenetic alterations in Middle Ordovician 
carbonates of southwestern Ontario.
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STAGE l SEAFLOOR TO SHALLOW BURIAL DIAGENESIS

Submarine Exposure Surfaces

Hardgrounds are present throughout the Trenton and Black River groups. 

Generally these contacts are sharp, smooth and may be bored (Plate 2a). Commonly there 

is associated phosphate.

Keith (1986, 1988b) and Fara and Keith (1988) suggest the contact of the Trenton 

Group with the Maquoketa Group (Blue Mountain equivalent) is a hardground. Examples 

of this contact are rare in the core in southwestern Ontario and of those only a couple have 

the contact still intact. Plates 2b and 2c show an excellent example of the contact which is 

an undercut hardground according to the classification scheme of Brett and Brookfield 

(1984). In this example a vug several centimetres beneath the surface is partially filled with 

geopetal sediment and the upper 5 to 7 cm contains partially developed lime mudstone 

nodules with bored surfaces. Despite dolomitization these features display excellent 

preservation in hand sample. Due to the lack of intact contacts in the core available it is not 

clear if this contact contains these same features throughout southwestern Ontario.

There is an increase in the P2Os, F^Os and S content at the Trenton-Blue Mountain 

contact. Commonly these are present as phosphate, pyrite or anhydrite, respectively, and 

are disseminated throughout the matrix or filling small vugs. The abundant phosphatic 

material associated with the Trenton-Blue Mountain contact and other hardgrounds 

throughout the Trenton and Black River groups is white under cathodoluminescence and is 

present as replaced bioclasts and matrix or original phosphatic brachiopods and conodonts.
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Dolomite Seams

Rare seams of dolomite up to l cm thick are located in the Gull River Formation. 

The dolomite crystals are hypidiotopic, up to 40 Jim in size and are enclosed within 

insoluble debris. No isotope analyses were performed Examination under backscatter 

indicates no zonation within individual crystals (Plate 2d). Microprobe analyses indicate 

that this dolomite contains no iron and is non-stoichiometric (Ca/Fe+Mg+Mn s 1.2 and 

1.3). There are no isotopic analyses for the dolomite seams.

Sparry Calcite Cements

The earliest interparticle cements occur as equant isopachous sparry rims around 

brachiopods, bryozoans, corals and trilobites and as syntaxial overgrowths on echinoderm 

fragments. This is followed by equant sparry cement partially occluding remaining pore 

space (Plate 3a). Some grainstones are completely occluded by sparry calcite cement, 

whereas others have minor pore space remaining. Interparticle pores reach up to 250 }im in 

size and subhedral isopachous sparry calcite crystals protrude into the pore space. 

Potassium fenicyanide stain indicates that sparry calcite cement is non-ferroan followed by 

ferroan sparry calcite. According to microprobe analyses the ferroan sparry calcite has a 

very low iron content of 0.25 to 0.35 mol efo FeCOs. This slightly ferroan phase is more 

significant towards the top of the Trenton Group and decreases in abundance downsection 

toward the base of the Black River Group, where this slightly ferroan phase of sparry 

calcite is absent In fact, near the top of the Trenton Group there are examples where the 

syntaxial overgrowths are entirely composed of the slightly ferroan phase, whereas 

isopachous rims are non-ferroan. Examination of the OGS-82-2 Harwich 25-EECR core 

reveals that the slightly ferroan phase appears and disappears several times throughout the 

lower half of the core.
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There is an early set of minute fractures that postdate sediment consolidation but 

predate stylolites and are cemented by the slightly ferroan phase of sparry calcite. The 

fractures are occluded only with equant sparry cement without an initial stage of isopachous 

cement

The 518O values for the closest approximation of original limestone (brachiopods 

and micrite), and therefore, Middle Ordovician calcite precipitated from seawater is -5.6 to - 

4.7 W* PDB with the 813C values varying between -2.4 and 1.1 ^ PDB (Figure 5). These 

values compare favourably with 618O values of -6.3 9fco PED and 813C values of 0.5 9fcc 

PDB representative of Ordovician marine cements reported by James and Choquette 

(1984). The 618O values for early sparry calcite is slightly more depleted at -6.1 to -5.9 7oc 

PDB, and the 813C values vary between -2.2 and 0.2 ^ PDB.

Aragonitic bioclasts were preferentially dissolved and infilled with isopachous 

sparry calcite followed by blocky sparry calcite with no preservation of internal detail. In 

the lower Black River Group, there are several beds consisting of a mosaic of pristine 

equant sparry calcite crystals in which only the shape of gastropods are preserved as 

inclusion-rich outlines. As well there is preservation of peloidal internal sediments within 

the gastropods (Plate 3b). Peloidal grainstones are preserved as a mosaic of sparry calcite 

crystals in which the peloids remain as dusty inclusions. In thin section brachiopods, 

echinoderms, bryozoans and trilobites are preserved without alteration of original texture. 

Microprobe analyses indicate all high magnesium calcite has convened to low magnesium 

calcite with values ranging between 0.1 and 2.2 mol % MgCOs.

All limestone including micrite, bioclasts and sparry calcite cement is dull orange 

under cathodoluminescence except for brachiopods which are non-luminescent. In the 

lower section of the Gull River Formation the isopachous cement is nonluminescent 

followed by a bright yellow phase less than l mm wide.
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Figure 5: Graph of 5' 8 O versus 513 C of the depositional limestone 
(micrite and brachiopods), early sparry calcite and fracture sparry 
calcite in Middle Ordovician carbonates of southwestern Ontario. 
Values are reported in 96o PDB.
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Chert

The chert in the Middle Ordovician of southwestern Ontario consists of equant 

microquartz and equant megaquartz and rare microquartz chalcedony fibres. Terminology is 

that of Folk and Pitman (1971). Commonly chert is present as nodules which are found 

throughout the section but never become a prominent diagenetic alteration phase with the 

exception of a core from the Ram # 90 Sombra 8-20-V well in Lambton county. Within the 

nodules or in areas of increased silica content there is either replacement of bioclasts and 

micrite or precipitation of microquartz or megaquartz cement. Preservation of bioclasts 

when chertified is exceptionally good. The equant megaquartz and microquartz chalcedony 

fibres are present only as a cement

Bivalve or brachiopod shelter pore spaces may have an initial phase of blocky 

sparry calcite followed by a later phase of blocky quartz. The blocky quartz occludes the 

remaining pore space. There is preferential chertification of the blocky sparry calcite crystal 

boundaries (Plates 3c and 3d).

In Lambton County (Ram #90 Sombra 8-20-V) a section of upper Black River 

Group core has an unusually large amount of chertified bioclasts, as well as chert nodules 

and blocky quartz.

Interpretation of Stage l Diagenesis

The Trenton and Black River groups contain 200 to 300 m of carbonates deposited 

and initially modified in a range of environments varying from supratidal at the base of the 

sequence to subtidal farther upsection, and finally are capped by a submarine exposure 

surface. Initial diagenesis within the lower part of the Black River Group may have 

involved fluctuations between supratidal, intertidal and meteoric zones. The remainder of
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the Trenton and Black River groups deposited in the subtidal zone are interpreted to have 

been initially modified by seawater.

Keith (1986, 1988b) and Fara and Keith (1988) propose that the nature of the 

Trenton-Blue Mountain contact, as compared to hardgrounds within the Trenton and Black 

River groups, reflects a greater period of exposure, a lack of scouring and a period of 

reducing conditions during deposition of the Maquoketa Group (Blue Mountain 

equivalent).

The initial sparry calcite cements are interpreted to have precipitated within a marine 

environment. The slightly ferroan sparry calcite cement which occludes the remaining pore 

space precipitated from anoxic pore water. The downward decrease in the abundance of 

this moderately ferroan sparry calcite cement indicates that ferroan cement began 

precipitating in the upper section during the early stages of diagenesis and came in at 

progressively later stages of cementation downsection.

STAGE 2 CHEMICAL COMPACTION AND 

SYNCOMPACTIONAL FRACTURING

Chemical Compaction

Sty Iolite s located throughout the Trenton and Black River groups have 

stylocumulates of less than l mm and suture amplitudes of less than 2 mm (Plate 4a). 

Bioclasts in contact with stylolites are nearly complete, having undergone only minor 

dissolution. Stylolites are rare to absent in grainstones and more numerous in muddy 

lithologies (Plate 4b).
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A second less common set of stylolites runs parallel to vertical fractures along the 

contact between the host rock and fracture-occluding cement (Plate 4c). There may be two 

explanations for this: the horizontal stylolite is deflected up the side becoming a vertical 

stylolite; or there is a second later set of vertical stylolites. As these vertical stylolites are 

only located along the fractures it appears the former explanation is the most likely.

Syncompactional Fracturing

Fractures located throughout the Trenton or Black River groups are nearly vertical 

with irregular margins. Bioclasts cut by the fractures indicate fracturing occurred after the 

sediment was well cemented. The fractures may be closely spaced creating an in-situ 

breccia in which the fragments are not rotated and are partially to completely cemented. In 

the classification scheme of Morrow (1982a) this is termed a crackle breccia. There are no 

examples of fractures filled with detrital material, or breccia that is matrix-supported. At 

most there is 2 mm of geopetal sediment (Plate 4d). There is no evidence in the core 

available of more intense brecciation such as rotated fragments, fragments out of 

stratigraphic position or trash zones (Morrow, 1982a; Sangster, 1988).

Packard et al. (1990) were able to implement the Mississippi Valley-type breccia 

classification scheme of Sangster (1988) to define the morphology of the breccia zone of 

the Wabamun Group in the Peace River Arch area of Alberta. Modeling the morphology of 

the breccia body aided in determining that production is from the porous dolomitized 

aureole at the edge of the brecciated zone (Packard et al., 1990). In the case of 

southwestern Ontario it is not yet possible to model the breccia zone morphology. In the 

core available there are no examples of matrix supported breccia fragments or on 

geophysical well logs of shale transported downward from above.
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Within the breccia and fractures examined there is no petrographic evidence 

such as cross-cutting relationships or reactivated fractures to suggest more than one 

major phase of fracturing. There are, however fractures of up to a few milimetre width 

as described earlier occluded by the relatively early phase of moderately ferroan 

sparry calcite and a set of milimetre-sized fractures occluded by the later fracture- 

related sparry calcite.

Stylolite-Breccia Relationships

There is a variety of relationships between fractures or breccia and stylolites. 

For example, a stylolite may appear to be cut by the fracture (Plate 5a) suggesting 

fracturing during burial, however this alone may not be used as evidence of brecciation 

at depth due to the following:

(1) Chemical compaction could stop abruptly at a change in lithology such as a fracture 

cemented by saddle dolomite. In this case the fracture occurred before the stylolite, 

however it would be highly coincidental for the stylolites on both sides of the 

fracture to be directly opposite each other as is the case in the Middle Ordovician 

of southwestern Ontario.

(2) Chemical compaction actually cuts the fracture-occluding cement and is not visible 

in the fracture due to the lack of insoluble residual. In this case, close examination 

should reveal crystals in the fracture separated by a stylolite. No examples of this 

type were found.
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The most obvious evidence for fracturing at depth can be seen in breccia 

fragments containing stylolites and in fracture-occluding cement that contain 

stylocumulate fragments. Cons et al 33825 Mersea 7-14-A is brecciated throughout 

the producing zone and the breccia fragments contain stylolites (Plate 5b). These 

stylolites are, however poorly developed (Plate 5c) relative to stylolites found 

elsewhere in the Trenton and Black River groups. Rowe/Ram 7 Dover 3-12-VE has an 

excellent example of a stylocumulate fragment with an attached segment of 

replacement dolomite surrounded by anhydrite within a fracture (Plate 5d).

Discussion of Stylolite-Breccia Relationships

The relationship between breccia fragments and poorly developed stylolites 

indicate fracturing occurred during burial following the onset of chemical compaction, 

but before the maximum burial depth. The stylolites within the fragments are not as 

well developed as elsewhere indicating that fracturing occurred during the early stages 

of burial, perhaps as soon as 500 m of burial (Choquette and James, 1987).

In light of the following facts it seems most reasonable to suggest fracturing 

occurred at depth: 1) the Trenton is a deepening-upward sequence that continued to 

deepen during deposition of the shales of the Blue Mountain Formation; 2) there is a 

strong resemblance of the contact to a hardground as suggested by Keith (1986, 

1988b) and Fara and Keith (1988); and 3) a thorough examination of stylolite-fracture 

relationships indicate syncompactional fracturing.
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STAGE 3 POST-FRACTURE POROSITY DEVELOPMENT

There are two classes of pore space: 1) solution-enhanced fracture porosity; 

and 2) pinpoint intercrystalline to vuggy porosity in grainstone beds (porosity 

nomenclature of Choquette and Pray, 1970). Both porosity types are cement-reduced 

and are always accompanied by dolomitization with the exception of one core in the 

Dover pool. This Dover core located in the lower Gull River Formation contains 

fractures completely occluded by anhydrite. The limestone surrounding these fractures 

has not been dolomitized as is the case elsewhere.

All fractures encountered in core are solution-enhanced and cement-reduced by 

saddle, dolomite or anhydrite and to a lesser extent sparry calcite and sulphides. 

Solution enhancement is indicated by fractures in which the adjacent separated 

surfaces do not coincide. For example, a bioclast cut by a fracture which has not been 

displaced will not have its matching half on the opposite side of the fracture indicating 

that there was dissolution.

Pinpoint to vuggy porosity is preferentially developed in grainstone beds and 

nodules. The vug may cross the entire width of the core, in which case the maximum 

horizontal or vertical dimensions of the pore space are impossible to measure. Despite 

dolomitization there are rare examples in which the outlines of former echinoderms 

remain within the dolomite crystal. In these examples the porosity can be seen to vary 

from a relatively minor amount at the edges of these former syntaxial overgrowths 

creating intercrystalline porosity to dissolution cross-cutting both former sparry calcite 

cement and bioclasts. This dissolution has created vuggy to cavernous porosity.
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Discussion of Porosity

Sanford (1961) described laterally extensive zones of dolomitized limestone 

extending outward from the main body of dolomitization adjacent to fractures 

(Colchester oil pool). He suggested these laterally extensive zones were the result of 

increased primary porosity that was preferentially dolomitized. However, in examining 

core away from the fractures (see section on sparry calcite cements) this study 

reveals the primary porosity was occluded by sparry calcite cements except for minor 

microporosity, and instead the preferential horizontal dolomitization is in beds with 

increased grainstone content

There are two possible reasons for preferential porosity development in 

grainstones. 1) Incomplete primary cementation of the grainstones, in which case the 

crystal boundaries may have acted as natural pathways for migration of a calcium 

carbonate undersaturated solution. Evidence of incomplete cementation in grainstones 

was seen earlier in Plate 3a. 2) Sparry calcite crystal boundaries act as a pathway for 

subsequent dissolution. This is similar to the example of chertification which occurred 

along the sparry calcite crystal boundaries (as discussed under the title, "Stage l 

Seafloor to Shallow Burial"). In the example of chertification the boundaries between 

the sparry calcite crystals were lines of weakness and acted as conduits for the 

migration of the silica-rich solution. In this case, however the solution traveling along 

the crystal boundary is undersaturated with respect to calcite. Both explanations 

above apply as the grainstones are either completely cemented or have primary 

microporosity.

The sediment had neomorphosed to low magnesium calcite before porosity 

development. If the sediment had not converted to low magnesium calcite before
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porosity development it would likely have fabric-selective porosity (Choquette and 

Pray, 1970). There is fabric-selective intercrystalline porosity in the grainstones, 

however this porosity grades from micrometre intercrystalline to vuggy porosity which 

is not fabric selective. In summary, the primary pore space was occluded by sparry 

calcite except for minor microporosity. The sediment was then converted to low 

magnesium calcite followed by fracturing, solution enhancement and dolomitization.

The following four factors combined with evidence of syncompactional fracturing 

indicate karstification is burial or hydrothermal as opposed to meteoric. 1) The Trenton 

and Black River groups form a deepening-upward sequence which continued to deepen 

during deposition of the shales of the Blue Mountain Formation. 2) The strong 

resemblance of this contact to a hardground as suggested by Keith (1986, 1988b) and 

Fara and Keith (1988). 3) Descending meteoric water is unlikely to penetrate the 

Upper Ordovician sequence of shale and limestone to dissolve the buried Trenton and 

Black River groups. 4) If a meteoric solution did descend through the Upper Ordovician 

sequence it would become altered during contact with the Upper Ordovician shales 

and limestones.

Burial solutions are believed to be saturated with respect to carbonates, but 

aggressive solutions with high CO2 concentrations may develop under burial 

conditions due to various organic compound reactions (Choquette and James, 1987). 

Giles and Marshall (1986) indicate that thermal maturation of organic matter produces 

CO2 and this can cause significant porosity development

In southwestern Ontario the solution responsible for porosity development 

may have migrated through the Cambrian sand and ascended the fractures or 

descended along the fractures from the overlying Blue Mountain Formation. Data from 

Churcher (1984) indicate the total organic carbon in the Blue Mountain Formation in
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southwestern Ontario is below 2.69k, whereas further north in the Collingwood 

Member the values for total organic carbon range up to H.2%. This porosity-enhancing 

solution is either derived from the Collingwood Member/Blue Mountain Formation and 

descended or is derived from elsewhere and migrated in along the Cambrian sands. 

There is no evidence to prove one or the other hypothesis.

Porosity enhancement may have preceded or been penecontemporaneous with 

dolomitization. There is no petrographic evidence to indicate complete porosity 

development before dolomitization and a solution may be undersaturated with respect 

to calcite while saturated with respect to dolomite.

Discussion of Fracture Porosity Versus Porous Grainstone as Hydrocarbon 

Reservoir

Cons et al 34160 Romney 5-8-n contains a vertical fracture system occluded by 

saddle dolomite and sulphides. The oil production zone in this section is below the 

fracture system where there are dolomitized grainstones. In contrast, Cons et al 

33825 Mersea 7-14-A has fractures partially occluded by anhydrite and oil production 

zone is located within the fracture network. Hydrocarbon is, therefore, contained in 

either solution-enhanced fracture porosity or porosity developed in grainstones. The 

majority of the core representative of production zones indicates most of the 

hydrocarbons are contained in porosity developed in grainstones rather than fracture 

porosity.

Fracturing alone, without the accompanying solution enhancement and 

dolomitization, did not provide the porosity necessary for significant hydrocarbon 

entrapment. This non-productive fracturing can be seen in the Dover field (Rowe/Ram 

No. 7 Dover 3-12-VE) where a limestone core contains fractures occluded by saddle
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dolomite and anhydrite, but the fracturing has not been accompanied by replacement 

dolomitization of the adjacent limestone. This core is representative of the area 

beneath the producing zone near the base of the Black River Group. Similarly, a 

Hillman well (Cons et al 33821 Mersea 3-12-1) has a fracture system in this case 

accompanied by massive dolomitization of adjacent limestone but there is no 

production. Again, this core is representative of lower Black River Group. In both of 

the last two examples there does not appear to be any grainstone beds in which 

significant porosity could develop. The Acton gas pool, however did produce from the 

lower Gull River Formation.



CHAPTERS DOLOMITE TYPES

DOLOMITE CLASSIFICATION

Dolomite may be divided into two broad divisions based on relative position: cap 

dolomite located in the upper few metres of the Trenton and fracture-related dolomite 

developed locally in the vicinity of fractures. These two types of dolomite are further 

subdivided for either the purpose of geochemical analyses or to determine which of the 

cap or fracture-related dolomite came first, and more importantly, the effect of one on the 

other (Figure 6). Fracture-related dolomite is subdivided into replacement dolomite and 

saddle dolomite cement. Saddle dolomite may be in the form of cement or a replacement 

phase according to Radke and Mathis (1980). For the purpose of this study saddle 

dolomite is confined to describing cement that partially to completely occludes both types 

of pore space. Further subdivisions of replacement dolomite arc based on porosity either 

as porous when developed in grainstones or as non-porous when developed elsewhere 

(Plate 6a). The porous dolomite either displays good preservation of original depositional 

fabric in hand sample (Plate 6b) or is sucrosic with no preservation of original fabric 

(Plate 6c).

A cross-section of the linear northwest- to southeast-trending Renwick pool in 

Romney Township, Kent County was constructed in order to examine the relationship 

among the various types of dolomite and the distribution of limestone and hydrocarbons

34
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Figure 8: Cross-section of the Renwick South pool. Distance between wells is 
approximately 500 m.
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(Figure 7). In cross-section A-A' the upper three to four metres of the Trenton Group is 

the cap dolomite (Figure 8). There is an abrupt transition from limestone to dolomite 

between wells 3-14-11 and 5-14-0, a distance of approximately 500 m, and the well 

penetrating the limestone does not produce hydrocarbons. The thickness of fracture- 

related dolomite increases towards the northwest end of the oil pool where in well 1-12- 

ffl the entire interval examined is dolomitized except for a few patches. The dolomite 

suddenly increases from 3 m (cap dolomite) in well 8-13-0 to 125 m in the adjacent well 

(6-13-m); therefore, it is assumed the cap dolomite is fractured. The fractured cap cannot 

be directly observed in this pool because of the lack t)f core but the Hillman pool contains 

cap dolomite which can be observed to be fractured. Fractured cap dolomite has also been 

noted in other Middle Ordovician fracture-related reservoirs in the Michigan Basin by 

Taylor and Sibley (1986) and Prouty (1988).

The following criteria were used to distinguish cap, fractured cap and fracture- 

related dolomite:

1) Where greater than 15 m of dolomite extends downsection from the Trenton-Blue 

Mountain contact, the upper 3 m is considered "fractured cap dolomite".

2) Cap dolomite is examined only in core where there is little chance of fracture-related 

alteration such as core located outside oil pools or with an extensive interval of 

limestone between the cap and fracture-related dolomite.

3) Fracture-related dolomite is defined as dolomite located downsection of the upper five 

metres in wells that contain greater than 15 m of dolomite beyond the Trenton-Blue 

Mountain contact

4) Some dolomite samples were examined that were separated from the cap dolomite by 

limestone; and therefore, considered true fracture-related dolomite.
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Characteristics Common to Ordovician Dolomite in Southwestern Ontario

Cap dolomite, fracture-related replacement dolomite and saddle dolomite cement are 

located in massively dolomitized areas, but can also be found disseminated throughout the 

limestone, decreasing in abundance with distance from pervasively dolomitized areas. 

Listed below are characteristics common to these three types of dolomite:

1) All are nonluminescent, but become luminescent with intricate zonation, where 

disseminated in limestone. Commonly the zonation includes a non-luminescent core 

(Table 1).

2) All have similar 813C values that vary between -1.1 and 1.6 9fco PDB (Figure 9).

3) All samples examined with microprobe are close to stoichiometric. The mean CaCOs 

mol *fo is 51.8 for the cap dolomite, 50.8 for fractured cap dolomite, 49.4 for the 

replacement dolomite, and 50.3 for the saddle dolomite (Table l and Figure 10).

CAP DOLOMITE

The cap dolomite, replacing the upper few metres of the Trenton Group, is non- 

porous with good preservation of original depositional fabric in hand sample. In thin 

section, it is a xenotopic mosaic in which individual crystals have cloudy cores and 

undulose extinction. Undulose extinction is readily apparent in the larger crystals. Dolomite 

that has grown into clays or phosphatized matrix is hypidiotopic. The only recognizable 

replaced bioclasts are echinoderm fragments preserved as an outline of relict inclusions. 

The crystal size is generally between 250 and 500 ^im but may be up to 2 mm when 

replacing bioclasts. The cap appears to be more finely crystalline than the fracture-related 

massive dolomite. This crystal size is in part a function of original lithology: a dolomitized 

wackestone is more finely crystalline than a dolomitized grainstone. In the case of the cap
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dolomite the lithology of the upper Trenton Group tends to be a nodular wackestone with 

less grainstone than farther downsection towards the middle of the Trenton Group.

Cap Dolomite Geochemistry

The 818O values are -8.3 to -7.3 ^ PDB, the highest of the three dolomite types 

within pervasively dolomitized areas (Figure 9). FeCQs varies between 5.5 and 11.3 mol 

9k FeCOs, with the exception of two crystal centres with values of 3.2 and 3.8 mol *fo 

FeCOs (Figure 10). The cap is the most ferroan of the dolomite types. In fact, the two 

samples with dolomite directly adjacent to anhydrite filled vugs have an Mg:Fe ratio less 

than 4 and .are classified as ankerite. Under backscatter, individual cap dolomite crystals do 

not appear to be zoned; but, in rare instances microprobe analyses indicate margins of 

crystals are more ferroan (5.5 to 8.6 mol % FeCOs) than their centres (3.1 to 3.8 mol 9fc 

FeCO3).

In a single thin section the stoichiometry varies from stoichiometric (Ca/Mg -i- Mn -t- 

Fe s 1.0) to non-stoichiometric (Ca/Mg+Mn+Fe= 1.1 to 1.2) with either no variation in 

single crystals or the centre of the crystal being the least stoichiometric.

Fractured Cap Dolomite

Petrographically there are no distinguishing characteristics between cap and 

fractured-cap dolomite (Plates 7a and 7b).

In contrast to the cap dolomite the fractured cap dolomite has 818O values of -9.8 to 

-8.7 which are lower than the cap dolomite. Microprobe analyses indicate a lowered iron 

content of 2.1 to 4.5 mol 96 FeCOs. There are two extremely ferroan values of 9.5 and 

10.1 mol 9fc FeCOs (classified as ankerite). These values were takes from crystal 

terminations which protrude into vugs occluded by anhydrite.
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FRACTURE-RELATED REPLACEMENT DOLOMITE

Fracture-related replacement dolomite is porous in grainstone interbeds and nodules 

and non-porous elsewhere. Porous dolomitized grainstone in hand sample either is sucrosic 

with no preservation of original fabric or displays good preservation of original fabric. 

Fracture-related replacement dolomite is further divided into three types: 1) non-porous 

dolomite in all lithologies except grainstones; 2) porous dolomite developed in grainstone 

with good preservation of original depositional fabric in hand sample; and 3) porous 

sucrosic dolomite with poor fabric preservation in hand sample.

All fracture-related replacement dolomite forms a xenotopic mosaic in which 

individual crystals have brown cores and undulose extinction. The exception is poorly 

cemented sucrosic dolomite which forms a mass of brown hypidiotopic crystals up to l 

mm. Poorly cemented sucrosic dolomite grades from hypidiotopic to xenotopic where the 

sucrosic crystals join to form a mosaic (Plate 7c). The crystal size displays a wide variation 

from 50 nm to several mm in diameter, however the average crystals are 250 Jim to 750 

|im in diameter, with the larger crystals replacing bioclasts and reflecting the original size of 

the bioclast up to 0.5 cm. Generally, in thin section the preservation of original lithology is 

barely discernible for all three types of replacement dolomite.

Porous Well Preserved Grainstone Dolomite

The determination, of a grainstone precursor in porous dolomitized areas is the result 

of good preservation of bioclasts seen in some hand samples. Generally, the predominant 

bioclasts in grainstones are echinoderms but some grainstones contain abundant
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brachiopods. In either case the bioclasts are barely discernible in thin section. Within these 

dolomitized grainstones the crystal size varies according to the original size of the bioclast

Rare examples contain some microfabric preservation in thin section. Echinoderms 

are replaced by single dolomite crystals, retaining the original shape of the echinoderm or 

the echinoderm and syntaxial overgrowth are preserved as a single dolomite crystal where 

relict inclusions mark the outline of the original echinoderm (Plates 8a and 8b). In contrast 

to all other dolomite these crystals do not have undulose extinction. In thin section the 

shape of brachiopods is preserved as a relatively inclusion free area within the mosaic of 

dolomite crystals (Plate 8c). Other types of bioclasts (i.e., bryozoans, corals, nautiloids or 

trilobites) are not apparent in dolomitized examples.

Porous Sucrosic Dolomite

Sucrosic dolomite forms a mass of brown hypidiotopic crystals, whereas poorly 

cemented sucrosic dolomite grades from hypidiotopic to xenotopic. The crystal size ranges 

up to l mm. Commonly there is partial occlusion of pore space between sucrosic dolomite 

crystals by saddle dolomite, imparting a characteristic mottled brown-white colour in hand 

sample. In thin section the saddle dolomite cement protruding into the pore space is clear 

hypidiotopic and increases in iron content toward the crystal terminations.

Disseminated Fracture-Related Dolomite

Idiotopic dolomite crystals are scattered throughout the limestone, decreasing in 

abundance with distance from areas of massive fracture-related dolomite. Disseminated 

dolomite preferentially replaces micrite or sparry calcite cement, overlapping onto the edges 

of bioclasts. There is a wide variety of luminescence patterns in disseminated dolomite.
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This type of dolomite is commonly observed in the "act" of replacing various 

bioclasts and sparry calcite. For example, echinoderms may have a single or couple of 

dolomite crystals at the centre (Plate 8d), bryozoans are replaced zooecium by zooecium 

and in corals and nautiloids the sparry cement within the corallites or chamber is 

preferentially replaced (Plates 8e and St).

Geochemistry of Fracture-Related Dolomite

The 818O values for replacement dolomite vary between -11.2 to -8.5 7oo PDB 

which is lower than the cap dolomite. The iron content varies between 1.7 and 4.1 mol ^o 

FeCOs. The brown cloudy cores are more ferroan (2.8 to 4.1 mol 9fc FeCOs) than the 

crystal terminations (1.7 mol 9fc FeCOs). This trend within individual crystals is the 

opposite of the cap's trend of less to more iron content toward the crystal margins.

Dolomitization of the Earlier Set of Fractures

The set of earlier moderately ferroan sparry calcite-occluded fractures can be seen in 

a variety of stages of dolomitization (Plate 9a, 9b, 9c and 9d). The early stages of 

replacement are observed in examples away from massive dolomitization. For example, 

disseminated dolomite either preferentially replaces the fracture-occluding sparry calcite or 

replaces both fracture-filling sparry calcite and original limestone. In the latter case the 

dolomite replacing the inclusion free fracture-filling sparry calcite is limpid and the dolomite 

replacing the original fractured limestone is turbid (Plates 9e and 9f). When completely 

dolomitized the replaced fractures are obvious because of the relatively fewer inclusions 

they contain.

Dolomitized Grainstone in OGS-82-2 Harwich 25-IECR
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Dolomitized Grainstone in OGS-82-2 Harwich 25-IECR

This well is located 30 km from the Renwick pool and 15 km from the Dover 

pool. Samples of dolomitized grainstone occur at depths of 929 m and 932 m. In both 

cases there is a light tan area in sharp contact with a dark brown area. The light tan 

section is porous with the pores partially occluded by anhydrite (Plates lOa, lOb). There 

is also a sharp contact between the light tan and dark brown sections under 

cathodoluminescence (Plate lOc): the light tan area is nonluminescent, whereas the dark 

brown is luminescent with red and nonluminescent zonation. The luminescent area 

contains two stages of dolomitization: scattered small idiotopic crystals that coalesce into 

a nonluminescent zone followed by several bands of luminescent red and nonluminescent 

dolomite (Plate l Od). The luminescent stages vary from medium to bright red. Within the 

adjacent limestone are scattered zoned dolomite crystals.

The 818O of this dolomitized grainstone is -9.2 9fco PDB based on one sample. 

Microprobe analyses were done on a sample at 933 m with several samples on the non 

luminescent side, and several on the luminescent side. FeCOs values on the non 

luminescent side vary between 4.0 and 9.7 mol %, whereas on the luminescent side they 

vary between 0.2 and 6.1 mol 9fc. Iron content on the luminescent side has a wider range 

in values, some of which are much lower than those on the non-luminescent side.

Dolomitized Upper 15 m - LAKE ERIE 302-D Well

The upper 15 m of the Lake Erie 302-D well is dolomitized and may be either an 

example of cap dolomite that extends downward for 15 m or fractured cap and fracture- 

related dolomite. There is increased porosity in the grainstone beds similar to the fracture- 

related dolomite and not characteristic of cap dolomite. The 6 18O is -7.2 ^ PDB in 

dolomite samples taken in the upper few metres and further downsection. This is a
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content throughout is that of fracture-related dolomite. These values are not included in the 

isotope or microprobe scatter graphs as it is not certain if this dolomidzed area is cap or 

fracture-related dolomite. The 618O is similar to that of the cap dolomite whereas the iron 

content is similar to that of the fracture-related dolomite.
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SADDLE DOLOMITE CEMENT

Saddle Dolomite in Massively Dolomitized Areas

Volumetrically saddle dolomite is the most abundant porosity occluding precipitate 

and partially to completely occludes both solution-enhanced fracture porosity and porosity 

developed in grainstones. Like the other types of dolomite it is not necessarily confined to 

the vicinity of fractures and may be located within limestone. For example, in Lambton 

County (Ram #90 Sombra 8-20-V) a limestone core contains vertical fractures occluded by 

saddle dolomite.

Typically, saddle dolomite appears as pearly white hypidiotopic crystals, up to 3 

mm in diameter with curved faces. As is characteristic of saddle dolomite, the extinction is 

undulose. 818O varies between -8.1 and -10.3 9k PDB. In stained thin section, the pore 

filling saddle dolomite exhibits one or two zones which are less (1.3 mol efo FeCOs) to 

more (5.9 mol 9fc FeCOs) ferroan toward the crystal termination. Generally, only one zone 

is apparent in occlusion of pinpoint intercrystalline porosity in grainstones and two zones in 

larger pore spaces (i.e., fractures or vugs).

All examples of solution-enhanced fracture porosity are partially to completely 

occluded by saddle dolomite. There may, however be a lack of saddle dolomite cement 

leaving a friable mass of sucrosic dolomite crystals in grainstone intercrystalline to vuggy 

porosity. The amount of saddle dolomite cement occluding grainstone intercrystalline to 

vuggy porosity varies between: 1) partial occlusion of pore space imparting a slightly 

mottled, brown-white colour, and 2) complete occlusion of pore space imparting a pseudo- 

brecciated appearance.

Fractures in Cons et al 34160 Romney 5-8-II have sulphides preceding saddle 

dolomite, whereas in Cons et al 33825 Mersea 7-14-A the saddle dolomite is coated by
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sulphides. Saddle dolomite is also followed directly by either sparry calcite crystals up to 2 

cm in diameter, or anhydrite laths up to 3 cm in length.

Saddle Dolomite Within Limestone

Saddle dolomite within limestone located away from pervasively dolomitized areas 

preferentially replaces primary sparry calcite cement that has precipitated in shelter-type 

pore spaces such as nautiloid chambers. The original limestone is completely cemented 

with no large shelter-type pore spaces remaining, leading to the assumption that the sparry 

calcite is preferentially replaced rather than primary void space being occluded by saddle 

dolomite.

Saddle dolomite that precipitated away from the fracture-related massive dolomite 

has intricately zoned luminescence terminating in a non-luminescent phase. The 518O of 

saddle dolomite away from areas of massive dolomitization varies between -9.6 and -6.5 

9fco PDB. The more depleted values correspond to saddle dolomite in limestone located 

within the pools; and therefore, closer to the fractures, whereas the heavier values are 

located further from the known fractures.

Examination of saddle dolomite away from massively dolomitized areas reveals the 

changes in geochemistry or temperature of the brines during migration from areas of 

massive dolomitization. The cathodoluminescence patterns and 818O values indicate that the 

iron content, temperature of the brine and water-rock ratio decreased with distance from the 

main fracture system.
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DISCUSSION OF DOLOMITE GEOCHEMISTRY

Cathodoluminescence

Several elements such as Mn and Pb are activators causing luminescence, whereas 

others such as Fe, Ni and Co are quenchers causing nonluminescence (Machel, 1985). 

Microprobe analyses have confirmed that the iron content is the main quencher in these 

sediments. The cathodoluminescence patterns; therefore, indicate for disseminated dolomite 

an initial ferroan phase followed by fluctuations from less- to more-ferroan, as the 

dolomitizing fluids migrated away from the areas of massive dolomitization.

Isotope Geochemistry

Significant advances in the understanding of the dolomitization process and the 

environments in which it occurs have been made recently (Zenger et al. ( 1980; Land, 1982; 

Morrow, 1982b and 1982c; Machel and Mountjoy, 1986; Hardie, 1987; Shukla and Baker, 

1988). There is, however much to be learned about this complex process and this becomes 

evident when reviewing the isotopic geochemistry of dolomitization. These problems are 

listed below:

1) The relationship between 818O water, 8 18O dolomite and temperature are not well 

understood Due to the fact that dolomite can not be precipitated in the laboratory at near 

earth surface temperatures, the fractionation factor equation must be extrapolated from 

experimental high temperature (1500C) precipitation (Land, 1983).

2) Dolomitization occurs under open system conditions, at least initially. As much as 800 

pore volumes of seawater are necessary to supply the magnesium for dolomitization 

and export the calcium (equation 1); therefore, closed system massive dolomitization is
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impossible. If magnesium is imported then 18O must be imported also (Land, 1980, 

1983).

2CaCO3*Mg <=> CaMg(CO3)2-H Ca (1)

3) Massively dolomitized carbonates may have undergone several recrystallizations 

to reach the more stable phase present (Land, 1983). Therefore, the isotopic 

signature may represent only the last event.

4) A scatter graph plot of 8 13 C versus 8 18 O values representing a variety of 

dolomitization environments depicts some overlap and confusion (Hardie, 1987).

Carbon Isotopes

In the case of replacement dolomitization the carbon values are expected to 

reflect the signature of the precursor sediment. This is due to the larger quantity of 

carbon residing in the sediment as compared to the pore water (Bathurst and Land, 

1986). The variation in the 813C values of carbonates throughout the Phanerozoic have 

been recorded by Veizer (1983). The variation in 813C and 818O of original marine 

cements thought to reflect the closest approximation of seawater have been reported 

by James and Choquette (1984).

The carbon isotope values of between -1.2 and 1.5 9feo PDB for these Middle 

Ordovician dolomites are close to the values for Ordovician marine calcite as indicated 

by Veizer (1983) and James and Choquette (1984).
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Oxygen Isotopes

The oxygen isotopic composition of dolomite is controlled by: 1) the temperature; 

2) the isotopic composition of the precipitating solution; and 3) the isotopic composition of 

the precursor if replacement These relationships are poorly understood (Bathurst and 

Land, 1986).

Due to the fact that dolomite cannot be precipitated in the laboratory at low 

temperatures it is not possible to directly determine the equilibrium oxygen isotopic 

fractionation factor between temperature, dolomite and water. The fractionation factor for 

lower temperature precipitation:

103 In a dolomite-water ~ 2.78 x 106 T'2 -i- 0.11 (Fritz and Smith, 1970)

has been extrapolated from high temperature. The above equation is one of several for 

dolomite, which along with one for calcite were plotted on a scatter graph. The results of 

the graph indicate that at 250C dolomite should be enriched in 18O relative to coexisting 

calcite by 3-6 9ko PDB. Examination of Holocene dolomite and coexisting calcite confirm 

that enrichment in 18O between them is between 2 and 4 9k? PDB (Land, 1983). Land 

(1980) cautions that dolomite generally replaces calcite and the 818O value of the two 

coexisting carbonate minerals may not be that of eogenetic phases.

A survey of 818O values indicates that ancient dolomites are depleted in 18O as 

compared to their modern counterparts. This may reflect any one of the following: 1) most 

dolomite formed originally under subsurface conditions; 2) the isotope signature reflects the 

last stabilization event; or 3) the world's oceans had lighter 818O values in the past 

(Bathurst and Land, 1986).



CHAPTER 4 OTHER FRACTURE-RELATED DIAGENETIC PHASES

Sulphides may precede saddle dolomite, sulphides may coat saddle dolomite or 

there may be no sulphides associated with saddle dolomite. The remaining porosity 

following sulphides and saddle dolomite is partially to completely occluded by anhydrite 

and/or sparry calcite, as well as trace amounts of fluorite and barite. The relative order of 

the cements following saddle dolomite and sulphides is anhydrite and then sparry calcite, 

however they are rarely present together and display complex interrelationships (Figure 

11). The most common situation is saddle dolomite followed by either sparry calcite or 

anhydrite, but in rare cases sulphides follow saddle dolomite. Pyrite may coat saddle 

dolomite but not sparry calcite indicating pyrite when present precipitated prior to sparry 

calcite.

Sulphides

Sulphides associated with breccia or fractures include pyrite and minor sphalerite 

and either precede or follow saddle dolomite cement. For example, Cons et al 34160 

Romney 5-8-II contains fractures coated with sulphides which are in turn overlain by 

saddle dolomite. This is in contrast to Cons et al 33825 Mersea 7-14-A where the 

sulphides coat saddle dolomite but not sparry calcite. Generally, the sulphides are absent 

or volumetrically minor with the exception of Cons et al 34160 Romney 5-8-n which

54
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Figure 11: Relative order of the fracture-occluding precipitates and the 
interrelationships between them.
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contains a vertical fracture system occluded by saddle dolomite and a larger than usual 

amount of pyrite reminiscent of Mississippi Valley-type mineralization.

Anhydrite

Anhydrite within the Middle Ordovician of southwestern Ontario can be divided 

into three different crystal morphologies. 1) A mass of subparallel to parallel white or 

translucent laths up to l cm in length and 750 jam in diameter. This anhydrite generally 

follows corroded dolomite cement (Plate l la). When viewed perpendicular to the parallel 

orientation this anhydrite appear as an equant mosaic (Plate 11 b). 2) Less commonly 

there is a cluster of several larger laths up to 3 cm in length. Clusters of these larger 

crystals occur in sucrosic dolomite. 3) Rarely there are smaller radiating fibrous crystals 

up to 750 ^m in length and 20 p.m in diameter (Plate l le).

The anhydrite either occludes fractures or breccia, or is present in subspherical 

vugs that are not obviously related to fractures. Some examples of anhydrite-filled 

fractures and vugs are described below:

1) Subspherical vugs filled with anhydrite are located in either dolomite or limestone. 

Commonly the wall of the vug has a lining of dolomite. This is generally saddle 

dolomite or in some cases the dolomite does not have the readily apparent 

characteristics of saddle dolomite. As well there are patches of dolomite rhombs within 

the anhydrite. There was either an initial phase of dolomite followed by anhydrite 

precipitation or the void was originally filled with dolomite which has since been 

partially dissolved and replaced by anhydrite.
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2) The fractures at the top of Cons et al 33825 Mersea 7-14-A are occluded by anhydrite. In 

thin section the anhydrite abuts corroded dolomite lining the fracture walls. This 

indicates dolomite occluded or partially filled the fracture and was later partially 

dissolved either before or during precipitation of anhydrite. Further downsection the 

fractures are filled with saddle dolomite followed by sparry calcite. In summary, at the 

top of this well the saddle dolomite has been partially replaced by anhydrite, whereas 

further downsection the amount of sparry calcite in the fracture increased at the expense 

of anhydrite.

3) Fractures in Rowe/Ram No 7 Dover 3-12-VE are occluded by anhydrite. In this core the 

limestone adjacent to the fractures is not dolomitized as with all other core containing 

fractures. Adjacent to the fractures there is disseminated dolomite and preferential 

dolomitization of a set of smaller fractures branching off the main fracture system. 

Within these anhydrite-filled fractures are dolomite rhombs, patches of dolomite rhombs 

and a stylocumulate fragment with dolomite attached, but there is no dolomite lining the 

fracture as is generally the case in other wells.

The third example above could be the same phase of fractures as all others or a later phase. 

If contemporaneous the solutions flowing through this fracture did not have the potential to 

massively dolomitize the adjacent limestone. There are, however no crosscutting relations 

or reactivated fractures elsewhere indicating a later phase of fracturing it is assumed this is 

the same phase as all the other fractures.

The anhydrite displays different relationships with the other lithologies. Fibrous 

radiating anhydrite laths as seen in Plate l le are located within a fracture occluded by 

sparry calcite and large (up to 3 cm in length) anhydrite laths. These fibrous anhydrite laths
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are replacing both the sparry calcite and a large anhydrite lath. There is evidence of 

anhydrite being replaced by dolomite. Within the OGS 82-2 Harwich 25-IECR well there is 

undolomitized grainstone in which scattered anhydrite laths have preferentially been 

replaced in part by dolomite. The dolomite is pseudomorphic after the anhydrite laths (Plate 

lid).

Hydrocarbons

In thin section both saddle dolomite and anhydrite are coated in hydrocarbons. This 

does not necessarily indicate that the hydrocarbons postdate saddle dolomite and anhydrite, 

but these two minerals may have grown in a fluid containing hydrocarbons. Based on fluid 

inclusion evidence in a study of the Albion-Scipio field, Shaw (1975) determined 

hydrocarbon migration to have occurred during saddle dolomite precipitation. The many 

similarities between the Middle Ordovician hydrocarbon accumulations in Southwestern 

Ontario and Michigan suggest hydrocarbon migration in southwestern Ontario occurred at 

the same time as in Michigan, however there is at present no fluid inclusion evidence to 

confirm the relative timing of hydrocarbon migration in southwestern Ontario.

Fracture-Sparry Calcite

Sparry calcite cement that occludes both fractures and porosity developed in 

grainstones is clear, hypidiotopic and may be as large as 3 cm. Potassium ferricyanide stain 

indicates that there is no iron zoning within the sparry calcite. In thin section the sparry 

calcite is commonly twinned and in rare cases has undulose extinction. Under 

cathodoluminescence it is uniformly bright orange luminescent. This is in sharp contrast to 

non-luminescent saddle dolomite which it commonly abuts or limestone and earlier sparry 

calcite that has dull orange luminescence. Occasionally there are minute fractures occluded
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by this sparry calcite and under cathodoluminescence these fractures are observed to cut 

through dolomite crystals (Plate 12a).

The 818O values vary between -10.4 and -6.2 9fcc PDB. This is approximately the 

same range as fracture-related replacement dolomite and saddle dolomite cement, but some 

values are more enriched in 18O, overlapping with the range of saddle dolomite cement 

which has precipitated away from the fracture zones. The carbon isotopes are slightly lower 

than all other lithologies (-3.5 to -0.8 ^ PDB). The MnCOs content (0.01 to 1.18 mol (fc) 

is higher than any of the other types of dolomite or calcite, explaining the bright orange 

luminescence. FeCOs varies between 0.2 and 0.7 mol tfa which is slightly higher than the 

iron content of earlier sparry calcite (0.2 to 0.3 mol 9fc FeCOs).

Dedolomite

Sparry calcite replaces disseminated, saddle and replacement dolomite. This 

relationship includes: 1) replacement by calcite of zones within fracture-related replacement 

dolomite, saddle dolomite cement, or disseminated dolomite (Plates 12b, 12c, and 12d); 2) 

corroded saddle dolomite crystal faces, overlain by calcite (Plate 13a); and 3) ubiquitous 

dedolomitization within the saddle dolomite crystal, but the termination abutting sparry 

calcite may remain unaltered (Plate 13b and 13c).

Dedolomitization of saddle dolomite varies between partial replacement of less 

stable ferroan zones as in the first relationship above to nearly complete replacement of the 

entire crystal with only the skeleton of the former crystal remaining (palimpsest texture) 

(Plate 13d). The calcite-replaced zones acquire the same sweeping extinction as the saddle 

dolomite. (Plate 13e and 130-

Dedolomitization in disseminated dolomite crystals is of preferential zones within 

the crystals. These zones are assumed to have been the more ferroan ones observed under
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backscatter. This replacement is of an inner zone or the edges. The edges when replaced by 

calcite have an extinction pattern distinctly different as compared to the rest of the crystal.

Calcitized Anhydrite

Remnants of former anhydrite laths can be observed within fracture sparry calcite. 

For example a fracture has been occluded by saddle dolomite, anhydrite and sparry calcite. 

A single anhydrite lath is partially replaced by fracture sparry calcite (Plates 14a-14b). This 

former anhydrite lath is apparent as the original shape is outlined by hydrocarbons which 

are now entombed in the sparry calcite cement. In another example the skeletons of former 

anhydrite laths remain as bifurcating fiberous remnants within the fracture sparry calcite 

(14c-14d).

Fluorite and Barite

Fluorite and barite are located in the SJ. Putman-W.C. Sellars No. l Malden 67-VI 

core which also exhibits considerable dedolomitization and replacement of anhydrite by 

sparry calcite. Both fluorite and barite were confirmed by microprobe analyses (Plate 15a). 

This pair of minerals is present within fracture sparry calcite. The fluorite is present as 

idiotopic cubes up to 200 Jim, whereas barite is hypidiotopic and considerably smaller (up 

to 10 Mm).

Summary of the Fracture-Related Diagenetic Phases

1) Sulphides are a minor component and pre- and/or post-date saddle dolomite.

2) The relative order of the more abundant cements are saddle dolomite followed by 

anhydrite and then sparry calcite.
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3) Saddle dolomite, the most abundant cement, may be in direct contact with either 

anhydrite or sparry calcite. The anhydrite stage may be missing.

4) Saddle dolomite when in contact with anhydrite is usually corroded.

5) There is replacement of both dolomite (dedolomitization) and anhydrite by sparry calcite.

6) The relative order of the trace amounts of fluorite and barite with respect to the other 

fracture-related phases is unclear.



CHAPTER 5 DISCUSSION OF CAP DOLOMITE, FRACTURE-RELATED

DOLOMITE AND DEDOLOMTTE

DOLOMITIZATION

There are several questions regarding dolomitization which must be addressed:

1) Does the cap dolomite and fracture-related dolomite result from the same solution or 

different solutions?

2) If different which of the cap dolomite or fracture-related dolomite comes first and what 

is the effect of one on the other?

3) What does the geochemistry reveal of the nature of the fracture-related dolomitizing 

solution?

4) Did fracture-related dolomitization result from hydrothermal brines?

5) If hydrothermal, does the dolomitizing fluid come from above or below?

I) Does the cap dolomite and fracture-related dolomite result from the same solution 

or different solutions?

Compared to fracture-related dolomite the cap dolomite is more ferroan and has a 

slightly higher 818O values. Where the cap is intersected by fractures the 518O and iron 

content become lower. The cap and fracture-related dolomite do not have the same

62



63

geochemistry and are considered to be the result of two different solutions reacting with the 

limestone. The fractured cap is more similar in geochemistry to fracture-related dolomite.

2) If different which of the cap dolomite or fracture-related dolomite comes 

first and what is the effect of one on the other?

The 818O values become progressively lower between the cap (518O ^ -7.3 to -8.3 

9fco PDB) and fracture-related dolomite (818O - -8.1 to -11.2) indicating increasing 

temperatures. Therefore, cap dolomitization occurred first, followed by fracture-related 

dolomitization and these two types of dolomite represent separate events temporally. Prouty 

(1988) suggests the brines responsible for fracture dolomitization in the Michigan Basin 

moved upward from below and became dammed beneath the Blue Mountain shale. In this 

case, the brines dammed beneath the Blue Mountain shale may have spread out laterally 

resulting in dolomitization of the upper few metres of the Trenton Group. As the brines 

traveled away from the fracture the temperature dropped resulting in higher 818O values of 

the cap dolomite. Two problems exist with the latter hypothesis: one is explaining why the 

dolomite is more ferroan in the cap and the other is explaining why the cap dolomite is not 

thicker near the fracture becoming progressively thinner with distance, as would be 

expected with damming. Perhaps the increased iron content could be explained by an 

additional input of iron-rich water during dewatering of the Blue Mountain Formation 

shales but the consistent thickness of the cap is still contrary to a damming hypothesis (see 

cross-section in figure 9). In summary, the most reasonable sequence of events is cap 

dolomitization occurring first, followed by fracture dolomitization.
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3) What does the geochemistry reveal of the nature of the fracture-related 

dolomitizing solution?

The fracture-related replacement dolomite (518O = -8.5 to -11.2 9fo PDB) and 

saddle dolomite cement (518O ~ -8.1 to -10.3 ^ PDB) have a similar range of 818O 

values and similar iron content indicating fracture-related replacement dolomitization 

and saddle dolomite cementation resulted from the same brine. According to Radke 

and Mathis (1980) and Machel (1987), saddle dolomite precipitates from hypersaline 

brines at temperatures between 600C and 1500C, therefore, both fracture-related 

replacement dolomite and saddle dolomite cement are presumed to be the result of 

warm hypersaline brines.

4) Did fracture-related dolomitization result from hydrothermal brines?

In a study of the southern section of the Michigan Basin, Cercone (1984) 

suggests 1000 m of sediment were removed during post-Pennsylvanian erosion and 

also indicates that a higher geothermal gradient of 35-450C7km was present during 

basin subsidence. Hogarth and Sibley (1985) calculate a slightly lower geothermal 

gradient of 310C7km. The present burial depth of 700 m to 900 m plus an assumed 1000 

m of sediment removed gives a maximum burial depth before the post-Pennsylvanian 

unconformity of 1700 m to 1900 m. Assuming a generous 350Qkm geothermal gradient 

and a surface temperature of 200C, the temperature at the maximum burial depth 

during the Mississippian would have been SCPC to 870C. This figure is in agreement 

with Legall et al. (1981) in which conodont and arcritarch colour alteration studies 

revealed thermal alteration of 60 0C to 900C for Middle Ordovician sediments in 

southwestern Ontario. It is; therefore, possible that the dolomitizing brines were not 

at an anomalously high temperature for maximum or near maximum burial.
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Hydrothermal in this case refers to water that is derived from elsewhere and is at a 

higher temperature than that of the ambient formation fluid. There are, however 

several factors which suggest the brines may, in fact, be hydrothermal:

1) Dolomitization would have to take place close to the time of maximum burial before 

post-Pennsylvanian erosion. The time at which dolomitization took place is unclear 

at present. Prouty (1988) suggests dolomitization and mineralization in Mississippi 

Valley deposits and those of the Michigan Basin may have occurred in the Early 

Mississippian. If this were the case most of the assumed 1000 m of eroded 

sediment (Cercone, 1984) would not have been deposited. The burial temperature 

would be too low for fracture-related dolomitization, therefore, hydrothermal brines 

would be the only explanation.

2) The possibility remains that dolomitization occurred at the time of maximum burial. 

The temperature for maximum burial of 60 0C to 900C calculated by Legall et al. 

(1981) is at the low end of the range of saddle dolomite precipitation temperatures 

(60 0C to 1500C) and according to Machel (1987) the reliable temperatures 

available in the literature range from 90 0C to 2150C (p. 936, after Roedder, 1968; 

Beales and Hardy, 1980; Morrow et al., 1986; Lee and Friedman, 1987). If this is 

the case then 60 0C to 900C for maximum burial of Middle Ordovician sediment in 

southwestern Ontario is too low for saddle dolomite precipitation.

3) The oxygen isotope values for saddle dolomite cement precipitated away from the 

fracture zones are enriched in 18O as compared to those precipitated in the fracture 

zones. This enrichment in 18O may be the result of decreasing temperature of the
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brine and/or decreasing water-rock ratio with distance from the main fracture 

system. These oxygen isotope values indicate there may have been a decrease in 

temperature as the brines migrated away from the fractures. In order to decrease in 

temperature the brines would have to be hydrothermal.

Two conditions must, therefore, be met before dolomitization could occur at 

natural burial temperatures: dolomitization would have to proceed close to the time of 

maximum burial; and dolomitization would have to occur at the low end of the range for 

saddle dolomite precipitation. At present the low end of the range of saddle dolomite 

precipitation temperatures is somewhat in doubt.

None of the above factors alone are proof of a hydrothermal brine migrating in 

along the fractures, but combined they suggest it is the more likely alternative. 

Therefore, hydrothermal brines are the more reasonable explanation, although there is 

rio conclusive evidence. Examination of fluid inclusions within the saddle dolomite 

would give the temperature of the brines from which the fracture-related dolomite 

precipitated.

5) Did the dolomitizing fluid come from above or below?

The thick overlying sequence of Upper Ordovician shales and limestones would 

block migration from above unless they were also fractured. There are slickensides in 

the Blue Mountain Formation which are highly polished, but have no adjacent 

dissolution of shale or associated fracture-occluding precipitates. If significant 

amounts of fluids traveled along these fractures there would be evidence of dissolution 

of the shale and/or precipitation of similar fracture-occluding precipitates as in the 

Trenton and Black River groups. The alternate hypothesis is that the Cambrian sands
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below provided an aquifer for migration of brines that ascended the Middle Ordovician 

fractures. If the solutions did come from below there should be similar fracture- 

occluding precipitates in the Cambrian sands.

Preliminary results of a study of the Cambrian and Ordovician Shadow Lake 

Formation in southwestern Ontario by Wadleigh et al. (1990) indicate that the sands 

are cemented by sparry calcite, dolomite and dedolomitized. The 518O values of the 

dolomite in the Cambrian cluster around -6.5 ^ PDB and 8?Sr786Sr ratio averages 

0.70926   0.00017. These values are interpreted by Wadleigh et al. (1990) to be 

derived from Cambrian seawater. These 818O values are higher than those of the 

Middle Ordovician fracture-related dolomites. If the brines responsible for Middle 

Ordovician fracture-related dolomitization traveled through the Cambrian sands before 

ascending the oxygen isotope values of the Cambrian carbonate cements should be 

the same or even more depleted as the brines could cool during the migration upward. 

The strontium isotope values for Cambrian dolomite cements are, however in the 

same range as those reported by McNutt et al. (1987) for Middle Ordovician fracture- 

related cements (0.70829-0.71066). The 818O values for calcite-dolomite pairs 

reported by Wadleigh et al. (1990) are higher and lower than the values for dolomite 

samples. These lower values may turn out to be related to Middle Ordovician fracture- 

related dolomites.

A descending solution would be lower in temperature as compared to the 

maximum burial temperatures for Middle Ordovician sediments, whereas an ascending 

solution would be higher in temperature. As stated previously the maximum burial 

temperatures are low for saddle dolomite precipitation; and therefore, an even lower 

temperature brine migrating in from above may be too low in temperature for saddle 

dolomite precipitation, whereas a higher temperature ascending brine could precipitate
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the saddle dolomite regardless of whether or not it cools to the maximum burial 

temperature for the Middle Ordovician sediments.

The following combination of factors and hypotheses indicate that the more 

reasonable explanation for Middle Ordovician fracture-related dolomitization is the 

ascension of brines during the Mississippian and that there is a possible link between 

these brines responsible for Middle Ordovician fracture-related dolomitization in the 

Michigan Basin and others responsible for Mississippi Valley-type mineralization in 

the eastern United States. 1) The Middle Ordovician fracture-related dolomites and 

associated mineralization in southwestern Ontario are in close proximity with non- 

economic Mississippi Valley-type deposit reported in Middle Ordovician strata in 

Wyandot County (Budai et al., 1984); Silurian strata in upper New York State 

(Friedman, 1989); and Silurian strata in southern Ontario (Farquhar et al., 1987). 2) 

The mineralization in this type of hydrocarbon play is similar to those of Mississippi 

Valley-type deposits in general (Anderson and Macqueen, 1982; Sangster, 1983; 

Ohle, 1985). 3) It has recently been suggested that many Mississippi Valley-type 

deposits in the central and eastern United States are related to the Appalachian- 

Ouachita orogeny (Buelter and Guillemette, 1988). The emplacement of most 

Mississippi Valley-type deposits in the Appalachians coincide with Alleganian 

tectonism (Friedman, 1989). Mineralization in both upper Mississippi Valley 

deposits and fracture-related reservoirs in the Michigan Basin occurred during the 

Early Mississippian and the brines possibly had a common source (Prouty, 1988). 4) 

Finally, Farquhar et al. (1987) suggest the lead isotopes of Silurian galena in the 

Niagara Peninsula in southern Ontario are linked to those in the Appalachian Basin 

and hypothesize that brines migrated northward from the Appalachian basin during 

late Paleozoic - early Mesozoic Alleganian deformation.
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TRENTON-BLUE MOUNTAIN CONTACT AND ASSOCIATED

CAP DOLOMITE

There are two possibilities to explain cap dolomitization: one is dolomitization 

by seawater during a period of submarine exposure, and the other is dolomitization 

due to the dewatering and possible illitization of the shales of the Blue Mountain 

Formation (Taylor and Sibley, 1986).

Dolomite, phosphate and pyrite appear to be a common suite of early 

secondary minerals in limestones associated with shales rich in organic matter 

(Sheldon, 1987; Compton, 1988). The oxidation of organic matter during biogenic 

sulphate reduction results in the production of H2S, which reacts with iron to form 

monosulphides which in turn are transformed into pyrite (Berner, 1984). The iron and 

organic matter in this case could be derived from the overlying shales of the Blue 

Mountain Formation. Connate waters within limestones and associated shales also 

have an increase in phosphorus (Compton, 1988). The phosphorus which is highly 

reactive combines with Ca, COs and F to form francolite or Ca and COa without F to 

form dahllite, in which the Ca and COs is supplied by the limestone and the F is 

derived from the seawater (Compton, 1988). However, the above reaction is inhibited 

by Mg, therefore in order to explain the combination of dolomite, phosphate and pyrite 

it is thought that an amorphous phase of Ca phosphate precipitates and is later 

convened to francolite after the Mg has been used up in the dolomitization process 

(Compton, 1988). The combination of limestone, organic-rich shales and seawater 

may, therefore provide suitable conditions for dolomitization to proceed.
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If complete dolomitization of the cap was to occur on the sea floor, there should 

be a 3 to 6 ^ enrichment in the 618O of the dolomite as compared to the calcite which 

precipitated from the same solution (seawater) due to the isotopic fractionation factor 

(Land, 1980, 1983). Assuming an isotopic fractionation factor of 39fo PDB and the 

closest approximation to Middle Ordovician seawater precipitates in the study area 

based on brachiopods and micrite (Appendix 3) is -5.6 to -4.7 ^fao PDB, then the 

expected value of dolomite precipitated from seawater would be -2.6 to -1.7 9fcc PDB. 

The isotopic signature of the cap dolomite (-8.3 to -7.3 9fcc PDB) is lower than would 

be expected if complete dolomitization occurred on the seafloor.

It is possible that partial dolomitization of the upper few metres of the Trenton 

Group occurred on the seafloor during the extended period of submarine exposure. The 

cap dolomite was later overprinted during burial. Coniglio and James (1988) proposed 

a similar two phase mechanism for dolomitization of the Cambro-Ordovician Cow 

Head Group sediments located in western Newfoundland. The present oxygen isotope 

signature indicates the most recent dolomitizing event occurred at slightly elevated 

temperatures.

Taylor and Sibley (1986) suggest that the cap dolomite in Michigan resulted 

from dewatering and illitization of the shales of the Utica Formation (Blue Mountain 

Formation equivalent). A combination of factors indicate that the same explanation 

applies to southwestern Ontario:

1) The consistent thickness of the cap dolomite beneath the Blue Mountain shale 

throughout the southern portion of Michigan Basin indicates a possible link 

between the the shale and the cap dolomite.
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2) The relatively low 818O values of the cap dolomite are indicative of slight burial but 

are not as low as that of the higher-temperature fracture-related dolomites.

3) The high ferroan content of the cap dolomite as compared to the fracture-related 

dolomite suggests that dewatering and illitization of shale increased the iron 

content and Mg:Ca ratio of the solution within the Trenton limestone adjacent to the 

shale.

DOLOMITIZED GRAINSTONE IN THE OGS 82-2 WELL (LOCATED AWAY

FROM THE FRACTURES)

The dolomitized grainstone beds in this well could be related to either the cap 

dolomite or the fracture-related dolomite. The 8 18O of the dolomitized grainstone is - 

9.2 9bo PDB which is similar to fracture-related dolomite, but depleted in 18O as 

compared to that of the cap dolomite. What is surprising is that the values are not 

higher as would be expected of a brine which has cooled while traveling away from the 

main fracture system as is characteristic of saddle dolomite cement which has 

precipitated in limestone away from the main fracture dolomite (see section "Saddle 

Dolomite Within Limestone" in Chapter 3). A possible explanation is that there is a 

fracture system which has been dolomitized and is located closer to the OGS well 

than the Renwick and Dover pools which are at distances of 30 km and 15 km, 

respectively.
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SUMMARY OF DOLOMITIZATION

1) The cap dolomite and fracture-related dolomite are the result of two different 

solutions.

2) The cap dolomite came first and there is a fracture-related imprint on the cap where 

it is transected by fractures.

3) The fracture-related replacement dolomite and saddle dolomite cement have an 

overlapping range of isotope values indicating they are both the result of warm (60 

to 1500C) hypersaline brines.

4) There is no conclusive evidence to indicate the dolomitizing brine was hydrothermal 

or at ambient burial temperatures, but a combination of factors support 

hydrothermal dolomitization.

5) The fracture-related dolomitizing brines were derived from elsewhere, the sands of 

the Shadow Lake Formation and Cambrian acting as the aquifer.

6) Cap dolomitization may be the result of seawater circulating through the sediment 

during the period of submarine exposure. The nature of this contact indicating a 

prolonged period of submarine exposure explaining why this hardground contact has 

associated dolomitization. The current isotopic signature, however supports 

recrystalization during dewatering and illitization of the overlying shales of the Blue 

Mountain Formation as the dolomitization mechanism.
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COMPARISON OF MIDDLE ORDOVICIAN DOLOMITE 

IN ONTARIO AND MICHIGAN

Cap dolomite and fracture-related dolomite have been reported outside southwestern 

Ontario in Michigan* Indiana and Ohio in both the Michigan Basin and northern 

Appalachian Basin (Shaw, 1975; Taylor and Sibley, 1986; Keith, 1986,1988b; Budai and 

Wilson, 1988; DeHaas and Jones, 1988; Fara and Keith, 1988; Haefner et al., 1988; and 

Prouty, 1988). Figure 12 is a scatter graph comparison between the cap dolomite, fracture- 

related replacement dolomite and saddle dolomite cement in southwestern Ontario and 

Michigan (Michigan data from Taylor and Sibley, 1986). The cap dolomite of Ontario and 

Michigan have similar values and are circled on the graph, however the fracture-related 

dolomite in Michigan appears to have slightly more enriched oxygen isotope values of up to 

-6.2 as compared to -8.1 for Ontario. In Michigan there is an overlap in oxygen isotope 

values between the cap and fracture-related dolomite whereas in southwestern Ontario there 

is a separation between them except for one saddle dolomite sample. This indicates some of 

the fracture-related dolomite in Michigan precipitated at lower temperatures than the 

fracture-related dolomite in southwestern Ontario or there was a combination of decreased 

temperature and water-rock interaction.
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Figure 12: Scatter graph plot comparison of stable isotopes (dolomite, C and O) 

between the Middle Ordovician of southwestern Ontario and Michigan. The 

results are reported in 9fo PDB. Michigan data are from Taylor and Sibley (1986).



75

DEDOLOMITIZATION

In southwestern Ontario the interrelationships between dolomite, anhydrite and 

fracture-related sparry calcite are complex. Calcite replaces both dolomite 

("dedolomitization") and anhydrite ("calcitization of anhydrite"), or there is partial 

dissolution of dolomite prior to anhydrite precipitation. Dedolomitization refers to the 

replacement of dolomite by calcite, either as dolomite dissolution concomitant with calcite 

precipitation or as dissolution followed by a later phase of calcite precipitation. The 

replacement of anhydrite by calcite is rarely documented

Dedolomitization Environments

Dedolomitization is most commonly thought to occur under near surface conditions. 

Dedolomitization was thought to be the result of the reaction between a calcium sulphate 

solution and dolomite (Shearman et al., 1961). Experimental work by DeGroot (1967) 

indicated that the process of dedolomitization requires high Ca/Mg ratios, a high rate of 

water flow, temperatures less than 500C and partial pressure of carbon dioxide lower than 

0.5 atmospheres; therefore, this is a gypsiferous solution at near-earth suface conditions. 

Following this experimental work dedolomitization was proposed to be a useful indicator 

of unconformity surfaces (Evamy, 1967; Braun and Friedman, 1970; Wolfe, 1970; 

Mossier, 1971; Usenmez et al., 1988). There has since been a variety of suggestions about 

the composition of the solution responsible for dedolomitization, but generally the 

environment has been a near-surface one. For example, ferroan dolomite is susceptible to 

dedolomitization in the surface environment in the presence of either sea water or fresh 

water (Al-Hashimi and Hemingway, 1973; Frank, 1981). Dedolomitization in calcian 

dolomite zones are due to an increase in the Ca:Mg ratio of the dolomitizing brine (seawater
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concentrated 5 to 6 times that of normal seawater) by dilution resulting from an influx of 

fresh or normal seawater (Katz, 1971). Decreasing salinity is due to a drop in sea level and 

influx of meteoric water with no evidence of sulphates (Jones et al., 1989). 

Dedolomitization under burial conditions is rarely reported but has been documented by 

Budai et al. (1984) in the Madison Limestone of the Wyoming and Utah thrust belt This 

rare documentation may not be the result of a lack of dedolomitization occurring under 

burial conditions but the lack of recognition and understanding of this phenomenon.

Recent changes in thought about dolomitization may indirectly bring about changes 

in thought about dedolomitization as well. Mixing zone dolomitization had become a very 

popular method of explaining dolomitization. Machel and Mountjoy (1986) and Hardie 

(1987) suggested a re-examination of this widely accepted model with the end result being 

the acceptance of dolomitization occurring in a more diverse range of environments with 

minor amounts of dolomite forming in the mixing zone. Consequently, it may turn out 

many of the massive dolomites that were previously thought to be mixing zone dolomites 

are not actually mixing zone dolomites and subsequent dedolomitization occurring in these 

sequences may not have occurred under near surface conditions.

Discussion of Burial Dedolomitization

The range of oxygen isotope values is similar for saddle dolomite (-8.1 to -10.3 9fo 

PDB), saddle dolomite in limestone (-6.5 to -9.6 ̂  PDR) and fracture sparry calcite (-6.2 

to -10.4 96o PDB). The brine from which both saddle dolomite and sparry calcite 

precipitated was modified from one with a low Ca:Mg ratio during dolomitization to one 

with a high Ca:Mg ratio during dedolomitization. Taking the fractionation factor into 

account the present oxygen isotopic signature of the sparry calcite should be lower in order 

to have precipitated at a similar temperature. Sparry calcite thus appears to have precipated
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at a lower temperature than the saddle dolomite assuming precipitation from isotopically 

identical fluids There are several explanations for the lower temperature. 1) The sediment 

was exhumed to a shallower depth during post-Pennsylvanian erosion. It is presently 

unclear when dolomitization occurred, but the Carboniferous has been suggested. 

Dolomitization and sparry calcite precipitation are separate events temporally. It is unknown 

how much time separates the two events. 2) If the brine was hydrothermal it cooled with 

time. Any one or both combined may explain this decrease in temperature. The second 

explanation has also been invoked to explain the 18O enrichment of the saddle dolomite 

precipitating brine that migrated away from the fractures.

Dedolomitization followed the precipitation of dolomite and anhydrite at depth after 

fracturing. As these dolomites have never been at less than their present depth of 700 to 

900 m dedolomitization must have occurred after deposition of the overlying Upper 

Ordovician shales. It is highly unlikely that dedolomitization was influenced by a meteoric 

water input. Meteoric water could not penetrate the overlying thick sequence of shales. If a 

solution did migrate down through the overlying Silurian evaporites the geochemistry of 

these meteoric waters would be so modified that a meteoric geochemical signature would 

not be discernable.

Geochemistry of Dedolomitization

Following dolomitization there is an excess of Ca, as seen in the following reaction:

2 CaCQj -i- Mg <=> CaMg (CO3)2 4- Ca (1)

In this reaction two calcites in contact with a Mg-rich solution produces dolomite and an 

excess of Ca. In addition chemical compaction during burial also produces Ca and
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Dolomitization in Middle Ordovician carbonates of southwestern Ontario resulted from the 

reaction between hypersaline brines and limestone. The hypersaline brines naturally contain 

abundant SO4 and CO^. The Ca produced during the dolomitization reaction (1) and 

chemical compaction is added to the hypersaline brine. This excess of Ca may result in the 

dissolution of dolomite and precipitation of anhydrite or calcite depending on the 

availability of COs and SO* and/or kinetics. The most commonly used dedolomitization 

reaction is as follows:

CaSO4*CaMg(CO3)2 <=> 2CaCOs*MgSO4 (2)

where a calcium sulphate solution reacts with dolomite to produce calcite plus a very 

soluble magnesium sulphate mineral (Shearman et al., 1961). This indicates a natural 

progression of basinal brines in the presence of carbonates as follows:

1) An increase in Ca during the process of dolomitization and chemical compaction.

2) This is followed by dedolomitization or precipitation of anhydrite in the presence of a 

calcium sulphate-enriched solution

DISCUSSION OF CALCITIZATION OF ANHYDRITE

The few documented examples of calcitized anhydrite are thought to have resulted 

from near surface conditions. Shearman and Fuller (1969) describe calcitized anhydrite in 

the Winnipegosis Formation, Saskatchewan, and suggest this process took place in a 

sabhka environment. Harwood (1980) suggests calcitized anhydrite in the English 

Zechstein was due to reduction of organic matter. Pierre and Rouchy (1988) document
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calcitized anhydrite in the Middle Miocene of Egypt and Machel (1987,1989) documents 

the same in the Upper Devonian Nisku reefs without any suggestions on the possible 

mechanism. In southwestern Ontario dedolomitization and calcitization of anhydrite are 

contemporaneous; therefore burial conditions apply to calcitization of anhydrite as well as 

dedolomitization.



CHAPTER 6 SUMMARY AND CONCLUSIONS

SUMMARY

Overall the Trenton and Black River groups consist of a deepening upward 

sequence of bioclastic carbonates. Grainstones, important due to their preferential 

porosity development, display three relationships with the other lithologies: grainstone 

interbedded with carbonate mudstone or wackestone, with sharp upper and lower 

contacts; fining-upward from grainstone through to carbonate mudstone with sharp upper 

and lower contacts; or nodular packstone-grainstone enveloped in argillaceous seams and 

surrounded by wackestone or carbonate mudstone.

While on the seafloor a major hardground developed at the top of the Trenton and 

many smaller scale hardgrounds developed within the Trenton and Black River groups. 

Sparry calcite cements consist of isopachous rims, syntaxial overgrowths and blocky 

sparry calcite partially to completely occluding the remaining pore space. These sparry 

calcite cements began precipitating on the seafloor and continued to occlude primary 

porosity with progressive burial. In some examples there is minor primary microporosity 

remaining.

Brecciation is classified as a crackle breccia. This breccia is always cemented 

with no evidence in the core available of matrix-supported or rotated fragments. There are

80
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poorly developed stylolites within these breccia fragments, whereas more fully developed 

stylolites are located elsewhere.

Porosity is of two types: solution-enhanced fracture porosity, and pinpoint 

intercrystalline to vuggy porosity developed in grainstones, that are located in the vicinity 

of the fractures. Both types of porosity are partially to completely occluded by saddle 

dolomite, sulphides, sparry calcite and anhydrite with minor fluorite and barite.

The two main types of dolomite include cap dolomite developed in the upper few 

metres of the Trenton Group, and fracture-related dolomite in the vicinity of fractures. 

Fracture-related dolomite can be further subdivided into replacement dolomite, saddle 

dolomite cement and fractured cap dolomite. Based on degree of preservation and 

porosity, replacement dolomite can be subdivided into non-porous with excellent 

preservation of original depositional fabric, porous with good preservation of original 

depositional fabric and porous sucrosic with no preservation of original depositional 

fabric. This lithology preservation is based on hand sample. In thin section the 

preservation is only discernible in rare examples. Cap, fracture-related replacement and 

saddle dolomite are disseminated within limestone away from the fractures.

Fracture occluding cements include saddle dolomite, sulphides, anhydrite and 

sparry calcite and trace amounts of barite and fluorite. Saddle dolomite is followed by 

anhydrite and then sparry calcite. Sulphides are a minor component and either pre- or 

post-date saddle dolomite. Saddle dolomite, the most abundant cement, may be in direct 

contact with either anhydrite or sparry calcite or the anhydrite stage may be missing. 

Saddle dolomite in contact with anhydrite is usually corroded. There is replacement of 

both dolomite (dedolomitization) and anhydrite by sparry calcite. The relative order of 

fluorite and barite with respect to the other fracture-related phases is unclear.
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FUTURE WORK

Fluid inclusion data from both the saddle dolomite and fracture sparry calcite would 

answer the following questions. 1) Was the dolomitizing brine hydrothermal or at ambient 

burial temperatures? 2) Did the dolomitizing brine contain hydrocarbons? If the 

dolomitizing brine was hydrothermal and contained hydrocarbons then the Collingwood 

could not have been the only source rock. This is because the Collingwood would be at 

ambient burial temperatures. If the dolomtizing brine did not contain hydrocarbons, then 

the porosity-enhancing solution was not derived from the Ordovician shales and must have 

migrated in from elsewhere. The most likely route being along the Cambrian sands and up 

the fractures.

Closer inspection of the relationship between the cap dolomite, Blue Mountain 

Formation and Collingwood Member might provide more information on the dolomitizing 

mechanism of the cap. Does the cap dolomite disappear where the Collingwood begins? 

Does the submarine exposure surface also end with the Collingwood or does the cap 

dolomite and hardground continue on in the upper part of the Collingwood beneath the 

Blue Mountain Formation? Disappearance of the cap dolomite and hardground beneath the 

Blue Mountain Formation implies that there is no relationship between the dolomite and the 

shale, and instead the relationship is between the hardground and the cap dolomite.
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CONCLUSIONS

A thorough examination of styloiite-fracture relationships indicate fracturing is 

syncompactional. The following two factors combined with evidence of syncompactional 

fracturing indicate karstification is burial or hydrothermal as opposed to meteoric. 1) The 

Trenton and Black River groups form a deepening-upward sequence which continued to 

deepen during deposition of the shales of the Blue Mountain Formation. 2) The strong 

resemblance of this contact to a hardground as suggested by Keith (1986* 1988b) and Fara 

and Keith (1988).

The porosity, and hence the hydrocarbons, are found only in fracture-related 

dolomite including the fractured cap. The seal is provided by the original non-porous 

limestones, the cap dolomite or the overlying shales depending on the depth of the 

fractures. The hydrocarbons associated with fractures are located in the middle to upper 

Trenton in the extreme southwest and increase in depth downsection with distance to the 

north and east. The karstification may have occurred contemporaneous with or previous to 

dolomitization. This porosity-enhancing solution is either derived from the Collingwood 

Member/Blue Mountain Formation and descended or is derived from elsewhere and 

migrated in along the Cambrian sands. The preferred hypothesis is that porosity 

enhancement was contemporaneous with dolomitization and the solution responcible for 

both was derived from elsewhere.

The isotope and elemental geochemistry indicates the cap dolomite and fracture- 

related dolomite were the result of two different solutions. The cap dolomite precipitated 

first, followed by fracture-related dolomitization. Where the cap was transected by fractures 

it was overprinted by dolomite having lower 5180 values and a lower iron content The 

cap dolomite may have begun to precipitate during the time of submarine exposure but the
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isotopes indicate that the present signature is not the result of Middle Ordovician seawater, 

and instead the cap dolomite resulted from dolomitization by a magnesium-rich solution at 

slightly elevated temperatures. The dolomitizing solution was most likely derived from the 

dewatering and illitization of the overlying sequence of Upper Ordovician shales as 

suggested by Taylor and Sibley (1986).

The overlapping range of isotope values between replacement and saddle dolomite 

indicate the same warm hypersaline brine is responsible for all fracture-related dolomite. 

There is no conclusive evidence to indicate whether these dolomitizing brine were at 

ambient burial temperatures or hydrothermal, but a combination of factors suggest they 

were hydrothermal and derived from below. The Cambrian sands acted as the aquifer. The 

migration of the dolomitizing brine may have been contemporaneous with the aggressive 

solution responsible for dissolution of limestone.

The relative order of the fracture-occluding precipitates is sulphides and saddle 

dolomite followed by anhydrite and sparry calcite. A complex series of interrelationships 

between these minerals includes: partial dissolution of saddle dolomite before anhydrite 

precipitation; sparry calcite followed by saddle dolomite directly without an intervening 

stage of anhydrite precipitation; and concomittant replacement of dolomite and anhydrite by 

sparry calcite. Combined fracture-related dolomitization and chemical compaction increased 

the calcium content of the sulphate-rich brine resulting in dedolomitization and/or 

precipitation of anhydrite. This is a natural progression of basinal brines as seen in the 

Appalachian, Western Canada and Michigan basins.
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Plate 1: Facies

a: OGS 82-2 Chatham Harwich 25-IECR, 1159 m depth. Bioturbated carbonate mudstone 

in the Gull River Formation of the Black River Group. The burrow centres (1) and 

formerly aragonitic bioclasts (2) have been replaced by sparry calcite. The lower 

carbonate mudstone is tan (L) with an overlying medium brown (M) carbonate mudstone 

which is in turn overlain by dark brown (D) carbonate mudstone. This example is not 

dolomitized.

b: OGS 82-2 Chatham Harwich 25-IECR, 992 m depth. Overlying a carbonate mudstone 

(M) is a grainstone (G) at the base and fining upward to a carbonate mudstone (M), which 

in turn is overlain by another sharp based grainstone (G). This type of sequence most 

likely represents a storm deposit This example is not dolomitized.

c: Cons et al 34345 Romney 8-13-3, 848 m depth. Grainstone (G) interbedded with a 

wackestone (W) below and above. This example, located just below the oil producing 

horizon, is dolomitized which explains the intercrystalline porosity in the grainstone.

d: Cons et al 33821 Mersea 3-12-1, 791 m depth. Dolomitized nodular bioclastic 

limestone with sucrosic dolomite developed in the former packstone-grainstone nodules. 

Porosity is pinpoint intercrystalline to vuggy with minor saddle dolomite cement and a 

few scattered sparry calcite crystals (arrow points to 5 mm sparry calcite crystal).
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Plate 2: Hardgrounds and Dolomite Seams

a: Cons et al 34345 Romney 8-13-ni, 854.2 m depth. Hardground contact (arrow) 
between carbonate mudstone (M) at the base and overlying wackestone (W) is sharp, bored 
and is classified as a smooth hardground. Bar scale is in centimetres.

b: Cons et al 33823 Mersea l-12-A, 764.6 m depth. Hardground contact between the black 
shales of the Blue Mountain Formation and the dolomitized bioclastic limestone "cap 
dolomite" of the Trenton Group. There is an increase in pyrite and phosphate at the contact 
and this example is classified as an undercut hardground. Bar scale is in centimetres.

c: Drawing of the Cons et al 33823 Mersea 1-12-A Trenton Group-Blue Mountain 
Formation contact. Black arrow points to the contact; DPY - disseminated pyrite; SH ~ 
black Blue Mountain shale; DSC - dolomitized sparry calcite; GS = dolomitized geopetal 
sediment; otherwise the remainder of the Trenton Group in this sample is dolomite with 
disseminated phosphate, pyrite and anhydrite.

d: OGS 82-2 Chatham Harwich 25-IECR, 1141.7 m depth. Dolomite seam (arrow) within 
the lower Gull River is cut by a grainstone bed (G) and is underlain by a carbonate 
mudstone. Bar scale is in centimetres.

e: OGS 82-2 Chatham Harwich 25-IECR, 1141.7 m depth. Backscatter photomicrograph 
of nonzoned hypidiotopic dolomite in a dolomite seam within the lower Gull River.
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Plate 3: Sparry Cements and Chert

a: OGS 82-2 Chatham Harwich 25-IECR, 939 m depth. Grainstone in which the cements 
consist of isopachous "dog tooth" sparry calcite (arrow) surrounding a brachiopod 
fragment (B). Echinoderm fragments (E) have syntaxial overgrowths and the remainder of 
the interparticle pore space (P) is partially occluded by equant sparry calcite. Note the 
isopachous sparry cement with idiotopic terminations protrude into the pore space. A single 
dolomite crystal (D) is shown in the upper left corner. Photomicrograph is in plane 
polarized light. Bar scale equals 200 mn.

b: OGS 82-2 Chatham Harwich 25-IECR, 1076.1 m depth. Grainstone with gastropods 
preserved as inclusion rich outlines and geopetal sediment preserved as an inclusion rich 
area. Both the gastropod and geopetal sediment have an isopachous rim of sparry calcite 
and the remainder of the pore space is occluded by equant sparry calcite. This example 
within the Gull River is initially non-ferroan sparry calcite followed by slightly ferroan 

sparry calcite toward the centre of the former pore space. Photomicrograph is in plane 
polarized light. Bar scale equals l mm.

c: Rowe/Ram 7 Dover 3-12-VE, 1105.4 m depth. A void within limestone (L) is filled by 
equant sparry calcite (C) followed by blocky quartz (Q). The sparry calcite crystal 

boundaries have been replaced by chert (arrow) and likely acted as conduits for migration 

of a silica-rich solution to the centre of the pore space. Photomicrograph is in plane 
polarized light. Bar scale equals l mm.

d: Rowe/Ram 7 Dover 3-12-VE, 1105.4 m depth. Qose-up of the above in which the chert 
(CH) can clearly be seen replacing the boundaries between the equant sparry calcite crystals 
(SC). Photomicrograph is in crossed polarized light Bar scale equals 200 Jim.
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Plate 4: Stylolite* and Chert

a: Rowe/Ram 7 Dover 3-12-VE, 1104.9 m depth. Microquartz chalcedony fibres within a 

chert nodule. Bar scale equals 200 pm

b: Place Gas and Oil Lake Erie 302-D, 646 m depth. Disseminated dolomite (arrow) has 

either been consumed by the stylolite or the dolomite crystal growth has been terminated by 

the stylolite. Photomicrograph is in plane polarized light Bar scale equals l mm.

c: Place Gas and Oil Lake Erie 302-D, 653 m depth. Grainstone Gower half) adjacent 

packstone (upper half). Stylolites have developed in the packstone (P) but not in the 

grainstone (G). Photomicrograph is in plane polarized light Bar scale equals 1300 Jim.

d: Putman-Sellars no. l Malden 66-VE, 682 m depth. Vertical stylolite (arrow) adjacent a 

fracture (F). The stylolite runs through both the fracture and the host rock. This example is 

dolomitized

e: Cons et al 33821 Mersea 3-12-1, 957 m depth. Dolomitized wackestone with 

stromatactis-like cavities (S) cementation-reduced by saddle dolomite. Bar scale is in 

centimetres.
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Plate 5: Syncompactional Fracturing

a: Putman-Sellars no. l Malden 67- Vn, 682 m depth. Horizontal stylolite stops abruptly at 

the fracture (F) occluded by sparry calcite. The squares within the fracture sparry calcite are 

fluorite cubes (arrow). This example is dolomitized Bar scale equals l mm.

b: Cons et al 33825 Mersea 7-14-A, 770 m depth. Crackle breccia located in the oil 

producing zone. The fragments are cemented together by anhydrite (A) and the breccia 

fragments contain stylolites in the early stages of development Bar scale is in centimetres.

c: Cons et al 33825 Mersea 7-14-A, 770 m depth. Thin section photomicrograph of a 

poorly developed stylolite (white arrow) within a breccia fragment. The breccia fragments 

are cemented by a corroded rim of saddle dolomite (black arrow), the remainder of the pore 

space is occluded by anhydrite (A). Bar scale equals l mm.

d: Rowe/Ram 7 Dover 3-12-VE, 1095.7 m depth. Fractures (F) in this example are 

occluded by anhydrite and floating dolomite crystals. Within this anhydrite fracture-fill is a 

fragment of stylocumulate (arrow) with dolomite attached (D). In this example the 

limestone adjacent to the fracture has not been dolomitized. Bar scale equals l mm.
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Plate 6: Dolomite and Porosity Types

a: Cons et al 33823 Mersea 1-12-A , 801.3 m depth. Non-porous dolomite with excellent 
preservation of depositional fabric. This example is nodular in which the geopetal sediment 
is preserved within the bivalves. Bar scale is in centimetres.

b: Cons et al 33823 Mersea 1-12-A, 780 m depth. Dolomitized grainstone with good 
preservation of bioclasts. Pinpoint to vuggy intercrystalline porosity has been partially 

occluded by saddle dolomite and anhydrite. This grainstone has abundant brachiopods. 
Plate 8b is an example of this type of dolomite in thin section. Bar scale is in centimetres.

c: Cons et al 33823 Mersea 1-12-A, 787 m depth. This dolomitized nodular limestone has 

sucrosic dolomite and vuggy porosity developed in the packstone-grainstone nodules. In 
this case porosity has not been occluded by saddle dolomite precipitate, but there are a few 
scattered sparry calcite crystals. Bar scale is in centimetres.

d: Cons et al 33822 Mersea 5-11-1,764 m depth. Porosity is nearly completely occluded by 
saddle dolomite cement imparting a mottled white-brown colour. A minor amount of 
fracture porosity remains in the upper right corner. Bar scale is in centimetres.
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Plate 7: Cap Dolomite and Fracture-Related Dolomite

a: OGS 82-2 Chatham Harwich 25-DECR, 900.7 m depth. Thin section photomicrograph in 

plain polarized light of the cap dolomite. Bar scale equals l mm.

b: Cons et al 33825 Mersea 7-14-A, 769.8 m depth. Thin section photomicrograph in plain 

polarized light of the fractured cap dolomite. F refers to a fracture. Bar scale equals l mm.

c: Cons et al 33821 Mersea 3-12-1, 786.1 m depth. Sucrosic dolomite grading from 

hypidiotopic at the centre of the photomicrograph to xenotopic at the edges, (plain polarized 

light). Bar scale equals l mm.
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Plate 8: Dolomtization of Bioclasts

a: Cons et al 33821 Mersea 3-12-1,775.2 m depth. The echinoderm in this grainstone has 

been replaced by an single dolomite crystal. Bar scale equals l mm.

b: Cons et al 33821 Mersea 3-12-1,793.4 m depth. These echinoderms (E) are preserved 

as an inclusion rich area within the saddle dolomite crystals in this sucrosic dolomite. Bar 

scale equals l mm.

c: Cons et al 33821 Mersea 3-12-1, 814.3 m depth. Thin section photomicrograph of a 

dolomitized brachiopod-rich grainstone. The shapes of the brachiopods (arrow) are 

preserved as relatively inclusion free patches. Bar scale equals l mm.

d: SJ. Putman-W.C. Sellars no. l Malden 66-VII, 650 m depth. Echinoderms within 

limestone will commonly have a couple of idiotopic dolomite crystals developed near the 

centre. Note in this example the stylolite has developed around the echinoderm and has not 

dissolved the edges of the echinoderm. Bar scale equals l mm.

e: Cons et al 33821 Mersea 3-12-1, 809.0 m depth. Nautiloid within micrite has been 

preferentially replaced by dolomite. See lower right corner where dolomite crystals 

replacing the nautiloid protrude into the micrite. Bar scale equals l mm.

f: OGS 82-2 Chatham Harwich 25-EECR, 1015 m depth. Cathodoluminescence 

photomicrograph of dolomite (1) preferentially replacing the sparry calcite (2) within 

individual coralites. Bar scale equals 250 Jim.
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Plate 9: Dolomitization of the Early Set of Fractures

a: Rowe/Ram 7 Dover 3-12-VE, 1112 m depth. An early fracture (F) cuts a formerly 

aragonitic bioclast (B). The bioclast was dissolved and replaced by an isopachous rim 

followed by blocky sparry, whereas the fracture filling consists of only the blocky sparry 

calcite. Dolomite (D) is preferentially replacing the fracture-fill.

b: Rowe/Ram 7 Dover 3-12-VE, 1112 m depth. Close-up of lower left corner of plate 8a. 

Note the dolomite (D) replacing the fracture-fill in the lower half of photo.

c: Rowe/Ram 7 Dover 3-12-VE, 1112m depth. Preferential replacement of the fracture-fill 

by dolomite (D) and the termination of another fracture (F) at the stylolite. Arrow points to 

the stylolite.

d: Cons et al 33823 Mersea l-12-A, 793.4 m depth. Completely dolomitized fracture (F) 

and echinoderm fragments (E) have resisted dissolution and remain intact in a sucrosic 

dolomite. This may be an example of the above early set of fractures which has been 

completely dolomitized

e: Cons et al 33821 Mersea 3-12-1,816.4 m depth. Cathodoluminescence photomicrograph 

of the relatively early set of fractures occluded by sparry calcite which is dull orange 

luminescence as opposed to the bright orange luminescence of the main phase of fracture- 

occluding sparry calcite. The fracture is being replaced by nonluminescent idiotopic 

dolomite crystals.

f: Cons et al 33821 Mersea 3-12-1, 865.8 m depth. Replacement dolomite (RD) example in 

which the relatively early set of fractures (F) remain as inclusion-free areas.
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Plate 10: Dolomitized grainstone in the OGS 82-2 Chatham Harwich 25- 

IECR

a: OGS 82-2 Chatham Harwich 25-D5CR, 929 3 m depth. Dolomitized grainstone in the 

OGS well located away from the fractured oil pools. Under cathodoluminescence the 

lighter coloured area is nonluminescent whereas the darker area is zoned red luminescent. 

The arrow points to the contact between the luminescent and nonluminescent areas. This 

dolomite has mm size intercrystalline porosity partially occluded by anhydrite (not visible in 

photo). Bar scale is in centimetres.

b: OGS 82-2 Chatham Harwich 25-IECR, 932 m depth. Cathodoluminescence 

photomicrograph of the contact between more ferroan (nonluminescent) and less ferroan 

(zoned luminescent) areas as seen in plate 9a. Arrow points to the contact Bar scale equals 

250

c: OGS 82-2 Chatham Harwich 25-IECR, 932 m depth. Cathodoluminescence 

photomicrograph of dolomite on the luminescent side of Plate lOc. There is one set of 

smaller crystals (1) which coalesce into the second larger set of crystals (2). The final phase 

is nonluminescent (3). Bar scale equals 250 urn.

d: OGS 82-2 Chatham Harwich 25-IECR, 932 m depth. Cathodoluminescence 

photomicrograph of the luminescent area. There are scattered hypidiotopic dolomite crystals 

that are zoned bright to dull red luminescent and nonluminescent and coalesce into a 

nonluminescent zone. Bar scale equals 250 JJ.ITL
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Plate 11: Anhydrite

a: Cons et al 33825 Mersea 7-14-A, 769.8 m depth. A fracture cuts replacement dolomite 
(RD). Typical example of fracture-occluding anhydrite laths (A) in which the edge of the 
fracture is lined with dolomite (D) and there are patches of dolomite crystals in the 

anhydrite. The dolomite abutting anhydrite tends to have corroded terminations. Bar scale 

equals l mm.

b: Cons et al 33821 Mersea 3-12-1, 954.1 m depth. When viewed perpendicular to the 

above parallel orientation the anhydrite laths appear as a mass of equant crystals. There are 
scattered dolomite crystals in the anhydrite. Bar scale equals l mm.

c: Cons et al 33823 Mersea 1-12-A, 793.4 m depth. Fibrous anhydrite is replacing 
anhydrite lath. Bar scale equals 200 Jim.

d: OGS 82-2 Chatham Harwich 25-IECR, 929.3 m depth. Scattered anhydrite laths in a 
grainstone (not dolomitized). The anhydrite laths are preferentially partially dolomitized 

(D). The dolomite is pseudomorphic after the anhydrite. Bar scale equals l mm.
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Plate 12: Fracture-Sparry Calcite and Dedolomite

a: Cons et al 33821 Mersea 3-12-1,863.7 m depth. Cathodoluminescence photomicrograph 

of a fracture (F) occluded by bright orange luminescent sparry calcite. The fracture is 

cutting zoned fracture-related dolomite crystals. This indicates a later phase of minute 

fractures occluded by sparry calcite. Bar scale equals 250 Jim.

b: Cons et al 33821 Mersea 3-12-1, 786.1 m depth. This example of fracture-occluding 

saddle dolomite is partially dedolomitized. The sparry calcite has preferentially replaced the 

last zone (arrow) which is relatively more ferroan and less stable. Bar scale equals 200 \im.

c: Cons et al 33821 Mersea 3-12-1,783.1 m depth. The dolomite crystal and dedolomite in 

the above example are at extinction acting as one crystal. Bar scale equals 200 |im.

d: Cons et al 33821 Mersea 3-12-1,783.1 m depth. Preferential dedolomitization (DE) of 

outer more ferroan zone in replacement dolomite (D). Bar scale equals 200 pin.
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Plate 13: Dedolomite

a: Cons et al 33821 Mersea 3-12-1, 797.3 m depth. A disseminated dolomite crystal that is 

preferentially dedolomitized in the inner more-feiroan zone (arrow). Bar scale equals 200

b: Cons et al 33821 Mersea 3-12-1, 783.1 m depth. Cathodoluminescence photomicrograph 

of a corroded contact between saddle dolomite (non-luminescent) and fracture sparry calcite 

(white area). The outline of the dolomite termination remains in fracture-occluding sparry 

calcite (arrow). Bar scale equals 250 Jim.

c: Cons et al 33822 Mersea 5-11-1, 762.7 m depth. This fracture is occluded by saddle 

dolomite (D) followed by sparry calcite (C). In this example the saddle dolomite 

termination is not corroded. Bar scale equals l mm.

d: Cons et al 33825 Mersea 7-14-A, 773.9 m depth. Close-up of ubiquitous 

dedolomitization (darker areas) in this section of fracture-occluding saddle dolomite. The 

adjacent saddle dolomite crystal is at extinction (black area). Bar scale equals 200 Jim.

e: S.J. Putman-W.C. Sellars no. l Malden 66- VE, 698 m depth. Cathodoluminescence 

photomicrograph of palimsest texture where only remnants of the former saddle dolomite 

crystal remains. Bar scale equals 250 firn.

f: S.J. Putman-W.C. Sellars no. l Malden 66- VII, 701 m depth. Preferential 

dedolomitization of an outer and inner zone (C) in saddle dolomite (D). Both the dolomite 

and sparry calcite are at extinction (E) acting as one crystal. Bar scale equals l mm.
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Plate 14: Calcitized Anhydrite

a: Cons et al 33822 Mersea 5-11-1,760.7 m depth. A rare example of a fracture occluded 

by anhydrite (white), dolomite (D) and sparry calcite (Q. The anhydrite lath grew within 

hydrocarbons which now outline the original shape of the lath (arrow). The dolomite also 

grew within the hydrocarbons and later both dolomite and anhydrite were partially replaced 

by sparry calcite. Traces of the original anhydrite lath (white) are entombed within the 

sparry calcite. Bar scale equals l mm.

b: Cons et al 33822 Mersea 5-11-1, 760.7 m depth. Another view of the above under 

crossed nicols in which the remaining section of the anhydrite lath is optically continuous at 

extinction. Bar scale equals l mm.

c: S.J. Putman-W.C. Sellars No. l Malden 67-VI, 683 m depth. Remnants of anhydrite 

(white) in fracture sparry calcite cement. Photomicrograph was taken under crossed nicols. 

Arrow points to anhydrite. Bar scale equals l mm.

d: S.l. Putman-W.C. Sellars No. l Malden 67-VI, 683 m depth. Close -up of the above in 

which the anhydrite remnants can be seen in the fracture sparry calcite. The anhydrite 

remnants have been partially plucked from the thin section. The adjacent sparry calcite 

crystal is at extinction. Bar scale equals 200 |im.
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Plate 15: Fluorite and Barite

a: S.J. Putman-W.C. Sellars No. l Malden 67-VI, 682 m depth. Fluorite cubes within 

fracture-occluding spany calcite. Fracture cuts replacement dolomite (RD). Bar scale equals 

l mm.

b: SJ. Putman-W.C. Sellars No. l Malden 67-VI, 682 m depth. In this close-up of plate 

l IB the fluorite crystal is partially plucked and the fibrous anhydrite can be seen within the 

fluorite cube. Bar scale equals 200 |im.

c: S J. Putman-W.C. Sellars No. l Malden 67-VI, 682 m depth. Backscatter 

photomicrograph of fluorite (F) and barite (B) in fracture-occluding sparry calcite.
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APPENDIX l 

SUMMARY OF CORE DATA

This appendix contains a summary of the pertinent data for each core examined 

(Table 2). The columns are listed under the following headings:

POOL - The field in which the core is located.
WELL - The name of the well.
LAB NO. - The core storage facility in London has their own set of reference numbers

for the core.
SPUD - The year the well was drilled. 
STATUS - The hydrocarbon production status of the well. 
CORE AVAIL - The depth from top to bottom of the core measured in metres. 

TOP TRENT - The depth to the top of the Trenton measured in metres. 
INTERVAL - The formation the core penetrates. 
DOLOMITIZED INTERVAL - The depth of top to bottom of the core which is

dolomitized as opposed to limestone. 
OIL SHOW - The depth from top to bottom at which there was an oil show. Gas is

generally absent unless stated.
COMMENT - Description of any unusual or characteristic features of the core. 

W. LOG - Type of well log available. 
C. ANALY - If there is core analyses available.

ABBREVIATIONS IN THE DATA BASE FOR THE SUMMARY OF CORE 

DATA

MER - Mersea
ROMY - Romney
IMP - Imperial
BM - Blue Mountain Formation
TR - Trenton Group
CBG - Cobourg Formation
SF - Sherman Fall Formation
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KIRK - Kiikfield Formation
COBK - Coboconk Formation
GR - Gull River Fonnation
SL - Shadow Lake Formation
ALL - entire Middle Ordovician interval
ABD - abandoned
SUSP - suspended
GP - gas production
OP - oil production
INT-interval
CAP - cap dolomite
SD - saddle dolomite
FSC - firacture sparry cacite
LMST - limestone
GRST-grainstone
ANH - anhydrite
COMP - completely
CEMNTD - cemented
BX- breccia
XLL-crystal
FRACT - fracture
MVT - Mississippi Valley-type deposit
9fc - porosity
/-with
HG - hardground
GR - gamma ray log
NEUT - neutron log
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APPENDIX 2 

DOLOMITE TYPES

This is a list of cores meeting the stipulations described in the text on which the 

dolomite divisions are based.

CAP DOLOMITE

These cores are considered to contain cap dolomite.

OGS 82-2 HARWICH 25-BECR - This core contains 1.2 m of cap dolomite. 

OGS 82-3 YARMOUTH 3-9-1 - This core contains 0.6 m of cap dolomite. 

IMPERIAL OIL 646 ROMNEY-31 GORE A - This core contains 2.0 m of cap dolomite.

FRACTURED CAP AND FRACTURE-RELATED DOLOMITE

These cores contain both fractured cap dolomite and fracture-related dolomite as defined 

in the text.

CONS ET AL 33821 MERSEA 3-12-1 - The upper 32 m are dolomitized and the

remainder of core is interbedded limestone and dolomite.

CONS ET AL 33825 MERSEA 7-14-A - The entire core available is dolomite (20 m). 

CONS ET AL 33823 MERSEA 1-12-A - The entire core available is dolomite (55 m).
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FRACTURE-RELATED DOLOMITE

This fracture-related dolomite extends downsection from the Trenton-Blue Mountain 

contact, however the actual contact is not available in core.

CONS ET AL 34151 MERSEA 7-8-VIE - This core begins 2.0 m below the Trenton- 

Blue Mountain contact and is dolomitized for 39.5 m downsection.

CONS ET AL 34160 ROMNEY 5-8-H - This core begins 0.5 m below the Trenton-Blue 

Mountain contact and is dolomitized for 60 m downsection.

FRACTURE-RELATED DOLOMITE

This fracture-related dolomite is separated from the cap dolomite by a limestone interval.

CONS ET AL 33822 MERSEA 5-11-1 - The cap dolomite in this core extends 

downsection for 3.4 m followed by 2.6 m of limestone then is dolomitized for the 

22.5 m of remaining core. The core starts just below the cap dolomite.



APPENDIX 3 

CARBON AND OXYGEN ISOTOPE DATA

The 818O and 613C samples which have been examined arc listed and described in 

Table 3 under the following headings:

LITHOLOGY - The type of lithology tested.
FIELD - The field in which the sample is located.
WELL - The name of the well.
CORE LAB NO.- The core storage facility in London has their own set of reference
numbers for the core.
DEPTH - The depth of the sample in metres.
GRAPH - This column contains the name under which the samples have been plotted on
a graph. If there is a blank the sample has not been plotted and an explanation for each is
listed below.
DESCRIPTION - A basic description of each sample. For example, "sd in bx" is a saddle
dolomite cementing a breccia,
ASSOCIATED - This is for samples in which another lithology has been examined for
stable isotopes. For example, a breccia may have fracture-related massive dolomite,
saddle dolomite cement and fracture-occluding sparry calcite
818O and 813C - All results are in ppt relative to the PDB standard.

ABBREVIATIONS IN DATA BASE FOR THE GRAPHS

ADJ - adjacent
ANH - anhydrite
BX - breccia
DOL - dolomitized
DOL GR - dolomitized grainstone
ESC - early sparry calcite
FR CAP - fractured cap dolomite
FR -S C - fracture-related sparry calcite
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INT SED - internal sediment
LMST-limestone
MD - massive dolomite
FOR - porous
PYR - pyrite
SC - sparry calcite
SD - saddle dolomite
VERT-vertical
XLL-crystal
/-with
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LJTHOLOGY
DOLOMfTE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMfTE
DOLOMfTE
DOLOMfTE
DOLOMITE
DOLOMITE
DOLOMfTE
DOLOMITE
DOLOMITE
DOLOMfTE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
DOLOMITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE
CALCITE

WELL NAME
B ANO.1 SANDERSON MALDEN 67-VI
BANO.19-ANDERSON MALDEN 67-VI
BAN0.19-ANDERSON MALDEN 67-VI
CONS ET AL 33821 MERSEA 3-12-1
CONS ET AL 33823 MERSEA 1-12-A
CONS ET AL 33823 MERSEA 1-12-A
CONS ET AL 33821 MERSEA 3-12-1
CONS ET AL 33821 MERSEA 3-12-1
CONS ET AL 33821 MERSEA 3-12-1
CONS ET AL 33823 MERSEA 1-12-A
CONS ET AL 33823 MERSEA 1-12-A
CONS ET AL 33825 MERSEA 7- 14- A
CONS ET AL 33825 MERSEA 7-1 4- A
CONS ET AL 33821 MERSEA 3-12-1
CONS ET AL 33821 MERSEA 3-12-1
CONS ET AL 33823 MERSEA 1-12-A
CONS ET AL 33823 MERSEA 1-12-A
CONS ET AL 33825 MERSEA 7- 14- A
OGS-82-2 HARWICH 25-IECR
OGS-82-2 HARWICH 25-IECR
OGS-82-2 HARWICH 25-IECR
IMP OIL 646 ROMNEY-31 -GORE A
CONS ET AL 34345ROMNEY 8-13-1 II
CONS ET AL 34160 ROMNEY 5-8- 1 1
CONS ET AL 34160 ROMNEY 5-8- 1 1
PLACE GAS A OIL LK ERIE 302 D
PLACE GAS A OIL LK ERIE 302 D
OGS-82-3 YARMOUTH 3-9-I
ROWE/RAM 12 DOVER 6-6-IVE
ROWE/RAM 12 DOVER 6-6-IVE
ROWE/RAM 7 DOVER 3- 12- VE
RAM 90 SOMBRA 8-20-V
B ANO. 19- ANDERSON MALDEN 67-VI
PUTMAN-SELLAR NO.1 MALDEN 66- VII
PUTMAN-SELLAR NO.1 MALDEN 66- VI l
CONS ET AL 33821 MERSEA 3-12-1
CONS ET AL 33821 MERSEA 3-12-1
CONS ET AL 33825 MERSEA 7-1 4- A
CONS ET AL 33821 MERSEA 3-12-1
OGS-82-2 HARWICH 25-IECR
OGS-82-2 HARWICH 25-IECR
OGS-82-2 HARWICH 25-IECR
CONS ET AL ROMNEY 8-13-11 1
ROWE/RAM 7 DOVER 3-1 2- VE
ROWE/RAM 7 DOVER 3- 12- VE
ROWE/RAM 12 DOVER 6-6-IVE
RAM 90 SOMBRA 8-20-V
RAM 90 SOMBRA 8-20-V

DEPTH
2238.0
2238.0
2243.0
797.3
812.5
812.5
957.1
957.1
767.6
811.5
811.5
773.9
773.9
951.5
791.3
779.8
766.5
769.8
933.0
900.7
932.2
2700.0
867.4
826.6
806.8
2060.0
2072.0
859.8
1021.9
1021.9
1095.7
1052.8
2238.0
2320.2
2320.2
797.3
797.3
773.9
791.3
1076.1
1023.0
1159.4
867.4
1115.5
1115.5
1021.9
1041.4
1049.4

GRAPH
SO
FR-RD
SO
SDINLMST
FR-RD
FR-RD
FR-RD
FR-RD
FR-CAP
FR-RD
FR-RD
FR-RD
SO
SO
FR-RD
FR-RD
FR-CAP
FR-CAP
SO IN LMST
CAP

CAP
SDINLMST
FR-RD
FR-CAP

CAP
FR-RD
SO
SO IN LMST
SO IN LMST
FRSC
FRSC
FRSC
?
?
FRSC
FRSC
ESC
LMST
LMST
LMST
ESC
LMST
FRSC
LMST
LMST

OTHER
FR-SC
FR-SC

LMST

PYR

FR-SC
FR-SC

FR-SC
ANH

ANH
ANH
LMST

PYR

PYR
FR-SC
FR-SC
ANH

MO/SO
SO
SO
SO
SO
SO
GRDOL

SD/LM

MD/SD

4'*o
-9.29
-9.92
-8.73
-8.83
-11.09
-11.15
-9.31
-9.41
-8.69
-10.55
•10.40
-9.52
-9.97
-10.25
•8.53
-8.89
-8.99
-9.22
-7.80
•8.34
-9.14
-7.34
•9.58
-9.57
-9.75
-7.16
-7.13
-7.98
•8.58
-8.10
-7.89
-6.46
-10.40
-6.84
-6.20
-7.06
-9.27
•8.00
-7.94
-6.10
-4.74
•5.16
-5.24
-5.95
•5.26
-9.97
•5.05
•5.62

(T'C
•0.38
•0.72
•0.28
0.00
•0.71
•0.67
•0.88
-1.01
-0.67
0.10
0.16
-0.40
-0.17
-0.22
-0.15
0.03
-0.56
-1.01
•0.52
-0.91
0.15
•0.34
0.62
•0.29
-1.07
•0.27
-0.29
-0.04
0.53
0.47
0.28
1.57
•1.66
•3.45
•3.08
•2.07
-1.29
•2.12
•2.97
0.21
1.08
-1.56
0.73
•2.22
•2.42
-0.83
0.54
0.58

Table 3: Oxygen and Carbon isotope data of limestone and dolomite samples of 
the Middle Ordovician of southwestern Ontario.
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MICROPROBE SAMPLES AND DATA

Traverses of up to thirteen spots cross the pore filling cements, otherwise there are 

six to ten spots per thin section. The thirteen samples chosen include:

Fracture-Related Replacement Dolomite (2 Samples)
Cons et al 33821 Mersea 3-12-1 (770 m depth)
Fracture-related replacement dolomite in which the pore space is partially occluded by
saddle dolomite.
Cons et al 33825 Mersea 7-14-A (778.4 m depth)
Fracture-related replacement dolomite in which the pore space is partially occluded by
both saddle dolomite and sparry calcite.

Cap Dolomite (2 Samples)
OGS-82-2 Harwich 25-ffiCR (900.7 m depth)
Imperial oil 646 Romney-31 Gore A (822.7 m depth)

Fractured Cap Dolomite (2 Samples)
Cons et al 33821 Mersea 3-12-1 (767.6 m depth) 
Cons et al 33825 Mersea 7-14-A (769.4 m depth)

Sucrosic Dolomite Containing Fracture Sparry Calcite (l Sample) 
PPC/RAM 12 Dover 6-6-IVE (1022.6 m depth)

Place Gas St Oil Lake Erie 302-D (2 Samples)
l cap dolomite sample (627.9 m depth)
l dolomitized sample located further downsection (631.2 m depth)

OGS-82-2 Harwich 25-IECR
l dolomite sample (933 m depth)
3 grainstone samples (limestone) at 963,1076.1 and 1141.7 m depth
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The remainder of this appendix contains two charts of the microprobe results 

convened to molecular percent The first chart contains limestone data and the second 

contains dolomite data.

TABLE 4 MICROPROBE DATA FOR LIMESTONE SAMPLES

The limestone sample data is displayed in the following columns.

PT - Point Number
WELL -Well Name
DEPTH - Depth of the sample in metres from the surface.
UTH - This is the type of lithology.
CaCOa - CaCQs mole 9fe
MgCQs - MgCOs mole 9fc
MnCOs - MnCOs mole *fo
FeCOs -

The abbreviations used in the lithologic descriptions include.

FRSC - fracture sparry calcite
SC - sparry calcite
ECH - echinoid including the syntaxial overgrowth
BR - brachiopod
INCL - inclusions of calcite within dolomite
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WELL NAME
OGS82-2 HARWICH 25-IECR
OGS82-2 HARWICH 25-IECR
OGS82-2 HARWICH 25-IECR
OGS82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS82-2 HARWICH 25-IECR
OGS82-2 HARWICH 25-IECR
OGS82-2 HARWICH 25-IECR
OQS82-2 HARWICH 25-IECR
OGS82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
CONS ET AL 33821 MER 3-12-1
CONS ET AL 33821 MER 3-12-1
CONS ET AL 33821 MER 3-12-1
CONS ET AL 33821 MER 3-12-1
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
SJ.PUTMAN-W.C.SELLARS NO.V

DEPTH
963.0
963.0
963.0
963.0
963.0
963.0
963.0
963.0
963.0
963.0
963.0
1076.1
1076.1
1076.1
1076.1
1076.1.
1141.7
1141.7
1141.7
1141.7
1141.7
767.6
767.6
767.6
767.6
778.4
778.4
778.4
698.3

LITH
se
se
X
se
se
BR
BR
BCH
KM
BCH
INCL
se
se
se
x
x
x
x
BX
B3H
X
FRX
FRX
FRX
FRX
FRX
FRX
FRX
FRX

CaCOS
99.05
98.83
99.12
98.98
99.33
98.94
98.95
99.70
99.78
99.08
99.23
99.14
99.54
99.75
99.38
99.73
99.41
99.40
97.80
97.77
99.27
98.91
98.27
98.17
97.35
97.85
98.73
97.85
98.19

MgCO3
0.81
0.78
0.52
0.64
0.65
0.96
1.01
0.19
0.19
0.69
0.68
0.83
0.39
0.17
0.35
0.10
0.56
0.53
2.16
2.20
0.66
0.78
1.01
1.29
1.71
0.63
0.19
0.68
0.39

MnCO3
0.13
0.12
0.01
0.11
0.01
0.08
0.03
0.05
0.01
0.10
0.08
0.01
0.01
0.01
0.06
0.08
0.01
0.01
0.01
0.01
0.06
0.01
0.18
0.14
0.27
1.15
0.77
0.84
1.18

FeCO3
0.01
0.27
0.35
0.26
0.01
0.01
0.01
0.05
0.01
0.14
0.01
0.01
0.05
0.07
0.22
0.08
0.01
0.06
0.03
0.01
0.01
0.30
0.54
0.41
0.66
0.37
0.31
0.64
0.25

Table 4: Microprobe data for the limestone samples of the Middle Ordovician of 
southwestern Ontario.
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TABLE 5 MICROPROBE DATA FOR DOLOMITE SAMPLES

The data for the dolomite samples is set out in the following columns.

PT-Point Number
WELL-Well Name
DEPTH - Depth of the sample in metres from the surface.
UTH - This is the type of lithology.
CaCOs - CaCQs mole 9fe
MgCQs - MgCQs mole 9fc
MnCQs - MnCQs mole %
FeCQs - FeCQs mole %
Mg+Mn+Fe - MgCQs mole%-l-MnCO3 mole %+feCOs mole%
ST - Stoichiometiy - CaCOs mole%/(MgCO3 mole%+MnCO3 mole %^-FeCO3 mole%)
Mg:Fe - ratio of MgCOs mole % to FeCOs mole % ^ values less than 4 are considered to be
ankerite
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WELL NAME
OQS82-2 HARWICH 25-IECR
OGS82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OQS82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
DOS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
OGS 82-2 HARWICH 25-IECR
IMP OIL 646 ROMY-31-OORE A
IMP OIL 646 ROMY-31-GORE A
IMP OIL 646 ROMY-31-GORE A
IMP OIL 646 ROMY-31-GORE A
IMP OIL 646 ROMY-31-GORE A
IMP OIL 646 ROMY-31-GORE A
CONS ET AL 33825 MER 7- 14- A
CONS ET AL 33825 MER 7- 14- A
CONS ET AL 33825 MER 7- 14- A
CONS ET AL 33825 MER 7- 14- A
CONS ET AL 33825 MER 7- 14- A
CONS ET AL 33825 MER 7- 14- A
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33825 MER 7- 14- A
CONS ET AL 33825 MER 7- 14- A
CONS ET AL 33825 MER 7- 14- A
ROWE/RAM12 DOVER 6-6-IVE
ROWE/RAM12 DOVER 6-6-IVE
ROWE/RAM12 DOVER 6-6-IVE
ROWE/RAM12 DOVER 6-6-IVE
ROWE/RAM12 DOVER 6-6-IVE
RO WE/RAM 12 DOVER 6-6-IVE
SJ.PUTMAN-W.C.SELLARS NO.1 '
CONS ET AL 33825 MER 7-1 4-A

DEPTH
900.7
900.7
900.7
900.7
900.7
900.7
900.7
900.7
900.7
900.7
900.7
900.7
822.7
822.7
822.7
822.7
822.7
822.7
769.4
769.4
769.4
769.4
769.4
769.4
767.6
767.6
767.6
767.6
770
770
770
770
770
770
770
770
770
770
778.4
778.4
778.4
1022.6
1022.6
1022.6
1022.6
1022.6
1022.6
698.3
778.4

LITH
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
FR-CAP
FR-CAP
FR-CAP
FR-CAP
FR-CAP
FR-CAP
FR-CAP
FR-CAP
FR-CAP
FR-CAP
FR-RD
FR-RD
FR-RD
FR-RD
FR-RD
FR-RD
FR-RD
FR-RD
FR-RD
FR-RD
SD
SD
SD
SUCR
SUCR
SUCR
SUCR
SUCR
SUCR
FR-RD
SO

CaCOG
54.7
54.0
53.7
53.3
50.7
50.3
50.7
50.7
52.0
52.2
55.4
50.9
50.4
51.1
50.7
51.2
51.0
50.3
52.0
54.0
51.1
49.6
49.9
52.6
49.8
49.6
48.7
50.2
49.3
50.0
49.7
49.3
48.8
49.4
49.1
49.3
49.1
49.4
50.5
52.0
53.3
49.5
49.4
49.3
49.4
50.3
49.4
49.4
51.2

MgCO3
38.1
38.9
37.3
38.6
41.2
41.0
40.2
44.8
44.2
37.1
36.4
40.9
43.5
37.1
43.2
42.5
42.8
43.3
43.9
36.1
44.1
46.6
46.7
36.4
47.8
47.6
47.9
47.4
46.9
46.4
47.0
47.1
48.1
47.2
47.4
47.6
47.4
47.1
44.6
43.7
42.3
48.0
47.7
47.6
47.5
46.5
47.2
48.4
45.5

MnCO3
0.4
0.4
0.5
0.4
0.4
0.4
0.4
0.7
0.7
0.7
0.4
0.6
0.4
0.5
0.5
0.4
0.7
0.4
0.3
0.4
0.4
0.3
0.3
0.6
0.3
0.3
0.3
0.3
0.4
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.8
0.5
0.3
0.4
0.3
0.4
0.3
0.4
0.4
0.3
0.4

FeCO3
6.8
6.7
8.5
7.7
7.7
8.2
8.6
3.8
3.2
10.1
7.8
7.7
5.7
11.3
5.7
5.9
5.5
5.9
3.8
9.5
4.5
3.5
3.0
10.2
2.1
2.5
3.1
2.2
3.5
3.3
2.9
3.4
2.8
3.1
3.2
2.9
3.2
3.3
4.1
3.9
4.1
2.2
2.6
2.8
2.7
2.9
3.0
2.0
3.0

ST
1.2
1.2
1.2
1.1
1.0
1.0
1.0
1.0
1.1
1.1
1.2
1.0
1.0

.0

.0

.1

.0

.0

.1
1.2
1.0
1.0
1.0
1.1
1.0
1.0
0.9
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.1
1.1
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Mg:Fe
5.6
5.8
4.4
5.0
5.4
5.0
4.7
11.8
13.8
3.7
4.7
5.3
7.6
3.3
7.6
7.2
7.8
7.3
11.6
3.8
9.8
13.3
15.4
3.6
22.4
18.8
15.4
21.9
13.5
13.9
16.2
14.0
17.0
15.3
14.7
16.7
15.0
14.4
10.8
11.1
10.4
21.8
18.7
17.3
17.4
16.3
15.9
24.6
15.1

Table 5: Microprobe data for the dolomite samples of the Middle Ordovician of 
southwestern Ontario.
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WELL NAME
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33825 MER 7-14-A
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-
CONS ET AL 33821 MER 3-12-

DEPTVI
778.4
778.4
778.4
778.4
778.4
778.4
778.4
778.4
778.4
778.4
778.4
770
770
770
770
770
770
770
770

LITH
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
SO
so
so
so
so
so

CaCO3
48.8
49.1
50.4
50.9
50.0
49.5
49.4
49.8
51.4
49.3
50.1
49.1
50.8
48.7
50.5
51.5
49.8
50.9
48.9

MgCOS
48.6
46.5
45.5
45.2
46.1
46.0
46.0
45.6
41.8
47.5
45.2
47.4
47.4
49.9
45.3
41.8
45.6
44.9
47.3

MnCO3
0.2
0.4
0.5
0.3
0.3
0.4
0.4
0.5
0.9
0.3
0.4
0.2
0.1
0.1
0.3
0.6
0.4
0.5
0.3

FeCO3
2.4
3.9
3.6
3.6
3.5
4.2
4.2
4.1
5.9
2.9
4.2
3.2
1.7
1.3
3.9
6.1
4.2
3.8
3.5

ST
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.1
1.0
1.0
1.0
1.0
0.9
1.0
1.1
1.0
1.0
1.0

Mg:Fe
20.6
11.9
12.5
12.6
13.0
11.0
11.0
11.3
7.1
16.2
10.7
14.7
27.8
37.9
11.7
6.9
10.8
11.9
13.4

Table 5: Microprobe data for the dolomite samples of the Middle Ordovician of 
southwestern Ontario.
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ABSTRACT

Five unique styles of reservoir development characterize hydrocarbon production in 

carbonates from the Middle Devonian Dundee and Lucas Formations of southwestern 

Ontario. The hydrocarbon reservoirs are categorized according to lithology, stratigraphic 

occurrence and geological age. The Lucas Formation hosts two styles of reservoirs: 

microcrystalline dolostones (Style 3) and calcareous sandstones (Style 5). The 

microcrystalline dolostones were formed in shallow, subtidal conditions. Calcareous 

quartz sandstones were also deposited in a shallow, subtidal environment and are 

interbedded with subtidal stromatoporoid floatstones and intertidal to supratidal laminated 

mudstones. The calcareous sandstones accumulated on the crest of the Algonquin arch 

and along the northwestern margin of the Appalachian basin.

The Dundee Formation hosts three reservoir styles: -fractured wackestones to packstones 

with associated dissolution and matrix microporosity (Style 1); dolomitized siliciclastic 

sand-rich limestones (Style 2); and fractured limestones with no associated matrix 

porosity (Style 4). Style l fractured reservoirs contain significant matrix microporosity 

which is interpreted on the basis of stable oxygen isotopes to have formed prior to 

pressure solution. The microporosity forms the holding capacity of the reservoir. Late 

stage fracture development, significantly enhanced reservoir permeability. Dolomitic 

siliclastic sand-rich limestones (Style 2) commonly demonstrate pervasive dolomitization 

that is interpreted to have formed in the burial realm by migration of Mg-rich brines along 

fractures. Fractured reservoirs lacking matrix porosity (Style 4) formed as the result of 

collapse associated with a late Devonian phase of Silurian Salina evaporite dissolution. 

These reservoirs are of limited importance due to the lack of matrix porosity.

xix





The diagenetic and sedimentological controls on dolomitization and microporosity 

development documented in this study may be utililized to enhance exploration efforts for 

similar reservoirs in other sedimentary basins.
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CHAPTER l 

INTRODUCTION

INTRODUCTION

The Middle Devonian carbonate reservoirs of southwestern Ontario have produced in 

excess of 6.7 million cubic meters of oil (42 million barrels) over the past one hundred 

and thirty-two years since oil was first discovered in Petrolia in 1858 (Bailey and 

Cochrane, 1985). Similar Middle Devonian reservoirs in Michigan have accounted for 

more than 70 million cubic meters of oil production (445 million barrels cumulative to 

May, 1986; Michigan's Oil and Gas News , 1989). These reservoirs represent the most 

prolific geological system in the Michigan Basin but are the least understood. Early 

exploration efforts were directed to drilling large structurally-closed highs. In recent 

years, exploration success has been poor. A better understanding of the sedimentology 

and diagenesis of these reservoirs may assist in their exploitation.

This study was initiated in order to document the different styles of hydrocarbon reservoir 

development in the Middle Devonian Dundee and Lucas Formations and to explain their 

development as a function of sedimentology, diagenesis and tectonics. In addition to 

documenting the various styles of hydrocarbon reservoirs this study also examines the 

formation of: (1) fracture-related dolostones, (2) shallow, subtidal dolostones, (3) calcite 

intercrystalline matrix microporosity. The study also attempts to integrate data derived 

from similar studies of Devonian strata in the Michigan and Appalachian basins from 

Michigan, New York, Indiana and Ohio.
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METHODS OF STUDY

Most of the information for this study was obtained from detailed examination of cores. 

The availability of core control dictated the oil fields studied. A total of eight Middle 

Devonian oil fields have significant core control and form the basis of this study. Well 

cuttings were used sparingly only to confirm the lithology of a producing interval. 

Carbonate textures were described using the carbonate classification scheme of Dunham 

(1962) as modified by Embry and Klovan (1971). A total of 118 thin sections were 

obtained from the various lithofacies and reservoir types. Petrographic analysis was 

conducted on thin sections stained with a solution of potassium ferricyanide and Alizarine 

Red S. Cathodoluminescence utilized ambient gas, a beam diameter of approximately l 

cm and a beam current of 0.6 ma at 16 kv. Nine samples of dolomite and nineteen 

samples of limestone were drilled with a modified dental drill for bulk analyses of stable 

carbon and oxygen isotopes. The analyses were performed at the University of Waterloo 

on a VGMM903 mass spectrometer. Approximately 10 mg of each sample was reacted 

with 100*2fc phosphoric acid at 500C, 15 minutes for calcite and 48 hours for dolomite. 

The evolved CO2 gas was analyzed for 18O716Q and 13C712C using a standard method 

(McCrea, 1950). The samples were not pretreated in any way. The 318O and 313C values 

are reported in ^ relative to the Peedee belemnite standard. Dolomite 18O corrections 

(-0.8 ^) were applied to the results. Precision, based on selected replicate analyses, is 

better than ± 0.2 ^ for both 318O and 313C values. The samples and results are listed in 

Appendix B.

The cores described in the report are catalogued by a number assigned by the Petroleum 

Resources Lab of the Ministry of Natural Resources in London, Ontario, rather than a

well location coordinate. The exact weU location coordinate and intervals for each core
o



are tabulated in Appendix A. All oil production figures quoted in this report were 

obtained from unpublished well production history data, tabulated by the Petroleum 

Resources Lab of the Ministry of Natural Resources.

PREVIOUS WORK

The Middle Devonian of southwestern Ontario has been extensively studied in the past 

with regards to paleontology, stratigraphy and structure. Fagerstrom (1961 a, 1961b, 

1971,1978,1982,1983) conducted numerous studies of the Formosa Reef as well as the 

brachiopod and stromatoporoid fauna of the Michigan and Appalachian basins. Middle 

Devonian conodonts were examined and interpreted by Ferrigno (1971) and Uyeno et al., 

(1982). A number of authors contributed to the stratigraphic understanding of the Middle 

Devonian of southwestern Ontario, including Ehlers and Stumm (1951), Best (1953), 

Sanford (1968), Liberty and Bolton (1971), Sanford and Winder (1972), and recently 

Rickard (1984) and Sparling (1985). The Paleozoic structure of southwestern Ontario 

and implications to the Middle Devonian section have been discussed by Grieve (1955), 

Brigham (1971) and most recently Sanford et al., (1985).

The Ontario Geological Survey compiled a comprehensive report on the oil producing 

fields of the Middle Devonian (Open File Report 5555, Bailey and Cochrane, 1985). 

This report serves as a detailed account of oil field structure, production and reserves but 

does not address the sedimentology, diagenesis and reservoir characteristics of the 

producing units. Dutton (1985) examined the sedimentology and diagenesis of a specific 

Middle Devonian oil producing interval from the Glencoe Field in southwestern Ontario. 

Birchard (1990) examined the stratigraphy and facies of the Dundee Formation of 

southwestern Ontario which is published in the part in the Ontario Geological Survey 

Miscellaneous Paper 150.

4



CHAPTER 2

GEOLOGICAL SETTING

INTRODUCTION

The Middle Devonian of southwestern Ontario and adjoining regions of Michigan, New 

York and Ohio was a time characterized by a widespread marine transgression. During 

the late Lower (Emsian Age) to early Middle Devonian (Early to Middle Eifelian) time 

the seas were restricted to two large epicontinental basins; the Michigan and the 

Appalachian basins (Figure 1). The basins were separated by a northeast-southwest 

trending basement high termed the Algonquin Arch, with the Michigan Basin located to 

the northwest and the Appalachian Basin to the southeast of the arch.

Throughout much of late Lower (Emsian Age) and early Middle Devonian (Early to 

Middle Eifelian Age) time the basins operated separately with some communication 

interpreted in the Chatham Sag area and also through an inlet northeast of London 

(Fagerstrom, 1983). The Michigan Basin experienced conditions of hypersalinity 

whereas the Appalachian basin sediments were deposited under normal marine conditions 

throughout this time interval. These conditions are indicated by the presence of 

restricted marine fauna and evaporative facies in the Detroit River Group strata of the 

Michigan Basin (Gardner, 1974) and normal marine fauna in the Appalachian Basin .

Lithostratigraphic terminology commonly used in southwestern Ontario originates from 

Michigan, north-central Ohio and western New York (Figure 2). The late Lower to early 

Middle Devonian is represented by the Bois Blanc Formation (Emsian Age) and Detroit 

River Group (Amherstburg and Lucas formations; Early to Middle Eifelian Age) in the
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Michigan Basin. The lower Onondaga Group (Edgecliff, Clarence and Moorehouse 

members; Early to Middle Eifelian Age) of western New York and the Columbus 

Formation of Ohio records the correlative section in the Appalachian Basin.

Transgressive conditions prevailed through the earliest Middle Devonian until the 

Algonquin Arch became flooded. The flooding of the Algonquin Arch resulted in 

considerable erosion of the late Lower to early Middle Devonian (Middle Eifelian Age) 

strata which were disconformably overlain by early Middle Devonian (Late Eifelian Age) 

sediments (Sanford, 1968). The disconformity is the contact between the Detroit River 

Group and the Dundee Formation of the Michigan Basin. The correlative contact in the 

Appalachian Basin is between the Seneca and Moorehouse members of western New 

York and the Columbus and Delaware formations of Ohio (Figure 2).

The Dundee Formation sediments of the Michigan Basin and its correlatives in the 

Appalachian Basin record relatively stable to slightly transgressive seas. The presence of 

numerous hardground surfaces and thickly bedded bioclastic limestones attest to the 

maintenance of relatively shallow water, subtidal conditions. A major transgressive event 

in the Late Eifelian is documented by a disconformity separating the Dundee Formation 

from the overlying Hamilton Group (Uyeno et al., 1982). The Hamilton Group is 

typically a dark grey, fossiliferous shale with thin interbeds of limestone (Sanford, 1968). 

The Hamilton Group designation is used in southwestern Ontario and western New York 

and is correlative with the Traverse Group of Ohio and Michigan (Sanford, 1968).

A number of authors have adopted the Michigan formation nomenclature in studies 

concerning the subsurface of southwestern Ontario (Sanford, 1968; Uyeno et al., 1982)
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(Figure 2). The only exception is the use of the Hamilton Group to describe the upper 

Middle Devonian (Givetian Age) sediments, which is correlative with the Traverse Group 

in Michigan (Sanford, 1968). Following text is a brief description of the Lower to 

Middle Devonian units encountered in outcrop and in the subsurface of southwestern 

Ontario.

STRATIGRAPHY

Bois Blanc Formation

The Bois Blanc Formation is an eastward thinning carbonate wedge with its depocentre 

situated in the Michigan Basin. It intertongues with clastic and carbonate units of the 

Appalachian Basin and disconformably overlies the Upper Silurian Bass Islands Group 

(Uyeno et al., 1982). The contact with the underlying Bass Islands Formation represents 

a long period of subaerial erosion on the shelf separating the Michigan and Appalachian 

basins and the Bois Blanc Formation represents a major marine trangression into this 

region (Uyeno et al., 1982).

The Bois Blanc is a grey to gray-tan, microsucrosic dolomite in southwestern Ontario 

and grades into a grey to grey-tan micritic limestone in the central basin area of Michigan 

(Sanford, 1968). The commonly fragmental texture and abundant coralline fauna indicate 

shallow water deposition for much of the Bois Blanc (Gardner, 1974). Thickness varies 

from 120 m (400*) in Michigan to 45 m (150') in outcrop along the shore of Lake Huron 

in southwestern Ontario (Sanford, 1968).

9



Detroit River Group

The Detroit River Group unconformably overlies the Bois Blanc Formation and is 

composed (in ascending order) of the Sylvania Sandstone, Amherstburg Formation and 

the Lucas Formation.

Svlvania Sandstone

The Sylvania sandstone of the Detroit River Group, overlies the Bass Islands and Bois 

Blanc formations around the western, southern and southeastern margins of the Michigan 

Basin (Uyeno et al., 1982). This unit is considered to be a member of the Amherstburg 

Formation by Sandford (1968), but Fagerstrom (1971) and other workers prefer to 

designate it as a separate formation within the Detroit River Group. Lithologically it is a 

fine to medium grained, well sorted, orthoquartzitic sandstone and represents a strandline 

deposit (Sanford, 1968). The Sylvania is absent in the subsurface of much of 

southwestern Ontario and occurs only in western part of Essex County, Ontario (Sanford, 

1968). Due to its minor occurrence in southwestern Ontario it is rarely depicted in 

stratigraphic charts.

Amherstburg Formation

The Amherstburg Formation disconformably succeeds the Bois Blanc in much of the 

subsurface of southwestern Ontario, except in the Amherstburg-Windsor area where it 

overlies the Sylvania sandstone. It consists of a grey brown to dark brown, coral- 

stromatoporoid-rich bioclastic limestone. Local reefal development in the Amherstburg 

Formation has been described by Sandford (1968); Best (1953); Fagerstrom (1983) and it 

has been informally termed the Formosa Limestone.

10



Lucas Formation

The Amherstburg Formation is overlain by the Lucas Formation and the contact is 

considered by Uyeno et al. (1982) and Sanford (1968) to be conformable. Regionally, the 

Lucas Formation outcrops in a band which can be traced from north of Goderich, Ontario 

where it is exposed along the Lake Huron shoreline to the southeast through various river 

sections and quarries to where it is again fully exposed along the Lake Erie shoreline near 

Port Dover (Figure 3). In a section near Goderich, along the Maitland River 

approximately 3 m of the uppermost Lucas is accessible, where it is found 

disconformably overlain by the Dundee Formation. In this section a number of peritidal 

features, including ripple marks, large stromatolite mounds, small lenticular pods of 

oolite, collapse breccia and rip-up clast horizons have been observed by the author (Plate 

la,b,c,d).

This study describes a number of lithologies in the Lucas Formation including laminated 

lime mudstones, peloidal-intraclastic packstones to grainstones, stromatoporoid 

floatstones, dolomicrites to finely crystalline dolostones, calcareous sandstones and 

minor evaporites. The lithologies indicate a peritidal environment with periodic 

exposure. The dolostones and calcareous sandstones locally provide hydrocarbon 

reservoirs, which are two of the reservoir styles examined in this thesis.

Uyeno et al., (1982) subdivided the Lucas Formation into three distinct units: 

(1) undifferentiated Lucas Formation, which consists of thin to medium bedded, light 

brown or grey brown, finely crystalline, poorly fossilifereous dolostone, with dark 

bituminous laminations and minor chert, (2) the Anderdon Member, which is composed 

of alternating beds of fine grained, sparsely fossiliferous micritic limestone and coarse

li
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grained, very fossiliferous bioclastic limestone with beds and lenses of oolitic grainstone, 

and (3) a sandy limestone facies of the Anderdon Member which is buff-coloured, 

medium to coarse grained, fossiliferous and orthoquartzitic in composition.

The subdivision of the Lucas Formation in Michigan into three members was proposed by 

Gardner (1974); namely a basal Richfield Member, middle lutzi Member and an upper 

Homer Member. The Richfield Member is composed of interbedded anhydrites and 

dolomicrites and signalled the spread of lagoonal and sabkha sedimentation into the 

Michigan Basin (Gardner, 1974). The lutzi and Homer members are dominantly 

composed of evaporites. The Richfield Member dolostones provide substantial 

hydrocarbon reservoirs in Michigan (Melvin, 1989) and in Indiana where they are termed 

the Grover Ditch Member (Doheny et al., 1975). These dolostones are considered to be 

of both primary and early replacive origin as demonstated by their textures and 

stratigraphic associations (Garder, 1974; Melvin, 1989; Doheny et al., 1975). Melvin 

(1989) suggested that the dolomitization occurred under hypersaline conditions in 

supratidal flats and shallow tidal lagoons. The Lucas Formation of Ontario is interpreted 

by Gardner (1974) to be possibly correlative with the Richfield Member or the sabkha- 

lagoonal facies of the Homer Member.

A sandy limestones facies has also been documented in the Richfied Member of 

Michigan where it is termed the Freer Sandstone (Gardner, 1974; Melvin, 1989) and in 

the Grover Ditch Member of Indiana (Doheny et al., 1975). Doheny et al., (1975) 

suggested reworked Sylvania Sandstone was a probable source for the sandy limestone 

facies of the Grover Ditch Member.



Dundee Formation

The Dundee Formation disconformably overlies the Lucas Formation and outcrops in a 

belt trending southeastwards along the Lake Huron shoreline north of Goderich to near 

Port Dover, along the shore of Lake Erie (Figure 3). The formation attains a maximum 

thickness of approximately 120 m in the Saginaw Bay area of Michigan (Sanford, 1968) 

and thins to less than 20 m where it subcrops overlying the Algonquin Arch. In outcrop, 

it is characteristically a medium to thick bedded, dark brown, fossiliferous micritic 

limestone. Quartz sand is invariably present at the base of the Dundee and its presence 

suggests subaerial accumulation, subsequent submergence and reworking (Summerson 

and Swann, 1970). The Dundee limestones in Ontario, give way laterally, to dolostone 

on the southwest and extreme western margins of the Michigan Basin (Sanford, 1968).

The Dundee of the Michigan Basin may be informally subdivided into three main units: 

(1) a lowermost sandy, bioclastic packstone to wackestone unit, (2) an overlying 

sequence of interbedded fine grained wackestones to mudstones which occasionally host 

large rugose coral and stromatoporoid fragments, and (3) an uppermost crinoidal 

wackestone to packstone unit. Hardground surfaces are common in the middle Dundee 

wackestone to mudstone unit (Birchard, 1990). Gardner (1974) discussed subdivision of 

the Dundee of Michigan into a basal Reed City Member and an upper Rogers City 

Member. He suggested a reflux model to explain massive dolostones present in both 

members.

In the Appalachian Basin, the Dundee Formation is largely a sequence of thinly bedded, 

bioclastic-poor, argillaceous lime mudstones, with the exception of a basal higher energy, 

siliciclastic-bioclastic-rich packstone to wackestone unit, located on the southern flank of

14



the Algonquin Arch. Janssens (1970) documented a similar sandy facies in an informally 

designated basal Dundee unit in northwestern Ohio.

Hamilton Group

The upper Dundee Formation is disconformably overlain by black, pyritic, fossiliferous 

shales of the Hamilton Group. In southwestern Ontario the Hamilton Group comprises 

the following formations (in ascending order): Bell, Rockport Quarry, Arkona, Hungry 

Hollow, Widder and Ipperwash (Uyeno et al.,1982). A detailed description of Hamilton 

Group formations can be found in Uyeno et al.,(1982) and Sanford (1968).

TECTONIC HISTORY

Introduction

The Middle Devonian stratigraphy and hydrocarbon reservoirs of southwestern Ontario 

have been markedly affected by the region's complex tectonic history. The development 

of large scale regional basement structures influenced sedimentation patterns througout 

the Paleozoic. Epeirogenic movement along these regional structures has been 

responsible for the formation of down to basement, large scale, fault systems (Sanford et 

al., 1985). These fault systems have provided the pathways for the potential migration of 

both basinal and meteoric fluids, which have diagenetically altered the Middle Devonian 

sediments. The complex interplay of the fault networks and structure has ultimately led 

to the migration and entrapment of hydrocarbons in the Middle Devonian reservoirs 

(Sanford et al., 1985).
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Regional Tectonic History

The formation and evolution of the Michigan and Appalachian basins has long been a 

subject of discussion. On a regional scale, the two basins are separated by the northeast- 

southwest trending Algonquin Arch (Figure 1) which extends from the northeast in the 

Canadian Shield and terminates to the southwest near the city of Chatham, Ontario 

(Figure 1). This structural high again resumes prominence near the Windsor area and 

extends southwestwards into southeast Michigan, northwestern Ohio and northeastern 

Indiana where it is termed the Findlay Arch (Figure 1). The Findlay and Algonquin 

arches are separated by a depression, situated in the Windsor - Chatham area, which has 

been referred to as the Chatham Sag.

One of the major areas of discussion concerns the initial formation of the basins and their 

genetic relationship with the Findlay and Algonquin arches. Lockett (1947) considered 

the arches to be buried remnants of an early mountain chain which extended from the 

Canadian Shield through southwestern Ontario and southward into Ohio. He considered 

this positive feature to be sufficient to initiate downwarping on both sides of its axis. 

Green (1957) explained the arches as being the result of resistance to the subsidence 

occurring in the bordering basins rather than from uplift in the area between the basins.

Brigham (1972) constructed a series of structure and thickness isopachs of the Cambrian 

to Devonian sediments across the Algonquin arch and concluded the following: (1), the 

Precambrian surface was relatively flat; (2) the present day Algonquin-Findlay Arch is 

the passive result of differential subsidence between the Michigan and Appalachian 

Basins; (3) the axis of the arch migrated over time; (4) the Chatham Sag first appeared in



the Trenton-Black River interval and did not significantly affect sedimentation until the 

Upper Silurian; and (5) subsidence continued through Middle Devonian time.

Sanford et al.,(1985) suggested that compressive stresses generated by plate motions 

along the southeast margin of the continent rejuvenated selected basement segments to 

form the Algonquin and Findlay arches which are parallel to the Appalachian orogen. 

According to Sanford et al., (1985) the archs were initiated in late Precambrian time and 

were reactivated from time to time during the Paleozoic to form a broad platform between 

the differentially subsiding Michigan and Appalachian Basins. Subsequent basement 

uplift was transmitted through this platform and resulted in the formation of two 

vertically rotated, fault-bounded megablocks which have been termed the Bruce and 

Niagara megablocks. Both megablocks have moved independantly through geologic time 

and have each developed unique fracture patterns (Sanford et al.,1985). Reactivation of 

these fractures and fault blocks over time may have had both a direct and indirect 

influence on sedimentation patterns and subregional structure development.

Importance of Tectonics to Middle Devonian Reservoir Development

The Middle Devonian of southwestern Ontario provides an excellent example of how the 

complex tectonic history controlled hydrocarbon reservoir development. The following 

text will demonstrate the influence of the Algonquin arch on sedimentation patterns in 

the Middle Devonian and most importantly the effects of fracture rejuvenation on 

diagenesis and local structure development. The vast majority of the Middle Devonian 

reservoirs are structurally controlled. Structure has resulted primarily from dissolution of 

the underlying Silurian "B" salt and rarely by differential compaction over Silurian 

pinnacle reefs.



Salt Dissolution Tectonics

The dissolution of vast thicknesses of Silurian Salina salt beds and its effect on the 

formation of structure and fractures in the Middle Devonian has been discussed in detail 

by numerous authors including: Caley (1945), Roliff (1949), Evans (1950), Grieve 

(1955), Brigham (1972) and, most recently, Sanford et al., (1985).

Distribution of the Silurian Salina Salts

The salt beds are restricted to the late Silurian Salina sequence. Landes (1945) 

subdivided the Salina into seven units which he designated in ascending order the A to G 

units. The salt beds are confined to the A2, F, B and D units. The " B " salt is the by far 

the most significant of the four salt beds. The total salt thickness varies from 210m near 

Sarnia to zero in proximity of the Electric Fault, and then locally thickens to 60 m on the 

Lake Erie side of the Electric Fault (Figure 4). Grieve (1955) directly correlated a 

number of anomalous salt isopach thins with the presence of known local faults and 

flexures.

Mechanism of Salt Dissolution

According to Brigham (1972) salt leaching occurred over long periods of geologic time 

and the controls are local in nature. The fluids apparently were sourced from above as the 

upper salts were selectively removed first. Brigham (1972) suggested that salt dissolution 

occurred under submarine conditions and the fluids may have originated from the 

seafloororan overlying formation. Grieve (l 955) attributed much of the leaching to 

downward migrating groundwaters during times of emergence, but also suggested 

normal marine waters may have been periodically responsible. Close correlation between 

faults and zones of salt solution indicates that the dissolving fluids migrated along the 

faults (Brigham, 1972).
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A number of recent studies concerning the Ordovician of the Michigan Basin have 

discussed the possible role of upwardly migrating brines along faults in dolomitizing 

Trenton and Black River group limestones (Middleton et al., 1990, Middleton, 1991; 

Colquoun and Brand, 1989a, 1989b; Colquoun, 1991). It has been suggested that these 

brines were sourced from underlying Cambrian sandstones (Middleton et al., 1990). 

These recent studies provide an alternative explanation for the source of the fluids 

responsible for leaching of the Silurian Salina salts.

Timing of Salt Dissolution

Brigham (1972) suggested that two major periods of salt dissolution affected Middle 

Devonian sedimentation and structure. He speculated that the first phase occurred during 

deposition of Bois Blanc to early Detroit River sediments and the second phase was post 

Dundee and possibly Upper Devonian in age. Brigham (1972) based his interpretations 

on thickness changes in the Detroit River Group to Bois Blanc Formation interval and the 

Kettle Point Formation.

Sanford et al., (1985) have postulated a similar two phase dissolution history from the 

Late Silurian to Upper Devonian. They suggested that leaching began in the late Silurian 

along the extreme outer margins of the Michigan Basin and continued in a basinward 

direction through successive stages of geological time. The most intensive and 

widespread period of salt removal and structural deformation, according to Sanford et al., 

(1985) was related to fracture rejuvenation and took place near the close of the late 

Silurian, and was'coincident with Caledonian orogeny. They speculated a second major 

phase of salt dissolution occurred during the Mississippian. Sanford et al., (1985) 

stressed that each of the dissolution events were triggered by plate tectonic motions
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associated with the East Greenland and Appalachian active continental margins. Sanford 

et al., (1985) based their interpretations on ispach maps of the succession of rock units 

interbedded with or overlying the salt units. 

Effects of Salt Dissolution

The most pronounced effect of salt dissolution is documented in a number of Middle 

Devonian reservoirs which are situated over structural highs generated by salt solution 

(see Chapter 4). Sanford et al., (1985) provide an excellent illustration of the relationship 

of faulting to salt dissolution and hydrocarbon occurrence in the Dundee Formation of the 

Petrolia Field (Figures 5,6).

In the fields where considerable salt was removed in the post Dundee (Brigham, 1972) or 

Mississippian (Sanford et al., 1985) phase of salt dissolution, fracturing in the Dundee 

carbonates occurred and provided the conduits for migrating hydrocarbons. These faults 

also supplied pathways for porosity-generating fluids that locally formed excellent 

permeability. The late Silurian phase of salt dissolution may have created Middle 

Devonian paleodepositional highs which resulted in anomalous siliclastic-rich sand 

accumulations (Dutton, 1985).

Summary

Most authors support a Precambrian origin for the Algonquin Arch. Major episodes of 

plate tectonism influenced the development of the Appalachian and Michigan basins by 

providing compressional and extensional stresses. These stresses resulted in the 

formation of an interconnected fracture network in the Niagara and Bruce megablocks of 

Sanford et al., (1985). Local rejuventation of these faults over time, and specifically 

during the late Silurian and post Devonian Dundee caused extensive dissolution of the 

Silurian Salina salts. Leaching of these salts during the late Silurian resulted in the
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Contours represent structure on the top of Dundee Formation (location of 

example plotted in Figure 5) (modified after Sanford et al., 1985).
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formation of pre-Detroit River paleogeographical highs and a later phase created 

structural highs in the Dundee and Detroit River carbonates. The faults also provided 

pathways for diagenetic fluids and migrating hydrocarbons.
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CHAPTER 3 

GENERAL FACIES DESCRIPTIONS AND INTERPRETATIONS

INTRODUCTION

The Dundee Formation is characterized by rocks and fossils typical of shallow marine, 

subtidal environments which contrasts with the generally peritidal carbonates of the 

Lucas Formation. Four lithofacies are described in the Dundee Formation:

A. Packstone to grainstone. 

B. Wackestone to packstone. 

C. Mudstone to wackestone 

D. Mudstone.

The following lithofacies are identified in the Lucas Formation:

E. Laminated mudstone.

F. Stromatoporoid floatstone.

G. Peloidal packstone to grainstone.

H. Dolomitic mudstone.

I. Microcrystalline dolostone.

J. Calcareous sandstone.

The lithofacies are summarized in Tables l and 2, and their relative stratigraphic position 

is indicated in Figure 7.
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LITHOFACIES OF THE DUNDEE AND LUCAS FORMATIONS

LITHOFACIES OF THE DUNDEE FORMATION

LITHOFACIES A - PACKSTONE TO GRAINSTONE

LITHOFACIES B - WACKESTONE TO PACKSTONE

LITHOFACIES C - MUDSTONE TO WACKESTONE

LITHOFACIES D - MUDSTONE

LITHOFACIES OF THE LUCAS FORMATION

LITHOFACIES E - LAMINATED MUDSTONE

LITHOFACIES F - PELOIDAL PACKSTONE TO GRAINSTONE

LITHOFACIES G - STROMATOPOROID FLOATSTONE

LITHOFACIES H - DOLOMITIC MUDSTONE

LITHOFACIES l - MICROCRYSTALLINE DOLOSTONE

LITHOFACIES J - CALCAREOUS SANDSTONE

FIGURE 7 Lithofacies of the Middle Devonian Dundee and Lucas Formations.



LITHOFACIES OF THE DUNDEE FORMATION

A. Packstone to Grainstone Facies

The packstone to grainstone lithofacies is medium brown in colour and occurs as thin 

interbeds and lenses within the lower energy wackestone to packstone facies and as thin 

beds immediately overlying the Lucas Formation. Qasts of the Lucas Formation 

laminated lime mudstone and phosphatized skeletal material are occasionally present in 

the basal portion of the facies (Plate 2a,b).

In thin section, the packstone to grainstone facies framework forms between 60 and 659k 

of the rock (Plate 2c). Crinoids and brachiopod fragments are the most common skeletal 

constituents but lesser quantities of bryozoa, rugose coral, stromatoporoid, trilobite 

fragments, gastropods Tentaculites and Tasmanites are present. The bioclastic material 

is well sorted. Peloids, ooids, and quartz grains are sometimes present in the basal 

portion of the facies. Fine to medium grained, well-rounded and poorly sorted, quartz 

sand is locally abundant, in quantities in excess of 25 *fo of the rock. Calcite spar is 

present as syntaxial overgrowths on crinoid fragments and as a cement in the grainstone- 

rich layers and lenses (Plate 2c).

Dolomite has replaced up to 30efa of the calcite micrite to microspar matrix of the more 

packstone-rich intervals. The dolomite crystals range in size from 120 to 250 Jim, are 

anhedral to euhedral in shape and commonly display inclusion-rich cores and inclusion- 

poor rims. Cathodoluminescence reveals a small proportion of the rhombs show well- 

developed zonation. The zoned rhombs generally luminesce bright red at the rim with
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dull to nonluminescent cores. Cathodoluminescence also indicates the rare presence of 

subrounded, feldspar grains.

B. Wackestone to Packstone Facies

The wackestone to packstone facies overlies Lithofacies A at the base of the Dundee 

Formation and directly underlies the Hamilton Group shale at the top of the Dundee 

Formation (Plate 2d). The unit is also present as thin interbeds within the mudstone to 

wackestone facies. The limestone is medium brown to light grey in colour and is up to 

12m thick in the basal interval and varies from 3 to 5 m in thickness in the upper interval. 

The upper interval may host thin beds of mudstone and black shale laminations (Plate 3a). 

Stromatoporoids are occasionally present as fragments and are rarely found in growth 

position (Plate 3a). Thin grainstone lenses composed of well-sorted crinoidal fragments 

are commonly present with erosive bases as well as numerous thin, brachiopod shell 

debris horizons. Lithofacies B is commonly fractured (Plate 3b) and may host chert clasts 

(Plate 3c). Fractures vary from open, with bitumen lining the fracture faces, to filled with 

calcite cement (Plate 3d). Wispy and sutured stylolites are pervasive throughout the 

facies.

Petrographically, the bioclastic framework comprises in excess of 509fc of the rock (Plate 

3d). The dominant fossils are crinoids (30 to 40*fo; Plate 4a), brachiopods (20 to 309&) 

with lesser quantities of bryozoa (5 to lO'fc), rugose corals, Stromatoporoids and trilobite 

fragments. Tasmanite spore cases and Tentaculites are locally abundant The matrix is 

composed of finely comminuted skeletal fragments and microspar to pseudospar. 

Dolomite is present as a replacement and forms between 5 to 15 Ve of the matrix. The 

dolomite crystals are predominantly euhedral, inclusion-rich and nonferroan. Very fine to

coarse grained quartz sand is locally abundant in the basal lithofacies B unit. The
o w



allochems show minor grain interpenetration and breakage (Plate 4b). Vuggy and matrix 

microporosity provide porous and permeable reservoir rock (Plate 3b).

C. Mudstone to Wackestone Facies

The mudstone to wackestone facies is present in beds up to 12 m in thickness and 

commonly overlies the wackestone to packstone facies and is interbedded with the 

mudstone facies. The facies is commonly medium grey in colour and often contains thin 

lenses of packstone to grainstone. The facies has a nodular fabric with numerous wispy 

and sutured stylolites.

In thin section, approximately 409fc of the rock is composed of finely comminuted 

bioclasic debris. Crinoids, brachiopods, stromatoporoids and rugose coral fragments 

form up to 90 9fc of the bioclasts. Bryozoa forms up to 10*^ of the rock. Tentaculites. 

Tasmanites and rare peloids and calcispheres have been observed. The matrix is 

dominantly composed of indistinguishable fine skeletal fragments and microspar and 

comprises 40 to 50 9k of the rock. Rare calcite spar cement partially to fully occludes 

biomoldic porosity. Dolomite is present in the matrix generally in quantities ranging 

from 5 to 15*8), but occasionally may replace up to 30 9S? of the matrix (closely associated 

with pressure solution seams). The dolomite crystals are anhedral to euhedral, 

nonferroan, inclusion-rich and commonly 100 to 140 Jim in size.

D. Mudstone Facies

The mudstone facies is medium grey in colour, thickly bedded and commonly contains 

thin black shale partings. Lithologically the facies is predominantly composed of micrite 

and microspar (Plate 4c) with less than 10*8? finely comminuted bioclastic debris. 

Crinoid, brachiopod, stromatoporiod and rugose coral fragments are rare and float in the
0 l
*- JL



mud matrix (Plate 4d). There are abundant Tasmanites, chert nodules and vertical and 

horizontal burrows. The mudstones are locally fractured and show extensive 

stylolitization (Plate 4d). Biomoldic pores are rare and are filled with coarse sparry 

calcite. Rare, thin, coral and stromatoporoid-rich horizons locally bleed oil from vuggy 

porosity developed in the bioclastic framework (Plate 4d).

LITHOFACIES OF THE LUCAS FORMATION

E. Laminated Peloidal Mudstone

Lithofacies E is most common in the upper portions of the Lucas Formation and is 

generally the unit which directly underlies the Dundee Formation. The unconformity is 

marked by deep fractures in Lithofacies E filled with medium grained well-rounded 

quartz sand grains dervived from the Dundee Formation. The lime mudstones are 

commonly tan to medium brown in colour and display finely laminated to nodular fabric 

(Plate 5a,d). Rip-up clast horizons and mudcracks are often developed in the mudstone 

intervals (Plate 5b,c). Fenestra! pores are common and are filled with clear sparry calcite 

(Plates 6 a,b,c). Lithofacies E is frequently interbedded with the peloidal packstone to 

grainstone facies (Plate 6d).

In thin section, the mudstones are dominantly composed of microspar with thin peloid- 

rich bands (Plate 6a). The peloids are rounded and less than 50 Jim in size. Calcispheres 

and brachiopod and ostracod fragments are concentrated in thin horizons (Plate 6a). 

Quartz sand is a minor component. Dolomite is present as very finely crystalline, limpid, 

euhedral rhombs.



F. Stromatoporoid Floatstone Facies

The stromatoporoid floatstone facies is medium brown in colour and contains large 

fragments of laminar, domal, encrusting and dendroid (Amphipora) stromatoporoids in a 

matrix of peloidal wackestone to packstone (Plate 5 b,c). The facies commonly overlies 

the peloidal packstone to grainstone facies of Lithofacies G and is overlain by Lithofacies 

E. The unit may contain interbeds of laminated lime mudstone. Lithofacies F generally 

ranges from 0.5 m to 1.5 m in thickness.

Petrographically, the facies is dominantly composed of stromatoporoid fragments with 

lesser amounts of rugose coral and crinoid debris. The packstone to wackestone matrix is 

composed of peloids and highly comminuted skeletal fragments of crinoids, brachiopods, 

ostracods, trilobites and gastropods. Quartz sand is present in trace amounts.

G. Peloidal Packstone to Grainstone Facies

The unit is commonly light to medium yellowish brown, medium to coarse grained, 

occasionally moderate to well sorted and often containing medium to coarse grained well- 

rounded quartz grains. The allochem component is very diverse and includes flat to 

rounded, structureless peloids, sandy-bioclastic intraclasts, stromatoporoid, brachiopod, 

coral, ostracod and bryozoan fragments (Plate 7 a,b). Many of the intraclasts are 

elongate with rounded corners and they appear to have been well-lithified prior to being 

redeposited. Overall, the peloids and intraclasts tend to be sorted and display well- 

defined imbrication. Lithofacies G is commonly interbedded with the laminated 

mudstones of Lithofacies E.



Peloids comprise 40 to 50*^ of the rock and tend to be well sorted. Micritized skeletal 

fragments of brachiopod, coral, ostracod, calrispheres, bryozoa and stromatoporoids 

form 10 to 159k of the the rock. Micrite envelopes are locally abundant. Coarse calcite 

spar to neomorphic microspar provides the matrix which constitutes 10 to 409& of 

Lithofacies G, depending on the percentage of packstone or grainstone. Dolomite is 

present as dolomicrite which has replaced approximately 509& of the framework grain 

microstructure and the micrite envelopes. Quartz sand is locally abundant

H. Dolomitic Mudstone

This forms a conspicuous thin unit in the cores examined, being light grey in colour with 

distinctive, dark grey mottling (Plate 7c). The mudstone beds range from less than 0.3 m 

to more than 0.75 m in thickness. Lithofacies H tends tp be present as thin interbeds 

within Lithofacies E and the microcrystalline dolostone facies. Pinpoint to large, highly 

irregular-shaped vugs up to 4 mm in diameter are common (Plate 8a). The vugs are 

sometimes filled with anhydrite and where the anhydrite has apparently been dissolved 

they are filled with sparry calcite. Very thin (2 mm), slightly contorted quartz sand 

laminae may be present at the base of Lithofacies H (Plate 7d). Fine to medium grained, 

well-rounded quartz grains are also present in the matrix.

Petrographically, dolomite comprises 75 to 80 9fc of the rock. Approximately 80 to 90 (fo 

of the dolomite is micritic (l to 5 ^m, Plate 8b). The remaining 10 to 20 9fc dolomite is 

finely crystalline to medium crystalline. The micritic and finely crystalline dolomite is 

limpid and is commonly euhedral. The medium crystalline dolomite is predominantly 

euhedral with inclusion-rich cores. Calcite is present as a vug-filling cement and has 

occluded intergranular pores in the thin sandy laminae. Pyrite is a minor constituent that 

is dispersed in the matrix and precipitated along the margins of large vugs (Plate 8a).
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L Microcrystalline Dolostone

The microcrystalline dolostone facies provides the reservoir for the Oil Springs Field 

(see Chapter 5). The dolostone is medium brown (oil stained) to light yellowish brown in 

colour and is present in beds up to 5 meters in thickness. Texturally the dolostone ranges 

from nodular to finely laminated to massive (Plate 8c). The upper and lower contacts 

with relatively undolomitized limestones are relatively sharp.

Petrographically, the dolostones are dominantly composed of three types of dolomite 

crystals (see Chapter 5): (1) finely crystalline which comprises 75 to 80 9fc of the 

dolomite; Plates 8d,9c), (2) a less common, medium crystalline (20 to 25 *fa of total 

dolomite; Plate 9a,b,c,d) and (3) micritic which is rare in the dolostones (Plate 9b). The 

dolostone may be siliciclastic-rich with quartz sand content typically ranging from traces 

to 30 tfo of the rock. The sand is dispersed in the dolomitic matrix or concentrated along 

thin laminae, 2 to 3 cm thick (Plate 9 c,d). The sand is subrounded to well-rounded and 

varies from very fine to medium grained. An early, inclusion-rich, nonferroan calcite is 

preserved in the siliciclastic-rich laminations (Plates 9a,b). Porosity is predominantly 

intercrystalline and is optimally developed in the finely crystalline dolomites (Plate lOa). 

Intergranular porosity is present in the very sandy layers (Plate 9c).

J. Calcareous Sandstone

The sandstone facies is generally light to medium brown in colour, very fine to medium 

grained (trace coarse grains), well sorted and contains a variable amount of micritized 

carbonate grains and bioclasts. The sands are typically greater than 3 m in thickness and 

display sedimentary structures ranging from parallel laminations to planar low angle, 

cross-beds to thick, structureless beds. The sands of Lithofacies J are medium grained,



well sorted and often bioclastic rich at the base. In all cores examined, the sand is 

overlain by the stromatoporoid floatstone facies and generally underlain by the peloidal- 

intraclastic packstone to grainstone facies or the stromatoporoid floatstone facies.

In thin section, the quartz sand grains range from subangular to well-rounded and 

constitute 40 to 70 tfo of the rock (Plate lOb). Micritized, rounded, carbonate grains and 

bioclasts contribute from between 5 and 159k of the rock. Crinoid and brachiopod 

fragments constitute the identifiable bioclasts. Calcite is present as a nonferroan, 

inclusion-rich cement in quantities ranging from 10 to 25 efo of the rock. Nonferroan 

dolomite may form a volumetrically significant component (range from 2 to 40^c of rock) 

in the form of cement, a dolomicritic replacement of carbonate grains and bioclasts, and 

a rare medium crystalline phase (Plate 10c,d). The medium crystalline dolomite is 

predominantly euhedral and inclusion-rich. The calcite cement has been partially to fully 

dissolved to form secondary, intergranular porosity (Plates 10d,l la).

FACIES INTERPRETATIONS

Dundee Formation

Several authors have interpreted the Dundee limestones to have been deposited in 

shallow, subtidal, normal marine conditions in an open platform environment (Best, 

1953; Gardner, 1974; Uyeno et al., 1982). This report identifies four lithofacies (A to D) 

within the Dundee which reflect gradational changes in water depth and/or energy 

(Table 1).

Basal Dundee packstones to grainstones of Lithofacies A were deposited in relatively 

high energy, shallow waters as indicated by well-sorted, thin crinoidal beds and lenses
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and highly comminuted bioclastic debris in the matrix. The presence of reworked Detroit 

River clasts and quartz sands near the contact with the Detroit River Group suggests that 

the lowermost Lithofacies A represents a transgressive lag deposit (Birchard, 1990). 

Packstones to wackestones of Lithofacies B are very similar to Lithofacies A in fossil 

diversity and abundance, except larger fragments have been preserved in Lithofacies B. 

Thin grainstone lenses and brachiopod debris horizons attest to periodic high energy 

events and may represent storm deposits. Overall, Lithofacies B shows a decrease in 

abundance of allochems and a corresponding increase in carbonate mud upwards which 

implies a deepening of water and/or a decrease in energy level.

The mudstone to wackestones of Lithofacies C represent a gradational unit between 

Lithofacies B and D. The occurrence of argillaceous pulses interbedded with the sparsely 

bioclastic and bioturbated Lithofacies C suggests a deeper water, middle shelf 

environment. The mudstones of Lithofacies D, contain thin black shale horizons which 

suggests a progressive drop in energy level. The abundance of well preserved spore cases 

(Tasmanites') and the lack of marine suspension and filter feeding organisms in the 

mudstones implies a quiet water, possibly restricted lagoonal environment (Birchard, 

1990).

The Dundee Formation is capped by a thick accumulation of Lithofacies B, which 

signals a return to higher energy conditions. The relative lack of argillaceous material in 

the facies and the degree of sorting of the crinoidal beds suggests these sediments may 

represent an episode of winnowing and reworking of nearby shallow shoal-type 

sediments. The unit hosts occasional large fragments of stromatoporoids (rarely in 

growth position) and corals indicative of local biohermal development.
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Lucas Formation

Gardner (1974) and Melvin (1989) suggested that the Lucas sediments of the Michigan 

Basin were deposited in a shallow lagoonal to sabkha tidal flat environment and cited 

numerous analogies with the modern Persian Gulf. Evaporites are present in significant 

thicknesses in the Michigan (Melvin, 1989) and Ohio (Janssens, 1970) portions of the 

Michigan Basin but are noticeably rare in southwestern Ontario. The lithofacies of the 

Lucas Formation described in this study record sediments deposited under a wide range 

of depositional environments ranging from shallow subtidal to supratidal (Table 2). A 

direct association of these lithofacies with sabkha-like conditions is speculative in 

southwestern Ontario due to the relative paucity of preserved evaporites but highly 

probable, considering such diagnostic fabrics as fenestra! vugs, mudcracks, rip-up clasts 

and laminations and the close proximity to the Michigan examples.

E. Laminated Peloidal Mudstone

Lithofacies E is characterized by features such as laminations, mudcracks, fenestra! vugs, 

rip-up clasts and thin interbedded peloidal grainstone to packstone. All of the above 

features have been extensively described in the literature for both modern and ancient 

examples as being related to tidal flat deposition ( Shinn, 1983a, Ginsburg and Hardie, 

1975, Hagan and Logan, 1975). Shinn (1983a) noted that horizontal laminations are 

restricted to supratidal and upper intertidal environments. He interpreted the laminations 

to be the result of layered sand-sized mud pellets. Fenestral fabric and mudcracks have 

also been interpreted to occur in the supratidal and possibly the upper part of the intertidal 

zone (Shinn, 1983b).
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F. Stromatoporoid Floatstone Facies

Lithofacies F is dominantly composed of large fragments of laminar, domal, encrusting 

and dendroid (Amphipora^ stromatoporoids and rugose corals in a matrix of peloidal- 

skeletal wackestone to packstone. Read (1975) described similar deposits in the tidal-flat 

facies of the Pillara Formation (Devonian) of Western Australia, which he termed 

subspherical-stromatoporoid limestone. He noted, in addition to the stromatoporoids, the 

limestones were composed of minor cylindrical corals in a matrix of skeletal packstone 

and wackestone. The stromatoporoid-rich limestone was interbedded with pelletal lime 

mudstones displaying fenestra! fabric. Read (1975) suggested the stromatoporoid 

limestone was deposited under shallow subtidal conditions. Heckel (1972) documented a 

coral-stromatoporoid limestone in the Coeymans Formation (Lower Devonian) of New 

York which he interpreted as being deposited in shallow water, above wave base. The 

close resemblance of the Lithofacies F to the limestones described by Heckel (1972) and 

Read (1975) suggests they were deposited in a shallow water environment ranging from 

below to above wave base.

G. Peloidal-Intraclastic Packstone to Grainstone

Inden and Moore (1983) suggested intraclastic, skeletal, siliciclastic-rich, peloidal 

packstone to grainstones commonly associated with laminated mudstones are possibly 

representative of shoreface, beach deposition. Hagan and Logan (1975) and Woods and 

Brown (1975) described similar sediments in the lower intertidal to lower supratidal zone 

of Shark Bay, Australia. Woods and Brown (1975) noted that intraclasts are a major 

feature of the intertidal to lower supratidal zone. The intraclasts of Lithofacies G 

apparently originated from adjacent upper intertidal to supratidal flats and the skeletal 

material was derived from the subtidal environment. The degree of sorting and



imbrication of the framework attests to the high energy associated with the intertidal zone 

(Inden and Moore, 1983).

H. Dolomitic Mudstone

Shinn (1983a) described dolomitic, surficial crusts on the lower parts of supratidal flats. 

He noted that the crusts provide flat pebble lithoclast* and may have been erroneously 

described as exposure surfaces due to their bored and eroded surface. The irregular- 

shaped vugs described in Lithofacies H, may represent fenestra! pores which are 

commonly associated with the crusts. The depositional environment for the dolomitic 

mudstone is suggusted to be equivalent to a tidal flat limestone counterpart The 

precursor lime mudstone was apparently replaced by dolomite in a sabkha environment 

prior to burial (see Chapter 5).

L Microcrystalline Dolostone

Lithofacies I is stratabound within a shallowing upwards peritidal sequence. 

Its unique position within this sequence and its sharp contact with undolomitized 

mudstones of Lithofacies E, implies an early diagenetic origin for the dolostones. 

Fossils are absent in the dolostone intervals suggesting restricted, hypersaline 

depositional conditions. These conditions would have promoted dolomitization. The 

dolostones are associated with features such as intraclasts, fenestrae, mudcracks and 

laminated fabric that are characteristic of the supratidal zone (Zenger and Dunham, 

1988). Postdolomitization stylolites are present in the dolostone intervals, which also 

indicate a relatively early diagenetic origin for Lithofacies I (see Chapter 5).

J. Calcareous Sandstone Facies

Dutton (1985) found the Lucas Formation sandstones had grain size distribution curves 

characteristic of two saltation populations and the periodic presence of a minor
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suspension population. He interpreted these features to indicate deposition in a shallow 

subtidal environment Dutton (1985) also identified a number of sand grain surface 

textures which included aeolian dish-shaped impact features, mechanical v-shaped pits 

and curved grooves which he attributed to be indicative of both aeolian and subaqueous 

conditions of transport.

Quartz sands associated with carbonate deposits in tidal environments are described 

extensively in the literature with both modern (Shinn, 1973) and ancient (Davis, 1975; 

Armstrong, 1975) examples. A modern example, documented by Shinn (1973) from the 

Persian Gulf, provides an excellent model for comparison with sands of the Lucas 

Formation. Shinn (1973) focused on the southeast portion of the Qatar Peninsula which 

is characterized by an aeolian quartz dune complex which is rapidly spilling into the sea. 

In this Persian Gulf example, the dominant sedimentary processes include aeolian sand 

blowing directly into the sea, transport by saltation across the flat sabkha and reworking 

of sand and carbonate material by wave and tidal currents. A vertical core through this 

succession described by Shinn (1973), shows a basal sand unit that is thick bedded and 

rich in carbonate mud and debris. The massive unit is overlain by a moderately sorted, 

fine quartz sand with parallel to subhorizontal bedding and is capped by a well sorted, 

rounded, medium grained quartz sand with foreset bedding up to 20 0.

The sand composition, texture and vertical succession of sedimentary structures described 

by Shinn (1973) is remarkably similar to those of the Lucas Formation calcareous 

sandstones. Lithofacies J is interbedded in a sequence of shallow subtidal 

stromatoporoid floatstones and intertidal peloidal-intraclastic packstones to grainstones. 

The calcareous sandstones are well sorted and display sedimentary structures ranging



from parallel laminations to planar low angle cross beds, which indicates they were 

deposited in a shallow subtidal environment
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CHAPTER 4 

STYLES OF RESERVOIR DEVELOPMENT

INTRODUCTION

Five styles of reservoir development identified in the Middle Devonian of southwestern 

Ontario (Figure 8) are:

1. Fractured limestones with associated dissolution and microporosity (Watford- 

Kerwood, Plympton-Sarnia, Petrolia Fields)

2. Dolomitized siliciclastic sand-rich limestones (Rodney Field)

3. Microcrystalline dolostones (Oil Springs Field)

4. Fractured limestones lacking matrix porosity (Eagle Field)

5. Calcareous sandstones (Florence-Oakdale, Glencoe Fields)

The following chapter documents the various controls on reservoir development in eight 

Middle Devonian oil fields. The five styles of reservoir development are summarized in 

Table 3.

STYLE l - FRACTURED LIMESTONES WITH ASSOCIATED 

DISSOLUTION AND MICROPOROSITY

Introduction

Oil is pooled mainly in style l reservoirs in the Plympton-Sarnia and Watford-Kerwood 

Fields and to some extent in the Petrolia and Florence-Oakdale fields. In all cases, oil 

production is localized in the closure of large structural highs interpreted to have resulted

from the removal of significant thicknesses of underlying Silurian salt beds and to a lesser
f\ f) 
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STYLE 1 : MICROPOROUS, FRACTURED 
LIMESTONES 
(Plympton-Sarnia, Petrolia, 

Watford-Kerwood)

STYLE 4 : FRACTURED LIMESTONES 
(Eagle)

STYLE 2 : DOLOMITIZED SILICICLASTIC 
SAND-RICH LIMESTONES 
(Rodney)

STYLE 5 : CALCAREOUS SANDSTONES 
(Florence-Oakdale, Glencoe)

STYLE 3 : MICROCRYSTALLINE DOLOSTONES 
(Oil Springs)

FIGURE 8 Styles of reservoir development in the Middle Devonian of southwestern 

Ontario. Reservoir styles are depicted in their relative stratigraphic 

position. Fields examined in text are shown in parenthesis.
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extent regional warping (Cochrane and Bailey, 1985). Extensive salt removal resulted in 

the formation of widespread and extensive fracture networks in the Dundee carbonates. 

Crude oil not only occurs along the highs but also on the flanks of these solution 

structures.

Oil production is typically very high initially; up to 1,190 m^/day (7,500 barrels/day; 

Bailey and Cochrane, 1985) but decreases to much lower levels once the fracture network 

has been drained. Production life is variable and depends on the size of the structure, 

amount of porosity development in the matrix, reservoir pressure and whether or not the 

fractures extend into regional fresh water aquifers. Production records indicate that oil 

production is on the average sustainable at rates less than l m3 /day.

Sedimentology

Style l reservoirs are geographically restricted to the Michigan Basin flank of the 

Algonquin Arch and are largely confined to the upper and lower units of the Dundee 

Formation Lithofacies B. In the three fields examined, upper Lithofacies B ranges in 

thickness from on 2 to 5 m and lower Lithofacies B varies from 5 to in excess of 19 m in 

thickness. Both units are interpreted to be laterally continuous between the three fields 

examined (Figure 9).

Fields Studied

Plympton - Sarnia Field

Introduction

The Plympton-Sarnia Reid is located approximately 9.5 km east of Sarnia (Figure 10) 

and was discovered in the late 1800's (Bailey and Cochrane, 1985). Cumulative oil 

production to date is listed at only 1880 m3 (l 1,840 barrels) as much of the early
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OILFIELDS
1. PLYMPTON-SARNIA
2. PETROLIA
3. WATFORD-KERWOOD
4. OIL SPRINGS
5. FLORENCE-OAKDALE
6. GLENCOE.
7. RODNEY
8. EAGLE

CONTOUR INTERVAL 10m

FIGURE 9 Oil fields examined in southwestern Ontario. Contour lines are isopachs 

of the Dundee Formation compiled from subsurface well location data.
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production was not recorded. The field was subject to an unsuccessful enhanced oil 

recovery scheme by Devran Petroleum between 1987 and 1988. Horizontal shafts were 

bored into the Dundee Formation carbonates with the hope of extracting the hydrocarbons 

by gravity drainage. This method was unsuccessful as water production became a major 

problem.

Structure

The Plympton-Sarnia Held is located on the crest of a large structural anticlinal feature 

(Figure 10). The oil productive portion of the structure is approximately 19 km2 in size. 

Three small, separate pools are present along the western limits of the structure and have 

tested the only significant gas production in the Dundee Formation of southwestern 

Ontario (Bailey and Cochrane, 1985). An examination of the Salina "B" salt distribution 

map (Figure 11) indicates the Dundee structural high is coincident with a thick, 

preserved section of "B" salt. The "B" salt markedly thins from 95 to 60 m in thickness 

to the immediate north, east and south of the Plympton-Sarnia Field. The Salina "F" salt 

thins from 60 to 30 m in thickness over the same area (Figure 12). Removal of salt along 

these margins resulted in collapse of the overlying Dundee carbonates. The result is a 

well defined structural anomaly with excellent closure in the updip direction.

Oil Occurrence

The field produced oil from two separate middle Devonian intervals: Style l, Dundee 

Formation reservoirs and Style 3, Lucas Formation dolostones (discussed later). Style l 

reservoir development is confined to a lower and upper Lithofacies B interval (Figure 

13). Matrix microporosity and vugs account for the bulk of the reservoir porosity which 

range from l toWfa and permeabilities vary up to 13 mD. The upper Lithofacies B 

interval has porosities varying from 8 to 18 9k and permeability of 2 to 10 mD. Vertical



PLYMPTON-SARNIA 
FIELD

CONTOUR INTERVAL in m

10km

FIGURE 11 Isopach of the Silurian Salina "B" salt in the Plympton-Sarnia 

and Oil Springs fields (modified after Sanford, 1975).
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90
PLYMPTON-SARNIA 

FIELD

CONTOUR INTERVAL 30 m

10km

FIGURE 12 Isopach of the Silurian Salina "F" salt showing zones of solutioning
indicated by dramatic changes in thickness (modified after Sanford, 1975).



and horizontal fractures are common and locally have permeabilities in excess of 

200 mD.

Trapping Mechanism

The Plympton-Sarnia stratigraphic cross-section (Figure 13) indicates the Style l 

reservoir units are relatively continuous across the field. The structure contour map of the 

Dundee Formation top demonstrates that oil production was localized in the areas of 

greatest structural closure (Figure 10). Oil accumulated in the lower and upper 

Lithofacies B intervals in the regions of optimum structural closure (up to 10 m of 

closure) and the tight, Hamilton Group shale acts as an upper seal.

Petrolia Field

Introduction

The Petrolia Field was discovered in 1862 and has produced in excess of 2.79 million m3 

of oil to date. The field is currently producing an average of 7300 m3 of oil per year. Oil 

reserves in place have been estimated by Bailey and Cochrane (1985) to be 17.8 million 

m3. The field is composed of three separate pools: the Moore Pool in Moore Township, 

the Sarnia Pool in Sarnia Township and the Petrolia Pool in Enniskillen Township. The 

Moore and Sarnia Pools were depleted quickly and the remaining production today is 

from the Petrolia Pool (Bailey and Cochrane, 1985). Oil production is recorded from 

both the Dundee Formation Style l reservoirs and the Style 3 Lucas Formation 

dolostones. Core control is available only for the Dundee Formation interval of the 

Moore Pool of the Petrolia Field.

Structure

The Moore Pool is approximately 4.5 km2 in area and is only a small portion of the 

Petrolia Field which encompasses approximately 36 km2 (Figure 14). The Moore Pool is
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APPROXIMATE LIMIT OF 
PETROLIA FIELD

SCALE BAR 4 km 

CONTOUR INTERVAL 20 m

FIGURE 14 Structure on the top of the Dundee Formation in the Petrolia Field 

(modified after Bailey and Cochrane, 1985).
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situated over a circular-shaped structural high on the top of the Dundee Formation 

(Figure 14). This structural high is part of a much larger irregular-shaped anticlinal 

feature which forms the trap for the entire Petrolia Field The flanks of the structure 

correlates with zones of leaching in the underlying Silurian Salina " B " and " F "salts 

(Figures 11,12). Sanford et al., (1985) schematically illustrated the effects of fracturing 

and salt dissolution on the formation of the Petrolia Field (Figures 5,6).

Oil Occurrence

Oil has been produced from both the Dundee Formation Style l reservoirs and the 

underlying Lucas Formation dolostones (Bailey and Cochrane, 1985). In the Dundee 

Formation Style l reservoirs porosity and permeability is confined to the upper and lower 

packstone to wackestones of Lithofacies B (Figure 15). Porosity is provided by the 

microporous matrix and has been enhanced by vugs and fractures. The upper Lithofacies 

B unit has porosities commonly in the range of 10 to 1596 and permeabilities on average 

of 0.2 to 6 mD. The lower unit has slightly less porosity, in the range of 7 to 10*^? and 

permeability commonly from 0.2 to 2.0 mD. Core control is limited to the Dundee 

Formation interval but well cuttings indicate significant intercrystalline porosity and oil 

staining in the Lucas Formation dolostones.

Trapping Mechanism

Oil in the Petrolia Field accumulated in the upper and lower porous Lithofacies B 

intervals of the Dundee Formation and the dolostones of the Lucas Formation. The oil 

was trapped in the large salt solution-generated anticlinal structure and the tight Hamilton 

Group shale provided the upper seal.

r



602 624 625 626

O

DATUM TOP DUNDEE FM.

NE

LEGEND

SHALE

LITHOFACIES B (* RESERVOIR UNIT)

LITHOFACIES C

LITHOFACIES D

LITHOFACIES E

MISSING CORE

FIGURE 15 Stratigraphic cross-section of the Petrolia Field.
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Watford - Kerwood Field

Introduction

The Watford-Kerwood Field is located 16 km west of the town of Strathroy and 3 km east 

of the town of Watford in Warwick Township, Lambton County (Figure 10). The field 

was discovered in 1938 and cumulative production to date is in excess of 21,000 m3 of oil 

(Bailey and Cochrane, 1985). The field as of 1988, had six active wells which are 

producing a total average of 26 m3 of oil per year. Production comes from both the Style 

l Dundee Formation reservoirs and the Lucas Formation (Style 3) dolostones (Bailey and 

Cochrane, 1985).

Structure

The Watford-Kerwood Field is approximately 72 km2 in areal extent and encompasses a 

number of small pools. The pool examined specifically in this report is approximately 

3 km2 in area (Figure 16). The Watford-Kerwood Field is situated over a large west to 

east trending structural high on the top of the Dundee Formation (Figure 16). The 

Silurian Salina " B " salt thins to the northwest, southeast, east and west of the field and 

the thinning apparently has influenced formation of the structure (Figure 17). An average 

of only 5 m of structural closure exists in the producing portions of the field.

Oil Occurrence

Oil production has been interpreted from both the Dundee Formation Style l and the 

Lucas Formation dolostone reservoirs. The Style l reservoirs are present in the lower and 

upper wackestone to packstones of lithofacies B (Figure 18). Porosity in these units from 

the microporous matrix and vugs. Vertical and horizontal fractures are abundant in the 

cores examined and appear to have significantly enhanced reservoir permeability. 

Although the four cores described were not evaluated by core analysis, petrographic
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WATFORD-KERWOOD 
FIELD

CONTOUR INTERVAL 5 m

10km

FIGURE 17 Isopach of the Silurian Salina "B" Salt, Watford-Kerwood Area 

(modified after Sanford, 1975).
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similarities suggest that porosity and permeability should be comparable with the two 

previously discussed fields.

Trapping Mechanism

The porous wackestone to packstones of Lithofacies B are relatively constant in thickness 

and are widespread in the Watford-Kerwood Field (Figure 18). A large structural high is 

present in the field but production is limited to a number of small pools with well defined 

structural closure located within the high. Evidently, because of poor closure, the oil was 

trapped in a number of small pools with closure in the range of 2 to 10 m.

STYLE 2 - DOLOMITIZED SILICICLASTIC SAND-RICH LIMESTONES

Rodney Field

Introduction

The Rodney Field is located in the south-west portion of Aldborough Township, Elgin 

County and came into production in 1949 (Figure 10). Initial production was in the 

range of 0.3 to 11 m3 of oil per day per well (Sanford, 1955). To date the cumulative 

production exceeds 1.375 million m3 (Bailey and Cochrane, 1985) and the field is on 

water flood recovery. The Rodney Field currently produces an average of 18,000 m3 of 

oil per year.

Sedimentology

The Rodney Field is located on the southern flank of the Algonquin Arch in the 

Appalachian Basin. The reservoir unit is developed near the base of the Dundee 

Formation and is immediately overlain by wackestone to packstones of Lithofacies B in 

the eastern portion of the field and mudstones of Lithofacies D in the western portion of 

the field. The dolomitized interval is underlain in part by packstone to grainstones of

ci



Lithofacies A and Lucas Formation laminated peloidal mudstones of lithofacies E 

(Figure 19). The reservoir unit is interpreted to be the dolomitized equivalent of 

Lithofacies B. This interpretation is based on the petrographic similarity of partially 

dolomitized intervals found in the western portion of the Rodney Field with lithofacies 

B. Thin sandstone interbeds are present in the dolomitized interval.

Structure

The Rodney Field is located within a large north-south trending elliptical-shaped 

structural high which covers in excess of 8 km2 (Figure 20). The Rodney structure is 

coincident with a thick preserved Silurian Salina " B " salt outlier (Figure 21). Structure 

on the top of the Dundee Formation defines closure to the north, west and east of the 

Rodney Field. The closure is sufficient to form a trap, as the regional dip is to the 

northwest.

In the vicinity of the Rodney field, the Silurian Salina " B " salt distribution map 

(Figure 21) displays two prominent dissolution zones which are directly related to two 

major faults. The east-west trending Electric Fault is located to the north and the north- 

south trending Rodney Fault is situated to the immediate west of the Rodney Field.

Oil Occurrence

Oil production is confined to dolomitized sections of Lithofacies B and to a lesser extent 

thin sandstone interbeds. The reservoir is extremely variable in both lithology and extent 

of dolomitization. Quartz sand content may range from zero to more than 50 9fc of the 

reservoir rock and is fine-grained, well-rounded and bimodal in size distribution. 

Partially dolomitized crinoidal oscicles are present in varying amounts up to 30*fo of the 

rock and range up to 4 mm in diameter. Dolomite is present as predominantly
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APPROXIMATE LIMIT 
OF OIL PRODUCTION

CONTOUR INTERVAL 5 m

SCALE BAR 1 km

FIGURE 20 Structure on the top of the Dundee Formation in the Rodney Field 

(modified after Bailey and Cochrane, 1985).
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nonferroan, euhedral, medium crystalline, zoned rhombs and may constitute in excess of 

809fc of the reservoir rock (see Chapter 5).

Porosity is dominantly intercrystalline with minor vuggy porosity and often significant 

amounts of intergranular porosity in the sand-rich layers. Porosity is typically 12 to 309& 

with permeabilities in the range of 50 to 2500 mD in the pervasively dolomitized portions 

of the reservoir.

The porous dolomitic unit is correlatable and continuous across the field (Figure 19). 

There is a noticeable thickening of the reservoir unit on the flank of the high (Cores 913 

to 866) and substantial thinning to the east (Core 299). The reservoir unit approaches 10 

m in thickness in the centre of the field. Oil production is restricted to the highest 

structural portion of the reservoir above 82 m of elevation. Up to 22 m of structural 

closure exists in the field.

Trapping Mechanism

The Rodney Field is uniquely situated over a large, salt solution generated structure in an 

area transected by two major faults (Figure 21). The structure provided excellent closure 

for hydrocarbons which may have migrated along the faults. The dolomitized siliciclastic 

sand-rich limestones provide an excellent reservoir.

C 6



STYLE 3 - MICROCRYSTALLINE DOLOSTONE RESERVOIRS

Oil Springs Field

Introduction

The Oil Springs Field is located below the town of Oil Springs and is situated 28 km 

southeast of the City of Sarnia (Figure 9). The field was discovered in 1858 and to date 

has produced in excess of l .51 million m3 of oil.

Sedimentology

The Oil Springs Field is located on the northwest flank of the Algonquin Arch in the 

Michigan Basin (Figure 9). The Oil Springs Field is the best documented occurrence of 

Lucas Formation dolostones but they also occur in the Petrolia, Plympton-Sarnia and 

Watford-Kerwood fields (Bailey and Cochrane, 1985). This suggests that the Style 3 

reservoirs are relatively widespread along the northwest flank of the Algonquin Arch 

which may have controlled on their development

The microcrystalline dolostones of Lithofacies I occur in a shallowing upwards sequence 

of subtidal (Lithofacies G) to possibly supratidal sediments (Lithofacies E) (Figure 22). 

Lithofacies I ranges from approximately 4 to 12 m in total thickness and can be correlated 

across the Oil Springs Field.

Structure

The Oil Springs field is located along the flanks of a major Silurian Salina "B" salt 

solution zone (Figure 11). The salt thins rapidly from 60 m in thickness, to complete 

removal immediately to the north of the field over a distance of only 1.3 km. The salt 

margin is somewhat irregular and a small localized thick section of " B " salt is present

C7
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under the Oil Springs Field (Figure 11). This salt feature influenced the formation of a 

structurally closed high on the top of the Dundee Formation (Figure 23). Up to 25 m of 

closure occurs in the Oil Springs Field.

Oil Occurrence

Oil production in the Oil Springs field is largely confined to the microcrystalline 

dolostones of the Lucas Formation, and to a much lesser extent to Style l reservoirs of the 

Dundee Formation. The reservoir is predominantly a very finely crystalline dolostone 

with varying amounts of fine to medium grained, well-rounded, poorly-sorted quartz 

sand. Porosity is dominantly intercrystalline with values, derived from core analysis, 

typically in the range of 12 to 30 9k. Permeability varies from 5 to 430 mD (see 

Chapter 5).

Trapping Mechanism

Hydrocarbon accumulation in the microcrystalline, dolostones is structurally controlled as 

crude oil in the field occurs above the 110 m structure contour line (Figure 23). The 

laminated mudstones of Lithofacies E provided an impermeable upper seal.

STYLE 4 - FRACTURED LIMESTONES LACKING MATRIX POROSITY

Eagle Field

Introduction

The Eagle Field is located approximately 10 km to the southeast of West Lorne and was 

discovered by The Consumers Gas Company Ltd. in 1984 (Figure 9). Consumers Gas 

drilled a total of 6 wells into what was recognized as a small structural high on seismic. 

Only one of the wells; 3-18-16-XII, encountered significant oil shows, and produced a 

total of 2,191.4 m3 of oil(13,782 barrels) prior to its abandonment in 1987. Excellent
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core control exists in the field and it is apparent that oil production was exclusively from 

fractures in the Dundee Formation.

Sedimentology

The Eagle Field is situated on the southern flank of the Algonquin Arch in the 

Appalachian Basin. The Dundee Formation section is composed of thin bedded, medium 

grey to tan grey, lime mudstones with thin beds of interbedded medium grey, mudstone 

to wackestones. The mudstones are bioturbated, contain thin bands of black shale, often 

have a nodular fabric and locally contain bivalve and crinoidal fragments. The mudstone 

to wackestones host crinoid, stromatoporoid, brachiopod and trilobite debris.

Structure

The Eagle Reid is situated over a very small, circular-shaped structural high, as defined 

by the top of the Dundee Formation (Figure 24). Two additional small structural highs 

exist in the immediate vicinity. The Eagle Field is located next to a significant Silurian 

Salina" B "salt solution zone (Figure 21). The salt thins from 30 m of total thickness to 

zero, in a span of only 0.75 km. The location of the zero salt line is based on very few 

control points. A small salt outlier may have provided the structure for the Eagle Field. 

Structural closure is estimated to be in the order of only 5 to 10 m.

Oil Occurrence

Oil shows were reported in a number of locations within each of the cored well locations 

and were not correlatable across the Eagle Field (Figure 25). Oil was observed bleeding 

from scattered vugs throughout the mudstone intervals as well as from vertical and 

subvertical fractures. In summary, core examination indicated no significant porosity in 

the mudstones and mudstone to wackestones. Minor fractures apparently provided the 

only reservoir porosity.
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FIGURE 24 Structure on the top of the Dundee Formation in the Eagle Field.
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Trapping Mechanism

The amount of Silurian Salina " B " salt dissolution which occurred under the Middle 

Devonian section was ample to initiate fracturing in the Dundee carbonates. The 

fractures apparently provided both the migration pathways for hydrocarbons and some 

limited reservoir development The hydrocarbons were trapped in a small structure. The 

overlying impermeable Hamilton Group shales provided the upper seal.

STYLE 5 - CALCAREOUS SANDSTONE RESERVOIRS

Introduction

This reservoir type is well documented in both the Glencoe and Florence-Oakdale Fields 

(Figure 9). Bailey and Cochrane (1985) also noted the sandstone in the Bothwell- 

Thamesville Field, where it has produced in excess of 239,632 m3 of oil. The Bothwell- 

Thamesville Field is located approximately 30 km to the southwest of the Glencoe Field. 

Dutton (1985) described the calcareous sandstones in the Dante, Inwood and McCready 

Fields. These fields are geographically located between the two case studies.

Sedimentology

The calcareous sandstones of Lithofacies J, are present invariably at the top of the Lucas 

or interbedded within the upper 10 to 15 meters of the Lucas Formation carbonates. In 

the cores examined the sandstone units are commonly interbedded with peloidal- 

intraclastic packstones to grainstones (Lithofacies F), stromatoporoid floatstones 

(Lithofacies G) and laminated mudstones (Lithofacies E). As previously discussed in 

Chapter 2, the calcareous sands are interpreted to have been deposited in a shallow, 

subtidal setting. On a more regional scale the sands appear to be distributed preferentially 

along the crest and immediate southeast flank of the Algonquin Arch. The Florence-



Oakdale Field is approximately 45 km to the southwest of the Glencoe Field and 

produced oil from stratigraphically equivalent Lucas Formation sandstones. The other 

occurrences of Lithofacies J as noted by Dutton (1985) and Bailey and Cochrane (1985) 

lie within the same depositional fairway.

Glencoe Field

Introduction

The Glencoe Field is located 6.5 km to the north of the Town of Glencoe and was first 

discovered in 1904 (Bailey and Cochrane, 1985; Figure 9). The Glencoe Field has 

produced in excess of 177,200 m3 (1,115,120 barrels) of oil cumulative to 1988. The 

field is currently undergoing secondary waterflood recovery and produced 1252 m3 

(7,879 barrels) of oil in 1988.

Structure

The Glencoe Field is situated within an elliptical-shaped structural high which trends 

north-south (Figure 26). The structural high correlates with a thick preserved Silurian 

Salina" B " salt section (Figure 21). The " B " salt thins significantly to the immediate 

north, west and east of the Glencoe Field; from a maximum thickness of 90 m to zero.

Oil Occurrence

Oil production in the Glencoe field is largely restricted to the sandstones of the Lucas 

Formation (Figure 27). Minor production has been reported from Dundee Style l 

reservoirs and a thin carbonate unit in the Hamilton Group (Bailey and Cochrane, 1985). 

Oil is specifically trapped in secondary, intergranular pores between the quartz sand 

grains. Core analysis results indicate that porosity is commonly in the range of 10 to 

and permeabilities vary upwards to 665 mD (commonly 50 to 200 mD).
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CONTOUR INTERVAL 5 m

FIGURE 26 Structure on the top of the Dundee Formation in the Glencoe Field 

(modified after Bailey and Cochrane, 1985).
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Trapping Mechanism

The sands are relatively uniform in thickness across the field but do show a slight 

thickening to the south (Figure 27). Oil accumulation is confined to the structurally 

highest portions of the reservoir above 120 m (Figure 26). Up to 25 m of closure is 

interpreted in the Glencoe structure, light mudstones of the Dundee Formation and 

shales of the Hamilton Group provide a good upper seal.

Florence - Oakdale Field

Introduction

The Florence-Oakdale Field is located approximately 40 km southeast of the City of 

Sarnia and 14 km east of the Town of Dresden (Figure 9). The field is reported by 

Bailey and Cochrane (1985) to have been discovered in 1897 and production was finally 

suspended in 1965. Cumulative production is reported at only 3,895 m3 of oil. 

Production records indicate the field produced periodically in 1984,1985 and 1987. 

Production over these three years was on average only 25 m3 per year.

Structure

The Florence-Oakdale field is situated over a small ellipical-shaped structural high which 

trends northwest-southeast (Figure 28). The structure is coincident with an east-west 

trending Silurian Salina " B " salt remnant outlier (Figure 21). Florence-Oakdale is 

situated on the margin of the outlier where the " B " salt thins rapidly from approximately 

74 m in thickness to zero, over a distance of 2.5 km.

Oil Occurrence

The bulk of the oil production from the Florence-Oakdale Field is from secondary, 

intergranular porosity in the calcareous sandstones of the Lucas Formation (Figure 29). 

These sandstones are petrographically similar to the reservoir sandstones of the Glencoe
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FIGURE 29 Stratigraphic cross-section of the Florence-Oakdale Field.
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Field (Lithofacies J) and vary in thickness from approximately 2.5 to 4 m. Minor oil 

shows have been reported in fractures in the Dundee Formation carbonates.

Trapping Mechanism

Structure played a major role in trapping hydrocarbons in the Florence-Oakdale Field. 

The structure contour map on the top of the Dundee Formation (Figure 28) clearly defines 

the limit of oil production at approximately 120 m of elevation. Maximum structural 

closure is estimated at 10 m. The sandstone is interpreted to be laterally continuous 

across the field. The generally, tight Dundee carbonates provided the upper seal.
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CHAPTERS 

DIAGENESIS

INTRODUCTION

The Middle Devonian reservoirs have undergone a complex series of diagenetic events 

from the time of deposition to maximum burial estimated at between 1300 and 2000 

meters (Legall et al., 1981). Following maximum burial in the late Mississipian 

(Cercone, 1984) the sediments were progressively uplifted-to their present position of 

only 75 to 150 m below the surface. Salina salt dissolution occurred in the Late Devonian 

to Mississippian which locally caused the formation of large domal structures in the 

Middle Devonian section (Sanford et al., 1985) in addition to creating extensive fracture 

networks in the Dundee Formation (Bailey and Cochrane, 1985). The late Devonian 

episode was coincident with the rejuvenation of deep seated faults which provided the 

conduits for diagenetic fluids and migrating hydrocarbons (Sanford et al., 1985).

The chapter includes a general diagenetic overview of the Dundee and Lucas formations 

and is followed by a detailed discussion of: (1) formation of microporosity in the Dundee 

Formation Style l reservoirs, (2) dolomitization in the Dundee Formation Style 2 

reservoirs and (3) dolomitization in the Lucas Formation Style 3 reservoirs. Diagenetic 

events in Dundee and Lucas Formations are summarized.
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DIAGENETIC FEATURES OF THE DUNDEE FORMATION

Diagenetic Calcite

Three types of diagenetic calcite were distinguished in the Dundee Formation on the basis 

of morphology, mode of occurrence and lithological association. The most 

volumetrically important type is neomorphic calcite (1) which is present in varying 

amounts in all Dundee facies. Syntaxial overgrowths (2) are common on crinoidal 

fragments in the packstone to grainstone facies and rare in the wackestone to packstone 

facies. Equant calcite cements (3) fill fractures, biomoldic and vuggy pores that occur 

throughout the Dundee Formation

Neomorphic Calcite

Microspar and microporous calcite were identified in the Dundee Formation. 

Microspar is present in the matrix of Lithofacies A to D, dispersed with finely 

comminuted bioclastic fragments and micrite. The microspar and micrite crystals form a 

mosaic with curved intercrystalline boundaries which lack enfacial junctions. The 

crystals are anhedral, non-ferroan and contain few inclusions. Microporous calcite is an 

important diagenetic phase in the packstone to wackestone facies as it has contributed 

considerable porosity to the Style l reservoirs. A detailed discussion of microporosity 

will follow later in the chapter.

Syntaxial Calcite Overgrowths

Syntaxial overgrowths on crinoid fragments are very common in the packstone to 

grainstone facies (Plate 2c). The syntaxial crystals are nonferroan and vary from 

inclusion-rich to inclusion-poor. The syntaxial rims are common in areas that are not
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grain-supported and micrite is an important constituent in the matrix. Syntaxial 

overgrowths constitute most of the interparticle calcite cement in grainstones.

Equant Calcite Cement

Equant cement typically fills biomoldic, vuggy and fracture porosity. The void-filling 

calcite is very coarsely crystalline (up to 2 mm in diameter), inclusion-poor, blocky and 

nonferroan to slightly ferroan (Plate 3d). The calcite cement luminesces orange to yellow 

and is commonly unzoned. Cemented fractures cross-cut stylolites which indicates this 

cement phase was a post-pressure solution, burial event.

Dolomite

Dolomite is present in the Dundee carbonates in quantities ranging from less than 5*?k to 

in excess of 80*26 of the rock in the pervasively dolomitized Style 2 reservoirs. There are 

two types of dolomite crystals which are distinguishable by their size, habit and 

stratigraphic occurrence. The first type of dolomite is disseminated throughout the matrix 

of the entire Dundee Formation interval and is often concentrated along pressure solution 

seams. It is typically anhedral to euhedral in habit, nonferroan and ranges in size from 

30 to 120 firn. The dolomite luminesces bright red to orange-red to dull luminescent and 

is commonly zoned.

The second type of dolomite comprises the Style 2 reservoirs and is discussed in later in 

this chapter. Style 2 reservoir dolomite is present as predominantly euhedral, medium 

crystalline rhombs in the size range of approximately 100 to 250 pm. The dolomite 

crystals are slightly ferroan to nonferroan and display sharp planar contacts. Dolomite 

rhombs commonly exhibit an inclusion-rich core with clear rims. The rhombs generally 

luminesce bright red to orange-red with occasional dull to nonluminescent cores.



Compaction Features

The grain supported intervals of the Dundee Formation document the effects of 

compaction as expressed by grain interpenetration and minor grain breakage (Plates 

2b,4b). Wispy and sutured stylolites are common throughout much of the Dundee 

Formation.

Fractures

Fractures in the Dundee Formation range from horizontal to subvertical to vertical and 

may be open and lined with bitumen or completely or partially filled with equant calcite 

cement. The fractures cross-cut pressure solution seams and represent a late diagenetic 

event.

Other Diagenetic Phases

Pyrite is a ubiquitous authigenic phase disseminated thoughout the Dundee sediments and 

tends to be concentrated along and in close proximity to the Dundee Formation/Hamilton 

Group and Dundee Formation/Lucas Formation contacts. Quartz is present as chert 

nodules which are rare in the Dundee Formation.

DIAGENETIC FEATURES OF THE LUCAS FORMATION

The peritidal carbonates lithified early as evidenced by the presence of intraclasts and 

mud cracks. Burial compaction features are rare due to early lithification and pressure 

solution seams are present throughout the Lucas interval but are more common in the 

laminated mudstone facies.

Diagenetic Calcite

Two main types of diagenetic calcite are present in the Lucas Formation. Volumetrically, 

the most important type is equant calcite cement which has cemented the calcareous
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sandstone facies and is also locally important as a vuggy pore-filling cement in the 

dolomitic mudstone, laminated peloidal mudstone (fenestra! pores) and microcrystalline 

dolostone facies. Equant, neomorphic calcite is an important diagenetic constituent in the 

peloidal packstone to grainstone facies.

Calcite Cement

There are two types of equant calcite present in the Lucas carbonates. The distinction is 

based on differences in stratigraphic occurrence and petrographic features and does not 

reflect timing of precipitation which is uncertain due to the lack of crosscutting 

relationships. The first type is preserved in the calcareous sandstone, dolomitic 

mudstone, laminated peloidal mudstone and the microcrystalline dolostone facies. The 

second type occurs in the stromatoporoid floatstone facies, primarily infilling intraparticle 

spaces in corals.

Type l equant calcite is typically inclusion-rich, nonferroan, and in the size range of 100 

to 500 prn. The crystals luminesce a dull orange and are commonly unzoned. The 

crystals generally display sharp planar contacts and enfacial junctions (Plates l Od, l la,b). 

In the calcareous sandstone facies, equant calcite cement has been partially dissolved and 

the void spaces have been subsequently partially cemented by dolomite. Type l calcites 

appear to represent a relatively early cementation event as they have infilled fenestra! 

pores in the laminated peloidal mudstone facies and intergranular pores in the sandstone 

facies.

Type 2 equant calcite crystals are typically 25 |im to in excess of 400 pm in size, and 

range from clear to inclusion-rich. Stained thin sections show the cements to be primarily 

non-ferroan, with a minor, late ferroan stage. A cement origin is indicated by the
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following: (1) sharp, planar, intercrystalline boundaries with enfacial junctions,

(2) development of scalenohedral terminations directed away from the substrate and

(3) an increase in crystal size from the pore linings into the interior of the pore spaces. 

Cathodoluminescence reveals three stages of cement growth as demonstrated by: (A) dull 

orange, (B) bright yellow and (C) dark luminescencing zones (Plate l le).

Neomorphic Calcite

In the peloidal packstone to grainstone facies a significant portion of the matrix directly 

rimming the framework grains is composed of micrite to pseudospar. The calcite crystals 

are typically equigranular, display curved contacts and generally lack enfacial junctions 

(Plate lib). In addition, irregular patches of micrite are often dispersed in the matrix and 

the allochems appear to float in three dimensions (Plates 7a). Bathurst (1975) considered 

these as criteria indicative of neomorphic spar. The mud-supported fabric has been 

preserved and their is no indication of grain breakage or interpenetration, which suggests 

much of the neomorphism occurred in the shallow burial realm.

Secondary Porosity

A late phase of dissolution is indicated by the presence of uncemented pinpoint-sized 

vugs in the dolomitic mudstone and microcrystalline dolostone facies (Plates 8b,d). The 

vugs are crudely rounded and in the size range of 50 ^.m. They appear to represent 

dissolved peloids.

Secondary porosity has provided the reservoir for the Style 5 reservoirs. In the grain- 

supported intervals of the reservoir, calcite cement has been partially to completely 

dissolved (Plates 10b,d)- Pockets of sandstone where the quartz grains are not in contact, 

have been cemented by poikilotopic, inclusion-rich, equant crystals displaying sharp
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planar contacts and enfacial junctions. The contacts of these cement crystals with open 

pore spaces are irregular and indicate corrosion (Plates l Od, l la).

Other Diagenetic Phases

Dolomite and pyrite are the remaining diagenetic minerals present in the Lucas 

sediments. Dolomite content ranges from pervasive to minor and disseminated. Pyrite 

is locally abundant as a finely crystalline late precipitate in the matrix and is commonly 

found along the margins of the irregular-shaped vugs present in the dolomitic mudstone 

facies.

MICROPOROSITY

Introduction

Microporosity has been recognized in sedimentary rocks for decades but was not 

examined with regards to hydrocarbon reservoir potential until Pittman (1971) described 

its occurrence in the Wolfcampian limestone of Texas. Pittman (1971) demonstrated the 

ability of microporous reservoirs to produce significant quantities of hydrocarbons 

despite high irreducible water saturations. Additional research on the subject was sparse 

until the latter part of the 1980's with work by Loucks and Sullivan (1987) and Friedman 

(1987). A 1989 Sedimentary Geology "volume (Volume 63) was devoted entirely to the 

subject of microporosity in which four different diagenetic environments were proposed. 

Research on the subject continues with recent papers by Harris (1990) and Prezbindowski 

et al., (1990).
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Definition

Microporosity has been defined in the past by many authors as:

1. Micropores less than 62 [im (Choquette and Pray, 1970).

2. Micropores ranging from 10 to 30 \un existing between grains or crystals less than 

50 ^im (Archie, 1952).

3. Micropores with an upper limit at 5 Jim (Coalson, 1985).

4. Micropores in the range of 5 to 10 \Lm (Moshier, 1989a).

Microporosity has also been loosely described in the literature as pinpoint, intramicrite 

porosity, chalky texture and matrix porosity (Moshier, 1989a).

Microporosity Occurrence and Textures

In a general sense microporosity may be developed in the matrix, skeletal fragments, 

peloids and other micritic grains (Pittman, 1971). Moshier (1989a) broadly defined 

microporous limestone matrix into two main textural groups: (1) mosaic texture which is 

characterized by predominantly anhedral microcrystalline calcite crystals that share 

curvilinear and straight boundaries with intercrystalline porosity typically less than 5*^ 

and (2) framework texture which is composed predominantly of euhedral calcite rhombs 

which comprise a well developed intercrystalline pore system with porosity values 

commonly in the range of 15 to 30 9k. According to Moshier (1989a) an ancient micrite 

may evolve along a number of textural pathways during lime mud diagenesis (Figure 30).
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Depending on the textural pathway the end result may be framework (porous) or mosaic 

(low porosity) texture. A number of variants of the end members arc possible depending 

on the effects of dissolution, mechanical and chemical compaction, aggrading 

neomorphism and cementation. It is important to emphasize here that framework texture 

may evolve to mosaic texture as a result of chemical compaction.

Microporosity has also been documented as: (1) preserved interpartical microporosity 

between silt-sized pellets composed of micrite in pelletal muds (Pittman, 1971), 

(2) micromolds in the matrix produced by dissolution of skeletal fragments and 

microfossils (Moshier; 1989a), (3) microvugs and microchannels (Moshier, 1989a), and 

(4) micro-intraparticle porosity within skeletal fragments and carbonate grains (Ahr, 

1989). All forms of microporosity may be enhanced by later stages of dissolution 

(Moshier, 1989a).

Origin of Microporosity

There are currently four main processes to account for the development of microporosity 

which span a wide realm of diagenetic environments. (1) Moshier (1989b) and Salier and 

Moore (1989) suggested microporosity formed relatively early in marine fluids and 

involved the conversion of metastable Mg-calcite lime mud to microrhombic calcite and 

microspar. (2) Kaldi (1989) also suggested an early stabilization event under mixing 

zone conditions. (3) Exposure of the sediments to meteoric waters has been invoked by a 

number of authors including Budd (1989), Ahr (1989) and Perkins (1989). 

(4) Microporosity development under conditions of deep burial has been discussed by 

Prezbindowski et al., (1990) and Dravis (1989). Each of these four theories arc based on 

specific examples from different areas and incorporate textural and geochemical evidence 

to explain the various processes that have acted on the original sediment. Understanding
so



of burial history and evolving rock/pore-fluid interactions in changing diagenetic regimes 

is of critical importance.

Marine Fluid Diagenesis

Moshier (1989b) described microporosity in the micritic allochems and matrix of 

wackestones and mudstones of the Shuaiba Formation, Lower Cretaceous Thamama 

Group of the United Arab Emirates. The microporosity developed in the matrix and 

micritic grains during the stabilization of the lime mud. Moshier (1989b) concluded that 

oxygen (-4 to -5 *foc 318Q PDB) and carbon isotope values (-1-3.4 to +5.0 9fcc 3*3C PDR) 

were consistent with diagenesis in a somewhat closed system involving marine-like pore 

fluids at subsurface temperatures of early to intermediate burial (530 to 815 m). The 

carbon isotopes were l to 2 96o (PDB) lighter than the marine precursor and Moshier 

(1989b) attributed the enrichment in 12C tp thermally induced decarboxylation of organic 

matter.

Salier and Moore (1989) documented the formation of microporosity in Oligocene slope 

deposits under deep marine conditions. The microporosity was confined to the micritic 

matrix of a wackestone facies. They suggested the lack of compactional features 

indicated alteration occurred near the sediment-water interface, shortly after deposition. 

They proposed conversion of high-magnesium calcite to low-magnesium calcite as the 

mechanism. 918Q values of the microporous calcite ranged from -2 to +2 ^ (PDB) and 

were interpreted by Salier and Moore (1989) to indicate precipitation in cool seawater. 

313C values ranged from +1 to -f 1.2 ^ (PDB) and reflected the original sediment 

composition.
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Mixing Zone Diagenesis

Kaldi (1989) described the formation of microporosity in the Middle Devonian Kee Scarp 

Formation, Norman Wells, Northwest Territories. Kaldi (1989) speculated that 

microporosity resulted from solution-reprecipitation in mixed shallow marine/meteoric 

waters. The microporosity was confined to the matrix and certain allochem components 

of the reef margin and foreslope sand facies. He concluded that microporosity was 

optimally developed in the higher energy facies as they retained significant primary 

porosity. Kaldi (1989) did not present isotopic data to support stabilization in mixed 

shallow marine/meteoric waters.

Meteoric Water Diagenesis

Studies by Ahr (1989) on the Cotton Valley Limestone of East Texas and Budd (1989) 

regarding the Lower Cretaceous Thamama Group of the United Arab Emirates, 

considered certain stratigraphic, textural and isotopic data as indicative of meteoric water 

diagenesis. In both studies, microporosity was found to be fabric selective. Ahr (1989) 

described its occurrence in the matrix of ooids and Budd (1989) noted it was selective to 

the micritic grains and matrix of subtidal, shallow water skeletal-peloidal packstones and 

the micritic grains of grainstones. Both studies outlined the early exposure of the 

sediments to fresh water and explained its role in stabilizing the precursor high 

magnesium calcitic sediments to low magnesium calcite.

Ahr (1989) showed the importance of cross-cutting relationships in proving that 

stabilization occurred prior to cementation, compaction and pressure solution and was not 

associated with fracturing or stylolitization. Isotopically, the microporous samples in 

both studies demonstrated a depletion in 918Q values (-6.5 to -7.4 ^ PDB, Ahr, 1989;
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-5 9fco PDB, Budd, 1989) and the d^C values reflected the precursor sediment 

composition.

Deep Burial

The development of microporosity in the deep burial realm was discussed by Dravis 

(1989) in a study of the Upper Jurassic Haynesville oolitic grainstones of East Texas. 

Dravis (1989) noted microporosity was developed in the ooid cortices and to a minor 

extent in skeletal fragments of an oolitic grainstone facies. Using crosscutting 

relationships Dravis (1989) established microporosity as postdating bitumen 

emplacement and pressure solution. The absence of freshwater cements and porosity 

types led Dravis (1989) to discount meteoric diagenesis as a mechanism. Dravis (1989) 

interpreted 318Q data derived from genetically related cements which varied from -4.0 

to -10.5 9fco (PDB), to indicate deep burial. 313C data ranged from O to * 3.5 ^ (PDB) 

which are similar to the unaltered marine precursors (Dravis, 1989). Dravis (1989) 

suggested that the grainstones retained primary porosity at depth and were invaded by 

burial fluids which caused secondary microporosity development in the ooid cortices.

A late stage subsurface origin is also suggested by Prezbindowski et al., (1990) for 

microporosity in the Lower Cretaceous limestones of the Safah Field, Oman. They 

described microporosity in the mud matrix of a wackestone to packstone facies but did 

not interpret such development as directly related to the facies. They noted a close 

association of microporosity with late microfractures and believed the microfractures 

provided the pathways for subsurface fluid movement. Using crosscutting relationships 

Prezbindowski et al., (1989) established porosity development as postdating cementation, 

stylolitization and microfracturing. Their geochemical and textural data did not support 

subaerial exposure.
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Microporosity in the Dundee Formation

Stratigraphic Occurrence

Microporosity in the Dundee Formation is restricted to a skeletal wackestone to 

packstone facies which occurs both at the base and top of the Dundee Formation and in 

thin beds within the nonmicroporous wackestone to mudstone facies. Microporosity is 

absent in the basal Dundee Formation grainstone facies. The microporous intervals have 

been crosscut by stylolites. Microporosity did not appear to contribute to the reservoirs 

examined in the Lucas Formation.

Microscropic Textures

Petrographically, the wackestone to packstone facies displays minimal affects of 

compaction as indicated by uncommon grain breakage and grain interpenetration. Minor 

matrix components include skeletal fragments and neomorphic microspar to pseudospar. 

Using scanning electron microscopy, microporosity was identified as a major matrix 

component.

The microporous matrix displays textures ranging from very low porosity mosaic (Plate 

l Id) to well developed, highly porous, intercrystalline framework (Plate 12a). The 

framework texture is composed of homogeneous, euhedral microrhombic calcite ranging 

in size from of 2 to 15 Jim (Plates 12a,b) and commonly 2 to 5 u,m. Pore spaces between 

the microrhombic crystals vary from tabular to equant polygonal-shaped and are 

commonly l to 4 \im in size; rarely exceeding 8 um The pore network is well 

interconnected. The crystals commonly display slightly rounded edges and corners 

proximal to large pores (Plate 12c). Macro and micro solution vugs and channels in 

excess of 50 ^im in size are common in the matrix (Plate 12d). Skeletal fragments do not 

display significant microporosity development (Plate 13a). Porosity values (based on
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core analysis) in the intercrystalline framework texture are typically 10 tol8*2fc, with 

permeabilities in the range of 0.2 to 50 mD. Nonpororous mosaic texture is observed in 

close proximity to pressure solution seams and commonly contains pockets of framework 

texture (Plate 13b). The mosaic fabric is composed of well cemented anhedral micrite to 

microspar calcite crystals and porosity is estimated to be very low.

A number of intermediate microfabrics are preserved between the well developed 

framework and mosaic textures which is consistent with Moshiers (1989a) textural trends 

(Figure 30). The intermediate phases show varying degrees of pore occluding 

cementation between subhedral to anhedral calcite rhombs. The calcite rhombs 

demonstrate evidence of corrosion and it appears that the dissolved calcite was locally 

reprecipitated in the intercrystalline micropores (Plates 13c,d). Samples displaying fully 

developed mosaic texture still retain relict fabric suggestive of a precursor framework 

texture (Plate 14a). Euhedral dolomite rhombs are scattered in the microcrystalline 

framework as a late replacement (Plates 14b).

Stable Isotopes

Isotopes samples were analyzed from 19 Dundee Formation calcites of which 14 were 

bulk microporous samples, 5 represented bulk nonmicroporous matrix (Appendix B, 

Figure 31).

Middle Devonian marine calcite cements from low latitude reefal sequences have 3 13C 

compositions of+1.5 ^ (PDB) (see Figure 2.8 in Lohmann, 1988). Carbon isotope 

values for the microporous samples lie within a very narrow band ranging from -0.4 to 

-1.3 9fc (Figure 31). This indicates a 1.9 to 2.8 ^ depletion relative to the unaltered 

Middle Devonian marine cements. The nonmicroporous samples range from -0.2 to -1.9

0 ^*u O1



FIGURE 30 Conceptual textural trends of crystal growth and porosity reduction 

during lime-mud diagenesis (modified after Moshier, 1989a).
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FIGURE 31 Stable carbon and oxygen isotopes cross-plot for the Dundee Formation 

dolomite, microporous calcite and nonmicroporouscalcites and the 

Lucas Formation dolomite. Dolomite analyses outside the Rodney 

Field in the cross-plot are from the Oil Springs field. Precision, based on 

selected replicate analyses is better than ± 0.2 Ve for both 3^0 and 313C 

values.
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^ 313C which represents a depletion of between 1.7 and 3.4 ^ 313C relative to Middle 

Devonian marine cements.

9 18O values for Middle Devonian marine calcites have been estimated at -4.4 9kc (PDB) 

(see Figure 2.8 in Lohmann, 1988). 918Q values for the microporous samples 

demonstrate a range from -6.2 to -7.8 96c (PDB) which represents a depletion of 1.8 to 

3.4 9k? (PDB) relative to calcite precipitated from Middle Devonian seawater. 

Nonmicroporous sample 3*80 values range from -6.5 to -9.2 9k? (PDB) and denote a 

depletion of between 2.1 and 4.8 96c (PDB) compared to Middle Devonian marine 

calcites.

Interpretation

The carbon isotopes for the microporous and nonmicroporous samples are similar and 

indicate a 1.7 to 3.4 7oc depletion in 313C (PDB) relative to Middle Devonian marine 

calcites. Moshier (1989b) indicated a comparable range of depletion and suggested 

minor anaerobic activity in organic-rich marine muds. Anaerobic activity results in the 

production CO2 encriched in 12C. Lohmann(1988) discussed the effect of soil derived 

C02 and the resultant negative 913C signature for meteoric water. Tucker and Wright 

(1990) noted that the original marine dl3C signatures are often retained during diagenesis. 

This is because the carbon reservoir of pore fluids is generally small compared to the 

carbon reservoir of the host rock and there is little fractionation of the carbon isotopes 

with increasing temperature (Tucker and Wright, 1990). The 13C depletion recorded in 

the Dundee Formation microporous cements is insufficient to invoke a significant 

meteoric input to the pore fluids and more than likely represents a minor effect of in situ 

organic matter diagenesis.

08



The oxygen isotope data may be interpreted in two ways: (1) to indicate calcite 

stabilization occurred in the presence of marine pore fluids at burial depth under 

conditions of higher temperature, or (2) the lime mud stabilized in meteoric fluids at an 

indeterminate burial depth.

In examining the first possibility, it is assumed that marine precursor calcites precipitated 

at approximately 20 0C. Utilizing the paleotemperature equation of Shackleton and 

Kennel (1975), Middle Devonian seawater 318Q would have been approximately -4 96o 

(SMOW). The 318O values for the microporous and nonmicroporous are similar (with 

the exception of one value of -9.2 9fo) and range from -6.2 to -7.8 ^ (PDB). This 

depletion represents a paleotemperature of calcite precipitation varying from 26 to 35 0C.

Assuming the pore water 918Q did not change significantly with burial this temperature 

range may be converted to burial depth. The Paleozoic geothermal gradient of the 

Michigan Basin has been estimated to range from 20 to 30 0Qkm by Legall et al., (1981) 

using conodont and acritarch colour alteration studies. Nunn et al., (1984) suggested a 

value of 22 0C7km. Cercone (1984) using the Lopatin method, calculated a much higher 

geothermal gradient of between 35 to 45 0C7km. Using a 20 0C estimate of geothermal 

gradient, the calcite mud matrix apparently stabilized at a depth of between 320 and 730 

m (assuming a surface temperature of 20 0C). The maximum estimate of 45 0C7km for the 

geothermal gradient produces a burial depth varying from only 142 to 324 m.

A similar 18Q depletion may have resulted from exposure to meteoric fluids. The 318O 

depletion of between -6.2 to -7.8 9fcc (PDB) for the matrix samples would be consistent
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with a cool meteoric fluid (15 to 18 0C) having a 318Q on the average varying from -6 to 

-8 *fao (SMOW). This interpretation is not supported by the carbon isotope values which 

are only slightly depleted and certain stratigraphic and petrographic evidence discussed in 

the following section.

Summary

Stratigraphically, microporosity is clearly facies specific and is confined to the matrix of 

a basal and upper wackestone to packstone facies. The upper unit directly underlies the 

Hamilton Group/Dundee Formation unconformity and is separated from the basal unit by 

approximately 10 m of tight mudstones. This suggests that the unconformity did not play 

a direct role in providing exposure to meteoric fluids as the basal unit is microporous. 

The depositional and burial history are one of progressive transgression and burial of the 

sediments which does not provide the potential for direct exposure to fresh water during 

deposition of the Dundee Formation. The sediments display no relict freshwater cements. 

Exposure to meteoric fluids however, cannot be ruled out in light of the late Devonian to 

early Mississippian phase (Sanford et aL, 1985) of salt solution-generated fracturing. 

Fractures predominate in the upper Dundee sections but are also present throughout the 

entire carbonate interval. The fractures may have provided the conduits for invading both 

the upper and lower microporous intervals.

The wackestones to packstones demonstrate only minor effects of compaction and grain 

interpenetration, which may indicate that the sediments were either well cemented early 

or they were originally muddier and therefore were susceptible to significant 

prelithification compaction. Wispy and sutured stylolites are common in the microporous 

sections. Relationship between microporosity and pressure solution is established by the 

drop in microporosity in areas of intense stylolitization and the progressive change from
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framework to mosaic texture. Relict framework texture in the mosaic fabric indicates it 

was probably developed prior to pressure solution. Pressure solution has largely 

obliterated the precursor framework texture by dissolving the crystal faces. Pressure 

solution may transform framework to mosaic texture as Moshier (1989a) indicated in 

Figure 30 (pathway #5).

The oxygen isotope data indicate the microporous matrix precipitated at maximum burial 

depth of 730 m (based on 20 0C7km) and possibly at shallower depths if higher 

geothermal gradients are used. Dunnington (1967) suggested chemical compaction led to 

localized occlusion of matrix microporosity initially between the depths of 600 and 900 m 

of burial for certain Middle East carbonate reservoirs (Moshier, 1989b). As much as 

there is considerable controversy regarding burial depth of initiation of pressure solution, 

petrographic evidence for the Dundee reservoirs support a prepressure solution formation 

of microporosity.

Late stage fractures cross-cut stylolites and provided the pathways for corrosive fluids 

which caused development of late dissolution macrovugs, microvugs and microchannels 

within the microporous matrix. This late stage leaching apparently enhanced rock 

porosity and permeability, but may have locally provided pore-filling cements.

DOLOMITIZATION 

Introduction

Dolomitization is a significant process in the development of the Rodney Field (Style 2) 

and the Oil Springs Field (Style 3). Dolomite is also present in the Dundee Formation 

Style l reservoirs and the Lucas Formation Style 5 reservoirs but does not contribute
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significantly to reservoir development Style 2 and 3 reservoirs are examined separately 

on the basis of stratigraphic occurrence, petrographic features, stable isotopes and 

mechanisms of dolomitization.

Dolomitization in the Dundee Formation

Stratigraphic and Regional Occurrence

Dolomitization of the Dundee Formation is largely restricted to the Style 2 siliciclastic- 

rich dolostones, which form the Rodney Field reservoir. The dolomitized beds lie within 

a basal section of the sandy, bioclastic wackestone to packstone facies of the Dundee 

Formation and contain thin interbeds of sandstone (Plate 14c). Medium crystalline 

(Type 2) dolomite is present in quantities ranging from 5 to nearly 100 *fo of the rock. 

The pervasively dolomitized sections are underlain and overlain by partially dolomitized 

sandy, lime wackestones to packstones. The dolomitized beds lie in close proximity to 

the sandy interbeds. Pressure solutions seams are absent in the pervasively dolomitized 

intervals.

Petrographic and Textural Features

In thin section, dolomite is present as slightly ferroan to nonferroan euhedral crystals. The 

medium crystalline rhombs are distinctly unimodal in size distribution and range from 

100 to 250 nm. The dolomite crystals display sharp planar contacts and have inclusion- 

rich cores with clear rims (Plate14d).

Cathodoluminescence reveals the shapes of the dolomite cores range from rhombic to 

spherical. A wide range of textural and colour variations are present and include red, 

orange, yellow and black cores, solid to patchy red to brownish-red luminescence rhombs 

and rare finely zoned rhombs. Three distinct zones may be present, a brightly red to
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reddish orange rim, an intermediate band of dull brownish red luminescence and a black 

nonluminescent core.

The extent of dolomitization is variable and ranges from partial to pervasive. In the 

incompletely dolomitized intervals, dolomite rhombs partially replace the margins of 

crinoidal fragments and their syntaxial rims (Plate 15a,b). The matrix components of the 

crinoidal wackestone to packstone precursor facies, which may have included fine 

bioclastic fragments and micrite to pseudospar, were apparently preferentially 

dolomitized. In the pervasively dolomitized intervals, replacement is nonmimic and is 

commonly associated with sandy laminations and lenses (Plate 15c). Intergranular 

porosity has been preserved in these siliciclastic sand-rich intervals (Plate 15 c,d). The 

quartz sand is commonly well-rounded and varies from fine to coarse grained. Porosity 

in the pervasively dolomitized sections is predominantly intercrystalline.

Stable Isotopes

Three bulk dolomite samples from the Rodney Field (Figure 31, Appendix A) yielded 

318Q values from -7.4 to -8.5 W* (PDB) and WC from -0.1 to+1.3%0 (PED). The 

values represent a depletion of 3.0 to 4. Yko dlSQ (PED) and -0.2 to -1.6 *fac dl3c (PED) 

relative to the Middle Devonian marine calcite cements.

Dolomitization in the Lucas Formation

Stratigraphic and Regional Occurrence

Dolomitization of the Lucas Formation is significant in the Style 3 reservoirs which are 

typified by the Oil Springs Field. The dolostones of the Oil Springs Field are 

stratabound and occur in a shallow subtidal to supratidal sequence. Dolostone intervals 

are generally in sharp contact with undolomitized peloidal packstone to grainstones and
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laminated lime mudstones. The dolostones are situated approximately 10m below the 

Dundee Formation/Lucas Formation unconformity.

Petrographic and Textural Features

On the basis of petrographic relationships, lithological associations and crystal size, the 

dolomite fabrics found in the Oil Springs Field were classified into three distinct types. 

Type l - micritic to very finely crystalline dolomite; Type 2 - finely crystalline dolomite; 

and Type 3 - medium crystalline dolomite (Table 4). The three dolomite types overlap in 

the reservoir quality dolostone beds.

Type l: Micritic to Very Finely Crystalline Dolomite

Type l dolomite is most abundant in the dolomitic mudstones (which occur in beds up to 

0.75 m thick; Plate 7c ) but also occurs as a peloidal replacement (Plates 7a,b ), and as 

thin laminations within the finely crystalline dolostone beds. Petrographically, the 

crystals are l to 5 |im, limpid, euhedral and nonferroan (Plate 8b).

Type 2 : Finely Crystalline Dolomite

The finely crystalline dolomite constitutes the bulk of the reservoir quality dolostone beds 

which vary in thickness up to 5 m. Dolostone beds often display finely laminated texture 

and are closely associated with upper intertidal to supratidal features such as rip-up clasts, 

fenestra! fabric, and mudcracks. Stylolites although riot common have been identified in 

the pervasively dolomitized intervals. There is a distinctive lack of bioclasts in the 

dolomitized beds. The finely crystalline dolomite is also present as thin laminations 

within siliciclastic sand-rich horizons (Plate 9c,d) and precipitated along the margins of 

vugs in the dolomitic mudstone facies 

(Plate 8b).
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Petrographically, the crystals are 20 to 30 yon in size, euhedral, limpid, unzoned, non- 

feiroan and display sharp planar contacts. The fine crystalline rhombs luminesce bright 

red to brownish red in cathodoluminescence. Type 2 dolomite has apparently partially 

replaced Type l dolomite in the dolomitic mudstone facies (Plate 8b).

Type 3: Medium Crystalline Dolomite

Medium crystalline dolomite is present in the dolomitic mudstone facies, the pervasively 

dolomitized beds, and is disseminated throughout the undolomitized limestones of the 

Lucas Formation. It is most abundant next to stylolite and within quartz sand-rich 

laminations displaying intergranular porosity (Plate 9c). Minor intercrystalline porosity 

occurs in these siliciclastic sand-rich laminations of Type 3 dolomite.

Petrographically, the dolomite crystals are 80 to 150 ^im, euhedral to subhedral in habit, 

nonferroan, display planar contacts in open pore space and nonplanar, irregular contacts 

within the siliclastic-rich laminations and dolostone matrix (Plates 9a,b,c). Type 3 

dolomite crystals display compromise boundaries in contact with Type 2 dolomite 

crystals and quartz sand grains (Plates 9a,b,c). The Type 3 dolomite crystals generally 

have a rounded inclusion-rich core with a clear to inclusion-poor rim (Plates 9a,b,c,d). 

Rare crystals have a rhombic core (Plate 9d). Under cathodoluminescence, the rhombs 

show a crude zonationing with a reddish-orange rim and a bright red to brownish-red 

core. Type 3 dolomite has apparently replaced: (1) an earlier, equant calcite cement 

phase (Plates 9a,b), (2) Type l dolomite (Plate 8b), and (3) Type 2 dolomite 

(Plates 8d,9c).

Stable Isotopes

Six bulk samples from the Oil Springs Field represent predominantly the Type 2 

dolomites and contain minor amounts of Type 3 dolomite (Figure 31). 318O values vary

t O 6



from -4.3 to -8.5 ^ and 313C values range from -K).3 to +2.0 9fco. On average, the 

dolostones are 180 depleted and slightly 13C enriched compared to Middle Devonian 

marine calcite.

Models of Dolomitization

Introduction

Seven commonly accepted models of dolomitization are:

1. Shallow-subtidal

2. Sabkha

3. Mixed Water (Dorag)

4 Burial Compaction (includes Fracture-related dolomite)

5. Hydrothermal

6. Solution Cannibalization

7. Coorong

A detailed review of five of these models will follow. The Coorong and solution 

cannibilization models are examined very briefly as they represent very minor and 

insignificant dolomite occurrences. The viability of five models is discussed with regards 

to dolomitization in the Style 2 and 3 reservoirs.

Shallow-subtidal Model

The shallow-subtidal model of Machel and Mountjoy (1986,1987) is similar to the 

intertidal to supratidal (sabkha) model. Machel and Mountjoy (1987) suggested that a 

constant supply of fluids and magnesium may have been provided by a) tidal pumping; 

b) wind and wave action; c) reflux; d) gravity-driven convection within the upper
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centimeters and decimeters of the sediments (induced by evaporative density increase of 

the surface water); or e) combinations of these factors. Machel and Mountjoy (1986) 

considered the shallow-subtidal model to be one of the most effective and plausible 

mechanisms to explain the formation of massive, replacive dolostones on a large scale.

Recent studies have presented a number of stratigraphic, petrographic and isotopic 

criteria which may be considered typical of shallow-subtidal dolomitization. 

Stratigraphically, numerous examples have shown that subtidal dolomites tend to be 

confined to shallow water peritidal carbonates and the dolomite predates compaction 

(Moore et al., 1988). The dolomite is replacive and is typically in the size range from l to 

100 \im. (Machel and Mountjoy, 1986; Ruppel and Gander, 1988). Machel and Mountjoy 

(1986) documented three subtidal dolomite textures: (1) a laminated-dense dolomite, 

devoid of skeletal grains, (2) heterogeneous, largely fabric-obliterating dolomite mosaics 

with irregular burrows and skeletal ghosts and (3) a homogeneous, fine-crystalline and 

featureless dolomite. Isotopically, Ruppel and Gander (1988) found the dolomites to be 

enriched in 318O; a result they attributed to precipitation from evaporated seawater. In 

studies by Moore et al., (1988) and Zenger and Dunham (1988), the 3 13C values reflected 

the precursor limestones or were slightly 13C depleted.

Sabkha Model

The sabkha model focuses on dolomitization as being a very early diagenetic event 

occurring in the high intertidal zone close to the strandline (Morrow, 1990). A direct 

association with evaporite precipitation is also important but not a necessity. One of the 

best modern examples of sabkha dolomitization is the Persian Gulf region which has been 

extensively studied by many authors including Kinsman (1966), Hsu and Schneider 

(1972) and Patterson and Kinsman (1981). In the arid tidal flats of the Persian Gulf,

i 08



seawater beneath the supratidal sabkha surface is progressively concentrated by 

evaporation. This leads to precipitation of aragonite and gypsum and a significant 

increase in Mg/Ca ratio in the brine. These Mg-rich hypersaline brines beneath the 

sabkha surface are interpreted to be the dolomitizing fluids (Hardie, 1987).

The term sabkha refers to the general depositional environment and does not specifically 

address the actual hydrologic processes responsible for supplying the Mg2* required to 

drive dolomitization. Two basic hydrologic flow principles are considered to be 

responsible for providing a continuous supply of high Mg/Ca ratio waters to the 

strandline; seepage reflux and evaporative pumping.

The reflux model was first discussed by Adams and Rhodes (1960) and involves flooding 

of the tidal flats with seawater. The seawater develops a high Mg/Ca ratio due to 

evaporation and the precipitation of evaporites. The resulting higher density, supersaline 

brines provide a hydraulic head and then seep back towards the sea under the supratidal 

flats or in the adjacent lagoons, setting up a continuous hydrological cycle. In present day 

sabkhas, dolomitization occurs only in a narrow (approximately l km wide or less) 

intertidal to supratidal zone near the strandline (Machel and Mountjoy, 1986). The 

underlying intertidal and subtidal sediments are partially dolomitized to a depth of l to 

1.5 m beneath the surface (Morrow, 1990). Machel and Mountjoy (1986) concluded that 

the sabkha with reflux model had the potential of forming only small quantities of 

distinctive, fine-crystalline protodolomite in thin beds, crusts and nodules.

Hsu and Siegenthalar (1969), Hsu and Schneider (1973) and McKenzie et al., (1980) 

developed an alternative model to seepage reflux which they termed evaporative pumping
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to explain upward fluid flow induced by an upward decrease in hydrodynamic potential 

during evaporation. Their experiments suggested that hydrodynamic movement induced 

by evaporation could be an effective mechanism to transport magnesium-bearing 

solutions through relatively impermeable sediments in an arid coastal plain. Their 

modeling indicated that dolomitization by evaporative pumping could proceed at 

sufficient rates to account for the origin of recent dolomite crusts and for the thicknesses 

of ancient supratidal dolomites. They also concluded that seepage reflux could not 

supply the necessary amounts of magnesium required for dolomitization.

Morrow (1990) cited a number of recent studies which found field evidence for 

evaporative pumping to be contradictory and concluded that as much as the model may 

contribute to sabkha dolomitization, on its own, it does not supply the volume of flow 

necessary for significant dolomitization. Muller et al.v (1990), using strontium isotopes 

as a tracer, found the flood recharge-evaporative pumping model of McKenzie et al., 

(1980) to be consistent with their their results.

A number of authors have discussed unique stratigraphic, textural and geochemical 

features that are considered to be indicative of sabkha dolomitization. Stratigraphically, 

the dolomites tend to be closely associated with a number of supratidal features such as 

rip-up clasts, fenestra! fabric, microbial laminates, mudcracks, evaporites, wind blown 

sand and dolomite. The dolomites are invariably present as thin beds, crusts and patchy 

nodules and occur in specific depositional intervals within stacked sequences (Machel 

and Mountjoy, 1986). The most common type of sediments dolomitized are aragonite 

muds but Stratigraphically equivalent algal and sandy sections may be dolomitized 

(Machel and Mountjoy, 1986). Patterson and Kinsman (1982) and Zenger and Dunham
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(1988) noted that fossils are commonly absent in the thin sabkha dolomite beds. 

Texturally, the dolomites are typically microcrystalline (l to 5 |im) and euhedral 

(Morrow, 1990). According to Warren (1989), finely crystalline dolomites which display 

stratiform occurrence, preserved primary sedimentary structures, and are associated with 

sabkha-like deposits were most likely formed in the sabkha environment Isotopically, a 

number of studies have shown that sabkha dolomites are typically enriched in 18O. 

Tucker and Wright (1990) suggested that much of the enrichment may be attributed to 

the dolomite-calcite fractionation and some due to evaporative concentration which leads 

to a ISO-enriched fluid.

Mixed Water (Dorag) Model

The mixed water model proposed by Land (1973) and Badiozamani (1973) involves 

dolomitization within the zone of mixing of fresh groundwater with seawater. Land 

(1973) suggested that the Mg2* ions for dolomitization are derived primarily from 

seawater and the delivery mechanism is the continual circulation of seawater induced by 

the flow of fresh water. Machel and Mountjoy (1986) concluded that mixing zones are 

capable of creating porosity by dissolution and are unable to provide large volumes of 

replacive dolostones.

Following are some of the features attributed to dolomitization in the mixing zone. 

Hardie (1987) suggested that mixing zone dolomites are unrelated to sabkha evaporite 

facies. Machel and Mountjoy (1986) noted that mixing-zone dolomite occurs 

predominantly as a cement in two forms; as limpid, sparry, void filling and mixed with 

calcite in micrite and the dolomite crystals typically show calcite/dolomite zoning. 

Tucker and Wright (1990) noted that mixing zone dolomites are typically depleted in
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318Q which is consistent with meteoric influence and 313C may reflect the precursor 

calcite or be lighter, possibly indicating organic matter (including soil) influences.

Burial Compaction Model

The burial model relies on the expulsion of Mg2*-rich pore fluids from the sediments and 

adjacent shales with progressive compaction. Increased temperatures with burial depth 

may reduce the kinetic inhibitions of dolomitization (Mattes and Mountjoy, 1980; 

Morrow, 1990). Additional Mg2* may be derived from the chemical alterations of certain 

clay minerals. Morrow (1990) largely discounted this model as being capable of forming 

large masses of dolomite. On the contrary, Machel and Mountjoy (1986), Machel and 

Anderson (1989), Kaufman et al., (1991) provided examples, in particular the Devonian 

Nisku of Western Canada, where massive dolomitization occurred in the burial realm. 

They added that compaction flow may be enhanced by the presence of faults.

Stratigraphically, burial dolomites postdate limestone lithification and may be coincident 

with stylolitization (Mattes and Mountjoy, 1980; Machel and Mountjoy, 1986). The 

dolomite crystals tend to be coarser grained (Morrow, 1990) and ferroan (Zenger and 

Dunham, 1988). A number of studies which have interpreted burial dolomitization 

indicate 31 SO values to be strongly negative and 313C values generally reflect the host 

limestones (Mattes and Mountjoy, 1980; Gregg, 1985; Zenger,1983). Burial dolomites 

can be expected to have negative 3ISO values from precipitation at the higher 

temperatures at depth (Tucker and Wright, 1990).

Fracture-Related Dolomite

Machel and Mountjoy (1986) discussed the role of faults in providing conduits for 

compaction fluids with regards to the burial compaction model. Machel (1985) and 

Machel and Anderson (1989), with reference to the Nisku Formation, suggested faults
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funneled and/or deflected the compactional fluid flow in a way that resulted in 

asymmetrical dolomitization patterns. Machel (1985) speculated that some of the fluids 

may have been sourced from Middle Devonian residual evaporative brines. Jones (1980) 

cited a number of examples in Western Canada where dolomitization was directly related 

to faulting and in particular the Slave Point and Nisku Formations. In the Slave Point 

example, he suggested Mg^-bearing solutions entered the limestones from below, along 

fault planes.

In a detailed study of the Trenton Formation of the Michigan Basin, Taylor and Sibley 

(1986) documented a dolomite type which they considered fracture related. Their 

fracture-related dolomite was distinctively non-ferroan, coarse-grained (0. l to 0.5 mm) 

and was commonly associated with saddle dolomite. The dolomite rhombs displayed 

cloudy centres and appeared to have abundant microinclusions. Isotopically, the fracture- 

related dolomites of Taylor and Sibley (1986) were depleted in 318Q (average -9 9k, 

PDB) with corresponding 313C of O 96c (PDB). In a similar study of the Dundee 

Formation in the Michigan Basin, Carlton and Prouty (1983) suggested the epigenetically 

formed dolomite reservoir rock was intimately related to shear faults. They speculated 

that the shear faults provided the channelways for ascending Mg 2*-bearing fluids. 

Budros and Johnson (1990) discussed the role of fractures in forming secondary dolomite 

reservoirs in the Devonian Deep River and North Adams fields of the Michigan Basin.

Hydrothermal Model

In this model, dense hypersaline brines that have migrated to great depths in the earths 

crust are recirculated to shallower depths by thermal convection where they can 

dolomitize porous limestone (Morrow, 1990). The presence of hydrothermal minerals
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and elevated fluid inclusion temperatures are considered to be prime indicators of this 

model of dolomitization. Hydrothermal dolomites are often associated with fault zones.

Solution Cannibilization Model

This model involves Mg2-*- being derived from the dissolution of metastable high-Mg 

calcite. Given and Wilkinson (1987) determined that this mechaism was effective on a 

very local scale but insufficient in forming stratal dolomites.

Coorong Model

The mechanism of dolomite precipitation in the Coorong model may relate to the mixing 

of marine and continental water, but the evaporation of continental water is probably the 

forcing mechanism (Tucker and Wright, 1990). Coorong dolomite typically forms 

crusts, flake breccias, algal laminates and polygonal desication cracks around lake 

margins (Tucker and Wright, 1990).

Dolomitization in the Dundee Formation

The medium crystallinity of the dolostones and their partial to complete stratiform 

replacement of a precursor, bioclastic limestone indicates dolomitization was a 

secondary, late replacement. The extent of dolomitization was probably controlled by 

the porosity of the precursor facies. In the partially dolomitized intervals, the allochems 

and syntaxial cements are largely preserved, whereas the micritic matrix has been 

selectively dolomitized. Mattes and Mountjoy (1980) noted similar selective micritic 

replacement over calcite spar in the Mississippian Turner Valley Formation of Western 

Canada.

The pervasively dolomitized intervals have no preserved relict structures; a feature 

Zenger and Dunham (1988) considered indicative of a late stage replacement. Pressure 

solution seams are very widespread throughout the undolomitized sections of the basal
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Dundee Formation but are conspicuously absent in the dolomitized intervals. The 

absence of pressure solution seams may be interpreted to suggest that dolomitization was 

a post-chemical compaction event In the pervasively dolomitized intervals pressure 

solution seams may have been obliterated. This feature alone is not sufficient to discount 

a prepressure solution origin for the dolomite as dolomite is thought to be highly resistant 

to pressure solution (Dunnington, 1967). The slightly ferroan nature of the dolomites 

indicates precipitation occurred under mildly reducing conditions or there was little Fe2* 

available.

It is significant that the dolomitization is most pervasive in proximity to quartz sand 

interbeds which have retained intergranular porosity and the dolomitized interval overlies 

and underlies partially dolomitized bioclastic limestones. The porous quartz sand 

interbeds may have provided the pathways for late diagenetic fluids. The fact that the 

pervasively dolomitized interval is immediately overlain and underlain by partially 

dolomitized bioclastic limestones suggests the fluids migrated only a limited distance 

from the porous quartz sand interbeds. This implies a primary permeability control over 

fluid movement and subsequent dolomitization and/or reflects a short-lived diagenetic 

fluid source. The petrographic characteristics of the Rodney dolomites may also have 

bearing on the nature of the diagenetic fluid migration event. Mattes and Mountjoy 

(1980) interpreted bimodal distribution and variations in luminescence of certain Miette 

dolomites to indicate more than one phase of alteration. The Rodney dolomites are 

distinctly unimodal in size distribution which may indicate they formed during one phase 

of alteration associated with a single fluid migration event.
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Stable Isotope Interpretation

Assuming direct precipitation and using the paleotemperature equation modified by 

Friedman and O'Neil (1977) the composition of the original seawater or early diagenetic 

pore-water 318O can be estimated The equilibrium oxygen isotopic composition of 

dolomite is assumed to be 3.8 96c heavier than calcite (Land* 1985). Using a seawater or 

pore-water value of -4 9fco 3ISO (relative to SMOW) (see Figure 2.8 in Lohmann, 1988) 

and a dolomite 318O compositional range of -7.4 to -8.5 9fco dolomite precipitation 

occurred at approximately 55 to 62 0C. If we consider the paleogeothermal gradients 

previously discussed, the dolomites precipitated at a minimum of 1250 m and a maximum 

burial depth of 2.1 km using 20 0C7km of Legall et al., (1981) and a surface temperature 

of 20 0C. Cercone's (1984) maximum paleogeothermal gradient of 45 0C results in 

burial depths ranging from 780 to 1000 m. The maximum burial depth of 2.1 km and 

temperature values ranging up to 62 0C are consistent with results obtained by Legall et 

al., (1981). Legall et al., (1981) determined a minimum paleotemperature estimate of 

60 0C for the top of the Middle Devonian interval of southwestern Ontario. They 

estimated the Middle Devonian interval reached burial depths of from 1300 to 2000 m on 

the basis of geothermal gradients of 20 to 30 0C7km.

Rather than assuming that the 18O isotopic depletion in precipitated dolomite resulted 

from precipitation at depth under conditions of higher temperatures, the oxygen isotope 

data may be interpreted to indicate the dolomite precipitated from a mixture of meteoric 

and marine waters. The dolomites may have precipitated from more 18O depleted mixed 

fluids under conditions of lower temperature and shallow burial. This interpretation is 

plausible considering the close proximity of the Rodney field to two major faults
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(Figure 23) which may have provided conduits for exposure of the sediments to mixed 

fluids.

The carbon isotopes for the Rodney dolomites vary from -1.0 to -1-1.3 9fco 313C and 

represent a depletion of -0.2 to -1.6 ^ 313C relative to Middle Devonian marine calcites. 

This minor depletion is not distinctive enough to reasonably argue for the influence of 

organic matter diagenesis or to soil-charged meteoric waters and more likely reflects 

recycled rock carbon.

Model of Dolomitization

To arrive upon a plausible model to explain dolomitization in the Style 2 reservoirs each 

of the five previously discussed models are examined. The shallow subtidal and sabkha 

models may be ruled out as the basal Dundee sediments were not associated with 

evaporative, peritidal depositional conditions and dolomitization is interpreted from 

petrographic evidence to be a late diagenetic event There is no indication of post 

depositional immergence and dolomitization is unrelated to the Dundee 

Formation/Hamilton Group unconformity. Fresh water carbonate cements were not 

identified in the Dundee Formation. These factors suggest that dolomitization did not 

proceed within a near surface mixed-water lens. Meteoric fluid movement along late 

Devonian/Early Mississippian rejuvenated fractures is a possibility although the carbon 

isotopes are not significantly depleted in 13C.

The burial compaction model requires a significant thickness of shale which is not present 

until the overlying Hamilton Group is encountered approximately 30 m above the 

dolostone. Dolomitization in the Dundee carbonates directly underlying the Hamilton 

shale is insignificant. The presence of partially dolomitized limestones above and below
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the pervasively dolomitized intervals suggests that the Style 2 dolostones did not result 

from a simple burial compaction flow model, although burial compaction generated 

fluids may have been involved. The contribution of burial compaction generated fluids 

can not be discounted as they may have been funneled along fractures formed during the 

late Devonian/Early Mississippian phase of fracture rejuvenation. Machel (1985), 

Machel and Anderson (1989) suggested a similar model to explain dolomitization in the 

Devonian Nisku Formation of Alberta.

The fracture-related dolomite model is consistent with regional tectonic, stratigraphic, 

petrographic and isotopic data previously discussed. The dolostones are medium 

crystalline, slightly ferroan to nonferroan, unimodal in crystal size distribution and have 

in places, pervasively replaced the precursor limestones. These textural features in 

combination with the absence of stylolites indicates dolomitization was a late, post 

pressure solution event. The isotopic data suggest that the dolomites precipitated at a 

maximum burial depth of 2.1 km from diagenetic fluids in the temperature range of 55 to 

62 0C or conversely from mixed fluids at shallower depths.

The close proximity of the Rodney Field to major faults to the north and immediately to 

the west suggests that these faults provided the conduits for the diagenetic fluids. The 

faults supplied the initial pathways for the solutions which migrated along the basal 

Dundee Formation sandy beds and dolomitized the surrounding limestones. It is 

speculated that the diagenetic fluids migrated during a single tectonic event which may 

have been synchronous with the Late Devonian/Early Mississippian phase of fracture 

rejuvenation and evaporite solution (Sanford et al., 1985). A number of fluid sources 

and combinations may have been involved during this tectonic event as it was coincident
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with dissolution of the Silurian Salina evaporites. The fluids responsible for leaching 

massive thicknesses of the Salina evaporites may have been sourced from above 

according to Grieve (1955) and Brigham (1972) or in light of recent studies (Middleton et 

al., 1990; Colquoun and Brand, 1989a, 1989b, 1991) may have been sourced from below. 

It is also possible that the fluids may have originated from both above and below. If the 

source was from above, the descending fluids may have initially been marine or mixed 

marine/meteroic in composition (Grieve, 1955) and would have evolved to highly 

saturated brines following dissolution of the Silurian Salina evaporites. These brines 

would have provided an excellent diagenetic fluid for replacing the Dundee Formation 

limestones as magnesium would have been contributed from the marine component and 

the high salinity would overcome certain kinetic inhibitions to dolomitization. If the 

fluids were in fact sourced from below, they would have been Mg-rich brines in 

composition as derived from an Ordovician and possibly Cambrian source with possibly 

elevated temperatures.

Dolomitization in the Lucas Formation

The Style 3 reservoirs of the Lucas Formation are characterized by three petrographically 

and stratigraphically distinct dolomite types suggesting that each formed under differing 

diagenetic conditions.

Type l dolomite is present as a pervasive replacement in the dolomitic mudstone facies 

and to a minor extent in the microcrystalline dolostone facies as a peloidal replacement. 

Its microcrystalline size (l to 5 Jim) and occurrence in thin beds associated with 

supratidal features such as rip-up clasts, fenestra! fabric, mudcracks and evaporites are 

features consistent with sabkha dolomitization (Machel and Mountjoy, 1986; Zenger and
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Dunham, 1988; Warren, 1989). Type l dolomite has apparently been replaced in part by 

both Type 2 and 3 dolomites in the microcrystalline dolostone facies.

Type 2 dolomite is stratigraphically confined to the Lucas peritidal sequence and the 

rhombs are distinctly finely crystalline (20 to 30 Jim), homogeneous, euhedral and limpid. 

It is most commonly present in relatively thick dolostone intervals which are laminated in 

part and devoid of skeletal grains. Type 2 dolomite is also present as a replacement of 

the Type l dolomite. These features are consistent with those summarized by Zenger and 

Dunham (1988) and Machel and Mountjoy (1986) as being indicative of shallow-subtidal 

seafloor dolomitization.

The mixed-water model does not explain Type l and 2 dolomites considering the direct 

association with sabka conditions. The burial compaction model was not considered 

applicable as Type l and 2 dolomites are: (1) very fine to finely crystalline and burial 

dolomites tend to be coarser grained, (2) uniquely statabound within a peritidal sequence 

and are associated with supratidal features such as rip-up clasts, mudcracks and fenestrae 

and (3) cut by post dolomitization stylolites. The contribution of burial compaction 

fluids, though, can not be discounted. The fracture-related model is also not consistent 

with Type l and 2 dolomitization as fracture related dolomites tend to cross-cut 

depositional contacts, are much coarser grained and generally are not laterally continuous 

on a regional scale.

Type 3 dolomite is not stratigraphically controlled and is present in varying quantities 

throughout the entire Lucas Formation. Where present is has apparently replaced or 

partially engulfed Type l and 2 dolomites and has replaced an earlier phase of equant
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calcite. The rounded cores within Type 3 dolomite crystals may represent the ghost fabric 

of precursor peloids. Type 3 is most abundant in the siliciclastic sand-rich horizons 

which have retained intergranular porosity. Type 3 dolomite represents a minor late 

dolomitization event likely associated with fluids moving through preserved 

intercrystalline and intergranular porosity. The dolomite crystals are slightly ferroan in 

contrast to the nonferroan Phase l and 2 dolomites. Type 3 dolomite crystals are most 

abundant in proximity to pressure solution seams. It is suggested therefore, that this 

phase of dolomitization was a burial event and occurred following or contemporaneous 

with pressure solution.

Stable Isotope Interpretation

To interpret the 91 8Q results the author has used the paleotemperature equation modified 

by Friedman and O'Neil (1977) and assumed the equilibrium oxygen isotopic 

composition of dolomite to be 3.8 9k? heavier than calcite (Land, 1985). Using a seawater 

or pore-water value of -4 ^ (SMOW)(see Figure 2.8 in Lohmann, 1988) and a dolomite 

318Q composition ranging from -4.3 to -8.5 96c, dolomite precipitation between about 30 

to 55 0C.

The 30 0C determination was based on one value (-4.3), which be an anomalous sample. 

Temperatures between 40 to 55 0C are calculated from 918Q values varying form -6.2 to 

-8.5 ^. If we use the paleogeothermal gradients suggested by Legall et al., (1981) of 20 

to 30 0C and Cercone (1984) of 35 to 45 0C (estimate of surface temperature of 20 0C) 

these calculated temperatures relate to a minimum burial depth of only 440 m and a * 

maximum depth of 1.75 km.
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The slight enrichment of 0.4 96c and depletion of 1.3 9fcc 313C (PDB) relative to Middle 

Devonian marine calcites is not significant to suggest that other than Ordovician to 

Silurian or burial modified seawater was involved. Hudson (1977) noted that solution- 

reprecipitation processes within the carbonate system without organic involvement can 

produce a change of a few 96c in 313C.

Dolomites precipitated in environments ranging from the supratidal to shallow subtidal 

with hypersaline brines tend to be significantly enriched in ISO indicating evaporated 

seawater (Machel and Mountjoy, 1986) and reflect marine 13C or are slightly depleted 

(Zenger and Dunham, 1988). Oxygen isotope values of the Oil Springs dolostones are 

significantly depleted in 180 and therefore do not directly support dolomite precipitation 

in a supratidal to shallow subtidal with hypersaline brines environment since modern 

dolomites deposited in seawater are enriched in 18O relative to co-existing calcite by 

about 3 to 3.8 9ko. Land (1985) concluded that dolomite more depleted than -4 96c could 

not have occurred under Earth surface conditions and that 18O depleted dolomites may 

reflect the last diagenetic or stabilization event .

Model of Dolomitization

Type l dolomite precipitated in a sabkha environment as replacement of a precursor 

carbonate mudstone facies. Type 2 dolomite pervasively replaced the laminated 

mudstone and siliciclastic sand-rich, peloidal packstone to grainstone facies in a shallow- 

subtidal marine environment. Interpretation of the precursor facies is based on the 

presence of rounded cores in the Type 3 dolomite crystals (replaced peloids ?) and quartz 

sand grains which are typically present in the peloidal packstone to grainstone facies. 

The occasional laminated fabric of the dolostone suggests a precursor mudstone facies 

was also dolomitized. Type 3 dolomites represent a minor, late burial event. Warren
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(1989) discussed a similar two stage model of dolomitization for the Ordovician Red 

River Formation of the Willison Basin. He described (1) an early penecontemporaneous 

sabkha stage which precipitated dolomite in the supratidal sediments and (2) a later brine 

reflux stage which dolomitized the underlying intertidal and subtidal sediments.

Although the isotopic data does not directly support a sabkha to shallow-subtidal 

formation of the Type l and 2 dolomites a number of recent studies have documented 

318O depletion in ancient sabkha and shallow subtidal precipitated dolomites. Hardie 

(1988) and Tucker and Wright (1990) noted that much dolomite precipitating in modern 

evaporite settings is very fine crystalline (0.5 to 5 \irri) whereas ancient supratidal 

dolomites are coarser crystalline (5 to 20 \im). Tucker and Wright (1990) and Hardie 

(1988) further suggested that neomorphism of early dolomite during burial can be 

expected, since early dolomites are more reactive because of their small crystal size and 

they are usually non-stoichiometric and poorly ordered The 3180 isotopic signature of 

dolomites which initially precipitated in evaporative settings (especially the more 

coarsely crystalline ones), therefore might be modified during burial diagenesis (Tucker 

and Wright, 1990).

Zenger and Dunham (1988) documented 3ISO depletion in certain Siluro-Devonian 

dolomites of southeast New Mexico which they interpreted as being a very early 

diagenetic replacement affected by hypersaline brines related to a tidal flat environment 

They suggested the *8O depletion may have resulted from neomorphism during which the 

dolomite assumed some of the geochemical characteristics of deep burial. Moore et al., 

(1988) discussed a recrystallization model where Upper Jurassic Smackover Formation 

sediments were initially dolomitized by reflux of evaporative brines and subsequently
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recrystallized in a meteoric-water system. Kaufman et al., (1991) discussed dolomite 

neomorphism in dolomites from the Devonian Swan Hills Formation of Alberta.

It is therefore reasonable to interpret Type 2 dolomite as being neomorphosed during 

burial and its oxygen isotopic signature recording a later stabilization event

SUMMARY OF DIAGENESIS

Dundee Formation

Diagenesis began with the formation of hardgrounds (Figure 32). In the grain supported 

facies, compaction caused grain interpenetration and minor grain breakage. In the 

shallow to intermediate burial realm the micritic matrix of the wackestone to packstone 

facies stabilized to form microporosity. A relatively early phase of dissolution is also 

interpretated to have occurred in the shallow to intermediate burial environment as 

biomoldic and vuggy pores have been subsequently cemented with an early phase of 

equant calcite. These diagenetic features may have been synchronous with pressure 

solution. Following pressure solution, a late Devonian to early Mississippian phase of 

fault rejuvenation resulted in migration of fluids along the faults which dissolved 

significant thicknesses of the Silurian Salina evaporites. Fluids associated with this 

event were responsible for dolomitization of the Dundee Formation carbonates. Leaching 

of the Salina salts resulted in the formation of anticlinal structures and secondary 

fractures in the Dundee Formation carbonates. A late stage of dissolution was associated 

with the secondary fractures. A minor late burial calcite cement partially occluded 

fracture porosity.
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Lucas Formation

Early lithification is indicated in the Lucas Formation by the presence of mudcracks, rip- 

up clasts, intraclasts and preserved fenestra! fabric in the laminated mudstone facies 

(Figure 33). In the preburial to shallow burial realm, Type l and 2 dolomites replaced 

selected intervals at different times within the peritidal sequence. Equant neospar as well 

as an early phase of equant calcite cement initially formed in the shallow burial 

environment The sediments were affected by mechanical and chemical compaction as 

pressure solution seams are present throughout the peritidal sequence. Type 3 dolomites 

precipitated following or penecontemporaneous with pressure solution. A late phase of 

dissolution is indicated by the presence of secondary porosity in the calcareous 

sandstones.

Comparison of Diagenesis in the Dundee and Lucas Formations

A number of similarities and differences are apparent in the diagenetic features of the 

Dundee and Lucas formations. The Dundee Formation sediments were deposited 

predominantly in an open marine shallow subtidal setting in environments ranging from 

relatively high energy shoals to sheltered lagoons. The low energy sediments were very 

micritic and highly susceptible to mechanical and chemical compaction during burial 

diagenesis. This is reflected in the occurrence of grain breakage and pressure solution 

seams. Conversely the Lucas Formation sediments were deposited in a semi-restricted 

peritidal setting with environments varying from the supratidal to shallow subtidal. 

Conditions of periodic exposure and hypersalinity resulted in early lithification and the 

precipitation of sabkha and shallow-subtidal dolomites.
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As much as the Dundee and Lucas formations differ in preburial lithology and diagenetic 

potential they were both subjected to the same burial events. Fluids associated with late 

Devonian to Mississippian faults and leaching of the Silurian Salina evaporites 

dolomitized the basal Dundee Formation carbonates in the Rodney Field and were 

responsible for dissolution in both the Dundee and Lucas Formations. Similar fault- 

related dolomites have not been indentified in the Lucas Formation. The Rodney Field 

though, was the only field studied that is close to a major fault.
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CHAPTER 6 

SUMMARY AND CONCLUSIONS

Introduction

The main characteristics of each reservoir type based on structural, sedimentological and 

diagenetic controls and how they can be mapped are outlined. All of the five styles of 

reservoir development are structurally controlled, but sedimentology and diagenesis 

(especially dolomitization) have played a significant role in providing mappable porosity 

trends.

Style l: Fractured Reservoirs with Associated Dissolution and Microporosity

These reservoirs are confined to the southeast margin of the Michigan basin. 

Microporosity forms the holding capacity for the hydrocarbons and fractures provide the 

permeability. Microporosity is specific to the matrix of a basal and upper packstone to 

wackestone facies in the Dundee Formation. These units can be detected on gamma-ray 

and density/neutron logs as they appear slightly cleaner and more porous/less dense than 

the surrounding muddy sediments. The upper unit when present, directly underlies the 

Hamilton Group/Dundee Formation unconformity. Both the upper and lower units are 

widespread and mappable along the northern flank of the Algonquin Arch (Figure 34).

Structurally-closed anticlinal features are mapped by contouring the top of the Dundee 

Formation. The major deep seated faults are delineated by isopaching the Salina "B" salt. 

These faults are considered responsible for the late Devonian phase of salt dissolution and 

to some extent the burial dolomitization. The faulting and salt solution formed the

extensive secondary fracture networks in the overlying strata necessary to interconnect
1291*5
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FIGURE 34 Isopach of the Dundee Formation thickness and regional distribution of the 

Style l, Dundee Formation reservoirs.
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the microporous matrix. The fracturing tends to be most extensive adjacent to the zones 

of salt solution.

Style 2 : Dolomitized Siliciclastic Sand-rich Limestone Reservoirs

The style 2 reservoir is the most prolific of the hydrocarbon producers with respect to 

porosity and permeability. The Rodney Field is the only known field of this style of 

development The reservoir is developed near the base of the Dundee Formation in a 

quartz sand-rich bioclastic wackestone to packstone facies. The main controls on 

reservoir development include: (1) proximity to deep seated faults, (2) presence of a salt 

solution-generated structure, and (3) presence of thin sandstone beds within the 

wackestone to packstone facies of the Dundee Formation.

The two structural controls are mapped as for the Style l reservoirs. Mapping the sandy 

packstone to wackestone facies presents a challenge as the unit is difficult to detect on 

geophysical logs. To accurately map the lateral distribution of this unit, it is necessary 

to examine drill cuttings.

Style 3: Microcrystalline Dolostone Reservoirs

These reservoirs are volumetrically the most important and have been documented in 

Michigan, Ohio and Indiana. In Ontario, they are restricted to the southeast margin of the 

Michigan Basin along the northern flank of the Algonquin Arch (Figure 35). The main 

controls on reservoir development are: (1) salt-solution generated structures and (2) 

dolostone distribution. The structure can be evaluated by compiling a Dundee Formation 

structure map covering the entire northern flank of the Algonquin Arch. Secondly, 

construction of detailed facies maps , dolostone isopach maps and dolostone porosity 

trend maps define dolostone distribution and reservoir development. The dolostones
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were formed in a shallow subtidal environment which paralleled the northern flank of the 

Algonquin Arch in a band which is about 30 to 40 km wide. This relatively wide 

depositional system is presently documented from as far west as the Plympton-Samia 

Field east to the Watford-Kerwood Field (Figure 35).

Style 4: Fractured Reservoirs Lacking Matrix Porosity

Fractured reservoirs such as documented in the Eagle Field do not present a viable 

exploration target as they have limited reserves capacity. They are directly related to salt- 

dissolution along faults and fractures.

Syle 5: Calcareous Sandstone Reservoirs

Porous calcareous sandstones are restricted to the crest and immediate southeastern flank 

of Algonquin Arch in the Appalachian Basin (Figure 36). These reservoirs have 

produced significant quantities of oil in the past and represent an attractive exploration 

objective. In addition to the Florence-Oakdale and Glencoe Fields this sand is porous in 

Bothwell-Thamesville, McCready, Dante and Inwood Fields. These occurrences define a 

depositional fairway which parallels the southeastern flank of the Algonquin Arch and is 

approximately 20 km wide and in excess of 50 km in length (Figure 36). The main 

controls on reservoir development are: (1) porous sandstone distribution and (2) salt- 

solution generated structures The salt-solution generated structures may be mapped as 

above and the porous sands are evaluated by mapping the sand facies thickness and 

reservoir quality. The sandstones are indentifiable on both gamma-ray and 

density/neutron logs as a slightly less radiactive (clean) and porous response. The sands 

tend to be less than 5 m below the Dundee/Lucas unconformable contact.
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SUMMARY AND CONCLUSIONS

The complex geological and tectonic history of southwestern Ontario has had a major 

impact on both depositional patterns and subsequent diagenetic alteration of the 

sediments. The Precambrian formation of the Algonquin Arch was instrumental in the 

early development of the Michigan and Appalachian Basins. Subsequent plate tectonic 

controlled episodes provided compressional and extensional stresses which were 

translated into a network of deep seated faults which underlie and penetrate the Paleozoic 

section of southwestern Ontario. Subsequent rejuvenation of these faults and fractures 

during the Caledonian (Early Devonian) and Acadian orogenies (Late Devonian) allowed 

the later periodic migration of diagenetic fluids and hydrocarbons along these structures.

Two major phases of diagenetic fluid migration resulted in extensive dissolution of the 

Silurian Salina salt beds. Massive sediment compensation along fractures and faults in 

response to the Early Devonian phase created paleogeographic highs and lows on the 

early Middle Devonian surface. The Late Devonian phase of solution formed structural 

traps in the Middle Devonian formations and secondary fractures in the Dundee 

carbonates. The migration of diagenetic fluids also occurred during the second phase of 

fracturing and dolomitized selected basal horizons in the Dundee Formation.

The Algonquin Arch remained a positive feature throughout the Middle Devonian 

During Detroit River time the arch maintained semi-restricted, hypersaline conditions in 

the Michigan Basin and led to the development of extensive sabkha-like, arid, tidal flats. 

Similar tidal flats have been documented in the Michigan Basin of Michigan, Ohio and 

Indiana. The shallow-subtidal hypersaline and periodic evaporitive conditions were 

instrumental in the formation of early, preburial, microcrystalline to finely crystalline
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dolostones. This peritidal, arid environment was also conducive to the deposition of 

thick, eolian-influenced, siliciclastic sand bodies.

A large scale regional transgression at the start of the Late Eifelian is recorded in a 

submarine unconformity between the Lucas and Dundee formations. The now flooded 

Algonquin Arch continued to maintain a shallow subtidal environment along its flanks 

throughout Dundee Formation time. Normal marine conditions resulted in the deposition 

of thick packages of micritic, fossiliferous wackestones to packstones and interbedded 

mudstones.

A major transgressive phase in the early Givetian, resulted in the Hamilton Group shales 

disconformably overlying the Dundee Formation. During subsequent burial the micritic 

matrix of the wackestone to packstone Dundee facies stabilized to form matrix 

microporosity. During burial, the Lucas Formation microcrystalline dolostones 

recrystallized and late burial cements partially occluded dissolution porosity and late 

stage fractures. Fault rejuventation during the late Devonian to early Mississippian 

formed fractures along which later fluids dolomitized the basal Dundee siliciclastic-rich 

limestones. This dolomitization episode was likely contemporaneous with the dissolution 

of the underlying Silurian Salina salts. Sometime later, hydrocarbons apparently 

migrated along the fractures and were trapped in the salt solution-generated structures.

Five distinct styles of reservoir development occur in the Middle Devonian Dundee and 

Lucas formations. These styles are recognized on the basis of geological age, 

stratigraphic position, lithology and diagenetic features. They include: (1) fractured 

reservoirs with associated dissolution and microporosity, (2) microcrystalline dolostones,
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(3) dolomitized siliciclastic sand-rich limestones, (4) fractured limestones, and 

(5) calcareous sandstones. These styles occur in distinct, mappable, paleogeographic^ 

regions in the Michigan and Appalachian Basins. Salt solution-generated structures 

formed during late Devonian to early Mississippian of fracture rejuvenation, ultimately 

provided hydrocarbon traps for all five reservoir styles.

The removal of most of the Silurian Salina salts along the fracture and fault zones was 

also instrumental in forming secondary fractures in the Dundee Formation. These 

secondary fractures were locally productive in Style 4 reservoirs and enhanced 

permeability in the microporous intervals of Style l reservoirs.

Microporosity is a unique type of diagenetic calcite which formed during stabilization of 

lime mud in the burial realm, prior to pressure solution. Oxygen isotopes suggest this 

stabilization event occurred in depths of less than 730 m. Microporosity is specific to the 

wackestone to packstone facies, which is laterally extensive along the northwest flank of 

the Algonquin Arch. Microporosity has been documented as a significant component to a 

number of giant, Middle East oil and gas reservoirs (Moshier, 1989a).

The peritidal carbonates were deposited along a broad tidal flat situated on the northwest 

flank of the Algonquin Arch. The dolomite formed initially in the shallow-subtidal 

environment under hypersaline conditions and was stabilized during shallow burial. 

Oxygen isotopes indicate these dolomites stabilized at a maximum burial depth of 1.7 km. 

Dolomitization provided excellent intercrystalline porosity and permeability in Style 2 

reservoirs. Dolomitization in this reservoir style is interpreted to be fracture-related, 

associated with salt solution during the late Devonian to early Mississippian. Oxygen
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isotopes suggest these dolomites precipitated at a maximum depth of 2.1 km. 

Dolomitization was also responsible for forming intercrystalline porosity in the peritidal 

carbonates of Style 3 reservoirs.

Calcareous sandstones of Style 5 reservoirs were deposited in a shallow subtidal setting 

along the immediate southeast flank of the Algonquin Arch. Several occurrences of this 

style of reservoir development define a mappable, depositional fairway over 50 km in 

length. Porosity in Style 5 reservoirs is predominantly secondary, resulting from a late 

phase of dissolution which completely to partially removed the intergranular, equant 

calcite cements.
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PLATE l

a) Outcrop photograph showing a rip-up clast horizon (R) and disrupted 
bedding (DB) in the laminated mudstone facies of the Lucas Formation.

b) Outcrop photograph of a small pod of oolite in the Lucas Formation (arrow).

c) Close-up view of oolite pod, showing the well-sorted ooids which have been 
locally dissolved.

d) Outcrop photo showing the wavy bedded fabric present in the laminated 
mudstone facies of the Lucas Formation.
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PLATE 2

a) Photomicrograph of erosional contact between packstone to grainstone 
facies of the Dundee Formation (DF) and laminated mudstones of the 
sand-rich, contains Lucas Formation clasts (LC) and is locally injected into 
the upper surface of the Lucas Formation. Scale bar is 1000 Jim.

b) Packstone to grainstone facies of the Dundee Formation. Photomicrograph 
displays phosphatized skeletal fragments and sutured contacts between 
crinoid fragments. Scale bar is 1000 Jim.

c) Photomicrograph of the packstone to grainstone facies showing sorted 
crinoid fragments and syntaxial rim cements. Scale bar is 1000

d) Core photograph of the contact between bioclastic-rich, pyritic shales of the 
Hamilton Group (HG) and limestones of the Dundee Formation (DF) 
(see arrow). Note the fracture at the top of the Dundee Formation which 
terminates at the contact with the Hamilton Group. Top of core (T) and 
bottom of core segment (B).
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PLATE 3

a) Core photograph of the upper Dundee Formation wackestone to packstone 
facies. Note the large stromatoporoid fragment (SF) apparently in growth 
position. Top (T) and bottom of core segment (B).

b) Core photograph of upper Dundee Formation wackestone to packstone facies 
showing large, subvertical fractures (VF) and very thin, hairline fractures 
(HF). Fracture surfaces are lined with bitumen.

c) Core photograph of packstone to wackestone facies with rare chert concretions 
(CC). Note top (T) and bottom (B) of cored segment

d) Photomicrograph of Dundee Formation fracture filled with coarse sparry 
calcite. Scale bar is 1000 pm.
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PLATE 4

a) Photomicrograph of packstone to wackestone facies with vuggy porosity 
developed in the matrix (arrow). Scale bar is 1000 Jim.

b) Photomicrograph demonstrating grain interpenetration and breakage in the 
Dundee Formation packstone to wackestone facies. Note the sutured contact 
between the crinoid and trilobite fragment (arrow). Calcite spar has filled the 
resulting void spaces in the trilobite fragment (C). Scale bar is 1000 urn.

c) Photomicrograph of mudstone facies of the Dundee Formation. Mudstone is 
predominantly composed of microspar to pseudospar. Scale bar is 200 p.m.

d) Core photograph of the Dundee Formation mudstone facies with scattered 
rugose coral fragments. Note the subvertical fracture (F), wispy stylolites (S) 
and oil locally bleeding from secondary porosity developed in the coral 
fragment (O).
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Plate 4
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PLATE 5

a) Core photograph of the laminated, peloidal mudstone facies of the Lucas 
Formation (LM). Note the erosional contact with the overlying Dundee 
Formation (arrow). Note the top (T) and bottom (B) of cored interval.

b) Core photograph of the laminated mudstone (LM) and stromatoporoid 
floatstone facies (SF). Core displays rapid facies change from laminated 
mudstone to stromatoporoid floatstone facies. Mudcracks are common in the 
laminated mudstone facies (arrow). Note top (T) and bottom (B) of cored 
interval.

c) Core photograph of Lucas Formation stromatoporoid facies (SF), laminated 
mudstone facies (LM) and peloidal-intraclastic packstone to grainstone facies 
(PG), containing rip-up clasts (arrow). Note top (T) and bottom (B) of cored 
interval.

d) Photomicrograph of the Lucas Formation, laminated mudstone facies.
The mudstone contains thin peloidal-intraclast-rich laminations. Scale bar is 
1000 urn.
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PLATE 6

a) Photomicrograph of laminated mudstone facies showing fenestra! pores filled 
with sparry calcite, peloidal lumps (intraclasts?) and thin bioclastic horizons. 
Scale bar is lOOO^m.

b) Large fenestra! pore (FP) filled with sparry calcite in the Lucas Formation 
laminated mudstone facies. Scale bar is 1000 pin..

c) Photomicrograph is enlarged portion of fenestral pore in Plate 6b showing 
inclusion-rich, coarse, sparry calcite cement crystals with sharp, wavy to 
planar contacts. Scale bar is 200 Jim..

d) Photomicrograph of sharp contact (arrow) between laminated mudstone facies 
(LM) and peloidal-intraclastic packstone to grainstone facies (PG) of the 
Lucas Formation. Scale bar is 1000 p.m.
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PLATE 7

a,b) Photomicrographs of the peloid-intraclastic packstone to grainstone facies of 
the Lucas Formation. Intraclasts are composed of quartz sand, skeletal 
fragments and peloids. Framework carbonate grains are surrounded by 
micrite envelopes. Matrix is interpreted to be predominantly neomorphic 
spar (NS) with a minor amount of equant calcite cement (EC). Scale bars 
are lOOOjim.

c) Core photograph of the dolomitic mudstone facies (DM) displaying mottled 
texture and vug filled with rare anhydrite (A). Note top (T) and bottom (B) of 
cored interval.

d) Photomicrograph of a siliclastic sand lamination in the dolomitic mudstone 
facies. Note rounded quartz sand (Q) and silt dispersed in the matrix. Scale 
bar is 1000 |im.
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PLATE 8

a) Photomicrograph of dolomitic mudstone facies showing irregularly-shaped vugs 
filled with inclusion-rich sparry calcite. Matrix is predominantly micritic 
dolomite with lesser amounts of very fine crystalline dolomite. Note pyrite (P) 
along the vug margins and in the matrix. Scale bar is 100 Jim.

b) Photomicrograph of the dolomitic mudstone facies showing nonferroan, 
euhedral, micritic dolomite (MD) and nonferroan, euhedral, very finely 
crystalline dolomite crystals (FC). The very finely crystalline dolomite replaces 
the micritic dolomite. Note the pinpoint-sized vuggy porosity (PP). Scale bar 
is 50 Jim.

c) Core photograph Of oil stained microcrystalline dolostone of the Oil Springs 
Field. The dolostone interval (DS) is locally finely laminated and oil stained. 
Note top (T) and bottom (B) of cored interval.

d) Photomicrograph of the microcrystalline dolostone facies, indicating very finely 
crystalline to finely crystalline dolomite crystals. The dolomite crystals are 
nonferroan, euhedral and inclusion-poor. Note the inclusion-rich, nonferroan, 
euhedral, medium crystalline dolomite type (MD) with irregular crystal faces in 
contact with the finely crystalline type. Calcite spar (C) is preserved in the 
sample. Scale bar is 100 tun.
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PLATE 9

a) Photomicrograph of siliciclastic sand-rich interval (Q) in the microcrystalline 
dolostone facies. The sample hosts two types of dolomite, a finely crystalline 
(FD) and medium crystalline type (MD). Inclusion-rich, calcite spar is 
preserved in the matrix (C). Both dolomite types have partially replaced the 
calcite spar. Scale bar is 200 |im.

b) Photomicrograph as above but showing a third micritic dolomite type (M). The 
medium crystalline dolomite rhomb in the centre of the sample has a rounded 
inclusion-rich core (MD). Scale bar is 200 \LOL

c) Thin sandy lamination within the microcrystalline dolostone facies hosts 
scattered medium crystalline dolomite (MD). One of the dolomite crystals 
has apparently grown over a pre-existing one (OG). The sandy lamination is 
underlain by finely crystalline dolomite (FD). The sample contains both 
intercrystalline porosity (IP) and intergranular porosity (GP). Scale bar is 
200 ^m.

d) Photomicrograph shows medium crystalline dolomite (MD) in the sandy 
intervals and the finely crystalline dolomite (FD) in the thin siliciclastic sand- 
poor horizons. Scale bar is 1000 Jim.
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PLATE 10

a) Photomicrograph of the finely crystalline dolostone reservoir facies. Sample 
illustrates intercrystalline porosity (IP) which is highlighted by oil staining. 
Scale bar is 100 Jim.

b) Photomicrograph of the calcareous sandstone facies from the Glencoe Field. 
Quartz sand is medium to coarse grained, well-rounded and well-sorted. 
Secondary intergranular porosity is developed between the quartz grains (SP). 
Note patches of dolomite cement (DC) and preserved calcite spar (C). Scale 
bar is 1000 \im.

c) Photomicrograph showing local siliciclastic sand-poor interval cemented with 
dolomite (DC). Much of the precursor calcite matrix (C) has been altered to 
dolomite cement; creating a patchy appearance. Scale bar is 1000 |0.m.

d) Photomicrograph of the calcareous sandstone facies of the Glencoe Field. 
Sample illustrates that equant calcite (EC) has been partially removed by 
dissolution to form secondary, intergranular porosity (SP). Note patches of 
dolomite cement (DC). Rounded dolomite patches appear to represent a 
carbonate grain replacement Scale bar is 200 Jim.
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PLATE 11

a) Photomicrograph of the calcareous sandstone facies of the Glencoe Field. 
Sample illustrates inclusion-rich equant calcite cement (EC) which has been 
partially replaced by dolomite cement (DC) and dissolved to form secondary 
intergranular porosity (SP). Scale bar is 200 tun.

b) Photomicrograph of the peloidal-intraclastic packstone to grainstone facies. 
Micritic envelopes (ME) and peloids are rimmed by microspar to pseudospar 
(NS). Equant calcite spar occupies the central portion of the interparticle void 
space (EC). Scale bar is 200

c) Cathodoluminescence photomicrograph of rugose coral intraskeletal void-filling 
equant calcite cement. Three stages of cement are indicated: A (dull orange), 
B (bright yellow) and C (dark). Scale bar is 200 |xm.

d) S.E.M. photomicrograph of microporous sample from Dundee Formation,
wackestone to packstone facies. Sample illustrates mosaic texture. Scale bar 
is 10 tun.
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PLATE 12

a) SJE.M. photomicrograph of porous, blocky-crystal framework texture in the 
matrix of the wackestone to packstone facies of the Dundee Formation. Edges 
and corners are smooth reflecting limited dissolution. Note generally well 
developed micro-rhombic calcite and intercrystalline microporosity. Scale bar is 
8.6 Jim

b) S.E.M. photomicrograph of porous, blocky-crystal framework texture in the 
matrix of the Dundee Formation. .Calcite crystals are predominantly 2 to 5 
with a minor phase in excess of 10 p.m. Intercrystalline microporosity is well 
developed in both phases. Scale bar is 10.3 Jim.

c) S.E.M. photomicrograph of porous, blocky-crystal framework texture in the 
matrix of the Dundee Formation. Rhombic calcite crystals have slightly 
rounded faces proximal to pinpoint pores. Scale bar is 12 Jim.

d) S.E.M. photomicrograph as above showing a solution micro-channel. Calcite 
crystals show corrosive textures proximal to the microchannel. A late 
precipitate with sharp crystal faces lines the walls of the micro-channel. Scale 
bar is 15 pm.
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PLATE 13

a) S .E.M. photomicrograph of microporous rhombic calcite in the matrix of the 
packstone to wackestone facies of the Dundee Formation. Bioclastic 
fragments are present in the upper left and lower right corner of the sample. 
Scale bar is 17.6

b) S.E.M. photomicrograph of Dundee Formation demonstrating pockets of
preserved microporosity surrounded by nonporous mosaic texture. Scale bar is 
43

c,d) S.E.M. photomicrographs of Dundee Formation showing progressive loss of 
framework microporosity and alteration to mosaic texture. Plate 13d calcite 
micro-rhombs have undergone significant dissolution, resulting in loss of 
crystal form and decrease in crystal size. Samples are within a few 
centimeters of a pressure solution seam. Scale bar is 12 Jim in 13c and 
6.1 urn in 13d.
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PLATE 14

a) S.E.M. photomicrograph of Dundee Formation, demonstrating a near complete 
loss of framework microporosity. Relict framework texture is preserved in the 
sample. The sample is a few centimeters from a pressure solution seam. 
Scale bar is 5. l \im.

b) S.E.M. photomicrograph of packstone to wackestone matrix of the Dundee 
Formation. Sample indicates a minor phase of dolomitization. Dolomite is 
euhedral and finely crystalline. Scale bar is 60 pm.

c) Core photograph of the medium crystalline dolostone reservoir from the
Rodney Field. Light coloured intervals have excellent intercrystalline porosity 
and permeability. Dark coloured bands (oil stained) represent thin sandy 
interbeds (SI). The light coloured intervals lack oil staining as it has been 
flushed out during the coring process/washing due to the high permeability. 
Note the top (T) and bottom (B) of the cored interval.

d) Photomicrograph of medium crystalline dolomite reservoir rock from the 
Rodney Field which is inclusion-rich and zoned, with intercrystalline porosity 
(IP) and scattered, rounded, quartz grains (Q). Scale bar is 200 tun.
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PLATE 15

a,b) Photomicrographs of dolomitized siliciclastic sand-rich limestones of the 
Dundee Formation, Rodney Field (Type 2 Reservoirs). Matrix has been 
completely dolomitized and criniod fragments and syntaxial rims are partially 
dolomitized. Scale bars are 200 Jim.

c) Photomicrograph of a pervasively dolomitized interval of the Dundee
Formation of the Rodney Field (Type 2 Reservoirs). Note the intergranular 
porosity (GP) within the clump of sand grains and the intercrystalline porosity 
(IP). Scale bar is 200

d) Photomicrograph of a sample from a thin sandstone bed within the dolostone 
interval of the Rodney Field. The calcareous component to the sand has 
apparently been dolomitized and displays intercrystalline porosity (IP) and the 
bed has retained intergranular porosity (GP) between the quartz sand grains. 
Scale bar is 200 Jim.
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APPENDIX A 

CORE LOCATIONS

EAGLE FIELD (Elgin Countv. Aldborough Township

CORE # WELL NAME

892 CONS. 1 (XE.C. 33833

893 CONS. 1 (XE.C. 33828

879 CONSUMERS 33830

906 CONS. 1 0.E.C. 33831

FLQRENCE-OAKDALE FIELD

CORE* WELL NAME

558 LESSA IMPERIAL #2

559 LESSA IMPERIAL

948 BRETT

383 LESSA

LOT CONC.

16 xn
i? xn
17 xm
17 Xffl

(Lambton Countv.

LOT CONC.

is xm
is xm
is xm
19 xm

CORED INTERVAL (m)

93.6 - 107.3

98.4 - 107.4

95.7 - 108.2

100.2 - 109.6

Dawn Township)

CORED INTERVAL (m)

72.5 - 103.3

73.2 - 103.6

96.0-108.2

73.2 - 108.8

GLENCOE FIELD (Middlesex Countv. Mosa Townshio)

CORE # WELL NAME LOT CONC.

302 ALLEGANY PROD. W. 1 12 6 VI

895 WALKER 502

260 DOM. PET. WALKER

256 ALLEGANY 33, W.81

894 SECORD 601

282 DOM. PET. GILLIES 10

6 VI

6 VI

6 VI

6 VI

7 V

CORED INTERVAL (m)

103.0 - 121.3

102.1-114.6

98.1-115.5

94.5-114.0

98.1-113.4

102.5-115.3

l S G



949 CONS, l O.E.C. 33796 6 V 107.0-115.5 

OTL SPRINGS FIELD (Lambton County. Enniskillen Township)

CORE*

583

595

605

WELL NAME

IMPERIAL #830

IMPERIAL #831

IMPERIAL #838

LOT

17

18

18

CONC.

n
i
n

CORED INTERVAL

100.9

100.9

87.5-

- 123.7

- 133.8

121.9

(m)

PETROLIA FIELD (Lambton County. Moore Township)

CORE*

602

624

625

626

WELL NAME

IMPERIAL #840

I.O.E # 870

I.O.E.

IMPERIAL #833

LOT

3

2

2

2

CONC.

X

xn
xn
xn

CORED INTERVAL

116.4

118.9

117.7

97.2-

- 151.8

-146.9

- 147.5

149.4

(m)

PLYMPTON-SARNTA FIELD (Lambton County. Sarnia Township)

CORE*

878

935

876

936

877

871

934

WELL NAME

DEVRAN

DEVRAN

DEVRAN

DEVRAN

DEVRAN

DEVRAN

DEVRAN

LOT

6

5

4

4

4

3

3

187

CONC.

vn
vn
vn
VI

vn
VI

VI

CORED INTERVAL fm)

108.5 - 143.8

101.0-134.1

110.6-137.8

107.0 - 134.2

105.3 - 135.3

102.8 - 139.2

42.2 - 127.5



RODNEY FIELD (Elgin County. Aldborough Township)

CORE*

913

866

911

912

947

865

299

WELL NAME

CDNOXY RODNEY 5-30

CS RODNEY 5-29

CDNOXY RODNEY 1-16

CDNOXY RODNEY 6-15

CDNOXY RODNEY 6-18

CS RODNEY 10-10

BRETT-ONACO

WATFORD-KERWOOD FIELD (L

CORE* WELL NAME

LOT

5

5

5

5

5

5

9

CONC.

V

5

IV

V

V

VI

GORE

amb t on Countv.

LOT CONC.

CORED

111.0-

111.1-

124.0-

119.9-

114.6-

122.3 -

120.7 -

INTERVAL fm)

120.2

120.1

128.9

123.2

123.8

131.4

146.6

WarwipK. Townshin)

CORED INTERVAL fm)

943 DEVRAN#4 26 VSER 115.7-139.1

941 DEVRAN#5 26 VSER 113.4-138.7

942 DEVRAN#7 27 VSER 118.5-141.3

944 DEVRAN#8 28 VSER 116.0-143.0

l 8 8



APPENDIX B 

STABLE ISOTOPES

Rodnev Field
Dundee Formation

Sample # 

A3339 

A3372 

A3367

Oil Springs Field
Lucas Formation

Sample #

A3418B

A3422

A3423

A3424

A3425

A3426

Plympton-Sarnia Field 
Dundee Formation

Sample # 

A3317 

A3319A 

A3321B

Sample Description

Bulk dolomite 

Bulk dolomite 

Bulk dolomite

Sample Description

Bulk dolomite 

Bulk dolomite 

Bulk dolomite 

Bulk dolomite 

Bulk dolomite 

Bulk dolomite

Sample Description

Bulk microporous calcite 

Bulk micropororous calcite 

Bulk nonmicroporous calcite

313C 9180

+1.3 -7.79

+1.28 -8.52

-0.11 -7.44

	9180 

+1.95 -7.05 

+1.98 -7.92 

+1.18 -6.18 

40.32 -8.54 

+1.78 -7.87 

+1.26 -4.27

913C

-0.98

-0.57

-0.03

3180

-7.09

-7.17

-6.77
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A3380 

A3381 

A3382 

A3413 

A3414 

A3430 

A3433 

A3434 

A34335

Petrolia Field
Dundee Formation

Sample #

A3407

A3408

A3409

A3411

A3412

Watford-Kerwood Field 
Dundee Formation

Sample #

A3385

A3386

Bulk microporous calcite 

Bulk microporous calcite 

Bulk microporous calcite 

Bulk microporous calcite 

Bulk microporous calcite 

Bulk nonrnicroporous calcite 

Bulk nonrnicroporous calcite 

Bulk nonrnicroporous calcite 

Bulk nonrnicroporous calcite

Sample Description

Bulk microporous calcite 

Bulk microporous calcite 

Bulk microporous calcite 

Bulk microporous calcite 

Bulk microporous calcite

Sample Description

Bulk microporous calcite 

Bulk microporous calcite

-1.24

-0.74

-0.91

-0.88

-1.09

-1.87

-0.21

-0.58

-0.39

313C

-1.24

-0.72

-0.62

-0.73

-0.86

3130

-0.76

-0.46

-7.77

-7.60

-7.78

-7.06

-7.42

-9.18

-6.51

-6.79

-6.72

3180

-7.25

-7.19

-6.35

-6.49

-6.18

awo
-6.75

-6.73
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CONVERSION FACTORS FOR MEASUREMENTS IN ONTARIO GEOLOGICAL 

SURVEY PUBLICATIONS

Conversion from SI to Imperial

SI Unit Multiplied by Gives

Conversion from Imperial to SI

Imperial Unit Multiplied by

l cm3 
1m3 
l m3

1L 
1L 
1L

lg
lg
1kg
1kg
It
1kg
l t

Ig/t 

Ig/t

LENGTH

1 mm
1 cm
1m
1m
1km

0.039 37
0.393 70
3.28084
0.049 709 7
0.621 371

inches
inches
feet
chains
miles (statute)

1 inch
1 inch
1 foot
1 chain
1 mile (statute)

25.4
2.54
03048

20.116 8
1.609344

l cm2 0.155 O
l m2 10.763 9
l km2 0386 10
l ha 2.471 054

AREA
square inches l square inch 
square feet l square foot 
square miles l square mile
acres l acre

0.061 02
35314 7
13080

1.759 755
0.879877
0.219 969

0.035 273 96 
0.03215075 
2J20462 
0.001 102 3 
1.102311 
0.000 984 21 
0.984 206 5

0.029 166 6

0.583 333 33

VOLUME
cubic inches l cubic inch 
cubic feet l cubic foot 
cubic yards l cubic yard

pints
quarts
gallons

CAPACITY
l pint 
l quart 
l gallon

MASS
l ounce (avdp) 
l ounce (iroy) 
l pound (avdp) 
l ton (short) 
l ton (short) 
l ton (long) 
l ton (long)

CONCENTRATION 
ounce (troy)/ l ounce (troy)/ 
ton (short) ton (short) 
pennyweights/ l pennyweight/ 
ton (short) ton (short)

6.451 6
0.092 903 04
2.589 988
0.404 685 6

16387 064
0.028 316 85
0.764 555

0.568261
1.136522
4.546090

28.349 523
31.103 476 8

0.453 592 37
907.184 74

0.907 184 74
1016.046 908 8

1.016 046 908 8

34.285 714 2

1.714 285 7

OTHER USEFUL CONVERSION FACTORS

mm
cm

m
m

km

m
km2 

ha

cmj 
m3 
m3

L 
L 
L

g
g

kg
kg

t
kg 

i

l ounce (troy) per ton (short) 
l pennyweight per ton (short)

Multiplied by 
20.0 
0.05

pennyweights per ton (short) 
ounces (troy) per ton (shorl)

Note: Conversion factors which are in bold type are exact. The coni-ersion factors have been taken from 01 have 

been derived from factors given in the Metric Practice Guide for the Canadian Mining and Metallurgical Indus 

tries, published by the Mining Association o f Canada in co-operation with Uie-Coal Association of Canada
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